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ABSTRACT 

Context: The volitional preemptive abdominal contraction (VPAC) strategy termed 

abdominal bracing maneuver (ABM), is commonly used during shoulder exercises.  It is 

unknown how VPAC use affects shoulder muscle functions and shoulder proprioception 

when shoulder muscles are fatigued. Shoulder muscle fatigue is a common result of 

upper extremity dominant (UED) sports movements and discovering methods that 

reduce its effects is vital for the practicing orthopedic rehabilitation clinician.     

Objectives: The objectives of this study are to identify VPAC and muscle fatigue effects 

on (1) selected parascapular and glenohumeral muscles, (2) movement patterns 

(trajectories), (3) shoulder proprioception abilities, and (4) shoulder muscle amplitudes 

during seated, proprioception trials, during movements that are common to UED sports 

movements, with and without shoulder muscle fatigue presence.   

Design: A within-subjects, multifactorial, repeated measures design. 

Setting: A clinical biomechanics research laboratory. 

Patients or Other Participants: Thirty-six asymptomatic volunteers between 18 and 40 

years of age. 

Interventions: Subjects performed arm elevation in flexion and scaption movement 

patterns with and without VPAC and muscle fatigue presence.  In addition, subjects 

attempted to reproduce pre-measured flexion angles before and after a shoulder 

muscle fatigue protocol.   

Main Outcome Measures: Electromyography was used to examine muscle contraction 

amplitudes and onset timing of the anterior deltoid (AD), posterior deltoid (PD), upper 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

ix 

trapezius (UT), lower trapezius (LT), serratus anterior (SA), and the infraspinatus (IF) 

muscles.  Muscle response amplitudes were quantified by calculating root mean 

squared electromyography.  Shoulder muscle activation timing was determined by the 

difference between initial muscle activation time and initial arm movement.  Arm 

movement trajectories were observed by the elbow movement path.  Shoulder 

proprioception was measured by shoulder flexion reproduction angles.  Kinematic data 

was collected during the shoulder flexion trials, showing the accuracy in the subjects’ 

ability to reproduce a reference angle.  All data were collected before, and after, a 

shoulder muscle fatigue protocol and with and without VPAC.  Electromyographic data 

from the AD, PD, UT, LT, SA, and the IF muscles were collected to test muscle 

contraction amplitudes during the angle reproduction trials. 

Results: The VPAC increased the IF muscle amplitudes during flexion (Mdn = .028, p = 

.005, r = -.33) and scaption (Mdn = .028, p = .007, r = -.32), (p<.008), and the LT 

muscle amplitudes during flexion (Mdn = 0.036(0.076), p = .004) (p<.008).  Shoulder 

muscle fatigue significantly increased the UT muscle amplitudes during flexion (Mdn 

= .082, p = .003, r = -.35) and scaption (Mdn = .086, p = <.001, r = -.43) and the PD 

muscle amplitudes during the flexion movement (Mdn = .079, p = <.001, r = -.46) 

(p<.008).  Muscle fatigue decreased the PD muscle onsets during flexion (Mdn = 

285.83, p = .003,  r = -.36) and scaption (Mdn = 188.50, p = .006,  r = -.33) and the AD 

(Mdn = -59.83, p = .001,  r = -.39), LT (Mdn = 104.33, p = .001,  r = -.40), and IF (Mdn = 

-4.17, p = .007,  r = -.32) muscle onsets during flexion (p<.008).  The VPAC increased 

movement toward the body during flexion and scaption, (p<.05).  Muscle fatigue 
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increased movement away from the body during flexion and scaption, (p<.05).  The 

VPAC nor muscle fatigue significantly affected active shoulder flexion angle 

reproduction (p<.008).  During the active shoulder flexion angle reproduction trials, 

the VPAC significantly decreased the IF muscle amplitudes (Mdn = .019, p = .002, r = -

.37) and muscle fatigue significantly increased the UT (Mdn = .059, p = .001, r = -.39) 

and LT muscle amplitudes (Mdn = .023, p = .004, r = -.34).   

Conclusions: The limited effects of VPAC on parascapular and glenohumeral muscle 

function have beneficial results, such as increased stabilization at the shoulder joint.  In 

addition, VPAC effects have the potential to counteract shoulder muscle fatigue effects 

during flexion.  The VPAC nor muscle fatigue significantly affected shoulder 

proprioception as measured by the maximum angle obtained during attempted active 

shoulder flexion angle reproductions.  Muscle fatigue and VPAC effects on muscle 

amplitudes did not change during proprioception exercise, as observed in the results 

that support previous literature. 
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I. INTRODUCTION 

STATEMENT OF THE PROBLEM   

Volitional preemptive abdominal contraction (VPAC) has been shown to benefit 

lower body muscle and joint responses during activity (Hooper, Haddas, James, Brismee, 

& Sizer, 2012).  For example, during a drop landing, VPAC increased external oblique 

activity, knee flexion, and knee energy absorption and decreased knee adduction 

moment (Hooper et al., 2012).  The authors reported that these effects could potentially 

reduce knee injury risk while protecting the lumbar spine.  Based on this report, a 

question of whether VPAC could positively affect upper extremity functions, specifically 

at the shoulder joint, must be examined.   

The use of VPAC is particularly prevalent in shoulder exercise protocols, but 

available research supporting this practice is limited.  The available literature suggested 

that core training, or exercise that involves conscious abdominal muscle contraction, 

can improve skilled upper extremity movement and improve fine motor skills in those 

with impaired movement (Miyake, Kobayashi, Kelepecz, & Nakajima, 2013).  In addition, 

investigators demonstrated that decreased shoulder muscle function accompanied 

reduction in core muscle contraction quality  (Rosemeyer, Hayes, Switzler, & Hicks-Little, 

2015).  These studies presented a relationship between VPAC performance and upper 

extremity movement.  However, they did not address how VPAC affects shoulder 

muscle activity and recruitment patterns or the potential role these changes may play in 

stabilizing the scapulothoracic and glenohumeral (GH) joints.  A VPAC influence on 

neuromuscular and movement responses should be examined to identify its capacity to 
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enhance shoulder muscle function, particularly during elevation following muscle 

fatigue.  Muscle fatigue can compromise shoulder stability which can lead to injury (De 

Luca, 1984; Sterner, Pincivero, & Lephart, 1998).  It was important for clinicians to 

understand techniques that can reduce fatigue effects during performance.  To enhance 

understanding, a technique such as abdominal bracing was examined.  The abdominal 

bracing maneuver, or ABM, is a VPAC method that produces activity in both the 

abdominal and dorsal spine muscles (Matthijs et al., 2014; Vera-Garcia, Elvira, Brown, & 

McGill, 2007).  Such a trunk contractile strategy can result in a more global trunk muscle 

contractile response versus other commonly used strategies (McGill, 2007).   

The connection between VPAC and shoulder neuromuscular responses during 

dynamic movement has not been defined.  The aim of this dissertation was to examine 

the relationship between VPAC, selected shoulder muscle function, and shoulder 

proprioceptive responses during movements that are common to several UED sports 

activities.  The relationship was further examined for the interaction between VPAC, 

sensorimotor control, and fatigue.  In addition, this dissertation examined how the 

relationship is affected by shoulder muscle fatigue.  

SHOULDER FUNCTION AND SHOULDER MUSCLE FATIGUE 

 The shoulder complex is a unique mechanism because of its limited bony 

articulations that force heavy reliance on capsuloligamentous structures and 

neuromuscular systems for stability and control (Elmore & Wayne, 2013).  The 

sternoclavicular (SC) and acromioclavicular (AC) joints rely upon capsuloligamentous 

structures to interconnect the sternum, clavicle, scapula, and humeral head into a 
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functional chain, thus promoting shoulder girdle stability.  Another stability source is 

provided by the glenoid labrum, which serves to deepen the glenoid fossa for the 

articulation with the humeral head (Lippitt & Matsen, 1993; Myers, Wassinger, & 

Lephart, 2006).  This interactive stabilizing system relies heavily on the scapulothoracic 

and GH muscles and tendons to further enhance dynamic support and control (Starkey, 

Brown, & Ryan, 2009a). 

Normal arm elevation is accompanied by scapular upward rotation, posterior 

tilting, and external rotation.  These motions are principally controlled by the serratus 

anterior, along with the upper and lower trapezius (Phadke, Camargo, & Ludewig, 2009; 

Sharkey & Marder, 1995; Turgut, Duzgun, & Baltaci, 2016).  Simultaneously, anterior and 

posterior deltoid muscle, along with the rotator cuff muscles, co-contract to help 

stabilize the humeral head in the glenoid fossa (Sharkey & Marder, 1995).  Fatigue can 

affect these muscle actions, leading to imbalances and abnormal movement of the 

scapula and humeral head.  Investigators have reported that scapular dyskinesis 

accompanies other shoulder pathologies, either as a causal mechanism or as a 

pathological consequence of occurrences such as fatigue (Rich et al., 2016).  Scapular 

dyskinesis is a condition characterized by scapular dysfunctions that include increased 

anterior tilt, decreased upward rotation, and increased internal rotation.  This altered 

movement may be a result of uncoordinated parascapular and GH muscle activation 

(Safran, Borsa, Lephart, Fu, & Warner, 2001; Warner, Micheli, Arslanian, Kennedy, & 

Kennedy, 1992).  Discovering rehabilitative and conditioning strategies that can help to 

reestablish normal shoulder muscle activation patterns is vital. 
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Furthermore, muscular fatigue can compromise shoulder complex stability by 

declining the muscles’ ability to maintain a level of performance (De Luca, 1984; James, 

Scheuermann, & Smith, 2010).  Shoulder joint mechanics can be altered in response to 

shoulder muscle fatigue, which could lead to shoulder injury (Ebaugh, McClure, & 

Karduna, 2006a; Joshi, Thigpen, Bunn, Karas, & Padua, 2011; Maenhout, Dhooge, Van 

Herzeele, Palmans, & Cools, 2015; Sterner et al., 1998).  During upper extremity 

dominant (UED) activities the shoulder joint can experience different compromises, 

ranging from overuse injuries, such as tendinitis, to macrotraumatic injuries, including 

glenoid labrum tears.  These injuries have been linked to shoulder muscle fatigue, 

especially in physically active and competitively athletic populations.  Previous studies 

have shown that muscular output and scapular movement can be altered in response to 

shoulder muscle fatigue (Chopp, O'Neill, Hurley, & Dickerson, 2010; Ebaugh et al., 

2006a; Joshi et al., 2011).  As shoulder muscles fatigue, performance decreases, joint 

health can be compromised, or injury could occur.  To reduce these possibilities, more 

research is needed to discover ways to delay muscle fatigue events and reduce muscle 

fatigue’s impact on shoulder complex movement control or performance.  This type of 

research is especially meaningful for those participating in UED sport activities that 

involve rapid shoulder elevation and transition, such as throwing and pitching.   

SHOULDER PROPRIOCEPTION 

Similarly, investigators have reported that muscular fatigue can decrease 

shoulder complex proprioceptive performance (Tripp, Yochem, & Uhl, 2007; Voight, 

Hardin, Blackburn, Tippett, & Canner, 1996).  Shoulder proprioception is important to 
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shoulder dynamic control during movement, as it allows the shoulder complex to 

continuously move in a preferred movement pattern that is biomechanically correct 

while producing low stress levels on the shoulder joint (Alexander & Haddow, 1982).  

Proprioception and muscular synergies are vital for efficient shoulder function, 

especially during arm elevation.  Therefore, discovering techniques that reduce fatigue 

effects during these processes was another important research goal. 

SHOULDER FUNCTION IN UPPER EXTREMITY DOMINANT ACTIVITIES 

Several studies have examined shoulder function during UED sports.  For 

instance, the baseball pitching motion has been studied to identify fatigue effects on 

shoulder proprioception and muscle output (Safran et al., 2001; Thomas et al., 2013; 

Thompson, Landin, & Page, 2011; Townsend, Jobe, Pink, & Perry, 1991; Tripp et al., 

2007; Tsuruike & Ellenbecker, 2016).  The softball pitching motion was less studied 

because it had been deemed as a less stressful motion (Corben et al., 2015). However, a 

recent study revealed profound bilateral hip and scapular muscle fatigue during 

repeated softball pitching motions (Corben et al., 2015).  The authors concluded that 

the proximal musculature’s capabilities to resist fatigue should be emphasized to 

provide a stable platform for the arm to propel the ball.  A VPAC, specifically the ABM 

method, may be an efficient technique for enhancing proximal muscle fatigue 

resistance.   

Based on the high-performance demands of UED sport movements, shoulder 

muscle fatigue is inevitable during these activities.  Strategies to help counter 

detrimental fatigue effects must be identified and examined.  The VPAC is one such 
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strategy that could reduce fatigue effects during prolonged UED sport participation. 

However, no studies to date have examined VPAC effects on shoulder neuromuscular or 

proprioceptive performance in response to a fatiguing event.   

NEED FOR THE STUDY 

Based on performance level and demands during UED sport movements, 

shoulder muscle fatigue is inevitable.  Strategies that help counter these fatigue-induced 

changes must be identified, and their effects examined.  The VPAC is one such strategy 

that could serve as an approach to resisting fatigue effects during prolonged UED sport 

activity.  However, no studies to date have examined VPAC effects on shoulder 

neuromuscular or proprioceptive performance in response to a fatiguing event.   

PURPOSE 

The purpose of this dissertation was to examine the effects of VPAC on selected 

shoulder muscle function, and shoulder proprioceptive responses during movements 

that are common to several UED sports activities.  Examining these responses can 

enhance our understanding of how VPAC can be applied to clinical practice.  The 

examination was conducted through two studies that involve the following research 

questions.  

RESEARCH QUESTIONS 

Study-1 

1) What are the effects of VPAC on shoulder muscle amplitudes and muscle 

activation timing during arm elevations related to UED sport movements?  
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2) What are the effects of shoulder muscle fatigue on shoulder muscle amplitudes 

and muscle activation timing during arm elevations related to UED sport 

movements?  

3) What are the effects of VPAC shoulder movement trajectories during arm 

elevations related to UED sport movements? 

4) What are the effects of shoulder muscle fatigue on shoulder movement 

trajectories during arm elevations related to UED sport movements? 

Study-2 

1) How does VPAC use affect shoulder angle reproduction outcomes during 

shoulder flexion elevation?  

2) How does shoulder muscle fatigue change shoulder angle reproduction 

outcomes during shoulder flexion elevation? 

3) How does VPAC use change shoulder muscle amplitudes during shoulder flexion 

angle reproduction trials? 

4) How does shoulder muscle fatigue change shoulder muscle amplitudes during 

shoulder flexion angle reproduction trials? 

HYPOTHESES 

Study-1 

1) Performing VPAC will increase shoulder muscle amplitudes and will decrease 

muscle activation timing during arm elevations related to UED sport movements.   

Scott et. al (2018) found that when subjects performed VPAC prior to elevating 

their arm, certain muscles’ amplitudes increased.  In addition, the results 
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showed that VPAC decreased muscle activation timing and caused the muscles 

to activate closer together, potentially improving neuromuscular control (Scott, 

Yang, James, Sawyer, & Sizer, 2018). 

2) Shoulder muscle fatigue will increase shoulder muscle amplitudes and increase 

(delay) muscle activation timing during arm elevations related to UED sport 

movements.   

Previous studies found that muscle fatigue increases muscle amplitudes.  This 

increase in muscle amplitude was reported to be an adaptation to muscle fatigue 

involving an increase in muscular output to overcome fatigue (Srinivasan, 

Sinden, Mathiassen, & Cote, 2016).  Muscle fatigue increased the amount of 

time for muscles to activate.  An explanation for this is that muscle fatigue 

causes a decrease in motor neuron firing rates resulting in a delay in muscle 

activation (Cools et al., 2002). 

3) Performing VPAC will change shoulder movement trajectory outcomes during 

arm elevations related to UED sport movements.  

Investigations of VPAC effects on arm movement trajectories during arm 

elevation is not currently in the literature.  Since VPAC has been reported to 

change muscle amplitudes and muscle activation timing, these effects can 

potentially alter movement trajectories as trajectories reveal the path in which 

the arm takes when elevating.    

4) Shoulder muscle fatigue will change shoulder movement trajectories outcomes 

during arm elevations related to UED sport movements. 
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Muscle fatigue effects on movement trajectories are limited.  However, one 

study on lower body movement patterns reported that greater proximal 

movement patterns occurred following fatigue (Lin, Lee, Chen, & Hsue, 2016).  

The investigators reported that this was an adaptation to muscle fatigue.  Muscle 

fatigue effects can potentially alter movement patterns during upper extremity 

movement as well.   

Study-2 

1) Performing VPAC will enhance the shoulder angle reproduction abilities during 

shoulder flexion elevation.  

Evidence of VPAC effects on shoulder angle reproduction is limited as VPAC is 

not as widely studied as other factors that can affect shoulder movement, such 

as muscle fatigue.  The VPAC has been shown to alter muscle function and 

therefore, has the potential to affect shoulder angle reproduction abilities.    

2) Shoulder muscle fatigue will decrease the shoulder angle reproduction abilities 

during shoulder flexion elevation. 

Muscle fatigue desensitizes muscle spindle activation thresholds, which can 

degrade joint position sense and ultimately the neuromuscular responses vital to 

joint stability (Myers, Guskiewicz, Schneider, & Prentice, 1999).  This has been 

shown to decrease the ability to reproduce specified  shoulder angles (Proske, 

2015).  

3) Performing VPAC will increase shoulder muscle amplitudes during shoulder 

flexion angle reproduction trials.  
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There are currently no studies that report VPAC effects on muscle amplitudes 

during angle reproduction trials.  However, the VPAC has been reported to alter 

movement function, as portrayed by VPAC’s ability to increase muscle amplitude 

and decrease muscle activation timing (Haddas, Sawyer, et al., 2016b).  

Therefore, VPAC has the potential to increase a muscle function such as 

reproducing a specified angle.   

4) Shoulder muscle fatigue will increase shoulder muscle amplitudes, during 

shoulder flexion angle reproduction trials. 

Muscle fatigue has been shown to increase muscle amplitudes (Ekstrom, 

Donatelli, & Soderberg, 2003).  It is predicted that muscle fatigue will have the 

same effect on muscle amplitudes during attempts to recreate shoulder angles. 
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II. LITERATURE REVIEW 

Volitional preemptive abdominal contraction (VPAC) is a strategy often used by 

clinicians as an attempt to enhance the effects of commonly used clinical approaches.  

This strategy has been incorporated into rehabilitation and conditioning programs for 

the upper and lower extremities and shown to be beneficial for extremity function 

(Leetun, Ireland, Willson, Ballantyne, & Davis, 2004; Marshall, Desai, & Robbins, 2011; 

Matthijs et al., 2014; McNeill, 2010; Tarnanen et al., 2008).  Incorporating VPAC 

strategies during shoulder rehabilitation or conditioning programs enhances dynamic 

neuromuscular scapular control and trunk stabilization to create more coordinated 

movements and reduce any challenges with changing movement parameters (McMullen 

& Uhl, 2000).   

The shoulder joint relies heavily on musculotendinous structures for stability.  

Therefore, shoulder stabilization can be compromised by inadequate musculotendinous 

function, which can be caused by many factors, including muscle fatigue.  Muscle fatigue 

decreases muscle output and proprioceptive responses to shoulder movement (Ebaugh, 

McClure, & Karduna, 2006b; Tripp et al., 2007; Voight et al., 1996).  These decreases can 

lead to multiple injuries including tendinitis and ligamentous damage (Barrentine, 

Fleisig, Whiteside, Escamilla, & Andrews, 1998; Corben et al., 2015; Hill, Humphries, 

Weidner, & Newton, 2004; Kibler, Sciascia, & Thomas, 2012).  Those involved in UED 

activities are susceptible to shoulder muscle fatigue and its effects.  It is imperative to 

discover methods that can limit fatigue effects and consequently minimize injury.   
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The purpose of this dissertation was to examine the effects of VPAC on 

shoulder neuromuscular function and proprioceptive responses during upper extremity 

movement.  These effects will be examined through flexion and scaption, which are 

upper body movements that are characteristic of UED sport activities.  Flexion was 

chosen because it: (1) is a common functional movement of the shoulder; (2) is 

consistent in producing activity in the anterior deltoid; and (3) plays a role in the 

synergistic shoulder muscle actions that stabilize the shoulder joint during movement 

(Escamilla, Yamashiro, Paulos, & Andrews, 2009; Wattanaprakornkul, Halaki, Boettcher, 

Cathers, & Ginn, 2011; Wilk, Arrigo, Hooks, & Andrews, 2016).  Scaption was chosen 

due to its frequent use for examining shoulder muscle activity during arm elevation  

(Escamilla et al., 2009; Magnus, Boychuk, Kim, & Farthing, 2014; McMahon, Jobe, Pink, 

Brault, & Perry, 1996; Moseley, Jobe, Pink, Perry, & Tibone, 1992; Racaud et al., 2014; 

Sciascia, Kuschinsky, Nitz, Mair, & Uhl, 2012)  and due to the substantial amount of 

shoulder complex muscle activity produced during this movement (Sciascia, 

Kuschinsky, et al., 2012).  Both motions are vital to several UED sports activities, such 

as baseball and softball.  Examining the responses in this way can enhance clinicians’ 

understanding of how VPAC can be applied to specific clinical strategies, such as 

creating rehabilitation and conditioning programs for those involved in UED sport 

activities.  

 The purpose of this literature review was to provide a theoretical framework for 

the examination of VPAC and how its performance can affect extremity function, 

especially at the shoulder complex.  Shoulder extremity function for this project was 
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examined through shoulder muscle amplitude and activation timing, as well as through 

proprioceptive capacities.  Due to the high occurrence of muscle fatigue following 

dynamic shoulder movements, previous research on shoulder muscle fatigue and its 

effects on the shoulder was reviewed.  This literature review provided background 

information on: 1) normal and abnormal shoulder neuromuscular control; 2) muscle 

fatigue effects on scapular neuromuscular control; 3) muscle fatigue effects on shoulder 

joint proprioception; and 4) current research on shoulder muscle function in relation to 

the entire body during UED sports activities; and 5) current literature on VPAC functions.   

SHOULDER FUNCTION AND NEUROMUSCULAR CONTROL 

The shoulder joint consist of static and dynamic stabilizers that allow the 

greatest range of motion at any joint in the body (Terry & Chopp, 2000).  This range of 

motion occurs due to the lack of bony articulation in the joint (Starkey, Brown, & Ryan, 

2009b).  Its movements represent a complex dynamic relationship between bony 

articulations, ligamentous constraints, and multiple muscle forces (Terry & Chopp, 

2000).  For normal shoulder movement to occur, this complex dynamic relationship 

must result in stability between its components.  The bony articulations consist of the 

glenohumeral (GH), acromioclavicular (AC), sternoclavicular (SC), and scapulothoracic 

(SCT) joints.  With the exception the SCT joint, these joints are reinforced by ligaments 

that help prevent excessive bony structure translation (Starkey et al., 2009b).  The 

superior, middle, and inferior GH joint ligaments blend into the joint capsule to reinforce 

the joint and assist in humeral head stabilization (Chopp et al., 2010; Terry & Chopp, 

2000). 
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Another role for ligaments is to counter the limited bony surface articulation in 

the shoulder joint.  The SC joint is the only true articulation between the upper 

extremity and the axial skeleton.  In addition, less than 35% of the humeral head surface 

is in contact with the glenoid fossa at any given time (Terry & Chopp, 2000).  Therefore, 

ligamentous support is paramount in the shoulder complex, as such increases the 

connections within the shoulder girdle.  Another joint stabilizing element is GH and SCT 

neuromuscular control.  The co-contractive forces that are created by this 

neuromuscular control provide stability while moving the joint itself (Myers & Lephart, 

2000; Perry, 1983).  The rotator cuff muscles assist in GH joint range of motion, but they 

additionally stabilize the humeral head within the shallow glenoid fossa.  The 

scapulothoracic muscles are responsible for scapular movement and scapular 

stabilization on the thoracic wall (Moore, Dalley, & Agur, 2010).  Therefore, scapular 

function quality depends on scapular neuromuscular performance (Cools et al., 2007).  

Due to the rotator cuff muscles’ attachments to the scapula, scapular muscle stabilizing 

actions are essential for adequate rotator cuff performance during upper limb elevation 

(David et al., 2000; Page, 2011).   

In the GH joint, the anterior, middle, and posterior deltoid muscles are 

responsible for raising the arm into flexion, abduction, and extension, respectively.  The 

muscle synergy between these muscles and the rotator cuff muscles (supraspinatus, 

infraspinatus, teres minor, and subscapularis) balance the translations of the humeral 

head within the glenoid fossa.  Specifically, anterior deltoid muscle contraction causes 

an anterior humeral head translation that is counteracted by an inferiorly directed line 
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of action by the subscapularis, infraspinatus, and teres minor muscles from the rotator 

cuff group (Phadke et al., 2009).  During this muscle co-contraction, the serratus anterior 

upwardly rotates the scapula and the infraspinatus and teres minor provide an external 

rotation force to the GH joint.  These actions cause the humeral head to sufficiently pass 

under the acromion.  Scapular muscle performance causes the scapula to be mobile 

enough to place the glenoid in optimal relation to the humerus, thus facilitating 

concavity/compression.  This action creates a stable base for coordinated muscle 

activation to compress the humerus into the glenoid (Kibler, 1998; Kibler & Sciascia, 

2016; Nieminen, Niemi, Takala, & Viikari-Juntura, 1995). 

The previous scapular muscle role descriptions show that scapular muscle 

functions are vital for efficient shoulder function.  Scapulothoracic muscle synergies 

accompany these co-contractions and others to create a 2:1 elevation ratio.  There are 

approximately 2° of GH elevation for every 1° of scapulothoracic elevation, with 

variations depending on the amount of elevation (Terry & Chopp, 2000).  Scapular 

actions during shoulder elevation consist of scapular posterior tilting, external rotation, 

and upward rotation, in response to major contributions from serratus anterior and 

trapezius muscle activation (Ludewig, Cook, & Nawoczenski, 1996; Ludewig & Reynolds, 

2009; Phadke et al., 2009).  To accomplish these movements, scapular neuromuscular 

control involves a muscle recruitment pattern where the upper trapezius activates first, 

followed by the serratus anterior, and lastly the lower trapezius (Minning, Eliot, Uhl, & 

Malone, 2007; Moraes, Faria, & Teixeira-Salmela, 2008; Struyf et al., 2014).  The lower 

trapezius has the most important role in scapular rotation force couples because it acts 
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primarily as a scapular stabilizer (Bagg & Forrest, 1986).  These scapular muscle 

functions are subject to change under increased stress or repetitive movements such as 

those seen in upper body sport activities.  The changes could lead to pathologies 

including shoulder impingements or exacerbations of an existing shoulder joint 

abnormality.   

In other cases, shoulder muscle function changes are adaptations to 

environmental demands.  These shoulder muscle functions do not become problematic.  

Due to UED sport activities, significantly different scapular functions have been observed 

in healthy overhead athletes’ dominant arms.  It is suggested that athletes in one-

handed overhead sports showed a 10% increase in scapular muscle strength on their 

dominant side (Cools, Johansson, Borms, & Maenhout, 2015).  Investigators have 

reported more downward rotation in the scapular resting position and more upward 

rotation in 90°-135° abduction in the dominant shoulder compared to the non- 

dominant shoulder (Hosseinimehr, Anbarian, Norasteh, Fardmal, & Khosravi, 2015).  

These adaptations are expected to occur following specific imposed demands as 

described by the Specific Adaptation to Imposed Demands (SAID) principle.  This finding 

informs clinicians of possible non- pathological adaptations in overhead athletes’ 

shoulders and assists the clinician’s evaluation and treatment plans.   

Scapular muscles produce lower EMG amplitude during the lowering phase 

versus the elevation phase of shoulder flexion reflects different neuromuscular control 

strategies between raising and lowering the arm (Borstad & Ludewig, 2002; Ebaugh & 

Spinelli, 2010; Guazzelli Filho, de Freitas, & Furlani, 1994).  This finding is important for 
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understanding shoulder muscle function as it identifies differences in muscle actions, 

differences that are deemed normal.  When abnormal scapular function is identified, the 

clinician must determine whether the problem is due to primary scapular pathology or 

whether it is secondary to other shoulder pathology (Kibler & Kelly, 2012).  These 

secondary factors may include factors such as injury and fatigue. 

SHOULDER PATHOLOGY AND THE SCAPULA 

Scapular muscle dysfunction is associated with shoulder pathologies that include 

glenohumeral instability (GHI), subacromial impingement syndrome (SIS) and internal 

impingement (Corpus, Camp, Dines, Altchek, & Dines, 2016; Hess et al., 2005).  It should 

be noted that these pathologies can result from muscle dysfunctions or it can cause 

muscle dysfunctions.  For example, people with healthy shoulders who are involved in 

UED sport activities can develop muscle imbalances that are potentially caused by poor 

biomechanics, injuries (i.e., strains, contusion), and other acute conditions.  These 

imbalances can alter the normal roles of dynamic and static stabilizers, leading to 

pathological signs and symptoms.  From this, an injury cycle of muscle dysfunction, to 

pathology, to muscle dysfunction can occur.  The following paragraphs provide 

information supporting the pathology to muscle dysfunction aspect of the injury cycle.   

The GHI is the inability to maintain the humeral head within the glenoid center 

during active arm movement (Lippitt & Matsen, 1993).  This problem can result from 

excessive glenohumeral mobility.  In addition, poor scapulothoracic joint motion may 

contribute to GHI by causing excessive scapular movement into protraction or a 

retraction delay when the arm is above 90° elevation (Matias & Pascoal, 2006).  Other 
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studies have reported that a significant decrease in scapular upward rotation was found 

in those with GHI (Illyes & Kiss, 2006; Ogston & Ludewig, 2007; Ozaki, 1989; von 

Eisenhart-Rothe, Matsen, Eckstein, Vogl, & Graichen, 2005).  Finally, increased scapular 

internal rotation and increased scapular winging have been observed in GHI patients 

(Ogston & Ludewig, 2007; von Eisenhart-Rothe et al., 2005; Warner et al., 1992).  Hung 

and Darling (2014) reported that no significant scapular kinematic difference existed 

between subjects with anterior GHI and healthy subjects.  Several of the previous 

studies involved patients with multidirectional GHI.  Therefore, clinicians should be 

cognizant of the subject’s type of GHI when analyzing scapular movement and recognize 

that scapular movement changes may not accompany anterior GHI (Hung & Darling, 

2014).   

The SIS occurs when there is decreased space for the rotator cuff tendons as 

they pass under the coracoacromial arch (Page, 2011).  It has been suggested that SIS 

can lead to alterations in scapular neuromuscular control by increasing scapular muscle 

latencies (Moraes et al., 2008).  Research on overhead athletes’ shoulders with SIS 

showed delayed middle trapezius and lower trapezius muscle activation; therefore, SIS 

could be related to delayed middle trapezius and lower trapezius muscle onsets (Cools, 

Witvrouw, Declercq, Danneels, & Cambier, 2003).  Furthermore, reductions in peak 

muscle force have been observed in overhead athletes with SIS (Cools, Witvrouw, 

Declercq, Vanderstraeten, & Cambier, 2004).  Investigators examined protraction and 

retraction muscle force production at slow (12.2 cm/s) and high (36.6 cm/s) velocities, in 

the injured versus the non- injured extremity.  During the high velocity, they discovered 
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a significant reduction in peak muscle force during protraction in the injured extremity.  

In addition, the investigators recorded scapulothoracic muscle EMG activity, which was 

expressed as a percentage of a maximal voluntary contraction.  They discovered a 

significant decrease in lower trapezius activity during retraction at the high velocity in 

the injured extremity compared to the non- injured extremity.  These findings may 

reflect a muscular imbalance among the regions of the trapezius in those with SIS (Cools 

et al., 2004).  These observations help explain shoulder dysfunction mechanisms during 

upper extremity activities, specifically, the acceleration phase of throwing. 

The SIS was shown to result in less shoulder range of motion and scapular muscle 

force production during flexion and scaption (McClure, Michener, & Karduna, 2006).  

Overall, these muscular activity deficits can prolong or increase SIS symptoms.  

Moreover, a disruption in lower trapezius, serratus anterior and upper trapezius muscle 

coordination has been reported (Michener, Sharma, Cools, & Timmons, 2016).  Muscle 

activity compensations have been reported in patients with SIS where increases in upper 

trapezius and lower trapezius muscle activity occur with decreased serratus anterior 

activity (Lin, Hsieh, Cheng, Chen, & Lai, 2011; Page, 2011).   

The SIS has been associated with muscle offset changes.  Compared to subjects 

with healthy shoulders, subjects with SIS experienced earlier activation of upper 

trapezius in the unloaded condition (no resistance) and earlier deactivation of the 

serratus anterior across all conditions (no resistance and resistance) (Phadke & Ludewig, 

2013).  It is possible that people with impingement use a different motor strategy and 

depend on their upper trapezius to elevate their clavicle in an attempt to elevate their 
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arm (Phadke et al., 2009; Phadke & Ludewig, 2013).  The serratus anterior is believed to 

be one of the most important muscles for scapular mobility and control and its earlier 

deactivation during arm lowering may negatively affect scapulothoracic motion (Kibler, 

1998; Phadke et al., 2009; Phadke & Ludewig, 2013). 

Further research showed that scapular kinematics was altered during SIS.  

Decreased scapular external rotation with increased upper trapezius activity have been 

shown to accompany SIS (Lefevre-Colau et al., 2018; Lopes, Timmons, Grover, Ciconelli, 

& Michener, 2015).  During arm elevation in the scapular plane in those with SIS, greater 

scapular elevation and less peak scapular posterior tilting occurred (Lin et al., 2011).  

McClure, Michener, and Karduna (2006) reported that SIS patients presented with 

higher upward rotation and clavicular elevation during flexion and slightly greater 

scapular posterior tilt and clavicular retraction during scaption compared to the control 

group.  During flexion, Turgut, Duzgun, and Baltaci (2016) found significantly greater 

scapular downward rotation, and scapular anterior tilt in subjects with SIS.  In addition, 

in a side-to-side comparison, there was significantly greater scapular anterior tilt on the 

involved shoulder versus the healthy shoulder.  Although different protocols were 

incorporated, these studies identify scapular movement changes that accompany SIS.  

Overall, the previous studies provide evidence of muscle activity decreases and altered 

muscle coordination in the presence of SIS. 

Internal impingement is another shoulder pathology that has been associated 

with shoulder muscle dysfunction.  It is a condition defined as a constellation of 

symptoms that result from the humeral greater tuberosity and the rotator cuff articular 
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surface abutting the posterosuperior glenoid when the shoulder is in an abducted and 

externally rotated position (Corpus et al., 2016).  This condition is often accompanied by 

weak scapular retractor muscles which can increase a hyperangulation risk during 

activities such as throwing (Cools, Declercq, Cagnie, Cambier, & Witvrouw, 2008). 

The scapular alterations seen in GHI, SIS, and internal impingement represent 

associated scapular dyskinesis (Lefevre-Colau et al., 2018).  Scapular dyskinesis can 

manifest as a loss of control in the scapular external rotation motions and retraction 

translation (Kibler, 2006).  This can result in alterations in timing and magnitude of 

acromial upward rotation and cause excessive anterior glenoid tilting and maximal 

rotator cuff muscle activation capability loss (Kibler & Sciascia, 2010, 2016).  Scapular 

dyskinesis by itself is not an injury or musculoskeletal diagnosis (Wright, Wassinger, 

Frank, Michener, & Hegedus, 2013).  However, as it occurs during shoulder pathology, 

scapular dyskinesis needs to be addressed for full shoulder rehabilitation. 

 The shoulder pathologies described here are associated with muscle activity 

deficits and changes in kinematic function that can lead to scapular dyskinesis.  This 

information is vital for rehabilitating the shoulder and discovering ways to re-establish 

the loss of function.  Other factors that can affect the pathologies and eventual 

rehabilitation strategies should be examined, such as muscle fatigue.   
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EFFECTS OF MUSCLE FATIGUE ON SHOULDER PERFORMANCE 

EFFECTS OF MUSCLE FATIGUE ON NEUROMUSCULAR CONTROL 

Neuromuscular control at the shoulder joint occurs through synergistic muscle 

contractions that produce biomechanically adequate scapular, humeral, and clavicular 

angles during movement (Cools et al., 2007).  These angles allow for normal shoulder 

range of motion.  The range of motion can be compromised by insufficient muscle co-

contractions, possibly causing excess movement (Moraes et al., 2008).  Fatigue, 

described as a decline in the ability to maintain a level of performance (De Luca, 1984), 

has been shown in the literature to be a probable shoulder dysfunction source.  For 

example, muscle fatigue causes altered neuromuscular control at the shoulder joint.  

Srinivasan, Sinden, Mathiassen, and Cote (2016) examined selected shoulder muscle 

responses to a repetitive pointing task and found that the upper trapezius, anterior 

deltoid, biceps, and triceps muscles EMG root mean square (RMS) amplitude increased 

post fatigue.  The authors found a 25%-30% increase in the average muscle activity 

following the fatigue protocol.  These findings suggest that these muscles adapt to 

fatigue by increasing their muscular output to overcome fatigue (Srinivasan et al., 2016).  

Tse, McDonald, and Keir (2016) observed shoulder muscle fatigue effects through a 

repetitive work task that targeted the anterior deltoid.  The investigators found that in 

addition to anterior deltoid muscle fatigue, the posterior deltoid, latissimus dorsi, and 

serratus anterior muscles showed fatigue signs as well.  Furthermore, scapular upward 

rotation occurred following fatigue.  This is evidence of compensatory actions in 

response to the decreased roles of the aforementioned muscles to stabilize and 
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posteriorly tilt the scapula to allow humeral translation under the acromion and 

maintain adequate subacromial space (Tse, McDonald, & Keir, 2016).  The adaptions 

that occurred in these studies most likely occurred in the entire joint to compensate for 

the fatigue effects on a particular muscle.  Motor unit synchronization, a measure of the 

correlated discharge of action potentials by motor units, is pertinent to multiple muscle 

activity coordination, which promotes skilled muscle synergies (Semmler, 2002).  Fatigue 

of a particular muscle can alter the motor unit synchronization throughout the joint.   

FATIGUE EFFECTS ON MUSCLE ACTIVATION TIME 

Fatigue has been shown to affect muscle recruitment timing in addition to EMG 

amplitude.  Cools et al. (2002) examined middle deltoid and upper, middle, and lower 

trapezius muscles’ latency times in response to a sudden arm adduction movement 

before and after a shoulder muscle fatigue protocol.  The investigators found that the 

middle deltoid, upper trapezius, and middle trapezius activation was delayed following 

shoulder muscle fatigue (Cools et al., 2002).  They concluded that muscle fatigue 

possibly causes a decrease in motor neuron firing rates, which in this case could lead to 

altered scapular kinematics.  After examining lower extremity muscle fatigue effects on 

trunk control during a jump to landing protocol, investigators reported that fatigue 

delayed gluteus maximus and multifidus muscle onsets (Haddas, Sawyer, et al., 2016b).  

In another landing study, fatigue altered gluteus medius muscle onset.  Following the 

hip-abductor fatigue protocol, gluteus medius activity occurred 32 milliseconds later 

during the post fatigue landing condition (Patrek, Kernozek, Willson, Wright, & 

Doberstein, 2011).  This finding is significant as it may represent a concept termed 
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central fatigue which is an exercise-induced decrease in voluntary muscle action due to 

changes in a motor unit proximal to a neuromuscular junction (Patrek et al., 2011).  

These studies indicate fatigue effects on muscle latency and support a continual study of 

fatigue effects at other joints, specifically the shoulder girdle muscles.   

FATIGUE EFFECTS ON THE SCAPULOTHORACIC JOINT 

The previous findings resulted from a repetitive pointing task.  Other studies 

have examined the effect of muscle fatigue during common rehabilitation exercises and 

dynamic shoulder movement.  For example, muscle fatigue increases upper trapezius 

muscle activity during dynamic open chain movements (Fuller, Lomond, Fung, & Cote, 

2009).  The increased muscle activity following fatigue can be attributed to greater 

motor unit discharge frequency or increased motor unit firing rate synchronization 

(Ebied, Kemp, & Frostick, 2004; Kellis, 1999).  An increase in muscle activity can lead to 

muscle experiencing fatigue faster than normal and experiencing a performance decline.  

Mechanically, fatigue can increase scapular internal rotation and anterior tilting possibly 

by impairing serratus anterior and lower trapezius activity, and decrease clavicular 

elevation by impairing the upper trapezius muscle (Borstad, Szucs, & Navalgund, 2009).  

Overall, these fatigue affects can hinder glenohumeral movement.   

To maintain non-pathological glenohumeral movement, the scapulothoracic 

rhythm must be adequate.  However, scapulothoracic rhythm during dynamic conditions 

is altered in the presence of muscle fatigue.  Between 60°-150° of glenohumeral 

elevation, the scapulothoracic rhythm can decrease with muscle fatigue, meaning there 

can be an increase in scapular mobility and a resulting decrease in scapular stability 
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(McQuade, Dawson, & Smidt, 1998).  This suggests that shoulder fatigue affects how the 

scapula moves concomitantly with the humerus (McQuade et al., 1998).  Muscle fatigue 

can decrease scapular posterior tilt during arm elevation early stages, which 

compromises the required acromial tilting that allows the humeral head to pass 

underneath the acromion during arm elevation, decreasing the subacromial space.  In 

addition, muscle fatigue causes more upward rotation and clavicular retraction during 

arm elevation mid ranges.  These excess movements are compensatory motions in 

response to decreased amounts of scapular posterior tilt and glenohumeral external 

rotation (Ebaugh et al., 2006a).  Scapulothoracic muscles are measurably affected by 

muscle fatigue, which can ultimately affect the overall glenohumeral movement.  

 Moreover, these findings align with other research that reported increases in 

upper trapezius mean activation and lower serratus anterior, lower trapezius (SA/LT) 

ratios following shoulder muscle fatigue protocols (Cools et al., 2007; Kibler, 1998; 

Michener et al., 2016; Szucs, Navalgund, & Borstad, 2009).  Lower SA/LT ratios could 

correlate with decreased posterior tilt following fatigue.  This could lead to a decrease in 

scapular stabilization, which can allow increased scapular upward rotation produced by 

the upper trapezius.  These studies support the theory that fatigue can change joint 

mechanics and could possibly lead to injury (Benjaminse et al., 2008; James et al., 2010; 

McLean et al., 2007).   

FATIGUE EFFECTS ON ROTATOR CUFF MUSCLE FUNCTION 

Another way that muscle fatigue can hinder glenohumeral movement is by 

affecting the rotator cuff muscle function.  For example, infraspinatus muscle eccentric 
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contraction force decreases following muscle fatigue (Dale, Kovaleski, Ogletree, 

Heitman, & Norrell, 2007).  This decrease in force is correlated with reduced muscle 

fiber conduction velocity (Ebied et al., 2004).  Specific muscle fatigue, such as that 

affecting the infraspinatus described above, may decrease the muscle’s ability to help 

stabilize the humeral head, resulting in decreased subacromial space.  A subacromial 

space reduction can lead to rotator cuff tendon compression or SIS (Borstad et al., 2009; 

Page, 2011).  Ebaugh, McClure, and Karduna, (2006) examined shoulder external rotator 

muscle fatigue effects on three dimensional scapulothoracic and glenohumeral 

kinematics.  Most muscles included in the study showed signs of fatigue following an 

external rotation fatigue protocol.  Fatigue reduced glenohumeral external rotation and 

scapular posterior tilt in the early stages of arm elevation. 

FATIGUE EFFECTS DURING UPPER EXTREMITY DOMINANT (UED) ACTIVITIES 

Upper extremity dominant sport movements are prone to muscle fatigue 

production.  For instance, shoulder muscle fatigue in swimmers can reduce stroke length 

bilaterally and external rotation motion and joint position sense in the dominant arm 

(Matthews, Green, Matthews, & Swanwick, 2017).  Excessive scapular upward rotation 

in tennis players following shoulder muscle fatigue has been reported (Rich et al., 2016).  

Volleyball players’ shoulders can exhibit a decrease in torque ratios for shoulder 

external and internal rotation following high intensity spiking practices (Cornu, Nordez, 

& Bideau, 2009).  These results are similar to previously reported muscle fatigue effects 

during other activities.  Fatigue caused by pitching can increase shoulder and elbow 

torques, increasing injury risk (Chalmers et al., 2017).  Muscle fatigue caused by fast-
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pitch softball pitching has been reported to cause profound bilateral fatigue in the hip 

and scapular muscles, with more selective fatigue in the shoulder and arm muscles 

(Corben et al., 2015). 

EFFECTS OF MUSCLE FATIGUE ON THE LOWER EXTREMITY 

The effects of lower extremity muscle fatigue have additionally been studied, 

and these findings may provide insight into changes induced by upper extremity muscle 

fatigue.  First, muscle fatigue affects muscle torque production and EMG activity. 

Quadriceps muscle fatigue reduces knee extension moment force by 70% (Kellis, 1999).  

The relative intensity of a fatigue testing protocol may result in different changes across 

muscle groups.  Investigators have discovered that during a maximal fatigue protocol, 

knee extension torque significantly decreased by 45.7% compared to pre-fatigue torque 

levels.  In addition, the vastus medialis and vastus lateralis average EMG activities 

increased, then remained constant, and finally decreased by the end of the protocol.  

The biceps femoris activity remained constant during this protocol (Hassani et al., 2006).  

In the same study, during the submaximal fatigue protocol, knee extension torque was 

shown to significantly decrease by 46.8% compared to pre-fatigue torque levels.  During 

this protocol, the vastus medialis and vastus lateralis activity continuously increased to 

the end of the protocol.  The biceps femoris activity increased, then decreased 

significantly, reaching values that were seen at the beginning of the protocol (Hassani et 

al., 2006).  This research is important as it describes muscle activity and torque values 

for muscle fatiguing protocols of different intensities.  The fatigue testing intensity 

should be considered when examining muscle fatigue effects.   
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Second, fatigue affects gait and slip propensity.  Lower extremity muscle fatigue 

alters several gait parameters.  Heel contact velocity and required friction coefficient, 

the minimum required friction coefficient between the shoe and floor interface to 

prevent slipping, significantly increased following lower extremity muscle fatigue (Parijat 

& Lockhart, 2008).  Additionally, whole body center of mass transitional acceleration 

and peak knee joint moment decreased.  Finally, knee flexion angle increased and ankle 

dorsiflexion decreased at heel contact (Parijat & Lockhart, 2008).  From these results, 

the investigators concluded that slip propensity may increase when muscle fatigue 

occurs (Parijat & Lockhart, 2008).   

Hassanlouei, Arendt-Nielsen, Kersting, & Falla (2012) examined muscle fatigue 

effects by identifying maximal knee extensor muscle force and muscle activity from the 

rectus femoris, biceps femoris, and semitendinosus during postural perturbations, 

before and after a fatigue protocol.  The fatigue protocol consisted of subjects riding a 

bicycle ergometer and increasing the workload until 80%-90% of maximal heart rate was 

reached and the subjects reported exhaustion.  Following the fatigue protocol, the 

investigators reported a significant decrease in maximal knee extensor muscle force.  

Specifically, quadriceps muscle force decreased by 63%, and hamstring muscle force 

decreased by 66%, both compared to the pre-fatigue force measures (Hassanlouei, 

Arendt-Nielsen, Kersting, & Falla, 2012).  Moreover, the investigators found that 

extension and flexion EMG onset was significantly delayed during perturbations 

following the fatigue protocol and that a significant correlation existed between the 

percent decrease in extension maximum voluntary contraction (MVC) and the percent 
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change in extension onset time post exercise (Hassanlouei et al., 2012).  They concluded 

that muscle fatigue reduces and delays quadriceps muscle activation in response to 

rapid destabilizing perturbations, potentially decreasing knee stability (Hassanlouei et 

al., 2012).  This fatigue-induced delay in muscle activity is especially important as 

increases in muscle activation timing could decrease joint stability.  

The studies in this section show that muscle fatigue can negatively affect upper 

and lower extremity function by altering muscle activity levels, joint movement 

patterns, and muscle activation timing.  This information is evidence of how important it 

is to discover methods that reduce fatigue effects.  However, these changes exhibit 

consequences to other local and global systems, including joint proprioception.  The 

following sections describe proprioception and how it is affected by fatigued muscles.   

SHOULDER COMPLEX PROPRIOCEPTION 

According to Rieman and Lephart (2002), neuromuscular control can be 

described as the unconscious activation of dynamic restraints occurring in preparation 

for and in response to joint motion and loading for maintaining and restoring functional 

joint stability (Riemann & Lephart, 2002).  Functional stability, defined as adequate joint 

stability to perform functional activity (Myers & Lephart, 2000), results from the 

interaction between the joint’s static and dynamic components.  To maintain functional 

stability, joint proprioceptive information must be recorded by mechanoreceptors, sent 

to and interpreted by the central nervous system organs, and the appropriate resulting 

information sent to the extremities.   
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Proprioception and neuromuscular control are parts of the somatosensory 

system, which encompasses all perception arising from somatosensory sources (i.e., 

tactile, pain, temperature, proprioception) (Riemann & Lephart, 2002).  Proprioception 

is a specialized variation of the sensory modality of touch that encompasses joint 

movement sensation, and joint position (Lephart, Pincivero, Giraldo, & Fu, 1997).  It 

involves the process of communicating afferent information from the body’s periphery 

to the spinal cord, brainstem, cerebral cortex, and associated regions, specifically, the 

cerebellum and basal ganglia (Kandel, Jessell, Schwartz, Siegelbaum, & Hudspeth, 2013; 

Riemann & Lephart, 2002).  This peripheral afferent information is obtained from 

receptors in the joint’s tissues called mechanoreceptors.  Several types of 

mechanoreceptors exist, each with a specific purpose.  First, Ruffini receptors are most 

abundantly found in the joint ligamentous and capsular tissues.  They have low 

threshold, slow-adapting characteristics which allow them to behave as both static and 

dynamic mechanoreceptors.  When Ruffini receptors detect changes in capsular stress, 

they initially respond by discharging signals quickly, but then slowly adapt to change 

following the quick discharge of signals.  Because of this ability to signal quickly then 

slowly, Ruffini receptors can be classified as both static and dynamic mechanoreceptors 

(Wyke, 1967).   

Static mechanoreceptors signal information about static joint position and intra-

articular pressure changes whereas dynamic mechanoreceptors signal joint acceleration 

and deceleration (Wyke, 1967).  Another mechanoreceptor is the Pacinian corpuscle 

which is found in the same tissue types as Ruffini receptors; however, these receptors 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

31 

have low-threshold, rapidly adapting characteristics and are exclusively classified as 

dynamic receptors (Hasegawa, Yamamoto, Morisawa, & Michinaka, 1999; Riemann & 

Lephart, 2002).  Within the musculotendinous tissues are a third mechanoreceptor 

called Golgi tendon organs that detect muscle tension during concentric muscle 

contraction.  Fourth, muscle spindles are mechanoreceptors found in the muscle tissue 

and are responsible for conveying information about muscle length and length change 

rate (Riemann & Lephart, 2002).  Together, these mechanoreceptors are responsible for 

performing the three proprioception submodalities of joint position sense, kinesthesia, 

and sense of resistance (Ager et al., 2017).   

Joint position sense is the ability to consciously recognize where one’s joint is 

oriented in space, while kinesthesia is one’s ability to consciously appreciate joint 

motion.  Sensation of resistance is one’s ability to appreciate force generated within a 

joint (Myers & Lephart, 2000).  Common methods used by investigators to examine 

these submodalities and underlying proprioceptive abilities in the normal and 

pathological joint involve having the patient reproduce a previously obtained angle and 

measuring a patient’s ability to sense when joint movement has occurred.  Specifically, 

these tests are commonly measured with isokinetic dynamometers or passive motion 

devices (Ager et al., 2017).  These apparatuses can actively move the shoulder joint to a 

specific angle several times and the subject then reproduces the angle, or they can move 

the subject’s limb and allow them to detect joint movement or detect when the 

movement reaches a target angle.  Testing using this equipment is highly reliable; 

however, its time-consuming set up and the intricacies of the apparatus’ protocol can 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

32 

reduce its applicability in the clinical setting (Ager et al., 2017).  These methods have 

proven reliable for determining proprioceptive deficits in shoulder movement.   

SHOULDER INJURY AND PROPRIOCEPTION 

The shoulder is responsible for many activities of daily living, work, and sports 

movements.  Investigators have used these methods to examine proprioceptive abilities 

in the shoulder, the changes that occurred when proprioception deteriorated, and how 

the shoulder function is modified when proprioception deteriorates.  The following 

section will discuss the relationship between joint injury and its effects on 

proprioception.  

The shoulder’s primary role is to place the extremity in a position that allows for 

hand function (Myers & Lephart, 2000; Wilk, Reinold, & Andrews, 2009).  Performing 

this role takes precise two-way communication between tissue mechanoreceptors and 

higher order neurological structures.  Lower body research has supported this concept.  

For instance, when the anterior-medial portion of the ACL is loaded, quadriceps EMG 

muscle activity decreases and the hamstring EMG muscle activity increases (Raunest, 

Sager, & Burgener, 1996).  This same muscle response occurs when the entire PCL is 

loaded as well.  In contrast, loading the posterior-lateral portion of the ACL increases 

quadriceps EMG muscle activity and the hamstring EMG muscle activity decreases.  

Moreover, the specific muscle recruitment changes vary with the amount of mechanical 

loading applied to the ligaments (Raunest et al., 1996).  These findings in the knee 

provide evidence that anatomical and functional pathology can change the 

proprioceptive process.  Attempts to discover similar findings in the shoulder have not 
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been made, but it is likely that stress on or structural damage to the shoulder tissues 

may compromise joint proprioception.  

Proprioceptive dysfunction has been documented with many shoulder 

pathologies.  For example, during a target reaching task, those with rotator cuff 

tendinopathy overestimated their intended target (Maenhout, Palmans, De Muynck, De 

Wilde, & Cools, 2012).  In addition, mechanical joint instability decreases 

capsuloligamentous mechanoreceptor stimulation as a result of tissue deafferentation 

(Myers & Lephart, 2000; Tibone, Fechter, & Kao, 1997).  In the shoulder, GHI decreases 

proprioception reducing kinesthesia and joint position sense (Allegrucci, Whitney, 

Lephart, Irrgang, & Fu, 1995; Blasier, Carpenter, & Huston, 1994; Lephart, Warner, 

Borsa, & Fu, 1994; Zuckerman, Gallagher, Cuomo, & Rokito, 2003).  Proprioceptive 

deficits have been found during functional shoulder movements performed by those 

with GHI.  These deficits presented as muscle activity decreases in those muscles 

responsible for stabilizing the SCT and GH joints (Glousman et al., 1988; Kronberg, 

Brostrom, & Nemeth, 1991).  Smith and Brunolli (1990) reported a decrease in 

proprioception following anterior glenohumeral joint dislocations represented by 

kinesthetic deficits in those patients (Smith & Brunolli, 1990).  Training and recurrent 

microtrauma from activities such as overhead pitching can affect shoulder 

proprioception (Safran et al., 2001).  Investigators examined shoulder proprioceptive 

function in the dominant versus non-dominant shoulders of pitchers.  They found that, 

when the pitchers’ shoulders were moved from external to internal rotation, their angle 

reproduction was statistically more accurate in the non-dominant shoulder (Safran et 
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al., 2001).  From this study, including proprioceptive techniques into rehabilitation 

protocols could be beneficial for baseball pitchers and others who are involved in UED 

activities.   

Proprioceptive deficits during a particular joint movement may affect movement 

at distant joints, resulting in a coordinated movement disruption throughout the kinetic 

chain (Sainburg, Poizner, & Ghez, 1993).  Moreover, proprioceptive deficits along the 

kinetic chain are associated with shoulder injury.  Subjects with SIS had significantly 

decreased angle reproduction acuity with shoulder flexion and displayed significantly 

decreased angle reproduction acuity with elbow flexion compared to healthy subjects 

(Ettinger, Shapiro, & Karduna, 2017).  King, Harding, and Karduna (2013) examined 

shoulder and elbow flexion angle reproduction in healthy subjects and found no 

significant differences between the shoulder and elbow angle reproduction errors in the 

right arm versus the left arm.  The key finding was that no significant difference in 

shoulder and elbow angle reproduction errors were found between right and left sides 

(King, Harding, & Karduna, 2013).  In summary, proprioception deficits are more likely to 

occur with joint pathology than in healthy joints. 

SHOULDER FATIGUE AND PROPRIOCEPTION 

In addition to joint injuries, proprioceptive deficits have been discovered 

following muscle fatigue.  Fatigue desensitizes muscle spindle activation thresholds, 

causing deleterious effects on joint position sense and ultimately the neuromuscular 

responses vital to joint stability (Myers et al., 1999).  This proprioceptive disruption may 

be caused by increased intramuscular chemicals that are released during muscular 
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fatigue.  Chemicals such as lactic acid, potassium chloride, arachidonic acid and others 

may affect the muscle spindle system by altering the muscle spindle output 

(Djupsjobacka, Johansson, & Bergenheim, 1994; Djupsjobacka, Johansson, Bergenheim, 

& Sjolander, 1995; Myers & Lephart, 2000; Pedersen, Lonn, Hellstrom, Djupsjobacka, & 

Johansson, 1999).   

Ligaments can be affected by muscle fatigue.  Fatigue can cause ligament laxity 

which may desensitize ligament mechanoreceptors and lead to compromised joint 

stability in extreme rotation angles (Grana & Muse, 1988; Myers & Lephart, 2000; 

Skinner, Wyatt, Stone, Hodgdon, & Barrack, 1986). Specifically, these fatigue effects 

occur due to fatigue’s ability to decrease mechanoreceptor output.  This can increase 

injury risk by reducing joint position sense and kinesthesia, leading to an increase in 

mechanical stress placed on both static and dynamic structures responsible for joint 

stability (Myers & Lephart, 2000).  Because of the interdependence between 

proprioception and neuromuscular control, a decrease in one factor may decrease the 

other similarly, possibly causing an altered muscular response (Bowman, Hart, McGuire, 

Palmieri, & Ingersoll, 2006).   

Exercise-induced fatigue is known to disturb shoulder joint kinesthesia (Proske, 

2015).  Investigators examined rugby players following the players’ participation in 

tackling drill during a practice session.  They found that after the tackling drill 

performance, active flexion shoulder joint position sense error scores were significantly 

increased from baseline measurements for both the dominant and non-dominant sides 

(Morgan & Herrington, 2014).  The investigators concluded that the joint position sense 
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decline was the result of dynamic stability loss (Morgan & Herrington, 2014).  This may 

explain the increase in shoulder injuries that the same authors observed in the later 

stages of the games when fatigue occurred (Morgan & Herrington, 2014).  In the 

occupational setting, fatigue from repetitive overhead reaching tasks increased center 

of pressure sway area and peak sway velocity, demonstrating the potential for whole 

body consequences of localized musculoskeletal stresses (Nussbaum, 2003).   

Fatigue of selected shoulder muscle groups significantly decreases shoulder joint 

position sense in multiple ranges of motion.  For instance, investigators found that 

fatigued shoulder internal rotator muscles (pectoralis major and latissimus dorsi) lead to 

a significant increase in external rotation angle reproduction error and the fatigued 

shoulder external rotator muscle (infraspinatus) lead to a significant increase in internal 

rotation angle reproduction error (Iida, Kaneko, Aoki, & Shibata, 2014).  This was in 

addition to angle reproduction error increases in the same direction as the fatiguing 

movement (i.e., external rotation angle reproduction error increased when external 

rotators were fatigued).  Increased shoulder angle reproduction error in the movement 

direction opposite the muscle fatiguing movement is evidence that fatigue of specific 

muscle groups in the shoulder joint can affect proprioception in multiple shoulder 

movement directions (Iida et al., 2014).  A possible explanation for this occurrence is 

that shoulder position sense is accomplished through the processing of integrated 

afferent information from both agonist and antagonist muscles (Iida et al., 2014).  These 

results support other investigators’ conclusions that active repositioning in external 

rotation after muscle fatigue is affected more by the sensitivity of the muscle 
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mechanoreceptors than the joint mechanoreceptors (Lee, Liau, Cheng, Tan, & Shih, 

2003). 

Muscle fatigue has been shown to increase joint deceleration times causing an 

increase in time to movement cessation (Bowman et al., 2006; Chopp et al., 2010).  

Shoulder external rotator muscle fatigue has been shown to increase external rotation 

motion detection time.  Investigators have reported motion detection at 0.92° of 

external rotation before muscle fatigue to 1.59° following muscle fatigue, an increase of 

73%.  This decrease in performance could decrease athletic performance and lead to 

fatigue-related dysfunction. 

Muscle fatigue causes chemical releases that ultimately decrease 

mechanoreceptor output.  Decreasing mechanoreceptor output has been shown to 

decrease muscle force coupling that provides stability for a joint, increase time to 

motion detection, and decrease position sense of the joint, regardless of the fatigued 

muscle group.  These abnormalities can decrease the ability to perform activities of daily 

living as well as UED sport activities.  It is vital to minimize the occurrence of these 

abnormalities and regain normal joint stability and special orientation during static and 

dynamic activities (Laskowski, Newcomer-Aney, & Smith, 1997).  Techniques used to 

restore proprioception are important.   

KINETIC CHAIN FUNCTION 

Once proprioception and neuromuscular control in a joint have been 

compromised, not only does function at the joint need to be addressed, alterations in 

proximal and distal joint functions must be addressed as well (Sainburg et al., 1993).  
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The joint function alterations that occur away from the pathological joint can be 

explained by the kinetic chain concept.  The kinetic chain involves neuromuscular 

responses associated with actions at sites distal to the immediate movement (McMullen 

& Uhl, 2000).  Specifically, it involves coordination between muscle activation 

sequencing, mobilization, and body segment stabilization to produce dynamic force 

(Kibler, 1995; Putnam, 1993; Sciascia, Thigpen, Namdari, & Baldwin, 2012).  The 

magnitude of this coordination disruption depends on the extent of neuromuscular 

activity around the joint that was occurring during a body posture and the type of 

movement being performed.   

In relation to upper extremity movement, the kinetic chain consists of the 

relationship between muscle forces produced proximally and or distally, depending on 

the movement, that affect shoulder joint function.  The kinetic chain in this sense refers 

to the force transfers from the trunk and or lower extremity to the scapulothoracic 

muscles.  This process is a part of the feedforward system that involves abdominal 

muscle contraction that precedes shoulder movement (Davarian, Maroufi, Ebrahimi, 

Parnianpour, & Farahmand, 2014).  The abdominal muscle contraction assists in 

providing the transferred forces from the trunk.  This force transfer from proximal 

(trunk) to more distal body segments (upper arm) is the initial step for shoulder 

movement and therefore is vital to the examination of shoulder function.  The following 

studies represent kinetic chain concepts by revealing relationships between trunk 

muscle contraction and extremity muscle contractions, specifically the shoulder. 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

39 

The relationship between upper extremity function and core muscle activation 

has been examined through abdominal muscle performance observation during 

shoulder isometric and dynamic exercises performance.  The examinations revealed 

significant trunk muscle activation during bilateral extension and unilateral horizontal 

abduction performance (Tarnanen et al., 2012; Tarnanen et al., 2008).  Shoulder muscle 

function can increase during trunk and lower extremity muscle activation, depending on 

the muscles examined.  Specifically, the lower trapezius, a muscle that is responsible for 

stabilizing the scapula during arm elevation, has been shown to increase activity during 

scapular retraction exercises when trunk and lower extremity muscle activity occurred 

simultaneously (De Mey et al., 2013). 

The kinetic chain processes involving trunk muscle contraction and arm 

movement can be further explained by examining trunk muscle contraction as the arm 

moves.  Arm movement intensity can determine trunk muscle activation.  Increased arm 

movement amplitude can lead to shortened abdominal muscle onset latencies and 

increased transversus abdominis and erector spinae muscle activation levels (Eriksson 

Crommert, Halvorsen, & Ekblom, 2015).  Another study reported that transversus 

abdominis muscle onset proceeded anterior deltoid muscle onset when arm elevation 

was fast (Hodges & Richardson, 1997).  In contrast, abdominal muscle onset was delayed 

compared to the anterior deltoid muscle activation when arm elevation was slower.  

Slower movement referred to the arm taking between one to two seconds to elevate in 

flexion versus elevating into flexion at a natural speed or a fast speed where subjects 

elevated into flexion fast as possible (Hodges & Richardson, 1997).  These findings are 
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important to analyzing and managing upper extremity sport related movements as the 

association between the trunk and the shoulder in the kinetic chain is significant.   

The kinetic chain can be used to explain actions at adjacent joints during dynamic 

movement.  The sequential force development concept throughout the kinetic chain 

segments is the best framework to understand the dynamics involved in sport related 

activities (Sciascia, Thigpen, et al., 2012).  Upper extremity sport-related movements, 

such as throwing, include actions that produce force from the proximal to the distal-

most joint.   

During throwing, sequential muscle activity occurs from the scapular protractors, 

to the horizontal shoulder flexors, to the elbow and wrist extensors, and last, to the 

wrist flexors and pronators (Chalmers et al., 2017; Fleisig, Barrentine, Escamilla, & 

Andrews, 1996).  In addition, the contralateral external oblique activates before the 

ipsilateral external oblique, with the main rectus abdominis activity occurring just before 

ball release (Hirashima, Kadota, Sakurai, Kudo, & Ohtsuki, 2002).  This possibly occurs to 

reduce trunk rotation or lateral flexion during movement and ultimately increase trunk 

stabilization (Andersen et al., 2016).  Another aspect of the kinetic chain expressed 

through the throwing action is interaction between the segments during movement. 

During throwing, the proximal segment’s (upper arm) forward acceleration plays a large 

role in the distal segment’s (forearm) lag.  The subsequent distal segment forward 

acceleration is largely a result of the way the proximal segment interacts with the distal 

segment as a function of the proximal segment’s angular velocity.  The proximal 
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segment is subsequently slowed down largely due to the motion-dependent effect of 

the distal segment on the proximal segment (Putnam, 1993). 

Throwing motion success is dependent on the proximal and distal joint or 

segments’ forces interacting.  Large velocities can be generated at each joint by 

coordinating the joint torque and velocity-dependent torque during overarm throwing.  

The trunk and upper arm angular velocities produce the velocity-dependent torque for 

initial elbow extension.  This can lead to increased elbow joint angular velocity and 

concurrent extension in forearm angular velocity relative to the ground.  Forearm 

angular velocity can accelerate elbow extension and wrist flexion and shoulder internal 

rotation during the short period around the ball release time, which is vital to 

completing the throwing motion with the expected outcome of delivering the ball to its 

destination. In summary, the accelerations in the distal segment occur due to the 

velocity-dependent torque originally produced by the proximal trunk and shoulder in 

the earlier throwing phase (Hirashima, Yamane, Nakamura, & Ohtsuki, 2008). 

Muscle and joint actions within the kinetic chain allow upper body movement to 

be performed with the appropriate amount of force and stability.  Without efficient 

trunk muscle productivity, the kinetic chain sequence can be interrupted, ultimately 

causing an insufficiency in upper body-dominant sport movement.  Conditioning and 

rehabilitation protocols should encompass techniques that address kinetic chain 

function.  Kibler and Sciascia (2010) reported that treatment for scapular dysfunction 

should begin with correcting any anatomical pathology and progress to restoration of 

dynamic scapular stability by strengthening the scapular stabilizers using kinetic chain-
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based rehabilitation protocols.  This is important as UED sport activities are dependent 

on a normally functioning kinetic chain.   

UPPER EXTREMITY DOMINANT SPORT MOVEMENT 

Sports such as tennis, volleyball, baseball, and softball require neuromuscular 

control throughout the trunk and extremities.  The sport movement requirements are 

accomplished by forces generated as the foot contacts the ground, causing momentum 

to travel through the hips and trunk, through the scapulothoracic joint, and finally, 

through the hand to accelerate an object.  The scapulothoracic joint receives the 

momentum from the trunk.  This momentum transfer is vital because it is the initial area 

where the momentum approaches the arm and prepares it to perform the final part of 

the movement (Kibler, Wilkes, & Sciascia, 2013).  Tasks performed by the upper 

extremity in UED sports result from the speed summation principle, which states that 

speed at the distal end of a link system is maximized initially by movement of the 

proximal segments (the hips and core) that progresses to the distal segments (shoulder, 

elbow, and wrist) (Kibler et al., 2013; Putnam, 1993).  Ideal sport skill performance 

involves the ability to generate speed with the ascending momentum and 

neuromuscular stability.  In addition, these movements should not produce injury when 

performed correctly.  Injury occurs when external factors, such as fatigue, overuse, or an 

acute incident, are present (Ong, Sekiya, & Rodosky, 2002).  Optimizing the techniques 

that reduce excess stress on the joints is therefore beneficial for normal movement 

performance.  In contrast to the previous section with a general explanation of the 

kinetic chain’s role in upper extremity movement, the following section will explain the 
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kinetic chain as it relates more specifically to UED sport movements and how disruptions 

in the chain can affect UED sport movement performance. 

In UED sports, various movements are accomplished by momentum ascending 

through the body.  This allows a specific sport skill to be performed efficiently.  For 

example, in tennis, momentum production is transmitted to a racket with the goal of 

getting the tennis ball over the net.  Depending on the skill used, this action can require 

a great deal of trunk rotation torque, wrist flexion or extension, and or shoulder joint 

torque.  A reaction force from the ball to the racket can have major implications on the 

wrist and elbow as they are the initial joints to receive the reaction force.   

In addition, the tennis serve, which is similar to the volleyball serve or spike, 

involves a large amount of force production from the shoulder joint.  Similar to other 

sports skills that require overhead movement, the tennis serve involves muscle 

activation patterns around the scapulohumeral articulation (Kibler, Chandler, Shapiro, & 

Conuel, 2007).  Specifically, the infraspinatus is activated at follow through to decelerate 

the arm (Kibler et al., 2007).  Studies show that the infraspinatus muscle is implicated in 

abnormalities found in the hitting arm of volleyball players.  Investigators found that 

infraspinatus muscle atrophy in the dominant arm is associated with a significant 

decrease in external rotation strength, compared to the non-dominant arm (Lajtai et al., 

2009; Merolla et al., 2010).  This muscle is important to control arm deceleration at the 

end of overhead movement.  An abnormality to this muscle, along with the teres minor, 

subscapularis, and supraspinatus muscles, could disrupt kinetic chain force transmission 

during movements such as serving and spiking.  The volleyball serve and spike ultimately 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

44 

transfer forces from the hand to the ball, which results in reaction forces directly from 

the ball to the hand.  After ball contact, the energy created from contact with the ball 

must be absorbed efficiently while the scapulothoracic muscles stabilize the scapula and 

the eccentrically contracting rotator cuff muscles decelerating the arm.  Distal and 

proximal joint stability and overall neuromuscular control are pivotal to appropriate 

force production and transfer. 

The throwing motion is a full body movement requiring trunk rotation and 

stabilization (Kibler et al., 2013).  In contrast to the previous sport skills descriptions, this 

movement involves directly holding the object to be released from the hand.  The 

ascending momentum’s goal is to propel the ball upon release from the hand.  In sports 

such as baseball and softball, although pitching is a form of throwing, the pitching 

motion causes different joint stresses than the throwing task.  For instance, during 

pitching, precise muscle timing is required for joint stabilization to prevent injury, for 

joint activation to transfer forces to the ball, and for joint deceleration to dissipate 

forces after ball release (Digiovine, Jobe, Pink, & Perry, 1992).   

Pitching requires a great deal of power transfer from the legs and trunk.  Efficient 

pitching motion requires contributions from the entire lower and upper extremity 

kinetic chain (Chalmers et al., 2017).  Several studies have examined this process during 

the baseball pitch.  The studies have analyzed and revealed the force production 

requirements from the legs and trunk and the consequences of force production 

disruptions (Bullock et al., 2017; Endo & Sakamoto, 2014; English & Howe, 2007; Oliver 
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& Keeley, 2010; Palmer et al., 2015; Plummer & Oliver, 2014; Silfies, Ebaugh, Pontillo, & 

Butowicz, 2015).   

The softball pitch has been less studied, as it was previously thought to have low 

stress levels to the joints (Barrentine et al., 1998).  More recent evidence on the softball 

pitch revealed that the lower body and trunk force production requirements are just as 

rigorous as in the baseball pitch (Corben et al., 2015).  Softball pitch arm movement is 

much different than arm movement during the overhand baseball pitch.  Major 

differences are that the arm moves in a clockwise manner to complete the pitch and the 

elbow joint is nearly fully extended from shortly after the movement initiation until ball 

release (Lear & Patel, 2016).  The softball pitch includes a combination of flexion, 

scaption, and lastly, a movement that resembles the D1F proprioceptive neuromuscular 

facilitation (PNF) pattern, which is composed of GH flexion, adduction, and external 

rotation (Youdas et al., 2012).  Overall, the softball pitch incorporates movements in 

multiple planes.  

In conclusion, proper kinetic chain function is necessary to optimize shoulder 

neuromuscular abilities during upper body dynamic movements and may aid in injury 

prevention.  Appropriate muscle sequencing allows the forces produced proximally to 

ascend throughout the kinetic chain without disruption.  As momentum travels from the 

legs to the arm, they must pass through a trunk musculature that must prevent this 

momentum from dissipating and provide spinal stability while contracting concentrically 

and eccentrically to allow movement performance.  Scapulothoracic muscles are 

responsible for scapular stabilization and transmitting the ascending momentum to the 
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arm (Kibler, 1998).  The ascending momentum reaches the SCT joint first, making this a 

crucial area in the kinetic chain for efficient upper body movement.   

Scapulothoracic muscle pathology could limit the muscles’ role in the movement.  

Muscle pathology can be the cause or the result of disrupted momentum traveling 

through the kinetic chain.  This issue can be instigated by improper mechanics, 

anatomical abnormalities, or the joint experiencing a fatigued state.  As previously 

described, fatigue can change scapular and glenohumeral kinematics at a joint, alter 

shoulder muscle activation and output, and decrease shoulder proprioception.  Fatigue 

commonly occurs during sport activities and techniques to counteract its affects are 

pivotal to proper sport skill performance.  The VPAC could be a fatigue-counteracting 

technique, as it has been shown to positively affect neuromuscular control.  It has been 

shown to increase trunk muscle activity, thereby increasing trunk stability (Hooper et al., 

2012; Marshall et al., 2011; Matthijs et al., 2014; Vera-Garcia, Brown, Gray, & McGill, 

2006; Vera-Garcia et al., 2007).  Trunk stabilization can decrease force loss from 

proximal to distal, allowing the upper extremity to maximize the forces required for 

movement performance (Kibler et al., 2013; Sciascia, Thigpen, et al., 2012).   

In summary, trunk muscle activation is associated with shoulder movement.  

Investigators have found that abdominal contraction occurs prior to shoulder muscle 

activation during fast upper extremity movement such as during sport skill performance 

(Hodges & Richardson, 1997).  The VPAC could enhance the effects of this feedforward 

activity, thereby enhancing joint stability of and the ascending momentum transfer 

through the scapulothoracic joint, and ultimately to the arm.  These VPAC benefits could 
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extend to minimize shoulder muscle fatigue effects.  The current study will examine this 

concept and will aim to identify the association between VPAC, joint stability, and 

shoulder function as it relates to the scapulothoracic musculature.   

VOLITIONAL PREEMPTIVE ABDOMINAL CONTRACTION 

The VPAC involves conscious trunk muscle contractions that involve various 

trunk muscles, depending on the chosen method.  The abdominal bracing maneuver 

(ABM) activates the rectus abdominis, internal oblique, external oblique, transverse 

abdominis, the multifidus (MF) and erector spinae muscles resulting in an abdominal 

and low back muscle global recruitment (Allison, Godfrey, & Robinson, 1998; Matthijs et 

al., 2014).  The abdominal draw-in maneuver (ADIM) results in an antero-lateral 

abdominal muscle contraction of the transverse abdominis (Allison et al., 1998).  The 

methods can be performed and maintained throughout static and dynamic movement, 

with or without external distraction, and without having negative effects on normal 

movement functions such as posture (Kublawi et al., 2016; Nagar et al., 2015).  The 

ADIM and ABM have been shown to increase multifidus muscle co-contraction 

occurrence, with ABM causing a significantly higher MF contraction occurrence versus 

the ADIM, as observed in the supine position (Matthijs et al., 2014).  The ABM has been 

shown to enhance spine stability in experimental contexts where the trunk is exposed to 

sudden perturbations (Ishida, Suehiro, Kurozumi, & Watanabe, 2016; Vera-Garcia et al., 

2007).  The ABM actively stabilized the trunk and reduced the lumbar spine 

displacement after loading (Vera-Garcia et al., 2007).  These findings have prompted 
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researchers to use both VPAC methods to examine their effects on lower extremity and 

lower back function.  Several of these studies have reported VPAC benefits.   

Investigators have discovered that VPAC use can enhance core muscle function 

to improve lower extremity function.  The discovery was made through various 

methodologies.  The VPAC has been shown to increase leg stiffness, which lead to an 

increase in jumping height (Dupeyron, Hertzog, Micallef, & Perrey, 2013), ultimately 

improving lower extremity function.  Another study examined ABM effects on changes 

in abdominal muscle thickness during a straight leg raise in subjects with chronic low 

back pain.  The results showed that ABM with the straight leg raise significantly 

increased transverse abdominis and internal oblique muscle thickness (Lee, Kim, & Lee, 

2014a).  These findings suggest that VPAC combined with lower extremity movement 

increases abdominal muscle function, causing an increase in lumbar stability (Lee et al., 

2014a).  Another study examined the effects of the ADIM performed during prone hip 

extension and found that the ADIM significantly decreased erector spinae EMG 

amplitude, increased gluteus maximus and medial hamstring EMG amplitude, and 

decreased anterior pelvic tilt (Oh, Cynn, Won, Kwon, & Yi, 2007).  Clinicians often include 

hip extension exercises into low back pain rehabilitation protocols, which can cause 

discomfort to the low back pain patient.  These findings show that contracting the 

abdominal muscles during prone hip extension can reduce low back discomfort and 

simultaneously improve hip extensor function.  Another study by Marshall et al. (2011) 

involved investigating ABM as an exercise modification that could increase acute 

training stimulus for those with and without chronic non- specific low back pain.  In the 
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control and experimental groups, the investigators found that VPAC increased external 

oblique and rectus femoris muscle activity during the squat weightlifting technique, 

compared to the same lifting technique without VPAC.  In addition, the researchers 

noted that low back pain did not increase in subjects as they performed VPAC.  This was 

vital to the study, as it suggested that all the investigated exercises were of use in 

rehabilitating low back pain patients (Marshall et al., 2011). 

Other researchers discovered that ABM could be a training maneuver for 

improving strength and trunk and lower limb muscle power (Tayashiki, Maeo, Usui, 

Miyamoto, & Kanehisa, 2016).  Studying a group trained to perform the ABM, the 

investigators found that ABM performance significantly increased isometric trunk 

extension, increased hip extension strength and power, and increased internal oblique 

thickness, compared to the no ABM performance group.  The authors concluded that 

abdominal bracing can be an effective maneuver to increase trunk and hip extension 

strength and power without the presence of an external load (Tayashiki et al., 2016).  In 

subjects with recurrent low back pain, VPAC performance using the ABM has been 

shown to increase external oblique muscle activity, reduce erector spinae and multifidus 

activity, induce greater trunk flexion angle, and decrease pelvic obliquity angle during a 

lifting task (Haddas, Yang, & Lieberman, 2016).  These studies provide evidence of 

VPAC’s impact on extremity function improvement and low back injury rehabilitation 

techniques.  The combination of these results can help improve sensorimotor control 

and facilitate positioning of the lower extremity and pelvis, protecting the lumbar spine 

(Haddas, Yang, et al., 2016).   
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In addition, the VPAC has a role in injury prevention.  The VPAC has been shown 

to increase external oblique pre-contraction activation during a drop vertical jump 

(Haddas, Hooper, James, & Sizer, 2016).  This is important as it enhances the literature 

on anterior cruciate ligament (ACL) injury prevention.  An increased external oblique 

pre-contraction suggests a volitional preparatory protective response that exceeds the 

expected automatic pre-contraction activity (Haddas, Hooper, et al., 2016).  Another 

study that observed VPAC’s role in ACL prevention examined the ABM effects on trunk 

and lower extremity muscle activity during a vertical drop landing.  The study revealed 

that performing the ABM increased external oblique activity, knee flexion, and knee 

energy absorption  while decreasing  the knee adduction moment potentially reducing 

knee injury risk while protecting the lumbar spine (Hooper et al., 2012).   

Research on VPAC has been expanded as investigators examined its effects on 

muscle fatigue during dynamic movement.  Haddas et al. (2016) examined VPAC effects 

and lower extremity muscle fatigue on trunk control during landing in subjects with 

recurrent low back pain.  The researchers found that VPAC significantly delayed muscle 

activation onsets and reduced pelvic obliquity motion.  In combination, these results led 

to greater lumbopelvic stability.  In addition, the VPAC decreased ground reaction forces 

and altered landing kinematics in the lower extremities with and without muscle fatigue 

present (Haddas, Sawyer, et al., 2016a, 2016b).   

In addition to changing lower extremity movement and control patterns, VPAC 

use may produce similar changes in the upper extremity, specifically during dynamic 

shoulder movements.  Although some studies have identified VPAC performance effects 
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on shoulder function, research on this topic is limited compared to the many studies of 

VPAC on trunk and lower extremity function.  Vega Toro et al (2016) discovered that 

conscious abdominal muscle contraction significantly increased serratus anterior (SA) 

amplitude during isometric and dynamic closed chained shoulder exercises.  Similarly, 

other investigators have found that abdominal activation exercises increased SA EMG 

amplitude while maintaining low upper trapezius (UT) amplitude (Ludewig, Hoff, 

Osowski, Meschke, & Rundquist, 2004; Maenhout, Van Praet, Pizzi, Van Herzeele, & 

Cools, 2010).  In preliminary research on the effects of abdominal bracing on shoulder 

muscle function, investigators found that abdominal bracing increased SA EMG 

amplitude during diagonal shoulder flexion and scaption movements and increased UT 

amplitude during the scaption movement (Scott et al., 2018).  The authors suggested 

that these results occurred due the role of the SA and UT in open chained shoulder 

elevation movements.  During shoulder elevation, the SA and UT synergistically act to 

allow for appropriate scapulothoracic rhythm, which is essential for maintaining 

scapulohumeral muscle length tension relationships and normal shoulder biomechanics 

during arm elevation (Scott et al., 2018).  

Moreover, abdominal muscle fatigue significantly decreases shoulder maximum 

volitional isometric contraction (MVIC) in the frontal and transverse planes (Rosemeyer 

et al., 2015), which indicates that trunk muscle fatigue influences upper extremity 

function.  However, no studies have examined whether VPAC performance limits the 

effects of upper extremity fatigue.  Further research is needed to investigate the 
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relationship between VPAC, shoulder muscle function, and shoulder proprioception with 

and without the factor of muscle fatigue.    
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III. METHODS 

The shoulder joint relies heavily on musculotendinous structures for stability.  

Therefore, shoulder stabilization can be compromised by inadequate musculotendinous 

function, which can be caused by many factors, including muscle fatigue.  Muscle fatigue 

decreases muscle amplitude and proprioceptive responses to shoulder movement 

(Ebaugh et al., 2006b; Tripp et al., 2007; Voight et al., 1996).  These decreases can lead 

to multiple types of injuries including tendinitis and ligament damage (Barrentine et al., 

1998; Corben et al., 2015; Hill et al., 2004; Kibler et al., 2012).  Those involved in UED 

activities are susceptible to shoulder muscle fatigue and its effects.  It is imperative to 

discover methods that can limit fatigue effects and consequently minimize injury.   

The VPAC, is a strategy often used by clinicians as an attempt to enhance the 

effects of commonly used clinical approaches.  This strategy has been incorporated into 

rehabilitation and conditioning programs for the upper and lower extremities and 

shown to be beneficial for extremity function (Leetun et al., 2004; Marshall et al., 2011; 

Matthijs et al., 2014; McNeill, 2010; Tarnanen et al., 2008).  Including VPAC strategies 

into shoulder programs incorporates dynamic neuromuscular scapular control and trunk 

stabilization to create more coordinated movements and reduce any challenges with 

changing movement parameters (McMullen & Uhl, 2000).   

The purpose of this dissertation was to examine the effects of VPAC on selected 

shoulder muscle function and shoulder proprioceptive responses during movements 

that are common to several UED sports activities.  The purpose of this study was 

achieved by conducting two studies.  The two studies included examining the effects of 
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VPAC on shoulder muscle function following shoulder muscle fatigue and examining the 

effects of VPAC on shoulder joint proprioception following shoulder muscle fatigue.  This 

chapter provided specific methodological procedures used to conduct each study.  The 

fatigue protocol pertained to both studies. 

OPERATIONAL DEFINITIONS 

1) Abdominal bracing maneuver-abdominal bracing maneuver (ABM) activates the 

rectus abdominis, internal oblique, external oblique, transverse abdominis, 

multifidus (MF) and erector spinae muscles resulting in an abdominal and low 

back muscle global recruitment (Allison et al., 1998; Matthijs et al., 2014). 

2) Dominant arm-the preferred arm to use for throwing a ball. 

3) Fatigue-A task failure defined as occurring when the subject’s 3rd MCP drops 3 

cm below the mark on the meter stick, despite verbal encouragement to realign 

the 3rd MCP.   

4) UED-Upper Extremity-Dominant. Refers to those activities and sport movements 

where the upper extremity has a large role in skill performance and activity or 

sport performance.   

ASSUMPTIONS 

1) Subjects self-reported their demographics and medical history accurately and 

completely; no exclusion criteria existed in the subjects’ history.   

2) The subjects gave an accurate report on the Borg Rating of Perceived Exertion 

Scale (Borg Scale).   
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3) Prior to the fatigue protocol, the resting periods established during data 

collection sufficiently reduced the occurrence of shoulder muscle fatigue.   

4) The motion capture instruments used for the study were appropriately 

calibrated for each subject and provided an accurate representation of the true 

motion, creating a reliable and valid motion capture system. 

EXPERIMENTAL DESIGN 

This dissertation consisted of two studies. Both studies included a within-subject, 

2 (VPAC) x 2 (fatigue), repeated measures design.  The first study examined VPAC effects 

on shoulder muscle function with and without shoulder muscle fatigue, through two 

parts.  Part One involved measuring shoulder muscle function through two dependent 

variables, electromyographic amplitude and muscle onsets.  Part Two involved 

measuring shoulder muscle function through one dependent variable, elbow marker 

trajectory.   

The second study examined VPAC effects on shoulder proprioception, with and 

without shoulder muscle fatigue, through two parts.  Part One involved measuring 

shoulder proprioception through an active shoulder flexion angle reproduction protocol.  

The resulting active shoulder flexion angle reproduction represented proprioceptive 

outcomes and was therefore the dependent variable.  Part Two of the second study 

involved measuring electromyographic amplitudes during the active shoulder flexion 

angle reproduction trials.   
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SUBJECTS 

An a priori power analysis was used to estimate the number of subjects needed 

for preliminary research on VPAC effects on shoulder function (Scott et al., 2018).  The 

sample size needed to approach 80% statistical power for differences between 

conditions was estimated from the literature (Youdas et al., 2014), resulting in an effect 

size index of f=0.25.  With a desired power of 80% (1-β = 0.80) and desired α = 0.05, this 

effect size index corresponded to a minimum sample size of 21 subjects (G*Power 

version 3.1.9.2).  For the preliminary research, 22 subjects were ultimately recruited 

from a sample of convenience.  As this dissertation is an extension of the preliminary 

research, an additional a priori analysis was performed using an alpha level that 

reflected the number of tests conducted for this dissertation.  With a desired power of 

80% (1-β = 0.80) and desired α = 0.008, this effect size index (f=0.25) estimated 36 

subjects for the study (G*Power version 3.1.9.2).  The sample size for this study was 36.  

The subjects that were recruited for this study were from a subject convenience sample 

from two sources: (1) students, faculty and staff from the general community in the Texas 

Tech University Health Sciences Center; (2) the general public. 

INCLUSION CRITERIA AND EXCLUSION CRITERIA 

Inclusion criteria included: (1) age between 18 and 40 years; (2) ability to 

activate the trunk musculature while performing shoulder movements; (3) ability to 

stand independently for at least 90 minutes; and (4) cognitive ability to follow 

instructions.  Subjects were excluded if they presented with: (1) existing low back pain 

(LBP) or upper extremity pain; (2) shoulder, neck or LBP within the previous 6 months that 
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required attention from a health care provider; (3) any shoulder surgery to the dominant 

arm; (4) a body mass index (BMI) greater than 30 kg/m2; (5) any diagnosed and presently 

active abdominal, respiratory or gastrointestinal condition; (6) pregnancy by subject self-

report; (7) significant spinal deformity or condition to include: scoliosis, spina bifida, 

diagnosed spinal pathologies, tumors, present fractures, or rheumatologic disorders; (8) 

known neurological or joint disease affecting the trunk; (9) current urinary tract infection. 

PROCEDURES 

DATA COLLECTION PROCEDURES: STUDY-1 AND STUDY-2 PREPARATORY PROCEDURES 

The Texas Tech University Health Sciences Center Institutional Review Board 

approved the study (July 24, 2018).  Following recruitment, each subject had an 

opportunity to watch a video about the testing procedures.  The video included the 

purpose of the study, experimental procedures, examples of the abdominal bracing 

maneuver (ABM) and the shoulder movements, and lastly an explanation of the active 

shoulder flexion angle reproduction protocol.  Next, each subject signed a written 

informed consent form.  The consent form accompanied a demographics and medical 

history questionnaire.  Then, each subject’s height and weight were recorded, and the 

dominant arm identified.   

Next, for kinematic data analyses, the following upper body anthropometric 

measurements were taken: (1) shoulder offset, vertical offset from the base of the 

acromion marker to the shoulder joint center; (2) elbow width, width of elbow along 

flexion axis between the distal humeral epicondyles; (3) wrist width, anterior-to-

posterior wrist thickness; (4) hand thickness, anterior/posterior thickness between the 
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dorsum and palmar surfaces of the hand.  These measurements were used to calculate 

shoulder joint angles for Study #2.   

The dominant arm was identified as the arm that the subject used to throw a 

ball.  Subsequently, subject training and practice occurred for both studies’ data 

collections.  These processes are described in the following sections.  Each subject had 

two minutes rest after practicing all movements.   

Following training, electrodes for EMG data collection and reflective markers for 

collecting kinematic data were applied to each subject.  The EMG data were recorded 

using a Delsys EMG system (Delsys Bagnoli, Natick, MA, USA).  Preamplified double 

differential surface EMG sensors (10x1mm) with 10mm inter- electrode distance were 

applied to the anterior deltoid (AD), posterior deltoid (PD), upper trapezius (UT), lower 

trapezius (LT), serratus anterior (SA), and infraspinatus (IF) muscles, as well as the 

external oblique (EO) and internal oblique (IO) muscles on the contralateral side from 

the dominant arm.  Contralateral abdominal oblique muscles were examined due to 

their actions during opposite arm movements.  Researchers have found that the 

contralateral abdominal muscles are the first abdominal muscles to activate during 

opposite arm movement and that they activate significantly earlier than the other 

abdominal muscles (Davarian et al., 2014).  Therefore, it was critical to observe these 

muscles while exploring VPAC functions during arm movement.  The reference electrode 

was placed on the lateral portion of the clavicle that was contralateral to the dominant 

arm (Joshi et al., 2011).   
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All surface EMG raw data were hardware filtered to a bandwidth of 20-450 Hz.  

Sampling frequency was 1000 Hz.  The EMG system had a common mode rejection ratio 

of-92 dB, input impedance > 109 MΩ and effective EMG signal gain 1000 V/V.  When 

needed, electrode placement sites were lightly shaved.  All electrode placement sites 

were lightly abraded with abrasive gel to decrease skin impedance and wiped with 

alcohol to remove body oils.  The following EMG electrodes were placed along primary 

fiber directions for each of the following tested muscles as per previous investigators: 

(1) AD, approximately 4 cm below the clavicle running parallel with the muscle fibers; 

(2) PD, 2 cm below the lateral border of the scapular spine and placed in an oblique 

direction toward the humerus so they run parallel to the muscle fibers; (3) UT, midway 

between the posterior lateral aspect of the acromion process and the spinous process of 

C7; (4) LT, midway between the spinous process of the seventh thoracic vertebrae and 

the vertebral border of the scapula at the junction of the scapula spine;  (5) SA, on the 

midaxillary line at the level of the seventh rib; (6) IF, parallel to scapular spine, 

approximately 4 cm below and on the lateral aspect of the scapula; (7) EO, lateral to the 

rectus abdominis directly above the anterior superior iliac spine, halfway between the 

crest and the ribs at a slightly oblique angle; (8) IO, 2 cm proximal to the midpoint of a 

line from the anterior superior iliac spine to the symphysis pubis diagonally placed in the 

line of the muscle fibers (Cram, Kasman, & Holtz, 1998; Ebaugh & Spinelli, 2010; Hodder 

& Keir, 2013; Madill & McLean, 2006; McDonald, Mulla, Stratford, & Keir, 2018; Pande, 

Hawkins, & Peat, 1989).  The EMG electrode placements were confirmed by asking each 
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subject to perform each muscle’s intended action.  Next, the markers used to collect 

kinematic data were applied to the subject.  

Kinematic data were collected for shoulder and elbow movement at a 100Hz 

sampling rate using an 8-camera Vicon Nexus (version 2.4) motion capture system 

(Vicon, Oxford, England).  These data were synchronized with EMG recordings in the 

Vicon software.  Reflective markers were attached to the bony landmarks according to a 

previously established upper body reflective marker placement model (Vicon Plug-in 

Gait Reference Guide, 2016-2017).  These markers identified upper extremity positions 

throughout each trial sequence.  In addition, the elbow marker data were used as a 

reference for quantifying muscle onsets and as the identifying marker for movement 

trajectories.  For kinematic data processing, missing reflective markers in the trial were 

recovered using the rigid body gap filling process. 

1. Left front head-located approximately over the left temple 
2. Right front head-located approximately over the right temple 
3. Left back head-located on the back of the head, in a horizontal plane of the 

front head markers  
4. Right back head  
5. Clavicle-jugular notch where the clavicle meets the sternum 
6. C7 spinous process 
7. T10 spinous process 
8. Xiphoid process of the sternum 
9. Right back-located on the mid scapula 
10. Left shoulder-located on the AC joint 
11. Right shoulder  
12. Left upper arm-located on the upper lateral 1/3 surface of the left arm 
13. Right upper arm 
14. Left elbow –located on the lateral epicondyle 
15. Right elbow 
16. Left forearm-located on the lower lateral 1/3 surface of the left forearm 
17. Right forearm 
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18. Left wrist marker A-located on the thumb side of the wrist (radial styloid 
process) 

19. Right wrist marker A 
20. Left wrist marker B-located on the little finger side of the wrist (ulnar styloid 

process) 
21. Right wrist marker B 
22. Left finger-placed just proximal to the middle knuckle on the left hand 
23. Right finger-place just proximal to the middle knuckle on the right hand 
24. Left ASIS-Anterior superior iliac spine 
25. Right ASIS  
26. Left PSIS-Posterior inferior iliac spines  
27. Right PSIS  

STUDY-1 DATA COLLECTION PROCEDURES: PREPARATORY AND TESTING PROCEDURES 

For the study, each subject was trained to perform, and allowed to practice, the 

ABM and shoulder movements, flexion and scaption.  For the shoulder movements, 

each subject was asked to elevate the arm passed the horizontal plane in two different 

directions: (1) flexion-along a straight line on the floor positioned perpendicular to the 

frontal plane; and (2) scaption-along a line on the floor positioned 45 degrees antero-

lateral from the frontal plane line. 

For the ABM, each subject was asked to place the first web spaces of the hands 

above the respective iliac crest and then tighten the stomach muscles so to widen the 

hands apart (Haddas, Hooper, et al., 2016).  Performing 10 repetitions for each type of 

training, each subject practiced the ABM and each shoulder movement using the 

dominant arm.  If the subject could not perform the shoulder movements correctly, the 

investigator provided further training.  Following the training session, the investigator 

answered any of the subject’s questions.   
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Following anthropometric measurements, EMG electrodes, and reflective 

marker application, the subject stood in the data collection area where the foot position 

was marked for consistent positioning.  Each subject’s feet were in a stride position with 

the leg on the non-dominant arm side being in front of the leg on the dominant arm 

side.  The lateral distance between the feet was 20 cm with the knee of the front leg 

being slightly flexed.  This stance allowed the movements to be performed in a manner 

that retained the neutral posture of the lumbar spine (Tarnanen et al., 2012).  For 

instance, with right arm dominant subjects, the left leg was in front so that the heel of 

the left foot was aligned with the toes of the right foot.   

Occurring before the fatigue protocol and after the fatigue protocol, each 

subject performed flexion and scaption, each with and without ABM.  The conditions 

were represented in Table 3.1.  The Pre-Fatigue Protocol included Conditions One and 

Two.  The Post-Fatigue Protocol included Conditions Three and Four and were 

preceded by the fatigue protocol that is described in a later section.  Each muscle 

fatigue-VPAC combination was performed a total of three trials throughout the 

experiment, resulting in 12 trials for both movement directions, 24 total trials (Table 

3.2).  For each subject, the PreNB and the PreB conditions were randomized.  In 

addition, the PostNB and the PostB conditions were randomized.  Both were 

randomized using a Research Randomizer program (www.randomizer.org).  After 

movement initiation, the subject ceased movement according to the descriptions 

below for flexion and scaption: 

  

http://www.randomizer.org/
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FLEXION-just anterior to the ear or parallel to the ear  

SCAPTION-when the elbow reaches the subject’s eye level  

Before all trial movements, the subject was initially instructed to “relax” so that the 

EMG recording had a quiet, 3 second baseline without activity before the subject was 

further instructed regarding the trials.  This record provided further help for analyzing 

the EMG signal.  For no bracing conditions, each subject was instructed to relax the body 

and perform the shoulder movement when prompted.  For yes bracing conditions, each 

subject was instructed to brace the muscles, as trained to do and allowed to practice in 

the training session and perform the shoulder movement when prompted.   

For each trial, the investigator verbally informed the subject of the condition and 

the movement to be performed.  For the conditions, the investigator announced the 

following options to be performed: “flexion” or “scaption,” “brace” or “relax.”  For 

example, if a condition required the flexion movement and abdominal bracing, the 

investigator announced, “flexion, brace.”  Next, the investigator announced, “relax, 

brace, flexion.”  To decrease unsolicited effects on the shoulder due to an altered neck 

position, the investigators monitored each trial and ensured that each subject kept their 

eyes forward with the neck in a neutral position (Fedorowich, Emery, & Cote, 2015).    

STUDY-2 DATA COLLECTION PROCEDURES: PREPARATORY AND TESTING PROCEDURES 

Shoulder proprioception was measured by an active flexion angle reproduction 

protocol.  The maximum angle difference that occurred as each subject attempted to 

reproduce a predetermined angle indicated proprioceptive capabilities and ultimately 

sensorimotor function.  To practice for the angle reproduction tests, the subject sat at 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

64 

the edge of a stool in the data collection area.  Sitting at the edge of the stool allowed 

the subject’s arm to rest alongside the torso.  The investigator used a goniometer to 

measure 125° of shoulder flexion.  As a reference for each subject to reproduce the 

angle, a string was hung from the ceiling.  The end of the string was adjusted so that it 

was level with each subject’s index finger when the arm was raised to 125° of shoulder 

flexion.  Then, the subject moved the arm back down to a resting position.   

The chair position was marked on the floor by a piece of tape to maintain the 

same position during testing.  The subject was instructed to reproduce the measured 

angle as practiced for data collection.  The subjects actively moved their arm to 125 

flexion 10 times.  This training occurred following the training for Study-1 and prior to all 

data collection. 

For data collection, the investigator affirmed, and adjusted if needed, the stool 

position that was previously marked by a piece of tape.  Each subject was instructed to 

sit on the edge of the stool. Once positioned the subject was blindfolded.  Next, the 

subject was instructed to reproduce the angle per command of the investigator.  This 

process occurred pre-fatigue protocol and post-fatigue protocol, with and without ABM.  

The number of trials was shown in Table 3.3.  The yes fatigue conditions were 

performed following the fatigue protocol described below.  Each muscle fatigue-VPAC 

combination was performed three times throughout the experiment, resulting in 12 

trials.   

For no bracing conditions the subject was instructed to relax the body and 

actively attempt to reproduce the pre-measured shoulder flexion angle when prompted.  
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For yes bracing conditions, the subject was instructed to brace the muscles, as trained 

to do and allowed to practice in the training session and recreate the shoulder flexion 

angle when prompted.  For each trial, the investigator verbally informed the subject of 

the condition.  The investigator announced the following options to be performed: 

“brace” or “no-brace.”  For example, for a condition requiring abdominal bracing, the 

investigator announced, “brace.”  Then, the investigator announced, “relax, brace, go.”  

During all trials the subject was initially instructed to “relax” so that the EMG recording 

had a quiet baseline without activity before the subject was further instructed regarding 

the trials.   

For every subject, the pre fatigue conditions for both studies were always 

performed prior to the post fatigue conditions.  Study-1 and Study-2 performance order 

were randomized pre- and post-fatigue protocol, using the Research Randomizer 

program.  Table 3.4 provides an example of Study-1 and Study-2 randomized 

performance order.   

MUSCLE FATIGUE PROTOCOL 

Each subject performed the muscle fatiguing protocol prior to performing the 

post fatigue conditions for both studies.  Muscle fatigue was measured by a task failure 

involving isometric shoulder elevation (Minning et al., 2007).  Each subject was seated 

upright in a chair, not leaning on the chair back, as to avoid pushing into the chair back 

to compensate for shoulder fatigue.  An investigator asked the subject to rate the level 

of fatigue using the Rating of Perceived Exertion Borg scale (Borg, 1990).  One end of a 

blue Theraband (Hygenic Corporation, Akron, OH) was secured under the chair leg.  
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Next, a meter stick was secured to the wall in front of the subject’s arm.  The subject 

was instructed to make a fist, with the thumb on the fingers and forearm in the neutral 

position, while the investigator passively raised the subject’s arm to 135° of scaption.  

The investigator used a goniometer to ensure the correct angle.  The 3rd 

metacarpophalangeal (MCP) joint level was marked on the meter stick.  The subject 

lowered the arm to a resting position and was asked to verbally rate their perceived 

exertion between 6 and 20 on the Borg Scale.  Then, the investigator passively moved 

the subject’s arm to 135° of scaption by realigning the subject’s 3rd MCP joint with the 

mark on the meter stick.   

While the subject held the arm at 135° of scaption, the investigator stretched 

the Theraband and placed the Theraband in the subject’s hand.  The investigator 

instructed the subject to maintain the 135° angle while holding the Theraband with the 

previously described grip.  The investigator observed and compared the subject’s 3rd 

MCP joint alignment to the mark on the meter stick.  The investigator provided verbal 

encouragement to regain alignment when the 3rd MCP joint dropped below the mark. 

Fatigue was operationally defined as occurring when the subject’s 3rd MCP joint 

dropped 3 cm below the mark on the meter stick, despite verbal encouragement to 

realign the 3rd MCP joint with the mark on the meter stick (task failure).  At task failure, 

the subject was asked to report their perceived exertion using the Borg scale (Ebaugh 

et al., 2006a).  If the subject rated less than 16, the subject repeated the fatigue 

protocol.  A rating between 17 and 20 did not require the subject to perform another 

fatigue protocol.  The time to task failure was recorded for each subject. 
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Following this initial muscle fatigue protocol, the testing procedures for both 

studies were repeated.  During this testing time, to ensure that actual muscle fatigue 

occurred throughout data collection, the fatigue protocol was repeated following every 

3 trials.  The fatigue protocol was performed a total of 6 times, including the initial 

performance.  Table 3.5 represents the trial order for Study 1 and Study 2. 

DATA REDUCTION 

 All raw EMG and kinematic data were converted to c3d files and managed using a 

custom analysis program written in MATLAB (MathWorks Inc., v7.10.0, Natick, MA).  The 

EMG amplitudes of the AD, PD, UT, LT, SA, IF, EO, and IO were filtered between 20 and 

450 Hz with a fourth-order, low-pass, zero-phase-lag Butterworth filter, and the RMS-

EMG were calculated.  The RMS-EMG trials of the same muscle fatigue-VPAC 

combinations were averaged for each subject per muscle.  The RMS-EMG calculation 

included the amplitudes from the entire arm elevation trial, from the start to end of 

the elbow marker movement. 

To calculate muscle onsets, the initial muscle activation of each muscle was 

defined as the point where the muscular activity elevated three standard deviations 

(SD) above the reference interval and remained above that level for at least 25 ms 

(Dedrick et al., 2008; Hodges & Bui, 1996).  The muscle onsets were calculated as the 

difference in the time interval (in milliseconds) between each muscle’s activation time 

during movement initiation and initial elbow movement time.  Elbow marker 

trajectories were obtained from the data files using a custom MATLAB script.  The 

script reduced the elbow marker trajectory output for each condition and interpolated 
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the data of each individual subject trial and across all subjects to 101 data points.  

Graphs of the ensemble averages of this trajectory along with 95% confidence intervals 

were created.   

 For study-2, the active shoulder flexion angle reproductions collected during the 

proprioception study were calculated and filtered by the Vicon Nexus motion (version 

2.4) capture system.  Static and dynamic pipeline operations and Woltring filtering 

processes were conducted through the motion capture system, low-pass filtered at 6 

Hz at a 100Hz sampling rate.  The system calculated the shoulder angles about an axis 

parallel to the thorax transverse axis.  The shoulder flexion angles were the relative 

angles between the upper arm and the thorax (Vicon Plug-in Gait Reference Guide, 

2016-2018).  The maximum flexion angles of each trial were identified with an 

additional MATLAB script.  The maximum angles for each trial of the same condition 

were averaged for each subject, per condition.  This resulted in averaged maximum 

shoulder flexion angles for each of the four conditions.  Finally, the RMS-EMG data 

processing for study-2 was the same as for study-1.   

DEPENDENT VARIABLES FOR STUDY-1 

 The dependent variables for Study 1 were muscle amplitude, muscle onsets 

(calculated muscle activation timing), and elbow marker trajectory.  For muscle 

amplitudes the root mean square EMG (RMS-EMG) was used to determine the 

change in muscle contraction amplitudes during the flexion and scaption movements, 

with and without VPAC and fatigue, for the AD, PD, UT, LT, SA, IF, EO, and IO.  The 

RMS-EMG values were calculated using the following formula:   
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where xi is the amplitude datum for a particular condition at the ith sample, and N is 

the number of samples.  The mean RMS-EMG values were established for each 

muscle across the subject’s three trials of the same condition.  

 The muscle onsets were examined to determine the change in muscle 

activation timing during flexion and scaption, with and without VPAC, and with and 

without fatigue.  Muscle onsets were calculated as the difference in the time interval 

(in milliseconds) between each muscle activation time and initial elbow movement 

time.  Negative muscle onsets represented muscle activation prior to initial elbow 

movement and positive muscle onsets represented muscle activation following initial 

elbow movement.  Each muscular activation was visually inspected by an investigator 

to ensure onset timing face validity.   

 The shoulder movement trajectories for flexion and scaption were produced 

from the elbow marker’s movement trajectory data.  The data were captured by the 

camera system.  The elbow trajectory data were processed using additional 

customized analysis programs written in MATLAB 

(MathWorks Inc., v7.10.0, Natick, MA).  These programs produced ensemble averages 

for which 95% confidence intervals were created and compared.  Non- overlapping 

confidence intervals represented non- significant comparisons.   
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STATISTICAL ANALYSIS: DESCRIPTIVE STATISTICS FOR STUDY-1 AND STUDY-2 

 Central tendency and dispersion values were computed for all EMG muscle 

amplitude, calculated muscle onsets, and kinematic data.  The kinematic data 

included the elbow marker movement and shoulder flexion angles.  Data normality 

was assessed using skewness, kurtosis, and the Shapiro-Wilk test.   

STATISTICAL ANALYSIS FOR STUDY-1 

 To confirm whether subjects performed the abdominal bracing maneuver 

during the VPAC conditions, Wilcoxon signed-rank tests were conducted on the 

contralateral external oblique (EO) and contralateral internal oblique (IO) muscle 

RMS amplitudes of the no bracing versus yes bracing conditions.  To investigate the 

effects of VPAC and muscle fatigue on muscle amplitudes, Wilcoxon signed-rank tests 

were conducted on the RMS-EMG values to test for significant differences between 

VPAC and muscle fatigue conditions in each tested  muscle (AD, PD, UT, LT, SA, and 

IF) during each movement direction (flexion and scaption).  The familywise alpha 

level adjustment, α = .008 (.05/6), was used to obviate Type I errors across the two 

movement directions.  Each family was operationally defined as the set of condition 

comparisons that were performed for each muscle.  For example, during the flexion 

movement, the AD muscle test family included the following 6 condition 

comparisons: PreNB-PreB, PreNB-PostNB, PreNB-PostB, PreB-PostNB, PreB-PostB, 

and PostNB-PostB.  See the descriptions for the conditions in Table 3.1.   

 Due to muscle activation being manually selected by the investigator in 

certain trials, reliability of identifying the muscle onsets was calculated.  During 
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preliminary research for this study, reliability analysis of muscle activation detection 

showed that the investigator was highly reliable in selecting muscle activation timing 

for the muscle onset calculations (ICC(3,1) =.96) (Scott et al., 2018).  To investigate the 

effects of VPAC and muscle fatigue on muscle onsets, Wilcoxon signed-rank tests 

were performed on the AD, PD, UT, LT, IF, and SA muscle onsets to identify the 

location of significant differences.  The alpha level was α = .008.    

 To investigate VPAC and muscle fatigue effects on elbow marker trajectories 

during shoulder flexion and scaption, the elbow marker trajectories were obtained 

from the data files using a custom MATLAB script.  The elbow marker position was 

described relative to the laboratory global origin. Differences in subject heights and 

position in the coordinate space required the elbow marker trajectory displacement 

paths to be normalized between ±1.0 in each axis using the formula (Lamb & Stockl, 

2014): 

 

The script reduced the elbow marker trajectories and interpolated the data of each 

individual subject trial and across all subjects.  Ensemble average graphs with 95% 

confidence intervals were created.   

DEPENDENT VARIABLES FOR STUDY-2 

 The dependent variables for Study-2 were active flexion angle reproduction 

and RMS-EMG amplitudes.  The maximum flexion angles of each trial were identified 

with an additional MATLAB script.  The maximum angles for each trial of the same 
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condition were averaged for each subject, per condition.  For muscle amplitudes the 

root mean square EMG (RMS-EMG) was used to determine the change in muscle 

contraction amplitudes during the flexion and scaption movements, with and without 

VPAC and fatigue, for the AD, PD, UT, LT, SA, IF, EO, and IO. 

STATISTICAL ANALYSIS FOR STUDY-2 

 To investigate the effects of VPAC and muscle fatigue on shoulder flexion 

angle reproduction, Wilcoxon signed-rank tests were performed on the angle 

reproduction trials.  The test was conducted on the data obtained during the 

subject’s attempts at reproducing the 125° active flexion.  The alpha level was α = 

.008.   

 To investigate the effects of VPAC and muscle fatigue on muscle amplitudes 

during shoulder flexion angle reproduction, Wilcoxon signed-rank tests were 

conducted on the RMS-EMG values to test for significant differences between VPAC 

and muscle fatigue conditions of the tested muscle (AD, PD, UT, LT, SA, and IF) during 

each movement direction (flexion and scaption).  The alpha level was α = .008. 
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TABLE 3. 1: DESCRIPTION OF CONDITIONS. 

 
Pre-Fatigue Protocol Conditions 

 
Post Fatigue Protocol Conditions 

Condition 1: 
Pre-Fatigue, No Bracing 

PreNB 
(control condition) 

Condition 3: 
Post-Fatigue, No Bracing 

PostNB 

Condition 2: 
Pre-Fatigue, Yes Bracing 

PreB 

Condition 4: 
Post-Fatigue, Yes Bracing 

PostB 
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TABLE 3. 2: NUMBER OF CONDITION-MOVEMENT TRIALS FOR STUDY 1. 

Conditions Movements Total Trials 

 Flexion Scaption  

PreNB 3 3 6 

PreB 3 3 6 

PostNB 3 3 6 

PostB 3 3 6 

   24 

PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = post fatigue, 
no bracing, PostB = post fatigue, yes bracing 
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TABLE 3. 3: NUMBER OF CONDITION-MOVEMENT TRIALS FOR STUDY 2. 

 CONDITIONS  

 PreNB PreB PostNB PostB Total 

# of Trials 3 3 3 3 12 

PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = post fatigue, 
no bracing, PostB = post fatigue, yes bracing 
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TABLE 3. 4: EXAMPLE OF RANDOMIZED STUDY PERFORMANCE. 

 Pre Fatigue Conditions Post Fatigue Conditions 

Subject #1 1. Study-2 
2. Study-1 

1. Study-1 
2. Study-2 

Subject #2 1. Study-1 
2. Study-2 

1. Study-2 
2. Study-1 
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TABLE 3. 5: EXAMPLE OF TRIAL PERFORMANCE FOR BOTH STUDIES.  

 STUDY #1 STUDY #2  

Conditions Movements Shoulder Flexion Angles 
Total # of 
Trials 

 Flexion Scaption   

PreNB 3 3 3 9 

PreB 3 3 3 9 

 Fatigue Protocol, #1 

PostNB 3  
(followed by 

fatigue 
protocol, #2) 

3  
(followed by 

fatigue 
protocol, #3) 

3 
(followed by fatigue 

protocol, #6) 
9 

PostB 3  
(followed by 

fatigue 
protocol, #4) 

3  
(followed by 

fatigue 
protocol, #5) 

3 

9 

    36 

PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = post fatigue, 
no bracing, PostB = post fatigue, yes bracing 
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IV. STUDY 1 

Effects of Volitional Preemptive Abdominal Contraction on Shoulder Muscle Function 

Following Shoulder Muscle Fatigue 

ABSTRACT 

Objectives: To identify VPAC effects on selected parascapular and glenohumeral 

muscles during movements that are common to UED sports movements, before and 

following shoulder muscle fatigue, and to identify VPAC effects on shoulder movement 

trajectories that occur with and without muscle fatigue.   

Design: A within-subjects, multifactorial, repeated measures design. 

Setting: A clinical biomechanics research laboratory. 

Participants: Thirty-six asymptomatic volunteers between 18 and 40 years of age. 

Main Outcome Measures: Electromyography was used to examine muscle contraction 

amplitudes and onset timing of the anterior deltoid (AD), posterior deltoid (PD), upper 

trapezius (UT), lower trapezius (LT), serratus anterior (SA), and the infraspinatus (IF) 

muscles.  Arm movement trajectories were quantified by analyzing elbow movement.   

Results: The VPAC increased LT (Mdn = 0.036(0.076), p<.008) and IF (Mdn 

=0.028(0.045), p<.008) muscle amplitudes.  Muscle fatigue increased the PD (Mdn = 

0.079(0.159), p<.008) and UT (Mdn = 0.101(0.179), p<.008) muscle amplitudes.  

Muscle fatigue caused the AD (Mdn = -59.83(144.54), p<.08), PD (Mdn = 386(256), 

p<.008), LT (Mdn = 104.33(231.92), p<.008), and IF (Mdn = -4.17(174.42), p<.008) 

muscles to activate earlier than when muscle fatigue was absent.  The VPAC 
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significantly increased movement toward the body and muscle fatigue significantly 

increased movement away from the body during arm elevation (p<.05).   

Conclusions: Muscle fatigue effects and the limited VPAC effects can significantly alter 

shoulder muscle function as seen in its ability to alter the movement elevation path 

during flexion and scaption.  Shoulder muscle fatigue can decrease muscle onsets in 

selected muscles but with no beneficial evidence to the movement.  Muscle fatigue and 

VPAC alter shoulder muscle function.  Clinicians can use this information to make more 

informed decisions on shoulder rehabilitation and conditioning techniques.   

Key Words: abdominal bracing maneuver, electromyography, muscle onsets, movement 

trajectory 

INTRODUCTION 

The VPAC, or exercise that involves conscious abdominal muscle contraction, is a 

commonly used intervention for low back pain rehabilitation (Lee, Kim, & Lee, 2014b; 

O'Keeffe et al., 2014).  In addition, preliminary evidence suggests that this technique can 

improve skilled upper extremity movement and improve fine motor skills in those with 

impaired movement (Miyake et al., 2013).  Investigators demonstrated that decreased 

shoulder muscle function accompanied reduction in core muscle contraction quality 

(Rosemeyer et al., 2015).  This shows that a relationship exists between abdominal 

muscle function and shoulder function.  Another study examined VPAC effects on arm 

elevation during the D1 shoulder flexion (D1F) and scaption movements (Scott et al., 

2018).  The results showed that VPAC significantly increased the upper trapezius muscle 

amplitude during scaption and the serratus anterior muscle amplitude during both D1F 
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and scaption movements.  In addition, VPAC decreased the muscle onsets and caused 

the muscles to activate closer together (Scott et al., 2018).  These findings provide 

evidence that abdominal muscle function affects certain shoulder girdle muscle 

function.  These studies present a relationship between VPAC performance and upper 

extremity movement.  Practicing clinicians may use this information by incorporating 

VPAC into their shoulder rehabilitation and conditioning protocols.   

Shoulder muscle fatigue can alter muscle actions, leading to imbalances and 

abnormal scapular and humeral head movement.  In addition, muscle fatigue 

compromises shoulder stability, potentially leading to injury (De Luca, 1984; Sterner et 

al., 1998).  It is important for clinicians to comprehend techniques that can reduce 

muscle fatigue effects during performance, particularly performance during upper 

extremity dominant (UED) sports.   

To enhance understanding of techniques used to reduce muscle fatigue effects, 

examination of a technique such as abdominal bracing is pivotal.  The abdominal bracing 

maneuver, or ABM, is a VPAC method that produces activity in the abdominal and dorsal 

spine muscles (Matthijs et al., 2014; Vera-Garcia et al., 2007).  Performing the ABM 

correctly results in a more global trunk muscle contractile response versus other 

commonly used strategies.  The purpose of this study was to examine the VPAC effects 

on selected shoulder muscle function, with and without shoulder muscle fatigue, during 

movements that are common to several UED sports activities.  Shoulder muscle function 

was observed through selected shoulder muscle amplitudes, onsets, and elbow marker 

trajectories.   
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Several hypotheses were created for muscle fatigue and VPAC use during arm 

elevations related to UED sport movements.  It is shown in the literature that muscle 

fatigue increases muscle amplitude.  This increase in muscle amplitude was reported to 

be an adaptation to muscle fatigue involving an increase in muscular output to 

overcome fatigue (Srinivasan et al., 2016).  Muscle fatigue increased the amount of time 

for muscles to activate.  An explanation for this is that muscle fatigue causes a decrease 

in motor neuron firing rates resulting in a delay in muscle activation (Cools et al., 2002).  

The investigators hypothesized that shoulder muscle fatigue would increase muscle 

amplitudes and delay muscle onsets.  Muscle fatigue effects on movement trajectories 

are limited.  However, one study on lower body movement patterns reported that 

greater proximal movement patterns occurred following fatigue (Lin et al., 2016).  The 

investigators reported that this was an adaptation to muscle fatigue.  Muscle fatigue 

effects can potentially alter movement patterns during upper extremity movement as 

well.   Therefore, it was hypothesized that shoulder muscle fatigue would change arm 

elevation trajectories.   

Furthermore, Scott et. al (2018) found that when subjects performed VPAC prior 

to elevating their arm, certain muscles’ amplitudes increased.  In addition, the results 

showed that VPAC decreased muscle activation timing and caused the muscles to 

activate closer together, potentially improving neuromuscular control (Scott et al., 

2018).  It was hypothesized that VPAC would increase shoulder muscle amplitudes and 

will decrease muscle activation timing.  Lastly, it was hypothesized that performing 

VPAC would change shoulder movement trajectory outcomes.  Investigations of VPAC 
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effects on arm movement trajectories during arm elevation is not currently in the 

literature.  Since VPAC has been reported to change muscle amplitudes and muscle 

activation timing, these effects can potentially alter movement trajectories as 

trajectories reveal the path in which the arm takes when elevating.    

METHODS 

PARTICIPANTS 

The current study included a within-subject, 2 (VPAC) x 2 (fatigue) factor, 

repeated measures design.  To determine the required number of subjects, an a priori 

analysis was conducted using an alpha level that reflected the number of tests 

conducted in this study.  With a desired power of 80% (1-β = 0.80), desired α = 0.008, 

and a medium effect size index (f=0.25) for all comparisons, an estimated 36 subjects 

were required for the study (G*Power version 3.1.9.2).  The sample size for this study 

was 36.  The subjects that were recruited for this study were from a subject convenience 

sample from two sources: (1) students, faculty and staff from the general community in the 

Texas Tech University Health Sciences Center; (2) the general public.  Subjects were 

included based on the following criteria: (1) age between 18 and 40 years; (2) ability to 

tighten the trunk while performing shoulder movements; (3) ability to stand 

independently for at least 90 minutes; and (4) cognitive ability to follow instructions.  

Subjects were ineligible to participate if any of the following were present: (1) existing 

low back pain (LBP) or upper extremity pain; (2) shoulder, neck or LBP within the previous 6 

months that required attention from a health care provider; (3) any shoulder surgery to the 

dominant arm; (4) a body mass index (BMI) greater than 30 kg/m2; (5) any diagnosed and 
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presently active abdominal, respiratory or gastrointestinal condition; (6) pregnancy by 

subject self-report; (7) significant spinal deformity or condition including: scoliosis, spina 

bifida, diagnosed spinal pathologies, tumors, present fractures, or rheumatologic disorders; 

(8) known neurological or joint disease affecting the trunk; (9) current urinary tract 

infection. 

PROCEDURES 

The Texas Tech University Health Sciences Center Institutional Review Board 

approved the study.  Following recruitment, subjects watched a testing procedures 

video.  In the video were the purpose of the study, experimental procedures, and 

examples of the abdominal bracing maneuver (ABM) and the shoulder movements.  

Next, each subject signed a written informed consent form and completed a 

demographics and medical history questionnaire.  Each subject’s height and weight 

were measured and recorded, and the dominant arm was identified.  The dominant 

arm was defined as the arm that was used to throw a ball.   

Each subject was trained to perform, and allowed to practice, the ABM and the 

shoulder movements, flexion and scaption.  For the shoulder movements, the subject 

was instructed to elevate the arm passed the horizontal plane in two different 

directions, in both flexion and scaption.  For the ABM, the subject was instructed to 

place each hand’s first web space above the respective iliac crest and then tighten the 

stomach muscles so as to widen the hands apart (Haddas, Hooper, et al., 2016).  The 

subject practiced the ABM and each shoulder movement ten times using the dominant 

arm.  Further training was provided if necessary and the investigator answered any of 
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the subject’s questions.  Each subject had two minutes rest after practicing all 

movements.   

ELECTROMYOGRAPHY 

Following the training session, EMG electrodes were applied to each subject.  

The EMG data were recorded using a Delsys EMG system (Delsys Bagnoli, Natick, MA, 

USA).  Preamplified double differential surface EMG sensors (10x1mm) with 10mm 

inter-electrode distance were applied to the ipsilateral anterior deltoid (AD), posterior 

deltoid (PD), upper trapezius (UT), lower trapezius (LT), serratus anterior (SA), and 

infraspinatus (IF) muscles, as well as the contralateral external oblique (EO) and internal 

oblique (IO) muscles  The contralateral abdominal muscles are the first abdominal 

muscles to activate during opposite arm movement, and they activate significantly 

earlier than the ipsilateral abdominal muscles (Davarian et al., 2014).  A reference 

electrode was placed on the lateral aspect of the contralateral clavicle (Joshi et al., 

2011).   

All surface EMG raw data were recorded at 1000 Hz and hardware filtered to a 

frequency bandwidth of 20-450 Hz.  The EMG system had a common mode rejection 

ratio of-92 dB, input impedance > 109 MΩ and effective EMG signal gain 1000 V/V.  

When needed, electrode placement sites were lightly shaved and abraded and wiped 

with alcohol to decrease skin impedance.  The EMG electrodes were placed parallel to 

primary fiber directions for each of the tested muscles as per previous investigators 

(Cram et al., 1998; Ebaugh & Spinelli, 2010; Hodder & Keir, 2013; Madill & McLean, 

2006; McDonald et al., 2018; Pande et al., 1989).  The EMG electrode placements were 
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confirmed by asking the subject to perform each muscle’s intended action.  Next, 

reflective markers were applied for kinematic data collection.  

KINEMATICS 

 Kinematic data were recorded at 100 Hz using an 8-camera Vicon Nexus 

(version 2.4) motion capture system (Vicon, Oxford, England) and low-pass filtered at 6 

Hz.  The data were synchronized with EMG recordings in the Vicon software.  Reflective 

markers were attached to the bony landmarks based on a previously established upper 

body reflective marker placement model (Vicon Plug-in Gait Reference Guide, 2016-

2018).  The elbow marker data were used as a reference for quantifying muscle onsets 

and as the identifying marker for movement trajectories.  For kinematic data 

processing, missing reflective markers in the trial were recovered using the rigid body 

gap filling process. 

Following the EMG electrode and reflective marker application, the subject 

stood in the data collection area.  Foot placement was marked for consistent 

positioning.  The subject’s feet were in a stride position with the leg on the non-

dominant arm side in front of the leg on the dominant arm side.  The lateral distance 

between the feet was 20 cm with the knee of the front leg slightly flexed.  In this stance, 

the lumbar spine remained in a neutral posture while the movements were performed 

(Tarnanen et al., 2012).   

SHOULDER MOVEMENTS 

Before and after the muscle fatigue protocol, each subject performed flexion 

and scaption, with and without ABM for each of the following conditions:  
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1. Pre Fatigue, No Bracing (PreNB) (control condition) 
2. Pre Fatigue, Yes Bracing (PreB) 
3. Post Fatigue, No Bracing (PostNB) 
4. Post Fatigue, Yes Bracing (PostB)  

Each muscle fatigue-VPAC combination was performed three times throughout 

the experiment, resulting in 12 trials for both movement directions (a total of 24 trials).  

For each subject, the PreNB and the PreB conditions were randomized.  In addition, the 

PostNB and the PostB conditions were randomized.  Both were randomized using a 

Research Randomizer program (www.randomizer.org) for each subject.  After 

movement initiation, the subject ceased movement according to the following criteria: 

FLEXION-elbow marker just anterior to the ear or parallel to the ear  

SCAPTION-elbow marker reaches the subjects’ eye level  

Before all trial movements the subject was initially instructed to “relax” so that the EMG 

recording had a quiet baseline without activity before the subject was further instructed 

regarding the trials.  For the no bracing conditions the subject was instructed to relax 

the body and perform the shoulder movement when prompted.  For yes bracing 

conditions the subject was instructed to brace the abdominal muscles and perform the 

shoulder movement when prompted.   

Prior to each trial, the investigator verbally informed the subject of the condition 

and movement to be performed.  The investigator instructed the subject to perform: 

“flexion” or “scaption,” “brace” or “relax.”  Next, the investigator announced, “relax, 

brace, flexion.”  The investigator monitored each trial, ensuring that subjects kept the 

http://www.randomizer.org/
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eyes straightforward with their neck in a neutral position, as neck position can alter 

shoulder status (Fedorowich et al., 2015).    

MUSCLE FATIGUE PROTOCOL 

Fatigue was measured by a task failure protocol that involved isometric 

shoulder elevation (Minning et al., 2007).  The subject was seated upright in a chair and 

was instructed to not lean on the chair back.  This position helped to avoid pushing into 

the chair back to compensate for shoulder fatigue.  A meter stick was secured to the 

wall in front of the subject’s dominant arm.  An investigator asked the subject to rate 

the muscle fatigue level using the Rating of Perceived Exertion Borg scale (Borg, 1990).  

The ratings were recorded.  Next, the subject was instructed to make a fist, with the 

thumb on the fingers and forearm in the neutral position, while the investigator 

passively raised the subject’s arm to 135° of scaption.  The investigator used a 

goniometer to ensure the correct angle.  The 3rd metacarpophalangeal (MCP) joint level 

was marked on the meter stick.  The subject lowered the arm to a resting position and 

was asked to verbally rate the perceived exertion between 6-20 on the Borg Scale 

(Borg, 1990).  Then, the investigator passively moved the subject’s arm to 135° of 

scaption by realigning the subject’s 3rd MCP joint with the mark on the meter stick.   

While the subject held the arm at 135° of scaption, the investigator fully 

stretched one end of a blue Theraband (Hygenic Corporation, Akron, OH) whose 

opposite end was secured under the chair leg and placed it into the subject’s hand.  

The subject was instructed to maintain the 135° angle while holding the Theraband 

with the previously described grip.  The investigator observed and compared the 
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subject’s 3rd MCP joint alignment to the mark on the meter stick and provided verbal 

encouragement to regain alignment when the 3rd MCP joint dropped below the mark.  

Fatigue was operationally defined to occur when the subject’s 3rd MCP joint dropped 3 

cm below the mark on the meter stick, despite verbal encouragement to realign the 3rd 

MCP joint with the mark on the meter stick (task failure).  The time to task failure was 

recorded for each subject.  To determine if the subject needed additional muscle 

fatigue protocol sessions, the subject reported the level of perceived exertion on the 

Borg Scale (Ebaugh et al., 2006a).  If a subject reported less than a 16 on the Borg Scale, 

another fatigue session was performed.  The fatigue protocol was repeated after every 

three trials, to ensure that actual muscle fatigue occurred throughout data collection.  

In total, the fatigue protocol was performed four times, including the initial 

performance.   

DATA ANALYSIS 

 All raw EMG and kinematic data were converted to c3d files and managed using a 

custom analysis program written in MATLAB (MathWorks Inc., v7.10.0, Natick, MA).  

Filtering occurred with a fourth order, low pass, and zero phase lag Butterworth filter.  

The RMS-EMG calculation included the amplitudes from the entire arm elevation trial 

and were used to determine muscle contraction amplitudes during the flexion and 

scaption movements with and without VPAC and muscle fatigue, for each muscle.   

 The muscle onsets were examined to determine the change in muscle activation 

timing, relative to elbow movement, during flexion and scaption, with and without 

VPAC, and with and without muscle fatigue.  To calculate muscle onsets, the initial 
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muscle activation was defined as the point where the muscular activity elevated 3 

standard deviations (SD) above the reference interval and remained above this level for 

at least 25 ms (Hodges & Bui, 1996).  To increase activation identification accuracy, 

each muscle’s initial activation was identified in the first sample within the window that 

exceeded the above threshold (Dedrick et al., 2008).  The muscle onset times were 

calculated relative to the initial elbow movement.  Negative muscle onsets represented 

muscle activation prior to initial elbow movement and positive muscle onsets 

represented muscle activation following initial elbow movement.  Each muscular 

activation was visually inspected by an investigator to ensure activation timing face 

validity.   

 The movement trajectories were used to identify how the arm elevates in the 

presence of VPAC and muscle fatigue.  The elbow marker trajectory data were 

processed using additional customized MATLAB analysis programs.  These programs 

produced time-and location-normalized ensemble averages of the three-dimensional 

elbow marker movement, for which 95% confidence intervals were created and 

compared.   

STATISTICAL ANALYSIS 

 Central tendency and dispersion values were computed for all EMG muscle 

amplitude and muscle onset data.  Data normality was assessed using skewness, 

kurtosis, and the Shapiro-Wilk test.  The tests for normality revealed non-normality 

for all amplitude data and most of the muscle onset data, which prevented VPAC and 

muscle fatigue interaction analysis.  Non-parametric tests were used for the 
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amplitude and muscle onset data analyses.  As this study was exploratory in nature, 

trying to examine the novel concept of VPAC effects when muscle fatigue is present, 

Wilcoxon signed-rank tests were performed for all pair-wise comparisons on all data.  

 Wilcoxon signed-rank tests were performed on the contralateral EO and IO 

RMS-EMG data to test for significant differences between the no bracing and yes 

bracing conditions (α = .025).  Wilcoxon signed-rank tests were performed on the 

muscle amplitude and onset data of the AD, PD, UT, LT, SA, and IF for both movements 

(flexion and scaption, α = .05/6 =.008).  Correlation coefficient (r) effect sizes were 

calculated for each Wilcoxon signed-rank test that was performed on the muscle 

amplitude and onset data from the AD, PD, UT, LT, SA, and IF muscles (Field, 2013).  

This effect size represents the strength of the association between muscle amplitudes 

and onsets and VPAC performance and muscle fatigue.  An effect size of .10 or less 

represents a small effect, an effect size of .30 represents a moderate effect, and an 

effect size of .50 or greater represents a large effect.  Due to the necessity for muscle 

activations to be manually identified for some trials, the investigator’s reliability in 

identifying the muscle activation was noted.  During preliminary research for this study, 

the investigator’s reliability in muscle activation detection was analyzed.  Analysis 

showed a high reliability in selecting muscle activation timing (ICC(3,1) =.96) (Scott et al., 

2018).   

 Elbow marker trajectories were obtained from the data files using a custom 

MATLAB script.  The script reduced the elbow marker trajectories for each condition 

and interpolated the data of each individual subject trial, across all subjects to 101 data 
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points.  Differences in subject heights and position in the coordinate space required the 

elbow marker trajectory displacement paths to be normalized between + in each axis 

using the formula (Lamb & Stockl, 2014): 

 

Trajectory normalizing processes were included in the MATLAB script.  Graphs of the 

ensemble averages of this trajectory along with 95% confidence intervals were created.  

Non-overlapping 95% confidence intervals represented non-significant comparisons.  

RESULTS 

Data were collected from 39 participants (26 women, 13 men).  One subject 

voluntarily withdrew prior to completing data collection.  The data from two subjects 

were not able to be processed due to damaged data files and missing reflective markers.  

Ultimately, data from 36 subjects (24 women, 12 men) were analyzed.  The subjects’ 

mean age was 24.22+3.92 years.  Their average height and weight were 167+11 cm and 

66.52+12.95 kg, respectively.   

Significant differences were revealed in the contralateral EO and IO muscle 

amplitude analyses during flexion and scaption (Table 4.1 and Table 4.2).  For the flexion 

trials, with muscle fatigue absent (pre fatigue condition), the EO (median difference = 

0.008 mV, p = .002) and IO (median difference = 0.002 mV, p < .001) muscle amplitudes 

were significantly increased during the yes bracing conditions (B) compared to the no 

bracing conditions (NB).  With muscle fatigue present, only the IO muscle amplitudes 

were significantly increased during the B condition compared to the NB condition 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

92 

(median difference = 0.004 mV, p = .005).  For the scaption trials, the IO muscle 

amplitudes with muscle fatigue absent (median difference = 0.009 mV, p = <.001) and 

with muscle fatigue present, (median difference = 0.004 mV, p = .003) were significantly 

increased during the B condition compared to the NB condition.  There were no 

significant differences for any condition comparisons of the EO muscle amplitudes 

during the scaption trials. 

The Wilcoxon signed-rank tests revealed significant results for the muscle 

amplitudes during the flexion trials (p<.008) (Table 4.3 and Table 4.4).  The PD muscle 

amplitudes were significantly increased in the PostB condition compared to the PreNB 

condition (median difference = 0.026 mV, p = <.001).  The UT muscle amplitudes were 

significantly higher in the PostB condition compared the PreB condition (median 

difference = 0.046 mV, p = .006), in the PostB condition compared to the PreNB 

condition (median difference = 0.031 mV, p = <.001), and in the PostNB condition 

compared to the PreNB condition (median difference = 0.012 mV, p = .003).  The LT 

muscle amplitudes were significantly higher in the PreB condition compared to the 

PreNB condition (median difference = 0.006 mV, p = .004).  The IF muscle amplitudes 

were significantly higher in the PreB condition compared to the PreNB condition 

(median difference = 0.023 mV, p = .005).  No significant tests occurred with the AD or 

SA muscle amplitudes during the flexion movement.  

The Wilcoxon signed-rank tests on the muscle amplitudes during the scaption 

trials displayed significant differences (p<.008) (Table 4.5 and Table 4.6).  The UT muscle 

amplitudes were significantly increased in the PostB condition compared to the PreB 
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condition (median difference = 0.024 mV, p = .007), in the PostNB condition compared 

to the PreB condition (median difference = 0.034 mV, p = .004) and in the PostNB 

condition compared to the PreNB condition (median difference = 0.029 mV, p = <.001).  

The IF muscle amplitudes were significantly higher in the PreB condition compared to 

the PreNB condition (median difference = 0.002, p = .007).  The Wilcoxon signed-rank 

tests on the AD, PD, LT and SA muscle amplitudes were not significant. 

The Wilcoxon signed-rank tests on the muscle onset times during the flexion 

trials displayed significant differences (p<.008) (Table 4.7 and Table 4.8).  Figure 4.1 

displays the results graphically.  The AD muscle activated significantly faster in the PostB 

condition compared to the PreB condition (median difference = -22.50 ms, p = .001).  

The PD muscle amplitudes activated significantly earlier during the PostB condition 

compared to the PreNB condition (median difference = -136.17 ms, p = .003), and in the 

PostNB condition compared to the PreNB condition (median difference = -36 ms, p = 

.005).  The LT muscle activation times were significantly earlier during the PostB 

condition compared to the PreNB condition (median difference = -23.67 ms, p = .001), 

and in the PostB condition compared to the PostNB condition (median difference = -66 

ms, p = .007).  The IF muscle activated significantly earlier in the PostNB condition 

compared to the PreNB condition (median difference = -32.84 ms, p = .007).  No 

significant differences were observed in the UT or SA muscle onsets. 

The Wilcoxon signed-rank tests on the muscle onsets during the scaption trials 

displayed significant differences (p<.008) (Table 4.9 and Table 4.10).  Figure 4.2 displays 

the results graphically.  The PD muscle activated significantly earlier in the PostB 
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condition compared to the PreNB condition (median difference = -27.67 ms, p = .006) 

and in the PostNB condition compared to the PreNB condition (median difference = -

89.17 ms, p = .003).  No significant differences occurred in the AD, UT, LT, SA, and IF 

muscle onsets during scaption.   

Movement trajectories in the X, Y, and Z directions during flexion and scaption 

movements were displayed graphically as ensemble averages with corresponding 95% 

confidence intervals (CI).  Non-overlapping areas of the 95% CIs between two conditions 

represented significantly different trajectories.  The results were reported in eight 

graphs that presented the significant differences in shoulder movement trajectories in 

each plane.  

The graphs’ y-axes show the arm position during the movement interpolated to 

101 frames.  The x-axis represents the trial’s duration, again interpolated to 101 frames.  

The elbow marker position was shown on the graphs as moving in a positive (+) or 

negative direction (-).  In the X direction, movement in the (+) direction represented 

movement toward the body and movement in the (-) direction represented movement 

away from the body (horizontal adduction).  In the Y direction, movement in the (+) 

direction represented movement towards the body and movement in the (-) direction 

represented movement away from the body.  In the Z direction, movement in the (+) 

direction represented upward movement and movement in the (-) direction 

represented downward movement.   

During flexion, in the X direction, with muscle fatigue absent, the B condition 

trajectories represented arm movement that was more toward the body from around 
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30 to 50 percent and again from 80 to 100 percent of the motion compared to the NB 

condition trajectories (Figure 4.3).  Very little movement variability was observed in the 

Y and Z directions, with no significant differences between condition trajectories in 

either direction (Figure 4.3). With muscle fatigue present, increased movement toward 

the body during the B condition trajectories was more pronounced than with muscle 

fatigue absent, with the greater variability occurring between 60% to 90% of the 

movement (Figure 4.4).  No significant differences were observed between the NB and B 

condition trajectories in the Y and Z directions (Figure 4.4).   

Except for a slight increase in movement toward the body with the B condition 

trajectories at around 75% of the motion, movement during scaption with muscle 

fatigue absent did not differ between the NB and B conditions (Figure 4.5).  No 

significant differences occurred during scaption in the Y and Z directions when muscle 

fatigue was absent (Figure 4.5).  With muscle fatigue present, no significant differences 

in trajectories in any of the observed movement planes occurred (Figure 4.6). 

During flexion, both without bracing and with bracing, in all three planes, more 

movement away from the body was occurring in the post fatigue condition trajectories 

than in the pre fatigue condition trajectories (Figure 4.7 and Figure 4.8).  With no 

bracing, the post fatigue trajectories represented greater movement away from the 

body from 20% of the movement to the end of the movement (Figure 4.7).  With 

bracing present, the post fatigue trajectories represented greater movement away from 

the body from 65% of the movement to the end of the movement.  In addition, without 

and with bracing, in both the Y and Z direction trajectories, the post fatigue movement 
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trajectories showed that the arm reached lower positions at certain frames compared to 

the arm positions reached in the pre-fatigue trajectories, as shown in the Y and Z 

direction trajectories (Figure 4.7 and Figure 4.8)  During scaption, without bracing, no 

significantly different movement patterns occurred between the pre-fatigue and post 

fatigue movement trajectories in any direction (Figure 4.9); however, with bracing, the 

post fatigue movement trajectories represented more movement away from the body 

60% to 95% of the movement (Figure 4.10).   

DISCUSSION 

The aim of this study was to examine the relationship between VPAC and 

shoulder muscle function during movements that are common to several UED sports 

activities before and after muscle fatiguing.  To be able to apply the results of this study 

to clinical practice, it is important to evaluate the impact of the conditions.  Effect sizes 

of the Wilcoxon signed-rank tests that resulted in significance revealed a range of 

moderate to large effect sizes, -0.32 to -0.51.  These effect sizes support the applicability 

of the results to clinical practice.  In addition, effect sizes for non- significant tests were 

small and therefore showed minimal impact on the results.   

Test results on the EO and IO muscle amplitudes showed that the subjects were 

performing and maintaining the ABM during the B condition trials.  Several hypotheses 

were created and examined for this study.  The investigators hypothesized that VPAC 

would increase muscle amplitudes and decrease muscle onsets.  It was hypothesized 

that muscle fatigue would increase muscle amplitudes and muscle onsets.  These 

hypotheses were not supported.  The VPAC and muscle fatigue did not significantly 
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affect all muscles and muscle fatigue alone decreased muscle onsets.  Muscles activated 

faster with muscle fatigue.  The varied significant results are worth further examination.   

Certain muscles, during certain movements, were affected by VPAC and muscle 

fatigue.  The PD and UT muscle amplitudes during flexion, and the UT muscle 

amplitudes during scaption, were significantly increased by muscle fatigue.  The increase 

in GH and parascapular muscle amplitudes following muscle fatigue supports other 

results found in the literature (Fuller et al., 2009; Srinivasan et al., 2016).  The studies 

reported increased muscle amplitude activity for selected scapulothoracic and 

glenohumeral muscles following a shoulder muscle fatiguing event.  The PD and UT 

muscles have different roles during shoulder flexion but appear to be similarly affected 

by muscle fatigue.  During shoulder flexion, the PD muscle acts as a glenohumeral joint 

stabilizers and the UT muscle elevates the scapula to allow humeral head clearance 

under the acromion during elevation (Kendall, McCreary, & Provance, 2010; Starkey et 

al., 2009a).  These actions help to balance GH joint superior movement.  Because these 

muscles balance assist with balancing GH joint function, it is beneficial for muscle 

amplitudes to increase in both muscles when fatigue is present.  This decreases the 

chances for one muscle to have a greater effect on the GH joint, when muscle fatigue is 

present, which can reduce muscle imbalance effects around the joint.  In addition, the 

results of this study support the idea that when a muscle is fatigued, it works at a higher 

amplitude to do the same movement that it normally does with a lower amplitude.  This 

can lead to overuse of the muscle, causing a reduction in its effectiveness.  
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The muscle fatigue protocol effects on each subject supported the explanation 

that muscle fatigue causes a decrease in muscle force capacity (Enoka & Duchateau, 

2008).  Investigators have reported that the decrease in muscle force capacity was a 

result of a decrease in the number of cross-bridges generating force, a decrease of the 

individual cross-bridge force, or a combination of these mechanisms (Nocella et al., 

2011).  In addition, a reduction in motor unit firing has been associated with muscle 

fatigue and could explain the decreases in cross-bridge function (Taylor, Amann, 

Duchateau, Meeusen, & Rice, 2016).   

The LT and IF muscle amplitudes during flexion and the IF muscle amplitudes 

during scaption were significantly increased by VPAC, when muscle fatigue was absent.   

During shoulder elevations in different movement planes, the LT and IF muscles are 

responsible for stabilizing the scapula and the humeral head respectively.  They work 

eccentrically to perform this task.  In addition, both are posterior shoulder girdle 

muscles and are the first shoulder girdle muscles to receive the force transfer from the 

trunk (McMullen & Uhl, 2000).  Any force that is produced in the trunk, including force 

created from performing VPAC, will initially transmit to posterior shoulder muscles.  The 

posterior shoulder muscles will receive the greatest amount of this force transfer.  This 

could explain the evident VPAC effects on the LT and IF muscles.  Similar results did not 

occur with the LT and IF amplitudes, during flexion, when muscle fatigue was present 

(PostNB-PostB).  Potentially, with muscle fatigue present, VPAC cannot improve LT and 

IF muscle function during flexion.   
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In contrast to the current study’s results, an investigation revealed significantly 

increased SA muscle amplitude during isometric and dynamic closed chained shoulder 

exercises with conscious abdominal muscle contraction (Vega Toro, Cools, & de Oliveira, 

2016).  More recently, a study examined conscious abdominal contraction effects on 

selected shoulder muscle function in the push up position, with and without an unstable 

surface.  Conscious abdominal muscle contraction significantly increased SA, middle 

trapezius, EO, and IO muscle activity and a strong correlation existed between activity in 

the EO and the lower portion of the SA muscle (de Araujo, Nascimento, Torres, Behm, & 

Pitangui, 2019).  

The studies above used closed kinetic chain exercises to collect data on selected 

muscles.  Closed kinetic chain exercises have been shown to produce large resistance 

forces in the joint, increase proprioceptor stimulation, and enhance dynamic stability 

(Prentice, 2015).  These factors can affect muscle output.  The effects can be different 

during various types of closed chain exercises.  The studies used exercises that targeted 

the muscles in which they found significant amplitudes.  For example, one study used a 

push up position.  This position results in increased activation of the SA muscle, even 

without abdominal bracing (Piraua et al., 2014).  In contrast, the current study used 

open kinetic chain exercises that did not target one muscle over another.  Despite 

differing methodologies that could explain the difference in the muscles affected, the 

studies above and the current study support the idea that consciously contracting the 

abdominal muscles did affect certain shoulder girdle muscles.   
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One of the UT muscle’s actions is to elevate the scapula during arm elevation, 

which helps to lift the acromion so that the humeral head can rotate efficiently 

underneath the acromion to reach higher elevation levels (Giphart, van der Meijden, & 

Millett, 2012).  A possible concern with the current study’s evidence of increased UT 

muscle amplitude is that the LT muscle amplitude, which is responsible for downwardly 

rotating the scapula and more important, stabilizing the scapula onto the thoracic rib 

cage, did not increase following muscle fatigue.  If the UT muscle is more active than the 

LT muscle, more superior acromion and coracoid process translation can result.  Over 

time this process can place excess stress on the soft tissue structures that attach to or 

pass over the acromion and coracoid process, leading to coracoid impingement, rotator 

cuff tendinitis, or other shoulder pathology (Okoro, Reddy, & Pimpelnarkar, 2009).  

Because of this potential situation, clinicians should be mindful of prescribing shoulder 

exercises that require arm elevation and the potential for fatigue to occur.  The previous 

and the current studies’ results support the idea that shoulder muscle fatigue can 

significantly change certain shoulder muscles, partially supporting the hypotheses.   

The investigators hypothesized that shoulder muscle fatigue and VPAC would 

significantly change the muscle onset outcomes.  The AD, PD, LT and IF muscles onsets 

during flexion and the PD muscle onsets during scaption were significantly decreased 

with muscle fatigue.  The only evidence of VPAC effects on muscle activation timing 

occurred with the LT muscle onsets during flexion.   

Muscle activation timing was more affected by muscle fatigue during the flexion 

movement compared to the scaption movement.  The main difference between flexion 
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and scaption is that flexion occurs more in one plane compared to scaption which is a 

multiplanar movement.  Because of this, it is possible that movement in multiple planes 

allows for more motor control strategies to be available for a movement such as 

scaption.   

Previous studies have examined muscle fatigue effects on shoulder muscle 

onsets.  Cools et al. (2002) examined middle deltoid and upper, middle, and lower 

trapezius muscle onsets in response to a sudden arm adduction movement before and 

after a shoulder muscle fatigue protocol and found that the middle deltoid, upper 

trapezius, and middle trapezius activation was delayed following shoulder muscle 

fatigue (Cools et al., 2002).  The response to a sudden arm adduction movement is more 

reflexive in nature.  The current study involved a conscious movement that the subject 

began when prompted by the investigator.  This difference could explain why muscle 

fatigue caused muscles to activate earlier following fatigue in the current study.  Muscle 

fatigue may affect muscle activation time differently during a reflexive movement than a 

voluntary movement. 

Scott et al. (2018) examined the AD, PD, UT, LT, and SA muscle onsets with and 

without VPAC and discovered that VPAC significantly decreased the muscle onsets for all 

muscles with and without resistance.  The results showed that with VPAC, the muscles 

activated closer together and earlier compared to the muscle activation without VPAC 

(Scott et al., 2018).  This was shown by the muscles activating prior to elbow movement 

when VPAC was performed.  In the current study, VPAC decreased the LT muscle onsets 

during the flexion movement.  Although flexion was not used in the previous study, it is 
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apparent that the LT muscle activation can be affected by VPAC as seen during scaption, 

the D1F diagonal (DIF) movement, and flexion.  In addition, this previous study showed 

that VPAC increased UT and IF muscle amplitudes during scaption and UT muscle 

amplitudes during the DIF movement.  Similar results occurred in the current study; the 

IF muscle amplitudes were increased by VPAC during scaption.  This finding is beneficial, 

as it informs clinicians that incorporating VPAC during scaption can increase IF muscle 

amplitude in a shoulder with pathology. 

The VPAC and muscle fatigue did not change all examined movement 

trajectories (X, Y, Z directions).  Despite the varying results of the trajectory analyses, 

the impact of VPAC and shoulder muscle fatigue on arm elevation was evident.  During 

flexion, with and without muscle fatigue present, VPAC increased movement toward the 

body’s midline.  It appeared that this VPAC effect was greater when muscle fatigue was 

present.  Muscle fatigue caused more movement away from the body, which potentially 

creates a less stable position for the arm during elevation (Starkey et al., 2009a).  These 

observations indicate that performing VPAC could counter muscle fatigue’s shoulder 

destabilizing effects during elevation in flexion.  During scaption, represented by a small 

difference toward the end of the movement, the VPAC only increased movement 

toward the body with muscle fatigue absent.  The scaption movement naturally 

occurred away from the body’s midline, diagonal to the body.  This may have resulted in 

decreased sensitivity to VPAC effects, meaning that because scaption requires the arm 

to stay in a position away from the body it is more difficult for VPAC to significantly 

move the arm more inward, towards the body.   
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Regarding muscle fatigue effect during flexion, with and without VPAC, muscle 

fatigue caused the arm to move more away from the body.  When VPAC was performed, 

this muscle fatigue effect was reduced.  With VPAC, the post fatigue trajectories showed 

that the arm elevated with more movement away from the body.  However, the amount 

of movement away from the body was reduced when VPAC was performed.  This is 

significant as it provides further support that VPAC helps to counteract muscle fatigue 

effects.  An explanation for these VPAC effects was that VPAC could potentially alter the 

neural signals that are being transmitted throughout the motor control program 

information.  The abdominal muscle contraction may send a signal to stabilize 

throughout the body.  This theory can be supported by other investigators’ findings of 

VPAC increasing stabilizing effects in the lower body (Haddas, Hooper, et al., 2016).  

During flexion, with, and without VPAC, muscle fatigue caused the arm to reach lower 

positions at certain frames, as seen in the Y and Z direction graphs (Figure 4.7 and Figure 

4.8).  This means that with muscle fatigue, the arms ability to elevate normally was 

decreased.  These findings support the literature that indicates that muscle fatigue can 

alter muscle function (Chopp et al., 2010; Corben et al., 2015; Cowley & Gates, 2017; 

Kai, Gotoh, Nagata, & Shiba, 2012; Lee & Powers, 2013; Mulla, McDonald, & Keir, 2018; 

Rich et al., 2016; Takasaki, Lim, & Soon, 2016; Umehara et al., 2018).   

With scaption, the evidence of muscle fatigue effects was limited, with the only 

significant difference being an increase in movement toward the body when VPAC was 

performed.  The presence of VPAC did not appear to reduce muscle fatigue effects, as 

observed during flexion.  However, VPAC increased movement toward the body muscle 
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fatigue absent (Figure 4.10).  This occurred in the trajectories during scaption when the 

VPAC conditions were the focus of comparison.  These results support the idea that 

VPAC and muscle fatigue effects were limited during scaption, as observed in the 

current study.  In addition, the VPAC is more effective during scaption with muscle 

fatigue absent.   

From the above findings, the hypotheses that VPAC and muscle fatigue would 

significantly change movement trajectories was supported.  The VPAC and muscle 

fatigue effects may depend on the type of movement as portrayed in the analysis where 

most of the effects were noted during the flexion movement.  In addition, there was 

evidence that VPAC could reduce muscle fatigue effects.  This is pertinent for clinicians 

that create rehabilitation and conditioning exercises for the upper extremity, for 

patients that are involved in UED sport movements.  The current study informs clinicians 

that VPAC can change motor programming at the upper extremity and that muscle 

fatigue can change the path in which the arm elevates during flexion and scaption.  

Clinicians can make a more informed decision on incorporating VPAC into the 

rehabilitation or conditioning plan when using the flexion and scaption movements.  

Even so, more research is warranted on VPAC effects to examine for similar results in 

other shoulder movements or functional movement at the shoulder. 

Comparing the movement trajectories outcomes to the muscle amplitude 

outcomes could provide explanation for the current study’s results.  During flexion, the 

increase in PD muscle amplitudes with muscle fatigue present could explain the 

increased movement away from the body that was observed in the trajectories during 
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flexion in the same conditions.  While the arm is elevated above 90 degrees, as required 

for the current study, the PD muscle is involved with moving the arm away from the 

body (Reinold et al., 2004).  The increase in PD muscle activity may have contributed to 

the significant movement away from the body that occurred during flexion.  No other 

muscle amplitude results can be associated with the trajectory results due to other 

muscles not being included in this study such as the pectoralis major muscle.  Significant 

activity from this muscle could help explain the movement toward the body that was 

noted in the VPAC affected trajectories during flexion.  In addition, a lack of significant 

results for AD muscle amplitudes limited the correlation between the muscle 

amplitudes and trajectories.   

LIMITATIONS 

The fatigue protocol involved an isometric contraction in 135° of scaption.  An 

isotonic contraction would more closely resemble the UED activity movements and 

therefore may be a better choice for the muscle fatiguing protocol.  Fatiguing the 

selected shoulder muscles using the same movement as the testing movements may 

have presented different results such as larger EMG amplitude differences in the pre-

fatigue versus post fatigue trials.   

CONCLUSIONS 

This study was the first to examine VPAC and shoulder muscle fatigue effects on 

shoulder muscle amplitudes, muscle activation times, and movement trajectories.  

Results showed that muscle fatigue and VPAC had varying effects on muscle amplitudes 

during flexion and scaption.  Certain muscles were more responsive to muscle fatigue as 
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others were more affected by VPAC.  Muscle fatigue increased muscle amplitude and 

caused muscles to activate earlier.  Although the results were not consistent through 

movements and muscles, this study supports the literature that a relationship exists 

between function of the body’s core and the upper extremity.  In addition, this study 

showed that contracting the abdominal muscles prior to moving the arm changed arm 

movement patterns.  Clinicians will be able to use the current study’s results when 

choosing exercises for upper extremity rehabilitation.  To further examine VPAC effects, 

future studies should include subjects with shoulder pathology.    
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TABLE 4. 1: MEDIAN (INTERQUARTILE RANGE) ROOT MEAN SQUARE AMPLITUDES BY 
CONDITION, FOR ABDOMINAL MUSCLES.  

 Muscle Conditions 

  PreNB PreB PostNB PostB 

Flexion EO .013(.040) .021(.053) .012(.029) .012(.027) 

 IO .021(.046) .023(.058) .015(.043) .019(.057) 

      

Scaption EO .012(.039) .021(.042) .012(.025) .011(.029) 

 IO .020(.043) .024(.055) .014(.035) .018(.051) 

All Subjects (N=36) by condition, flexion and scaption trials.  Amplitudes in millivolts, EO 
= external oblique muscle, IO = internal oblique muscle, PreNB = pre fatigue, no bracing, 
PreB = pre fatigue, yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, 
yes bracing 
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TABLE 4. 2: WILCOXON SIGNED-RANK TESTS ON ROOT MEAN SQUARE AMPLITUDES FOR 
ABDOMINAL MUSCLES.  

 Muscle Conditions Z-Score p Value Effect Size (r) 

Flexion EO PreNB-PreB -3.17 .002*  -.37 

  PostNB-PostB -1.10 .271  -.13 

      

 IO PreNB-PreB -3.83 <.001*  -.45 

  PostNB-PostB -2.80 .005*  -.33 

      

Scaption EO PreNB-PreB -2.20 .028  -.26 

  PostNB-PostB -1.37 .172  -.16 

      

 IO PreNB-PreB -3.94 <.001*  -.46 

  PostNB-PostB -2.93 .003*  -.35 

Flexion and scaption trials, EO = external oblique, IO = internal oblique, PreNB = pre 
fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = post fatigue, no bracing, 
PostB = post fatigue, yes bracing, * = significant test, (p < .025) 
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TABLE 4. 3: MEDIAN (INTERQUARTILE RANGE) ROOT MEAN SQUARE AMPLITUDES FOR 
FLEXION TRIALS. 

 Muscle Conditions 

Flexion  PreNB PreB PostNB PostB 

 AD .092(.174) .098(.183) .085(.180) .087(.193) 

 PD .053(.143) .065(.143) .061(.160) .079(.159) 

 UT .070(.146) .055(.167) .082(.190) .101(.179) 

 LT .030(.070) .036(.076) .032(.061) .035(.076) 

 SA .032(.055) .035(.063) .034(.060) .037(.061) 

 IF .025(.040) .028(.045) .026(.046) .024(.053) 

All Subjects (N=36) by condition.  Amplitudes in millivolts, AD = anterior deltoid, PD = 
posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = 
post fatigue, no bracing, PostB = post fatigue, yes bracing 
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TABLE 4. 4: WILCOXON SIGNED-RANK TESTS ON ROOT MEAN SQUARE AMPLITUDES 
ACROSS CONDITIONS FOR EACH MUSCLE FOR FLEXION TRIALS. 

 Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

Flexion AD PreNB-PreB -2.61 .009  -.31 

  PreB-Post B  -.30 .765  -.04 

  PreB-PostNB  -.52 .604  -.06 

  PreNB-PostB -1.01 .315  -.12 

  PreNB-PostNB  -.08 .937  -.01 

  PostNB-PostB -1.43 .153  -.17 

      

 PD PreNB-PreB -1.19 .232  -.14 

  PreB-Post B -2.37 .018  -.28 

  PreB-PostNB  -.33 .741  -.04 

  PreNB-PostB -3.91 <.001*  -.46 

  PreNB-PostNB -2.36 .018  -.28 

  PostNB-PostB -2.26 .024  -.27 

      

 UT PreNB-PreB -1.24 .215  -.15 

  PreB-Post B -2.77 .006*  -.33 

  PreB-PostNB -1.87 .062  -.22 

  PreNB-PostB -4.32 <.001*  -.51 

  PreNB-PostNB -3.00 .003*  -.35 

  PostNB-PostB -1.29 .198  -.15 

      

 LT PreNB-PreB -2.86 .004*  -.34 

  PreB-Post B  -.96 .338  -.11 

  PreB-PostNB -1.79 .073  -.21 

  PreNB-PostB -1.41 .157  -.17 

  PreNB-PostNB  -.39 .694  -.05 

  PostNB-PostB -1.70 .090  -.20 

      

 SA PreNB-PreB -1.27 .203  -.15 

  PreB-Post B -1.07 .29  -.13 

  PreB-PostNB  -.16 .875  -.02 

  PreNB-PostB  -.52 .604  -.06 

  PreNB-PostNB  -.49 .626  -.06 

  PostNB-PostB  -.33 .741  -.04 
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TABLE 4. 4: CONTINUED. 

 Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

 IF PreNB-PreB -2.80 .005* -.33 

  PreB-Post B -.53 .593 -.06 

  PreB-PostNB -.50 .615 -.06 

  PreNB-PostB -1.59 .113 -.19 

  PreNB-PostNB -1.37 .172 -.16 

  PostNB-PostB -1.08 .278 -.13 

AD = anterior deltoid, PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, 
SA = serratus anterior, IF = infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre 
fatigue, yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing, 
* = significant test, (p < .008).  
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TABLE 4. 5: MEDIAN (INTERQUARTILE RANGE) ROOT MEAN SQUARE AMPLITUDES FOR 
SCAPTION TRIALS.   

 Muscle Conditions 

  PreNB PreB PostNB PostB 

Scaption AD .094(.167) .084(.184) .078(.177) .069(.177) 

 PD .053(.150) .062(.151) .073(.157) .081(.161) 

 UT .057(.137) .052(.144) .086(.163) .076(.138) 

 LT .040(.064) .041(.099) .045(.080) .048(.076) 

 SA .030(.057) .032(.061) .030(.054) .031(.057) 

 IF .026(.044) .028(.047) .023(.047) .021(.045) 

All Subjects (N=36) by condition.  Amplitudes in millivolts, AD = anterior deltoid, PD = 
posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = 
post fatigue, no bracing, PostB = post fatigue, yes bracing 
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TABLE 4. 6: WILCOXON SIGNED-RANK TESTS ON ROOT MEAN SQUARE AMPLITUDES 
ACROSS CONDITIONS FOR EACH MUSCLE FOR SCAPTION TRIALS. 

 Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

Scaption AD PreNB-PreB  -.72 .470  -.08 

  PreB-Post B -1.38 .167  -.16 

  PreB-PostNB  -.28 .777  -.03 

  PreNB-PostB  -.30 .765  -.04 

  PreNB-PostNB  -.36 .718  -.04 

  PostNB-PostB  -.55 .582  -.06 

      

 PD PreNB-PreB -1.38 .167  -.16 

  PreB-Post B -1.34 .182  -.16 

  PreB-PostNB -1.52 .128  -.18 

  PreNB-PostB -2.20 .028  -.26 

  PreNB-PostNB -2.12 .034  -.25 

  PostNB-PostB -1.12 .265  -.13 

      

 UT PreNB-PreB -1.34 .182  -.16 

  PreB-Post B -2.70 .007*  -.32 

  PreB-PostNB -2.89 .004*  -.34 

  PreNB-PostB -2.20 .028  -.26 

  PreNB-PostNB -3.61 <.001*  -.43 

  PostNB-PostB  -.09 .925  -.01 

      

 LT PreNB-PreB -2.12 .034  -.25 

  PreB-Post B  -.02 .987  -.00 

  PreB-PostNB  -.74 .460  -.09 

  PreNB-PostB -1.71 .087  -.20 

  PreNB-PostNB  -.35 .730  -.04 

  PostNB-PostB  -.88 .379  -.10 

      

 SA PreNB-PreB  -.42 .671  -.05 

  PreB-Post B  -.36 .718  -.04 

  PreB-PostNB  -.05 .962  -.01 

  PreNB-PostB  -.14 .880  -.02 

  PreNB-PostNB  -.22 .826  -.03 

  PostNB-PostB  -.09 .925  -.01 
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TABLE 4.6: CONTINUED. 

 Muscle Pairwise 
Comparison 

Z-Score p Value Effect Size (r) 

 IF PreNB-PreB -2.69 .007* -.32 

  PreB-Post B -.93 .354 -.11 

  PreB-PostNB -2.25 .025 -.27 

  PreNB-PostB -.80 .423 -.09 

  PreNB-PostNB -.90 .371 -.11 

  PostNB-PostB -1.29 .198 -.15 

AD = anterior deltoid, PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, 
SA = serratus anterior, IF = infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre 
fatigue, yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing, 
* = significant test, (p < .008) 
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TABLE 4. 7: MEDIAN (INTERQUARTILE RANGE) MUSCLE ONSETS FOR FLEXION TRIALS. 

 Muscle Conditions 

Flexion  PreNB PreB PostNB PostB 

 AD -
36.83(159.17) 

-37.33(217.42) -28.83(150.00) -59.83(144.54) 

 PD 422.00(246.2
5) 

380.83(330.33) 386.00(256.00) 285.83(285.33
) 

 UT 70.33(189.33) 48.33(262.29) 14.67(153.25) 33.50(128.83) 

 LT 170.33(253.2
9) 

128.00(334.75) 156.00(263.33) 104.33(231.92
) 

 SA -
13.67(252.33) 

13.83(267.00) -7.00(212.38) -8.50(194.50) 

 IF 28.67(171.54) -1.17(218.08) -4.17(174.42) -42.33(208.42) 

All Subjects (N=36) by condition.  Muscle onsets in milliseconds, AD = anterior deltoid, 
PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, 
IF = infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, 
PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing 
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TABLE 4. 8: WILCOXON SIGNED-RANK TESTS FOR MUSCLE ONSETS DATA ACROSS 
CONDITIONS FOR EACH MUSCLE FOR FLEXION TRIALS.   

 Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

Flexion AD PreNB-PreB  -.19 .850  -.02 

  PreB-Post B -3.28 .001*  -.39 

  PreB-PostNB -1.43 .153  -.17 

  PreNB-PostB -2.37 .018  -.28 

  PreNB-PostNB -1.21 .226  -.14 

  PostNB-PostB -1.97 .048  -.23 

      

 PD PreNB-PreB -1.14 .255  -.13 

  PreB-Post B -2.28 .023  -.27 

  PreB-PostNB -1.60 .111  -.19 

  PreNB-PostB -3.02 .003*  -.36 

  PreNB-PostNB -2.82 .005*  -.33 

  PostNB-PostB -1.37 .172  -.16 

      

 UT PreNB-PreB -1.21 .226  -.14 

  PreB-Post B -2.50 .012  -.29 

  PreB-PostNB -1.78 .076  -.21 

  PreNB-PostB -1.59 .113  -.19 

  PreNB-PostNB -1.78 .076  -.21 

  PostNB-PostB  -.68 .499  -.08 

      

 LT PreNB-PreB -1.29 .198  -.15 

  PreB-Post B -2.19 .028  -.26 

  PreB-PostNB  -.24 .814  -.03 

  PreNB-PostB -3.39 .001*  -.40 

  PreNB-PostNB  -.80 .423  -.09 

  PostNB-PostB -2.69 .007*  -.32 

      

 SA PreNB-PreB  -.42 .671  -.05 

  PreB-Post B  -.73 .465  -.09 

  PreB-PostNB  -.86 .392  -.10 

  PreNB-PostB  -.30 .765  -.04 

  PreNB-PostNB  -.75 .451  -.09 

  PostNB-PostB .00 1.000  .00 
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TABLE 4.8: CONTINUED. 

 Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

 IF PreNB-PreB -1.62 .106 -.19 

  PreB-Post B -1.73 .084 -.20 

  PreB-PostNB -1.63 .102 -.19 

  PreNB-PostB -2.53 .011 -.30 

  PreNB-PostNB -2.69 .007* -.32 

  PostNB-PostB -1.01 .315 -.12 

AD = anterior deltoid, PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, 
SA = serratus anterior, IF = infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre 
fatigue, yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing, 
* = significant test, (p < .008). 
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TABLE 4. 9: MEDIAN (INTERQUARTILE RANGE) MUSCLE ONSETS FOR SCAPTION.  

 Muscle Conditions 

Scaption  PreNB PreB PostNB PostB 

 AD -
64.00(130.58) 

-
69.83(101.58) 

-64.50(96.50) -79.83(90.92) 

 PD 216.17(365.8
3) 

190.83(355.2
5) 

127.00(259.7
5) 

188.50(331.9
2) 

 UT -
33.08(140.83) 

-
30.83(160.33) 

-
50.50(112.08) 

-
57.25(105.08) 

 LT 22.17(234.08) -6.50(195.00) 4.17(204.67) -9.17(136.46) 

 SA -
12.00(169.33) 

-
45.33(261.83) 

-
56.33(158.75) 

-
37.50(168.33) 

 IF 9.67(259.50) -
49.33(157.58) 

-
15.00(194.67) 

-
44.33(171.83) 

All Subjects (N=36) by condition.  Muscle onsets in milliseconds, AD = anterior deltoid, 
PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, 
IF = infraspinatus, PreB = pre-fatigue, yes bracing, PreNB = pre fatigue, no bracing, PostB 
= post fatigue, yes bracing, PostNB = post fatigue, no bracing 
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TABLE 4. 10: WILCOXON SIGNED-RANK TESTS FOR MUSCLE ONSETS ACROSS 
CONDITIONS FOR EACH MUSCLE FOR SCAPTION.  

 Muscle Pairwise Comparison Z-Score P Value Effect Size (r) 

Scaption AD PreNB-PreB  -.02 .987  -.00 

  PreB-Post B -1.14 .255  -.13 

  PreB-PostNB  -.11 .912  -.01 

  PreNB-PostB -1.52 .128  -.18 

  PreNB-PostNB  -.44 .660  -.05 

  PostNB-PostB -1.02 .307  -.12 

      

 PD PreNB-PreB -1.60 .109  -.19 

  PreB-Post B -2.49 .013  -.29 

  PreB-PostNB -1.87 .062  -.22 

  PreNB-PostB -2.77 .006*  -.33 

  PreNB-PostNB -3.00 .003*  -.35 

  PostNB-PostB  -.30 .765  -.04 

      

 UT PreNB-PreB  -.69 .491  -.08 

  PreB-Post B -1.34 .182  -.16 

  PreB-PostNB -2.28 .023  -.27 

  PreNB-PostB -1.43 .153  -.17 

  PreNB-PostNB -1.63 .102  -.19 

  PostNB-PostB -1.23 .220  -.14 

      

 LT PreNB-PreB -2.28 .023  -.27 

  PreB-Post B  -.90 .317  -.11 

  PreB-PostNB  -.88 .376  -.10 

  PreNB-PostB -2.56 .011  -.30 

  PreNB-PostNB -1.13 .258  -.13 

  PostNB-PostB -2.11 .035  -.25 

      

 SA PreNB-PreB  -.70 .480  -.08 

  PreB-Post B -1.29 .198  -.15 

  PreB-PostNB -2.01 .044  -.24 

  PreNB-PostB -1.01 .315  -.12 

  PreNB-PostNB -1.92 .055  -.23 

  PostNB-PostB -1.06 .289  -.12 
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 TABLE 4. 10: CONTINUED. 

 Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

 IF PreNB-PreB -.41 .683 -.05 

  PreB-Post B -1.76 .078 -.21 

  PreB-PostNB -.72 .475 -.08 

  PreNB-PostB -2.11 .035 -.25 

  PreNB-PostNB -1.08 .278 -.13 

  PostNB-PostB -2.36 .018 -.28 

AD = anterior deltoid, PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, 
SA = serratus anterior, IF = infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre 
fatigue, yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing, 
* = significant test, (p < .008) 
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FIGURE 4. 1: GRAPH OF MUSCLE ONSETS FOR FLEXION TRIALS. 
Means of muscle onset data across conditions. AD = anterior deltoid, PD = posterior 
deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus; PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = 
post fatigue, no bracing, PostB = post fatigue, yes bracing, no bracing; Error Bars =95% 
confidence interval). 
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FIGURE 4. 2: GRAPH OF MUSCLE ONSETS FOR SCAPTION TRIALS. 
Means of muscle onset data across conditions during scaption study trials.  AD = 
anterior deltoid, PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = 
serratus anterior, IF = infraspinatus; PreNB = pre fatigue, no bracing, PreB = pre fatigue, 
yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing; Error 
Bars =95% confidence intervals. 
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FIGURE 4. 3: ENSEMBLE AVERAGES OF ELBOW MARKER TRAJECTORIES DURING 
FLEXION, PRENB VERSUS PREB.  
PRENB = FlexionRelaxed, PREB = FlexionBraced.  Negative (-) X represents movement 
away from the body, positive (+) represents movement towards the body.  Negative (-) Y 
represents movement toward the body, positive (+) Y represents movement away from 
the body.  Negative (-) Z represents upward movement and positive (+) Z represents 
downward movement.  (shaded area = 95% CI).   
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FIGURE 4. 4: ENSEMBLE AVERAGES OF ELBOW MARKER TRAJECTORIES DURING 
FLEXION, POSTNB VERSUS POSTB.  
POSTNB = PostFlexionRelaxed, POSTB = PostFlexionBraced.  Negative (-) X represents 
movement away from the body, positive (+) represents movement towards the body.  
Negative (-) Y represents movement toward the body, positive (+) Y represents 
movement away from the body.  Negative (-) Z represents upward movement and 
positive (+) Z represents downward movement.  (shaded area = 95% CI).   
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FIGURE 4. 5: ENSEMBLE AVERAGES OF ELBOW MARKER TRAJECTORIES DURING 
SCAPTION, PRENB VERSUS PREB. 
PRENB = ScaptionRelaxed, PREB = ScaptionBraced.  Negative (-) X represents movement 
away from the body, positive (+) represents movement towards the body.  Negative (-) Y 
represents movement toward the body, positive (+) Y represents movement away from 
the body.  Negative (-) Z represents upward movement and positive (+) Z represents 
downward movement.  (shaded area = 95% CI).   
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FIGURE 4. 6: ENSEMBLE AVERAGES OF THE ELBOW MARKER TRAJECTORIES DURING 
SCAPTION, POSTNB VERSUS POSTB. 
POSTNB = PostScaptionRelaxed, POSTB = PostScaptionBraced.  Negative (-) X represents 
movement away from the body, positive (+) represents movement towards the body.  
Negative (-) Y represents movement toward the body, positive (+) Y represents 
movement away from the body.  Negative (-) Z represents upward movement and 
positive (+) Z represents downward movement.  (shaded area = 95% CI).   
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FIGURE 4. 7: ENSEMBLE AVERAGES OF THE ELBOW MARKER TRAJECTORIES DURING 
FLEXION, PRENB VERSUS POSTNB.  
PRENB = FlexionRelaxed, POSTNB = PostFlexionRelaxed .  Negative (-) X represents 
movement away from the body, positive (+) represents movement towards the body.  
Negative (-) Y represents movement toward the body, positive (+) Y represents 
movement away from the body.  Negative (-) Z represents upward movement and 
positive (+) Z represents downward movement.  (shaded area = 95% CI).   
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FIGURE 4. 8: ENSEMBLE AVERAGES OF THE ELBOW MARKER TRAJECTORIES DURING 
FLEXION, PREB VERSUS POSTB.  
PREB = FlexionBraced, POSTB = PostFlexionBraced.  Negative (-) X represents movement 
away from the body, positive (+) represents movement towards the body.  Negative (-) Y 
represents movement toward the body, positive (+) Y represents movement away from 
the body.  Negative (-) Z represents upward movement and positive (+) Z represents 
downward movement.  (shaded area = 95% CI).   
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FIGURE 4. 9: ENSEMBLE AVERAGES OF THE ELBOW MARKER TRAJECTORIES DURING 
SCAPTION, PRENB VERSUS POSTNB. 
PRENB = ScaptionRelaxed, POSTNB = PostScaptionRelaxed.  Negative (-) X represents 
movement away from the body, positive (+) represents movement towards the body.  
Negative (-) Y represents movement toward the body, positive (+) Y represents 
movement away from the body.  Negative (-) Z represents upward movement and 
positive (+) Z represents downward movement.  (shaded area = 95% CI).   
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FIGURE 4. 10: ENSEMBLE AVERAGES OF THE ELBOW MARKER TRAJECTORIES DURING 
SCAPTION, PREB VERSUS POSTB.  
PREB = ScaptionBraced, POSTB = PostScaptionBraced.  Negative (-) X represents 
movement away from the body, positive (+) represents movement towards the body.  
Negative (-) Y represents movement toward the body, positive (+) Y represents 
movement away from the body.  Negative (-) Z represents upward movement and 
positive (+) Z represents downward movement.  (shaded area = 95% CI).   
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V. STUDY 2 

Effects of Volitional Preemptive Abdominal Contraction on Shoulder Proprioception 

Following Shoulder Muscle Fatigue 

ABSTRACT 

Context: The abdominal bracing maneuver, a volitional preemptive abdominal 

contraction (VPAC) strategy, is potentially beneficial to shoulder exercise performance.  

It is unclear how VPAC use affects shoulder function, including proprioception and 

shoulder muscle function following shoulder muscle fatigue caused by upper extremity 

dominant (UED) sports movements.  Discovering methods that reduce its effects on 

shoulder proprioception and shoulder muscle function is important for clinical practice 

in orthopedic rehabilitation.     

Objectives: The objectives of this study were to (1) to identify VPAC effects on shoulder 

proprioception abilities and (2) to identify VPAC effects on shoulder muscle 

electromyographic amplitudes, during seated proprioception trials, both with and 

without muscle fatigue present.   

Design: A within-subjects, multifactorial, repeated measures design. 

Setting: A clinical biomechanics research laboratory. 

Patients or Other Participants: 36 asymptomatic volunteers between 18 and 40 years of 

age. 

Interventions: Subjects attempted to reproduce pre-measured flexion angles before 

and after a shoulder muscle fatigue protocol.   
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Main Outcome Measures: Shoulder proprioception was measured by shoulder flexion 

reproduction angles.  Kinematic data were collected during the shoulder flexion trials to 

determine the accuracy in the subjects’ ability to reproduce a reference angle.  All data 

were collected before and after a shoulder muscle fatigue protocol.  Electromyographic 

data from the anterior deltoid (AD), posterior deltoid (PD), upper trapezius (UT), lower 

trapezius (LT), serratus anterior (SA), and infraspinatus (IF) muscles were used to 

observe muscle contraction amplitudes during the angle reproduction trials. 

Results: Shoulder reproduction angles were not significantly affected by VPAC or 

muscle fatigue.  Shoulder muscle fatigue significantly increased UT muscle amplitudes 

(Mdn = 0.059(0.135), p<.008) and LT muscle amplitudes (Mdn = 0.023(0.059), 

p<.008).  VPAC significantly increased shoulder IF muscle amplitudes (Mdn = 

0.019(0.038), p<.008). 

Conclusions: Muscle fatigue and VPAC were not significant contributors to shoulder 

proprioception and had limited effects on muscle amplitudes.  Muscle fatigue and VPAC 

effects do not change during proprioception exercise, as observed in the results that 

support previous literature. 

Key Words: abdominal bracing maneuver, electromyography 

INTRODUCTION 

A specialized variation of the sensory modality of touch, proprioception, 

encompasses joint movement sensation and joint position sense (Lephart et al., 1997).  

It involves the process of communicating afferent information from the body’s 

periphery to the spinal cord, brainstem, cerebral cortex, and associated regions, 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

138 

specifically the cerebellum and basal ganglia (Kandel et al., 2013; Riemann & Lephart, 

2002).  Efficient shoulder proprioception allows the shoulder complex to continuously 

move in a preferred movement pattern that is biomechanically correct while producing 

low stress levels on the shoulder joint (Alexander & Haddow, 1982).  It is important for 

shoulder dynamic control to occur during movement.  Proprioception and muscular 

synergies are vital for efficient shoulder function during arm elevation; therefore, 

efficient shoulder function is negatively affected by proprioception deficits.  Muscle 

fatigue can cause proprioceptive deficits.  Muscle fatigue will inevitably occur during 

activities such as upper extremity dominant (UED) sport activities.  Muscle fatigue 

reduces joint position sense and kinesthesia, leading to an increase in mechanical stress 

placed on both static and dynamic structures that are responsible for joint stability 

(Myers & Lephart, 2000).  Discovering and understanding techniques that reduce muscle 

fatigue’s effects on shoulder proprioception are important for practicing clinicians.   

Volitional preemptive abdominal contraction (VPAC) has been shown to benefit 

lower body muscle and joint responses during activity (Hooper et al., 2012).  For 

example, during a drop landing, VPAC increased external oblique activity, knee flexion, 

and knee energy absorption and decreased knee adduction moment (Hooper et al., 

2012).  The authors reported that these effects could potentially reduce knee injury risk 

while protecting the lumbar spine.  Based on this report, a question of whether VPAC 

could positively affect upper extremity functions, specifically at the shoulder joint, must 

be examined.   
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The available literature suggests that core training, or exercise that involves 

conscious abdominal muscle contraction, can improve skilled upper extremity 

movement and improve fine motor skills in those with impaired movement (Miyake et 

al., 2013).  In addition, investigators demonstrated that decreased shoulder muscle 

function accompanied reduction in core muscle contraction quality (Rosemeyer et al., 

2015).  These studies suggest a relationship between VPAC performance and upper 

extremity movement.   

To enhance understanding, a technique such as abdominal bracing can be 

examined.  A VPAC method, the abdominal bracing maneuver, or ABM, produces 

activity in both the abdominal and dorsal spine muscles (Matthijs et al., 2014; Vera-

Garcia et al., 2007).  Such a trunk contractile strategy can result in a more global trunk 

muscle contractile response versus other commonly used strategies (McGill, 2007).  

Based on how prevalent shoulder muscle fatigue occurs during activities in UED sport 

movements, strategies that help counter these fatigue-induced changes must be 

identified and their effects examined.  The VPAC strategy could serve as an approach to 

resisting fatigue effects during prolonged UED sport activity.  However, no studies to 

date have examined VPAC effects on shoulder proprioceptive performance in response 

to a muscle fatiguing event.   

The purpose of this study was to examine the effects of VPAC on shoulder 

proprioceptive responses during movements that are common to several UED sports 

activities.  Further examination of these effects included observations of the interaction 
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between VPAC and muscle fatigue.  Examining these responses and interactions could 

enhance understanding of how VPAC can be applied to clinical practice.  

The authors proposed several hypotheses on arm elevations related to UED 

sport movements.  Muscle fatigue desensitizes muscle spindle activation thresholds 

which can cause deleterious effects on joint position sense and ultimately the 

neuromuscular responses vital to joint stability (Myers et al., 1999).  This has been 

shown to decrease the ability to reproduce specified shoulder angles (Proske, 2015).  

Therefore, it was hypothesized that muscle fatigue would decrease the shoulder angle 

reproduction abilities during active shoulder flexion elevation.   Muscle fatigue has been 

shown to increase muscle amplitudes (Ekstrom et al., 2003).  It is was hypothesized that 

muscle fatigue would have the same effect on muscle amplitudes during attempts to 

recreate shoulder angles.  Hypotheses were created for VPAC effects during the angle 

reproduction trials.  It was hypothesized that performing VPAC prior to attempting to 

recreate a shoulder angle would enhance the shoulder angle reproduction abilities; 

VPAC would increase proprioceptive abilities and reproduced angles would be closer to 

the target angle.  Evidence of VPAC effects on shoulder angle reproduction is limited as 

VPAC is not as widely studied as other factors that can affect shoulder movement, such 

as muscle fatigue.  The VPAC has been shown to alter muscle function and therefore, 

has the potential to affect shoulder angle reproduction abilities.   In addition, VPAC 

performance was predicted to increase shoulder muscle amplitudes during the shoulder 

flexion angle reproduction trials.  There are currently no studies that report VPAC 

effects on muscle amplitudes during angle reproduction trials.  However, the VPAC has 
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been reported to alter movement function, as portrayed by VPAC’s ability to increase 

muscle amplitude and decrease muscle activation timing (Haddas, Sawyer, et al., 2016b; 

Scott et al., 2018).  Therefore, VPAC has the potential to alter shoulder angle 

reproduction ability.   

METHODS 

This study included a within-subject, 2 (VPAC) x 2 (fatigue) factor, repeated 

measures design.  It examined VPAC effects on shoulder proprioception with and 

without shoulder muscle fatigue.  Shoulder muscle function observation occurred 

through two dependent variables, angle reproduction and electromyographic muscle 

amplitudes.   

PARTICIPANTS 

An a priori statistical power analysis was conducted to determine the required 

number of subjects.  An alpha level that reflected the number of tests conducted for this 

study was included in the analysis.  With a desired power of 80% (1-β = 0.80) and 

desired α = 0.008, this effect size index (f=0.25) estimated 36 subjects for the study 

(G*Power version 3.1.9.2).  The sample size for this study was 36.  The subjects that 

were recruited for this study were from a subject convenience sample from two sources: 

(1) students, faculty and staff from the general community in the Texas Tech University 

Health Sciences Center; (2) the public.  Inclusion criteria were as follows: (1) age between 

18 and 40 years; (2) ability to tighten the trunk while performing shoulder movements; 

(3) ability to stand independently for at least 90 minutes; and (4) cognitive ability to 

follow instructions.  Subjects were excluded from the study for any of the following:  
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(1) existing low back pain (LBP) or upper extremity pain; (2) shoulder, neck or LBP within 

the previous six months that required attention from a health care provider; (3) any 

shoulder surgery to the dominant arm; (4) a body mass index (BMI) greater than 30 kg/m2; 

(5) any diagnosed and presently active abdominal, respiratory or gastrointestinal condition; 

(6) pregnancy by subject self-report; (7) significant spinal deformity or condition to include: 

scoliosis, spina bifida, diagnosed spinal pathologies, tumors, present fractures, and/or 

rheumatologic disorders; (8) known neurological or joint disease affecting the trunk;  

(9) current urinary tract infection. 

PROCEDURES 

The Texas Tech University Health Sciences Center Institutional Review Board 

approved the study prior to data collection.  Following recruitment, each subject 

watched a video about the testing procedures.  Included on the video were the study’s 

purpose, experimental procedures, examples of the abdominal bracing maneuver 

(ABM), and an explanation of the angle reproduction protocol.  Next, each subject 

received a written informed consent form to sign and date which accompanied a 

demographics and medical history questionnaire.  Each subject’s height and weight 

were recorded, and the dominant arms were identified.   

The dominant arm was identified as the arm that the subject used to throw a 

ball.  For kinematic data analysis, recorded upper body anthropometric measurements 

were as follows: (1) shoulder offset, vertical offset from the base of the acromion 

marker to the shoulder joint center; (2) elbow width, width of elbow along flexion axis 

between the distal humeral epicondyles; (3) wrist width, anterior/posterior thickness of 
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the wrist; (4) hand thickness, anterior/posterior thickness between the dorsum and 

palmar surfaces of the hand.  Following the anthropometric measurement recording, 

each subject was trained and allowed to practice the data collection movements.  For 

each subject to practice the ABM, they were asked to place each hand’s first web space 

above the respective iliac crest and then tighten the stomach muscles so to widen the 

hands apart (Haddas, Hooper, et al., 2016).  Subjects repeated the AMB training 10 

times.   

To practice for the angle reproduction tests each subject was seated on a stool in 

the data collection area.  The stool position was marked on the floor by a piece of tape.  

Sitting at the edge of the stool allowed the subject to rest the dominant arm alongside 

the torso so that the greatest range of motion could be recorded.  The investigator used 

a goniometer to measure 125° of shoulder flexion.  A string was hung from an apparatus 

on the ceiling as a reference for each subject to reproduce the angle.  The end of the 

string was adjusted so that it was level with the subject’s index finger when the arm was 

raised to 125° of flexion.  Then, the subject moved the arm back down to a resting 

position.  The subject was instructed to actively reproduce the measured angle by 

elevating the dominant arm to the reference string, 10 times.  If the subject could not 

perform the shoulder movements correctly, the investigator provided further training.  

Following the training session, the investigator answered any of the subject’s questions.  

The subject had two minutes of rest after practicing all movements.  Following training, 

electrodes for EMG data collection and reflective markers for collecting kinematic data 

were applied to each subject. 
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ELECTROMYOGRAPHY 

The EMG data were recorded using a Delsys EMG system (Delsys Bagnoli, Natick, 

MA, USA).  Preamplified double differential surface EMG sensors (10x1mm) with 10mm 

inter-electrode distance were applied to the anterior deltoid (AD), posterior deltoid 

(PD), upper trapezius (UT), lower trapezius (LT), serratus anterior (SA), and infraspinatus 

(IF) muscles, as well as the external oblique (EO) and internal oblique (IO) muscles on 

the contralateral side from the dominant arm.  The electrodes for the EO and IO muscles 

were placed on the contralateral side from the dominant arm.  Contralateral abdominal 

oblique muscles were examined due to their actions during opposite arm movements.  

Investigators have reported that the contralateral abdominal muscles are the first 

abdominal muscles to activate during opposite arm movement and that they activate 

significantly earlier than the ipsilateral abdominal muscles (Davarian et al., 2014).  The 

reference electrode was placed on the lateral portion of the contralateral clavicle to the 

dominant arm (Joshi et al., 2011).   

All surface EMG raw data were hardware filtered to a bandwidth of 20-450 Hz, 

with a fourth-order, low pass, zero-phase-lag Butterworth filter, and the root-mean 

square EMG (RMS-EMG) were calculated.  Sampling frequency was 1000 Hz.  The EMG 

system had a common mode rejection ratio of-92 dB, input impedance > 109 MΩ and 

effective EMG signal gain 1000 V/V.  If needed, electrode placement sites were lightly 

shaved.  All electrode placement sites were lightly abraded with abrasive gel to decrease 

skin impedance.  The placement sites were additionally wiped with alcohol to remove 

body oils.  The following EMG electrodes were placed parallel to the  primary muscle 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

145 

fiber directions for each of the following tested muscles as per previous investigators: 

(1) AD, approximately 4 cm below the clavicle running parallel with the muscle fibers; 

(2) PD, 2 cm below the lateral border of the scapular spine and placed in an oblique 

direction toward the humerus so they run parallel to the muscle fibers; (3) UT, midway 

between the posterior lateral aspect of the acromion process and the spinous process of 

C7; (4) LT, midway between the spinous process of the seventh thoracic vertebrae and 

the vertebral border of the scapula at the junction of the scapula spine;  (5) SA, on the 

midaxillary line at the level of the seventh rib; (6) IF, parallel to scapular spine, 

approximately 4 cm below and on the lateral aspect of the scapula; (7) EO, lateral to the 

rectus abdominis directly above the anterior superior iliac spine, halfway between the 

crest and the ribs at a slightly oblique angle; (8) IO, 2 cm proximal to the midpoint of a 

line from the anterior superior iliac spine to the symphysis pubis diagonally placed in the 

line of the muscle fibers (Cram et al., 1998; Ebaugh & Spinelli, 2010; Hodder & Keir, 

2013; Madill & McLean, 2006; McDonald et al., 2018; Pande et al., 1989).  The EMG 

electrode placements were confirmed by asking each subject to perform each muscle’s 

intended action.  Next, the markers used to collect kinematic data were applied to each 

subject.  

KINEMATICS 

Kinematic data were collected for shoulder and elbow movement and low-pass 

filtered at 6 Hz at a 100Hz sampling rate using an 8-camera Vicon Nexus (version 2.4) 

motion capture system (Vicon, Oxford, England).  These data were synchronized with 

EMG recordings in the Vicon software.  Reflective markers were attached to the bony 
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landmarks according to a previously established upper body reflective marker 

placement model (Vicon Plug-in Gait Reference Guide, 2016-2017).  These markers 

identified upper extremity positions throughout each trial sequence.  For kinematic data 

processing, missing reflective markers in the trial were recovered using the rigid body 

gap filling process. 

1. Left front head-located approximately over the left temple 
2. Right front head-located approximately over the right temple 
3. Left back head-located on the back of the head, in a horizontal plane of the 

front head markers  
4. Right back head  
5. Clavicle-jugular notch where the clavicle meets the sternum 
6. C7 spinous process 
7. T10 spinous process 
8. Xiphoid process of the sternum 
9. Right back-located on the mid scapula 
10. Left shoulder-located on the AC joint 
11. Right shoulder  
12. Left upper arm-located on the upper lateral 1/3 surface of the left arm 
13. Right upper arm 
14. Left elbow –located on the lateral epicondyle 
15. Right elbow 
16. Left forearm-located on the lower lateral 1/3 surface of the left forearm 
17. Right forearm 
18. Left wrist marker A-located on the thumb side of the wrist (radial styloid 

process) 
19. Right wrist marker A 
20. Left wrist marker B-located on the little finger side of the wrist (ulnar styloid 

process) 
21. Right wrist marker B 
22. Left finger-placed just proximal to the middle knuckle on the left hand 
23. Right finger-place just proximal to the middle knuckle on the right hand 
24. Left ASIS-Anterior superior iliac spine 
25. Right ASIS  
26. Left PSIS-Posterior inferior iliac spines  
27. Right PSIS  
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For data collection, the investigator affirmed, and adjusted if needed, the chair 

position that was previously marked by a piece of tape.  If adjusted, the tape for position 

marking was adjusted as well.  Each subject was instructed to safely sit on the edge of 

the stool.  To challenge proprioceptive ability (reproducing the flexion angle), each 

subject was blindfolded (Lee et al., 2003).  Next, the subject was instructed to actively 

reproduce the 125-degree flexion angle per investigator command.  Once this position 

was reached, the subjects held the arm in the position until the investigator completed 

the recording and informed the subject to lower the arm.  This process occurred prior to 

and after the fatigue protocol, with and without ABM, creating the following conditions:   

1. Pre Fatigue, No Bracing (PreNB) (control condition) 
2. Pre Fatigue, Yes Bracing (PreB) 
3. Post Fatigue, No Bracing (PostNB) 
4. Post Fatigue, Yes Bracing (PostB)  

The Post Fatigue conditions were performed following the fatigue protocol described 

below.  Each muscle fatigue-VPAC combination was performed three times each 

throughout the experiment, resulting in 12 trials.   

For no bracing conditions, the subject was instructed to actively attempt to 

reproduce the pre-measured shoulder flexion angle with relaxed stomach muscles.  For 

yes bracing conditions, the subject was instructed to brace the abdominal muscles prior 

to recreating the shoulder flexion angle when prompted.  For each trial, the investigator 

verbally informed the subjects of the condition.  For a condition requiring abdominal 

bracing, the investigator announced, “bracing.”  Then, the investigator announced, 

“relax, brace, go.”  During all trials the subject was initially instructed to “relax” so that 
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the EMG recording had a quiet baseline without activity prior to movement.  For each 

subject, the pre fatigue conditions were performed prior to the muscle fatigue protocol.  

For each subject, the PreNB and the PreB conditions were randomized.  In addition, the 

PostNB and the PostB conditions were randomized.  Both were randomized using a 

Research Randomizer program (www.randomizer.org).   

MUSCLE FATIGUE PROTOCOL 

Task failure was used to measure muscle fatigue caused by isometric muscle 

contraction with shoulder elevation (Minning et al., 2007).  Each subject was seated 

upright in a chair, and to avoid pushing into the chair back to compensate for shoulder 

fatigue.  A meter stick was secured to the wall in front of the subject’s dominant arm.  

An investigator asked the subject to rate the level of fatigue using the Rating of 

Perceived Exertion Borg scale (Borg, 1990).  One end of a blue Theraband (Hygenic 

Corporation, Akron, OH) was secured under the chair leg.  The subject was instructed 

to make a fist, with the thumb on the fingers and forearm in the neutral position, while 

the investigator passively raised the subject’s arm to 135° of scaption.  The scaption 

angle was measured using a goniometer.  The 3rd metacarpophalangeal (MCP) joint 

level was marked on the meter stick.  The subject lowered the arm to a resting position 

and was asked to rate the perceived exertion between 6 and 20 on the Borg Scale.   

Next, the investigator passively moved the subject’s shoulder to 135° of 

scaption by realigning the 3rd MCP joint with the mark on the meter stick.  While the 

subject held the arm at 135° of scaption, the investigator maximally stretched the 

Theraband and placed it in the subject’s hand.  The investigator instructed the subject 

http://www.randomizer.org/
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to maintain the 135° angle while holding the Theraband with the previously described 

grip.  The investigator observed the subject’s 3rd MCP joint alignment with the mark on 

the meter stick.  The investigator verbally encouraged the subject to realign the 3rd 

MCP when it dropped below the meter stick mark.  Fatigue was operationally defined 

as occurring when the subject’s 3rd MCP joint dropped 3 cm below the meter stick 

mark, despite verbal encouragement to realign the 3rd MCP joint (task failure).  To 

determine if the subject needed additional muscle fatigue protocol sessions, the 

subject reported their level of perceived exertion on the Borg Scale (Ebaugh et al., 

2006a).  If a subject reported less than a 16 on the Borg Scale, an additional fatigue 

session was completed.  Following this initial fatigue protocol, the angle reproduction 

testing procedures were performed again.  During this testing time, to maintain muscle 

fatigue throughout data collection, the fatigue protocol was repeated following every 

three trials (Table 16).   

DATA ANALYSIS 

 All raw EMG and kinematic data were converted to c3d files and managed using a 

custom analysis program written in MATLAB (MathWorks Inc., v7.10.0, Natick, MA).  The 

active shoulder flexion angles were calculated in the Plug-in Gait program in the Vicon 

Nexus system (version 2.4), and low-pass filtered at 6 Hz at a 100 Hz sampling rate 

using the 8-camera Vicon Nexus motion capture system (Vixon, Oxford, England).  The 

shoulder flexion angles were the relative angles between the upper arm and the thorax 

(Vicon Plug-in Gait Reference Guide, 2016-2018).    The maximum flexion angles of each 
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trial were identified with an additional MATLAB script.  The maximum angles for each 

trial of the same condition were averaged for each subject.   

 The RMS-EMG calculation included the amplitudes from the entire arm 

elevation trial, from the time the elbow marker moved to the time that it stopped.  The 

RMS-EMG values were calculated using the following formula:   

𝑟𝑚𝑠 =  √
1

𝑁
∑ 𝑥𝑖

2

𝑁

𝑖=1

 

where xi is the amplitude datum for a particular condition at the ith frame.  The mean 

RMS-EMG values were established for each muscle across the subject’s three trials of 

the same condition.   The RMS-EMG trials of the same muscle fatigue-VPAC 

combinations were averaged for individual subjects, per muscle.   

STATISTICAL ANALYSIS 

 Central tendency and dispersion values were computed for all descriptive data.  

Skewness, kurtosis, and the Shapiro-Wilk test were used to observe normality in the 

angle reproduction and muscle amplitude results.  The tests for normality revealed 

non-normality for all active shoulder flexion angle reproductions and amplitude data.  

Therefore, non- parametric tests were used for statistical analysis, which prevented 

VPAC and muscle fatigue interaction analysis.  As this study was exploratory in nature, 

trying to examine the novel concept of VPAC effects when muscle fatigue is present, 

Wilcoxon signed-rank tests were performed on all data. 



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

151 

 To investigate the effects of VPAC and fatigue on active shoulder flexion angle 

reproduction, using the data obtained from the angle reproduction protocol, Wilcoxon 

signed-rank tests were performed on the angles from the different conditions.  The 

tests were conducted on the data obtained during each subject’s attempts at 

reproducing the 125° active flexion.  The alpha level was α = .008. 

 Wilcoxon signed-rank tests were conducted on the contralateral EO and IO 

RMS-EMG data to test differences between the no bracing versus the yes bracing 

conditions (α = .025).  To investigate the effects of VPAC and muscle fatigue on 

muscle amplitudes during the active shoulder flexion angle reproduction protocol, 

Wilcoxon signed-rank tests were conducted on the RMS-EMG data from the AD, PD, 

UT, LT, SA and IF muscles.  The familywise alpha level adjustment, α = .008 (.05/6), 

was used to obviate Type I errors.  Family was operationally defined as the set of 

condition comparisons that were done for each muscle. 

Effect sizes, correlation coefficients, were calculated for each Wilcoxon signed-

rank test that was performed on the muscle amplitude and onset data from the AD, PD, 

UT, LT, SA, and IF muscles.  Correlation coefficient (r) effect sizes were calculated for 

each Wilcoxon signed-rank test that was performed on the muscle amplitude and onset 

data from the AD, PD, UT, LT, SA, and IF muscles (Field, 2013).  This effect size 

represents the strength of the association between muscle amplitudes and onsets and 

VPAC performance and muscle fatigue.  An effect size of .10 or less represents a small 

effect, an effect size of .30 represents a moderate effect, and an effect size of .50 or 

greater represents a large effect. 
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RESULTS 

Data were collected from 39 participants (26 women, 13 men).  One subject 

withdrew from the study and therefore did not complete data collection.  Data from 

two subjects were not analyzed due to damaged data files or missing reflective markers.  

Therefore, data from 36 subjects (24 women, 12 men) were analyzed.  The subjects’ 

mean age was 24.22+3.92 years.  Their average height and weight were 167+11 cm and 

66.52+12.95 kg, respectively.    

Central tendency and dispersion values were computed for the active shoulder 

flexion angles from each condition.  Wilcoxon signed-rank tests were performed on the 

active shoulder flexion reproduction angles.  The results revealed no significant 

differences between conditions (p > .008) (Table 17 and Table 18).  Wilcoxon signed-

rank tests on the contralateral IO muscle amplitudes during the active shoulder flexion 

angle reproduction trials revealed significant differences between the no bracing versus 

yes bracing conditions.  The IO muscle amplitudes in the pre fatigue (median difference 

= 0.001 mV, p = .001), and post fatigue conditions (median difference = 0.001 mV, p = 

.010) where significantly greater during the yes bracing trials.  No significant differences 

were noted in the comparisons of the EO muscle, pre-or post fatigue (Table 19 and 

Table 20).  Wilcoxon signed-rank tests revealed additional significant results (Table 21 

and Table 22).  The UT muscle amplitudes were significantly higher in the PostB 

compared to the PreB condition (median difference = 0.017 mV, p = <.001), in the 

PostNB compared to the PreB conditions (median difference = 0.022 mV, p = <.001), and 

in the PostNB compared to the PreNB conditions (median difference = 0.016 mV, p = 
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.001).  The LT muscle amplitudes were significantly higher in the PostB compared with 

the PostNB conditions (median difference = 0.001 mV, p = .004).  The IF muscle 

amplitudes were higher in the PreB compared to the PreNB conditions (median 

difference = 0.003 mV, p = .002). 

DISCUSSION 

Muscle fatigue development is inevitable in UED sport activities, and its effects 

reduce overall shoulder joint function.  Specifically, shoulder muscle fatigue decreases 

joint position sense and kinesthesia, two concepts associated with proprioception 

(Morgan & Herrington, 2014; Myers et al., 1999).  In addition, shoulder muscle fatigue 

can reduce muscular endurance and muscle contraction force (Dale et al., 2007; Evans, 

Dressler, & Uhl, 2018; Umehara et al., 2018).   

The VPAC is often included into shoulder rehabilitation protocols.  It is beneficial 

to clinical practice to explore the ability of VPAC to reduce muscle fatigue effects.  It is 

important for the clinician to know how shoulder muscle fatigue affects shoulder 

proprioception and discover techniques that can limit muscle fatigue effects.  The 

purpose of this study was to examine VPAC effects on shoulder proprioception abilities 

and selected shoulder muscle function following shoulder muscle fatigue.  Limited 

information exists in the literature concerning this topic. To date, there is no study that 

examines VPAC and muscle fatigue effects by observing shoulder angle reproduction 

and the shoulder muscle amplitudes produced during those angle reproductions.  

Therefore, current study was needed to increase the clinicians’ knowledge of VPAC and 

muscle fatigue effects on shoulder proprioception.  As a result, clinicians will have a 
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better perspective on techniques to include in their future shoulder rehabilitation and 

conditioning protocols and will know to what extent those techniques are helpful.   

In the current study, shoulder proprioceptive abilities were revealed through 

active shoulder flexion angle reproduction.  We hypothesized that shoulder muscle 

fatigue would decrease the active shoulder flexion angle reproduction abilities and 

VPAC would enhance the active shoulder flexion angle reproduction outcomes.  

Additional hypothesis stated that shoulder muscle fatigue would decrease the muscle 

amplitudes during the shoulder flexion angle reproduction trials and that VPAC would 

change the selected shoulder muscle amplitudes during these active shoulder flexion 

angle reproductions.   

Initially, testing of the contralateral EO and IO amplitudes were significant, 

revealing that each subject could maintain the ABM while elevating the arm.  The active 

shoulder flexion angle reproduction abilities were not affected by muscle fatigue or 

VPAC (Table 17 and Table 18).  The current study was the first to examine VPAC effects 

on shoulder proprioception, using an active shoulder flexion reproduction protocol.  

This study may indicate that a relationship between VPAC, shoulder muscle fatigue and 

shoulder proprioceptive abilities does not exist.  Further research is needed to accept or 

refute this hypothesis.   

In contrast to the current study’s results, muscle fatigue effects on shoulder 

proprioceptive abilities without VPAC inclusion have been reported.  Previous 

investigators examined rugby players following the players’ participation in tackling 

drills during a practice session.  They found that after the tackling drill, active flexion 
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shoulder joint position sense error scores were significantly increased from baseline 

measurements for both the dominant and non-dominant sides (Morgan & Herrington, 

2014).  The investigators concluded that the joint position sense decline was the result 

of dynamic stability loss (Morgan & Herrington, 2014).  Iida et al. (2014) investigated 

joint position sense and found that following shoulder external rotation to fatigue, the 

absolute error in angle reproduction during fatigue increased, revealing a decrease in 

position sense accuracy. 

Pedersen et al. (1999) tested shoulder proprioception using different methods.  

Methodology included having the subjects detect shoulder angular velocities following 

light exercises and at least a day later, detect shoulder angular velocities following 

heavier exercise.  Overall, the study revealed that fatigue effects reduced movement 

acuity sense (Pedersen et al., 1999).  Another study included a functional fatigue 

protocol and examined scapular upward rotation positioning following tennis serve 

performance to fatigue (Rich et al., 2016).  The results indicated a decrease in scapular 

upward rotation position at rest, 60°, 90°, and 120° of scaption.  This finding is pivotal as 

it expressed how shoulder muscle fatigue can decrease proper scapular position sense.  

Adequate scapular position sense is important in limiting chronic injury risk in tennis 

players (Rich et al., 2016).  Shoulder position sense observed on cricket players following 

a functional fatigue protocol involving bowling resulted in increased repositioning errors 

(Weerakkody & Allen, 2017).  These studies reported significant proprioceptive changes 

that were caused by shoulder muscle fatigue from repetitive UED sport movements.   
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In contrast to these studies, the current study’s results showed that muscle 

fatigue had no impact on shoulder proprioceptive abilities.  The differences in 

methodology may have been a contributing factor to the conflicting results.  The current 

study used an isometric contraction to fatigue the muscles but used concentric 

contractions during the testing trials.  The previous studies used a functional exercise to 

fatigue the shoulder where the shoulder joint repeatedly moved in multiple planes.  This 

may have caused a more global muscle fatigue than the fatigue protocol in the current 

study, resulting in observed muscle fatigue effects on shoulder proprioception.  In 

addition, the previous studies determine shoulder proprioceptive abilities by observing 

variables such as movement sense acuity, scapular positioning, and shoulder 

repositioning errors.  These variables may have been more sensitive for identifying 

differences between the conditions with and without fatigue.  If the current study used 

the previous measures to examine muscle fatigue effects on shoulder proprioception, 

significant results may have occurred.  Further research is needed to examine this 

theory.   

The muscle amplitude analysis revealed a few differences.  The UT and the LT 

muscle amplitudes increased when muscle fatigue was present.  Previously reported 

results from studies that have examined muscle amplitude prior to and after a muscle 

fatigue protocol show that muscle fatigue changes muscle amplitudes (Brennecke et al., 

2009; Iida et al., 2014).  When muscle fatigue is present, the muscle amplitude increase 

could represent a change in motor control during arm elevation that occurs with 

shoulder muscle fatigue.  During arm elevation, the UT muscle elevates the clavicle and 
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the acromion to allow the humeral head to pass underneath the acromion (Gaudet, 

Tremblay, & Dal Maso, 2018).  The posterior scapular muscles are responsible for 

limiting the UT elevation action by depressing the scapula or controlling the humeral 

head movement within the glenoid fossa.  Potentially, this process is disrupted by 

muscle fatigue to the point where the UT muscle activity overshadows the posterior 

scapular muscle activity, hence a change in motor control.  An increase in scapular 

elevation can lead to a change in length of the scapular muscles, which can lead to 

changes in the torque that is produced by scapular muscles (McGinnis, 2005).  If this 

occurs, the posterior scapular muscles that are responsible for counterbalancing the UT 

muscle action cannot perform efficiently.  This can be problematic for those involved in 

UED sport activities.  This muscle fatigue can induce motor control changes and alter 

biomechanics. 

Another noteworthy point is that the current study’s fatigue protocol may have 

had more specific effects on the posterior muscles than a more global effect on the 

shoulder joint.  The investigators included the upper and lower parts of the trapezius 

muscle but overall, the trapezius is one continuous, posterior shoulder muscle.  In this 

study, the posterior muscles were the only muscles to be significantly affected by 

muscle fatigue.  The posterior shoulder muscles, specifically, the lower trapezius muscle 

stabilize the scapula during arm elevation.  Muscles that have stabilizing roles are 

characterized as being more fatigue resistant (Gardiner, 2011).  However, an isometric 

contraction with the arm in the scaption position, as in the current study, targeted the 
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use of those muscles and quickly fatigued them.  The effects of posterior muscle fatigue 

on shoulder joint function, as described in this study, were highly likely.   

The increase in LT muscle amplitude with muscle fatigue present is a positive 

finding as it provides evidence that the UT muscle’s amplitude increase with muscle 

fatigue can be counterbalanced by an increase in LT muscle amplitude.  The IF muscle 

amplitudes only increased with VPAC without muscle fatigue which supports findings in 

previous studies (Scott et al., 2018).  Since the LT and IF are both posterior scapular 

muscles, it would be expected that both muscles should be affected by muscle fatigue.  

Possibly, the IF muscle recovered from the fatigue protocol faster than the other 

muscles and therefore no significant effects of fatigue were possible.  Most studies that 

found muscle fatigue effects on the IF muscle involved concentric contraction in 

external rotation or isometric contraction in the sagittal plane (Iida et al., 2014; Joshi et 

al., 2011; Kai et al., 2012; Lee et al., 2003).  For example, one study involved fatiguing 

the IF muscle with repeated external rotation movement with a dumbbell and with 

isometric contraction in the sagittal and scapular planes (Kai et al., 2012).  The 

investigators found that the IF muscle was fatigued more during resisted elevation in 

the sagittal plane than in the scapular plane (Kai et al., 2012).  Furthermore, the 

investigators found that the amount of IF muscle fatigue that occurred during isometric 

contraction in the sagittal plane was similar to the amount of IF muscle fatigue that 

occurred during the repeated external rotation movements.  The fatiguing protocol in 

the current study involved an isometric contraction in the scapular plane.  The current 

study’s display of VPAC’s ability to increase the IF muscle amplitudes without muscle 
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fatigue present supports previous studies that shows VPAC’s effects on the IF muscle (de 

Araujo et al., 2019), a muscle that is an important stabilizer during shoulder elevation.     

The muscle fatigue protocol caused a decrease in muscle force production which 

explained the muscle fatigue effects on the selected muscles.  Muscle fatigue decreases  

muscle force capacity (Enoka & Duchateau, 2008).  Investigators have reported that the 

decrease in muscle force capacity was a result of a decrease in the number of cross-

bridges generating force, a decrease of the individual cross-bridge force, or a 

combination of these mechanisms (Nocella et al., 2011).  In addition, a reduction in 

motor unit firing has been associated with muscle fatigue and could explain the 

decreases in cross-bridge function (Taylor et al., 2016).  This explanation supported the 

idea that the current study’s fatigue protocol affected selected muscle amplitudes.   

In explanation for the increased IF activity with VPAC is its location in the kinetic 

chain.  It is a posterior shoulder girdle muscle and is one of the first muscles to receive 

energy transmitted from the trunk muscles (Uhl, Kibler, Gecewich, & Tripp, 2009).  

Because of this, it sensitivity to abdominal muscle activity was increased.  During 

shoulder flexion, IF muscle helps to stabilize the humeral head (Phadke et al., 2009).  

This role is especially important during flexion above 90°.  Investigators have found 

higher amplitudes in the posterior shoulder girdle muscles during shoulder flexion than 

during shoulder extension (Wattanaprakornkul, Cathers, Halaki, & Ginn, 2011).   

LIMITATIONS 

This study’s results were potentially affected by several factors.  The fatigue 

protocol design is a potential factor.  It incorporated an isometric hold in a 135° scaption 
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angle.  Subjects may have been compensating by using the UT and neck muscles, 

therefore decreasing the requirement on the other selected shoulder muscles for this 

study.  Muscle fatigue may have been limited in the other selected muscles. Compared 

to concentric or eccentric contractions, isometric contractions cause more rapid fatigue 

but display more rapid muscle recovery (Clarke, 1971; Houglum, 2016).  This may have 

resulted in lower than anticipated fatigue levels during testing.  Additionally, the 

isometric contraction was held in a scaption angle, but the testing procedures required 

an isotonic contraction that produced flexion.  Isotonic contractions more closely 

resemble UED activity movements and therefore may be the better choice for the 

muscle fatiguing protocol.  It may have been more beneficial to the study’s outcomes if 

the fatigue protocol had included the same type of muscle contraction and movement 

(flexion) as the testing protocol. 

A final limitation was the subject pool.  Though the study’s methods involved 

shoulder movements that are common to UED sport activities, participation in UED 

sport activities was not an inclusion criterion.  Examining how VPAC and fatigue affect 

selected shoulder muscle function of those individuals who endure repetitive stresses to 

the shoulder during UED sport activities would allow the study’s conclusions to extend 

to the UED sports participant population.  In addition, this study did not include subjects 

with shoulder pathology; therefore, investigators cannot generalize the results to a 

population with shoulder injury.   
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CONCLUSIONS 

To date, this was the first study to examine VPAC and shoulder muscle fatigue 

effects on shoulder proprioception.  This study showed that VPAC does not significantly 

affect shoulder flexion angle reproduction abilities.  The VPAC did significantly increase 

IF muscle amplitudes, which has been found in previous studies.  Shoulder muscle 

fatigue appeared to significantly alter selected shoulder muscle amplitudes.  From this 

study’s results, clinicians have more information about VPAC effects and shoulder 

muscle fatigue effects.  This will assist with managing shoulder rehabilitation and 

conditioning more efficiently.  Further research is needed to determine how VPAC and 

shoulder muscle fatigue affect subjects that are involved with UED sport activities.   
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TABLE 5. 1: EXAMPLE OF TRIAL PERFORMANCE WITH FATIGUE PROTOCOL SCHEDULE.  

Conditions Angle Reproductions Trials Total # of Trials 

PreNB 3 3 

PreB 3 3 

 Fatigue Protocol #1  

PostNB 3 3 

 Fatigue protocol, #2  

PostB 3 3 

  12 

PreNB = Pre Fatigue, No Bracing, PreB = Pre Fatigue, Yes Bracing, PostNB = Post Fatigue, 
No Bracing, PostB = Post Fatigue, Yes Bracing. 
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TABLE 5. 2: MEDIAN (INTERQUARTILE RANGE) OF ACTIVE SHOULDER FLEXION ANGLE 
REPRODUCTION DATA, BY CONDITION. 

Conditions 

PreNB PreB PostNB PostB 

135.78(23.05) 136.09(30.39) 129.67(32.93) 133.62(39.18) 

All Subjects (N=36) by condition. Angles in degrees, PreNB = pre fatigue, no bracing, 
PreB = pre fatigue, yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, 
yes bracing 
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TABLE 5. 3: WILCOXON SIGNED-RANK TESTS FOR THE ACTIVE SHOULDER FLEXION 
ANGLE REPRODUCTION DATA.  

Pairwise Comparison Z-Score p Value Effect Size (r) 

PreNB-PreB  -.55 .582  -.06 

PreNB-PostNB -2.22 .027  -.26 

PreNB-PostB -1.67 .096  -.20 

PreB-PostNB -1.45 .148  -.17 

PreB-PostB -2.23 .026  -.26 

PostNB-PostB  -.13 .900  -.02 

PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = post fatigue, 
no bracing, PostB = post fatigue, yes bracing, * = significant test, (p < .008). 
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TABLE 5. 4: MEDIAN (INTERQUARTILE RANGE) ROOT MEAN SQUARE AMPLITUDES FOR 
ABDOMINAL MUSCLES.  

Muscle Conditions 

 PreNB PreB PostNB PostB 

EO .011(.029) .012(.030) .010(.018) .013(.021) 

IO .013(.040) .014(.049) .013(.029) .014(.033) 

All Subjects (N=36) by condition.  Muscle amplitudes in millivolts, during active shoulder 
flexion angle reproduction trials, EO = external oblique, IO = internal oblique, PreNB = 
pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB = post fatigue, no 
bracing, PostB = post fatigue, yes bracing 
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TABLE 5. 5: WILCOXON SIGNED-RANK TESTS ON MUSCLE AMPLITUDE FOR ABDOMINAL 
MUSCLES. 

Muscle Conditions Z-Score p Value Effect Size (r) 

EO PreNB-PreB -1.43 .153  -.17 

 PostNB-PostB -1.90 .057  -.22 

     

IO PreNB-PreB -3.46 .001*  -.41 

 PostNB-PostB -2.56 .010*  -.30 

During active shoulder flexion angle reproduction trials, EO = external oblique, IO = 
internal oblique, PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, PostNB 
= post fatigue, no bracing, PostB = post fatigue, yes bracing, * = significant test, (p < 
.025).  
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TABLE 5. 6: MEDIAN (INTERQUARTILE RANGE) ON ROOT MEAN SQUARE AMPLITUDES 
DURING THE ACTIVE SHOULDER FLEXION ANGLE REPRODUCTION TRIALS.  

Muscle Conditions 

 PreNB PreB PostNB PostB 

AD .068(.135) .062(.128) .065(.131) .061(.139) 

PD .038(.120) .038(.125) .046(.135) .044(.137) 

UT .043(.127) .037(.116) .059(.135) .054(.135) 

LT .021(.056) .026(.062) .022(.046) .023(.059) 

SA .022(.050) .026(.046) .028(.040) .027(.044) 

IF .016(.040) .019(.038) .016(.038) .017(.038) 

All Subjects (N=36) by condition.  Muscle amplitudes in millivolts, AD = anterior deltoid, 
PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, 
IF = infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre fatigue, yes bracing, 
PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing 
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TABLE 5. 7: WILCOXON-SIGNED RANK TESTS FOR AMPLITUDES DURING THE ACTIVE 
SHOULDER FLEXION ANGLE REPRODUCTION TRIALS.  

Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

AD PreNB-PreB  -.88 .379  -.10 

 PreB-PostB   -.08 .937  -.01 

 PreB-PostNB   -.14 .888  -.02 

 PreNB-PostB   -.52 .604  -.06 

 PreNB-PostNB  -.58 .561  -.07 

 PostNB-PostB  -.58 .561  -.07 

     

PD PreNB-PreB -1.43 .153  -.17 

 PreB-PostB  -1.52 .128  -.18 

 PreB-PostNB  -1.27 .203  -.15 

 PreNB-PostB  -1.30 .192  -.15 

 PreNB-PostNB -1.24 .215  -.15 

 PostNB-PostB  -.14 .888  -.02 

     

UT PreNB-PreB -2.22 .027  -.26 

 PreB-PostB  -3.49 <.001*  -.41 

 PreB-PostNB  -3.54 <.001*  -.42 

 PreNB-PostB  -2.58 .010  -.30 

 PreNB-PostNB -3.35 .001*  -.39 

 PostNB-PostB  -.75 .451  -.09 

     

LT PreNB-PreB -2.50 .012  -.29 

 PreB-PostB   -.17 .863  -.06 

 PreB-PostNB   -.44 .660  -.05 

 PreNB-PostB   -.90 .371  -.11 

 PreNB-PostNB .00 1.000 .00 

 PostNB-PostB -2.86 .004*  -.34 

     

SA PreNB-PreB  -.91 .362  -.11 

 PreB-PostB   -.80 .423  -.09 

 PreB-PostNB   -.96 .338  -.11 

 PreNB-PostB   -.83 .405  -.10 

 PreNB-PostNB  -.57 .572  -.07 

 PostNB-PostB  -.64 .519  -.08 
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TABLE 5. 7: CONTINUED. 

Muscle Pairwise Comparison Z-Score p Value Effect Size (r) 

IF PreNB-PreB -3.13 .002* -.37 

 PreB-PostB -.46 .649 -.05 

 PreB-PostNB -.85 .396 -.10 

 PreNB-PostB -.82 .414 -.10 

 PreNB-PostNB -.24 .814 -.03 

 PostNB-PostB -.47 .637 -.06 

AD = anterior deltoid, PD = posterior deltoid, UT = upper trapezius, LT = lower trapezius, 
SA = serratus anterior, IF = infraspinatus, PreNB = pre fatigue, no bracing, PreB = pre 
fatigue, yes bracing, PostNB = post fatigue, no bracing, PostB = post fatigue, yes bracing, 
* = significant test, (p < .008).  
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VI. DISCUSSION AND CONCLUSIONS 

STATEMENT OF THE PROBLEM 

Volitional preemptive abdominal contraction (VPAC) has been shown to benefit 

lower body muscle and joint responses during activity (Hooper et al., 2012).  During a 

study that examined drop landing, VPAC increased external oblique activity, knee 

flexion, and knee energy absorption and decreased knee adduction moment (Hooper et 

al., 2012).  The authors reported that these effects could potentially reduce knee injury 

risk while protecting the lumbar spine.  Based on this report, a question of whether 

VPAC could positively affect upper extremity functions, specifically at the shoulder joint, 

must be examined.   

The use of VPAC is particularly prevalent in shoulder exercise protocols, but 

available research supporting this practice is limited.  The available literature suggests 

that core training, or exercise that involves conscious abdominal muscle contraction, 

can improve skilled upper extremity movement and improve fine motor skills in those 

with impaired movement (Miyake et al., 2013).  Another study showed that VPAC can 

increase selected shoulder muscle amplitudes during certain shoulder movements and 

can cause muscles to activate sooner than with VPAC absent (Scott et al., 2018).  A VPAC 

influence on neuromuscular responses should be examined to identify its capacity to 

enhance shoulder muscle function, particularly during elevation following muscle 

fatigue.  Muscle fatigue can compromise shoulder stability which can lead to injury (De 

Luca, 1984; Sterner et al., 1998).  It was important for clinicians to understand 

techniques that can reduce fatigue effects during performance.  To enhance 
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understanding, a technique such as abdominal bracing can be examined.  The 

abdominal bracing maneuver, or ABM, is a VPAC method that produces activity in both 

the abdominal and dorsal spine muscles (Matthijs et al., 2014; Vera-Garcia et al., 2007).  

This trunk contractile strategy can result in a more global trunk muscle contractile 

response versus other commonly used strategies (McGill, 2007).   

The interaction between VPAC, sensorimotor control and muscle fatigue has not 

been examined.  The aim of this dissertation was to examine the relationship between 

VPAC, selected shoulder muscle function, shoulder movement strategies, and shoulder 

proprioceptive responses during movements that are common to several upper 

extremity dominant sports activities.  The relationship will be further examined for the 

interaction between VPAC, sensorimotor control, and shoulder muscle fatigue.    

NEED FOR THE STUDY 

Based on performance level and demands during UED sport movements, 

shoulder muscle fatigue is inevitable.  Identifying strategies that help counter these 

fatigue-induced changes is important to clinical practice.  The VPAC is one such strategy 

that could serve as an approach to resisting fatigue effects during prolonged UED sport 

activity.  However, no studies to date have examined VPAC effects on shoulder 

neuromuscular or proprioceptive performance in response to a muscle fatiguing event.   

PURPOSE 

The purpose of this dissertation was to examine the effects of VPAC on selected 

shoulder muscle function, and shoulder proprioceptive responses during movements 

that are common to several UED sports activities.  Further examination was to 
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determine interactions between VPAC effects, sensorimotor control, and fatigue effects.  

Examining these responses and interactions can enhance understanding of how VPAC 

applies in clinical practice.   

DISCUSSION 

Muscle fatigue development is inevitable in UED sport activities.  Its effects 

cause reductions in overall shoulder joint function.  Specifically, shoulder muscle fatigue 

has been shown to reduce muscular endurance and muscle contraction force (Dale et 

al., 2007; Evans et al., 2018; Umehara et al., 2018). In addition, shoulder muscle fatigue 

has been shown to decrease joint position sense and kinesthesia, two concepts 

associated with proprioception (Morgan & Herrington, 2014; Myers et al., 1999).  In 

efforts to discover techniques that can help reduce shoulder muscle fatigue effects, the 

aim of this study was to examine the relationship between shoulder muscle fatigue, 

VPAC, and shoulder proprioception during movements that are common to several UED 

sports activities.  Several hypotheses were created and examined for this study.  The 

investigators hypothesized that VPAC would increase muscle amplitudes, decrease 

muscle onsets, change elbow marker trajectories, and enhance shoulder proprioceptive 

abilities.  In addition, investigators hypothesized the muscle fatigue would increase 

muscle amplitudes, increase muscle onsets, change elbow marker trajectories, and 

decrease shoulder proprioceptive abilities.  

This study was the first to examine VPAC and shoulder muscle fatigue effects on 

shoulder muscle amplitudes, onsets, movement trajectories and proprioception.  It is 

possible to draw relationships between the outcomes.  During flexion, the movement 
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trajectory analysis showed that VPAC increased arm movement toward the body with 

and without muscle fatigue present.  Results showed that when VPAC was present, it 

reduced muscle fatigue effects.  It would have been beneficial to observe significant AD 

amplitude outcomes as this may have provided an explanation for the increased 

movement toward the body.  In addition, observing pectoralis major and biceps brachii 

amplitudes could have provided additional reasoning for the increased movement 

toward the body.   

During flexion, muscle fatigue increased movement away from the body with 

and without VPAC present.  During flexion, the PD muscle amplitudes increased with 

muscle fatigue present.  When the arm is elevated above 90 degrees, as required for the 

current study, the PD muscle is helps to move the arm away from the body (Reinold et 

al., 2004).  The increase in movement away from the body can be explained by the 

increase in the PD muscle’s actions.   

During scaption, the VPAC’s limited effects on movement trajectories increased 

movement toward the body, only with fatigue absent.  An explanation for limited results 

during scaption is that the scaption movement naturally occurred away from the body’s 

midline, diagonal to the body.  This may have resulted in decreased sensitivity to VPAC 

effects, meaning that because scaption requires the arm to stay in a position away from 

the body it is more difficult for VPAC to significantly move the arm more inward, 

towards the body.  Because the VPAC was limited in its abilities during a movement such 

as scaption, it was not able to alter muscle fatigue effects 
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For shoulder proprioception testing, neither VPAC nor muscle fatigue affected 

shoulder flexion angle reproduction ability.  Relationships between shoulder 

proprioception abilities and muscle amplitudes were not determined.  Possibly 

comparing the amount of error in reaching the specified angle, between conditions, 

would be more efficient in detecting proprioception differences. 

This dissertation’s outcomes allowed clinicians to make more informed decisions 

about incorporating VPAC into shoulder rehabilitation and conditioning protocols.  In 

addition, this dissertation’s outcomes provided support to the current literature that 

revealed how muscle fatigue negatively affected shoulder muscle activity movement 

and how VPAC affected shoulder muscle activity.  Even though further research on this 

topic will enhance clinician’s knowledge on VPAC and muscle fatigue effects on shoulder 

function, this study provided evidence that muscle fatigue and VPAC, altered shoulder 

function and should be acknowledged when creating therapeutic and conditioning 

activities for the shoulder. 

CONCLUSIONS 

The outcomes of this dissertation showed that muscle fatigue and VPAC had 

varying effects on muscle amplitudes and onsets during flexion and scaption.  Certain 

muscles were more responsive to muscle fatigue as others were more affected by VPAC.  

Observation of movement trajectories revealed that muscle fatigue and VPAC changed 

the movement characteristics; muscle fatigue and VPAC altered the elevations reached 

and excess movement during flexion and scaption.  Although the results were not 

consistent through movements and muscles, this study supports the literature that a 
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relationship exists between the body’s core function and the upper extremity.  This 

study showed that contracting the abdominal muscles prior to moving the arm changes 

the function of selected shoulder muscles.  Based on the results of this study, clinicians 

are informed that implementing VPAC during the flexion or scaption movements when 

rehabilitating the rotator cuff, specifically the IF muscle, can enhance the muscle’s 

amplitude and result in the exercise being more effective that that muscle.  In addition, 

incorporating VPAC during flexion exercises can increase stability in the joint in the 

absence and presence of fatigue.  Clinicians are further informed that, when 

implementing exercises aimed to enhance shoulder proprioceptive abilities, VPAC will 

not have a beneficial impact.  Lastly, this study informs clinicians that when they 

incorporate shoulder isometric exercise in a position away from the body, such as 

scaption, the PD, UT, and LT muscles are more prone to fatigue.  The shoulder 

rehabilitation or conditioning program should be adjusted accordingly.   

STUDY LIMITATIONS 

The current study’s fatigue protocol involved an isometric contraction in 135° of 

scaption.  An isotonic contraction would have more closely resembled the UED activity 

movements and therefore may have been a better choice for the muscle fatiguing 

protocol.  Results may have differed if selected shoulder muscles were fatigued by 

concentric contractions versus the isometric contraction.   

Subjects may have been compensating during the isometric hold by using the UT 

and neck muscles, therefore decreasing the requirement on the other selected shoulder 

muscles for this study.  In addition, compared to concentric or eccentric contractions, 
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isometric contractions cause more rapid fatigue but display more rapid muscle recovery 

(Clarke, 1971; Houglum, 2016).  Even with several sessions of the fatigue protocol 

throughout both studies, true muscle fatigue may not have been maintained long 

enough to cause greater effects in every muscle that was selected for the study.  This 

may have resulted in lower than anticipated fatigue levels during testing.   

STUDY DELIMITATIONS 

Though the study’s methods involved shoulder movements that are common to 

UED sport activities, the inclusion criteria did not include UED sport participation.  

Examining how VPAC and fatigue affect selected shoulder muscle function of those 

individuals who endure repetitive stresses to the shoulder during UED sport activities 

would allow the study’s conclusions to extend to the UED sports participant population.  

In addition, this study did not include subjects with shoulder pathology; therefore, 

investigators cannot generalize the results to a population with shoulder injury.  In 

addition, the results cannot be generalized to full UED sport movements.  Because the 

study only examined the shoulder flexion and scaption movements, the results apply to 

those parts of the UED sport movements that include shoulder flexion and scaption.    

RECOMMENDATIONS FOR FUTURE RESEARCH 

Future studies will continue to examine VPAC effects on upper extremity 

function.  To expand the scope of this line of research, the next study should examine 

VPAC effects on UED sport participants.  The study will compare VPAC effects on UED 

sports participants’ shoulder movement function to VPAC effects on matched, subjects’ 

shoulder movement that do not participate in UED sport activities, the latter being the 
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type of subjects that were used in the current study.  The aim is to discover if VPAC 

affects shoulder movement differently in those involved in UED sports routinely.  

Another study should examine VPAC effects on UED sport participants’ shoulders with 

pathology.   The study will examine possible differences in how VPAC affects shoulder 

movement in the presence of pathology.  These studies should examine selected 

shoulder muscle amplitudes and onsets.  In addition, proprioception will be examined; 

however, those techniques such as laser pointer method and Biodex testing could be 

implemented, as these are more cost-effective methods (Ager et al., 2017). 
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APPENDIX A 

APPENDIX A.1: DESCRIPTIVE STATISTICS FOR AMPLITUDE DATA DURING FLEXION 
MOVEMENT.  

Muscle 
Condition 
 

Mean + 

SD 

95% CI Skewness Kurtosis Shapiro-Wilk 

Lower 
Bound 

Upper 
Bound 

Statistic df Sig 

AD_PreB .148+.219 .074 .221 2.812 8.923 .66 36 <.001 
PD_PreB .176+.427 .032 .321 4.393 20.676 .41 36 <.001 
UT_PreB .115+.155 .062 .167 2.024 4.748 .76 36 <.001 
LT_PreB .165+.508  -.007 .337 4.909 26.013 .34 36 <.001 
IF_PreB .161+.535  -.020 .342 4.058 15.814 .31 36 <.001 
SA_PreB .073+.141 .025 .121 3.594 14.005 .52 36 <.001 
EO_PreB .236+.705  -.001 .474 3.711 13.640 .37 36 <.001 
IO_PreB .072+.176 .013 .132 .837  -.107 .41 36 .001 
AD_PreNB .129+.175 .069 .189 2.668 9.274 .71 36 <.001 
PD_PreNB .117+.195 .051 .183 3.488 14.910 .60 36 <.001 
UT_PreNB .099+.123 .057 .140 2.264 7.178 .77 36 <.001 
LT_PreNB .081+.196 .015 .147 4.122 17.672 .42 36 <.001 
IF_PreNB .090+.310  -.015 .195 4.961 25.720 .29 36 <.001 
SA_PreNB .053+.080 .026 .080 3.076 12.085 .65 36 <.001 
EO_PreNB .171+.587  -.028 .369 3.982 14.877 .30 36 <.001 
IO_PreNB .047+.112 .007 .088 5.422 31.164 .35 36 .001 
AD_PostB .128+.154 .076 .181 1.896 4.900 .80 36 <.001 
PD_PostB .248+.603 .044 .452 3.934 16.097 .43 36 <.001 
UT_PostB .121+.127 .078 .164 1.062 .613 .86 36 <.001 
LT_PostB .117+.350  -.001 .235 5.104 27.653 .33 36 <.001 
IF_PostB .134+.417  -.007 .275 4.502 21.533 .34 36 <.001 
SA_PostB .067+.116 .027 .106 3.513 14.794 .57 36 <.001 
EO_PostB .163+.700  -.074 .399 5.564 31.949 .24 36 <.001 
IO_PostB .044+.084 .016 .073 3.920 17.953 .53 36 <.001 
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APPENDIX A.1. CONTINUED. 

Muscle 
Condition 
 

Mean + 

SD 

95% CI Skewness Kurtosis Shapiro-Wilk 

Lower 
Bound 

Upper 
Bound 

Statistic df Sig 

AD_PostNB .117+.129 .073 .161 1.091 .177 .84 36 <.001 

PD_PostNB .128+.189 .064 .192 2.649 8.449 .69 36 <.001 

UT_PostNB .108+.109 .071 .145 .894 .310 .88 36 <.001 

LT_PostNB .010+.354 -.020 .220 5.813 34.418 .25 36 <.001 

IF_PostNB .102+.273 .010 .195 3.770 14.761 .40 36 <.001 

SA_PostNB .055+.073 .030 .079 1.821 2.707 .73 36 <.001 

EO_PostNB .175+.746 -.078 .427 5.516 31.501 .24 36 <.001 

IO_PostNB .034+.058 .014 .0535 2.854 .211 .60 36 <.001 

Significant result at α = 0.008; CI = confidence interval, AD = anterior deltoid, PD = 
posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus, PreNB = Pre fatigue, no bracing, PreB = Pre fatigue, yes bracing, Post NB = 
post fatigue, no bracing, PostB = Post fatigue, yes bracing, df = degrees of freedom, Sig. 
= significance. Amplitudes in millivolts. 
  



Texas Tech University Health Sciences Center, Ramonica Scott, May 2020 
 

205 

APPENDIX A. 2: DESCRIPTIVE STATISTICS FOR AMPLITUDE DATA DURING SCAPTION 
MOVEMENT.  

Muscle 
Condition 
 

Mean + SD 95% CI Skewness Kurtosis Shapiro-Wilk 

Lower 
Bound 

Upper 
Bound 

Statistic df Sig 

AD_PreB .140+.210 .069 .211 2.926 9.714 .64 36 <.001 
PD_PreB .170+.352 .051 .289 3.681 14.416 .50 36 <.001 
UT_PreB .098+.134 .052 .143 2.635 9.328 .71 36 <.001 
LT_PreB .137+.318 .029 .234 3.825 16.102 .45 36 <.001 
IF_PreB .146+.475  -.015 .307 3.960 14.737 .31 36 <.001 
SA_PreB .063+.121 .022 .105 3.441 12.100 .52 36 <.001 
EO_PreB .187+.644  -.031 .405 3.987 14.978 .30 36 <.001 
IO_PreB .063+.157 .010 .116 4.344 19.810 .39 36 <.001 
AD_PreNB .124+.179 .063 .185 3.335 14.433 .65 36 <.001 
PD_PreNB .120+.208 .049 .190 3.973 19.157 .56 36 <.001 
UT_PreNB .089+.120 .048 .129 3.170 13.991 .67 36 <.001 
LT_PreNB .126+.375  -.001 .253 5.079 27.470 .33 36 <.001 
IF_PreNB .091+.335  -.022 .205 5.702 33.383 .26 36 <.001 
SA_PreNB .049+.083 .021 .077 3.947 18.876 .56 36 <.001 
EO_PreNB .132+.472  -.027 .292 4.915 25.524 .30 36 <.001 
IO_PreNB .046+.133 .001 .091 5.709 33.596 .29 36 .001 
AD_PostB .109+.124 .067 .151 1.484 2.410 .83 36 <.001 
PD_PostB .225+.706  -.014 .463 5.682 33.32 .29 36 <.001 
UT_PostB .092+.098 .059 .125 1.230 1.173 .85 36 <.001 
LT_PostB .100+.261 .012 .189 5.371 30.595 .35 36 <.001 
IF_PostB .078+.212 .006 .149 4.490 21.536 .38 36 <.001 
SA_PostB .045+.058 .026 .065 1.849 2.902 .74 36 <.001 
EO_PostB .142+.680  -.088 .372 5.905 35.178 .20 36 <.001 
IO_PostB .027+.030 .017 .037 1.024 .051 .84 36 <.001 
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AD_PostNB .114+.123 .072 .155 1.145 .696 .85 36 <.001 

PD_PostNB .210+.680  -.020 .440 5.749 33.887 .28 36 <.001 

UT_PostNB .098+.096 .065 .130 .739  -.362 .88 36 .001 

LT_PostNB .108+.350  -.011 .226 5.787 34.217 .27 36 <.001 

IF_PostNB .050+.108 ..014 .087 4.351 21.114 .46 36 <.001 

SA_PostNB .046+.059 .026 .065 1.907 3.239 .74 36 <.001 

EO_PostNB .146+.692  -.089 .380 5.869 34.850 .21 36 <.001 

IO_PostNB .022+.026 .013 .031 1.478 2.133 .82 36 <.001 

Significant result at α = 0.008; CI = confidence interval, AD = anterior deltoid, PD = 
posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus, PreNB = Pre fatigue, no bracing, PreB = Pre fatigue, yes bracing, Post NB = 
post fatigue, no bracing, PostB = Post fatigue, yes bracing, df = degrees of freedom, Sig. 
= significance).  Amplitudes in millivolts.  
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APPENDIX A. 3: DESCRIPTIVE STATISTICS FOR AMPLITUDE DATA DURING 
PROPRIOCEPTION TRIALS.  

Muscle 
Condition 

Mean + SD 95% CI Skewness Kurtosis Shapiro-Wilk 

Lower 
Bound 

Upper 
Bound 

Statistic df Sig 

AD_PreB .109+.197 .043 .176 4.008 18.870 .54 36 <.00

1 
PD_PreB .097+.224 .020 .172 5.149 28.917 .40 36 <.00

1 
UT_PreB .077+.130 .033 .120 3.753 17.481 .58 36 <.00

1 
LT_PreB .072+.174 .013 .131 3.898 14.904 .41 36 <.00

1 
IF_PreB .091+.362  -.032 .213 5.707 33.356 .24 36 <.00

1 
SA_PreB .043+.091 .012 .074 4.798 25.824 .44 36 <.00

1 EO_PreB .164+.607  -.041 .369 4.327 18.605 .29 36 <.00
1 IO_PreB .050+.0378  -.003 .103 5.707 33.555 .29 36 <.00
1 AD_PreNB .109+.199 .042 .176 4.180 20.450 .52 36 <.00
1 PD_PreNB .100+.230 .022 .178 5.131 28.747 .40 36 <.00
1 UT_PreNB .082+.133 .037 .127 3.760 17.635 .59 36 <.00
1 LT_PreNB .093+.290  -.005 .191 4.508 20.944 .33 36 <.00
1 IF_PreNB .086+.375  -.041 .212 5.945 35.535 .21 36 <.00
1 SA_PreNB .044+.093 .012 .075 4.796 25.786 .44 36 <.00
1 EO_PreNB .143+.565  -.048 .334 5.101 27.202 .27 36 <.00
1 IO_PreNB .046+.161  -.008 .100 5.819 34.491 .26 36 <.00
1 AD_PostB .093+.118 .054 .133 1.883 3.827 .77 36 <.00
1 PD_PostB .105+.0175 .046 .164 3.093 10.763 .61 36 <.00
1 UT_PostB .083+.093 .051 .114 1.212 .955 .84 36 <.00
1 LT_PostB .075+.228  -.002 .152 5.605 32.662 .30 36 <.00
1 IF_PostB .045+.109 .009 .082 3.832 14.104 .40 36 <.00
1 SA_PostB .036+.045 .021 .051 1.850 3.601 .77 36 <.00
1 EO_PostB .158+.704  -.080 .369 5.671 32986 .23 36 <.00
1 IO_PostB .027+.039 .013 .040 2.304 6.334 .71 36 <.00
1 AD_PostNB .089+.108 .053 .126 1.914 4.637 .79 36 <.00
1 PD_PostNB .089+.121 .048 .130 2.174 5.516 .73 36 <.00
1 UT_PostNB .086+.093 .040 .117 1.094 .668 .86 36 <.00
1 LT_PostNB .058+.178  -.002 .119 5.677 33.297 .30 36 <.00
1 IF_PostNB .032+.052 .015 .050 3.046 10.995 .63 36 <.00
1 SA_PostNB .036+.047 .020 .052 2.073 4.808 .74 36 <.00
1 EO_PostNB .100+.395  -.033 .234 5.544 31.934 .26 36 <.00
1 IO_PostNB .024+.045 .009 .039 4.056 19.332 .52 36 <.00
1 Significant result at α = 0.008; CI = confidence interval, AD = anterior deltoid, PD = 

posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus, PreNB = Pre fatigue, no bracing, PreB = Pre fatigue, yes bracing, Post NB = 
post fatigue, no bracing, PostB = Post fatigue, yes bracing, df = degrees of freedom, Sig. 
= significance.  Amplitudes in millivolts.                    
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APPENDIX B 

APPENDIX B. 1: DESCRIPTIVE STATISTICS FOR MUSCLE ONSETS DATA, FLEXION 
MOVEMENT.  

Muscle 
Condition 

 

Mean + SD 95% CI Skewness Kurtosis Shapiro-Wilk 
Lower 
Bound 

Upper 
Bound 

Statistic df Sig 

AD_PreB -5.12+141.49 -52.99 42.76 .668  -.557 .93 36 .020 
PD_PreB 392.85+197.98 325.87 459.84 .312  -.747 .97 36 .326 
UT_PreB 124.48+199.49 56.98 191.98 1.129 .326 .86 36 <.001 
LT_PreB 177.66+216.82 104.30 251.02 .684 .340 .95 36 .127 
IF_PreB 69.69+213.86 -2.67 142.05 1.542 2.377 .83 36 <.001 
SA_PreB 61.07+203. -7.62 129.75 1.104 .511 .89 36 .002 
AD_PreN

B 

-5.08+157.65 -58.43 48.26 .760 1.187 .95 36 .124 
PD_PreN
B 

434.04+201.81 365.76 502.32 .265  -.057 .99 36 .957 
UT_PreN
B 

83.99+155.68 31.31 136.66 1.237 2.893 .93 36 .020 
LT_PreNB 219.78+267.08 129.42 310.15 1.057 .672 .91 36 .006 
IF_PreNB 95.03+226.71 18.32 171.74 1.656 2.159 .80 36 <.001 
SA_PreN
B 

53.24+255.27 -33.13 139.61 1.267 1.204 .88 36 .001 
AD_Post

B 

-65.66+121.07 -106.63 -24.70  -.290 1.109 .97 36 .470 
PD_PostB 324.34+226.01 247.87 400.81 .437  -.561 .96 36 .262 
UT_PostB 36.81+126.31 -5.93 79.54 .070 .027 .96 36 .153 
LT_PostB 80.153226.80 3.41 156.89  -.315 1.555 .96 36 .176 
IF_PostB 12.23+150.68 -38.75 63.22 .783  -.381 .91 36 .007 
SA_PostB 25.34+178.52 -35.06 85.75 1.261 2.092 .91 36 .007 
AD_Post

NB 

-30.023118.96 -70.28 10.22  -.308 .721 .99 36 .889 
PD_Post
NB 

354.10+182.32 292.41 415.79  -.217  -.357 .99 36 .944 
UT_Post
NB 

44.82+150.51 -6.11 95.75 1.474 4.378 .86 36 <.001 
LT_PostN
B 

172.70+178.16 112.42 232.98 .548  -.328 .95 36 .136 
IF_PostN

B 

29.05+168.87 -28.09 86.19 1.352 2.316 .90 36 .003 
SA_PostN
B 

26.42+152.61 -25.21 78.06 .993 .463 .91 36 .008 
Significant result at α = 0.008; CI = confidence interval, AD = anterior deltoid, PD = 
posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus, PreNB = Pre fatigue, no bracing, PreB = Pre fatigue, yes bracing, Post NB = 
post fatigue, no bracing, PostB = Post fatigue, yes bracing, df = degrees of freedom, Sig. 
= significance. Onsets in milliseconds. 
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APPENDIX B. 2: DESCRIPTIVE STATISTICS FOR MUSCLE ONSETS DATA, SCAPTION 
MOVEMENT.  

Muscle 
Condition 

 

Mean + SD 95% CI Skewness Kurtosis Shapiro-Wilk 
Lower 
Bound 

Upper 
Bound 

Statistic df Sig 

AD_PreB -56.49+107.86 -92.98 -19.99 1.721 4.449 .87 36 <.001 
PD_PreB 246.28+258.51 158.82 333.75 1.451 2.974 .89 36 .001 
UT_PreB 26.62+207.13 -43.46 96.70 2.154 5.803 .79 36 <.001 
LT_PreB 19.91+136.93 -26.42 66.24 1.019 1.058 .93 36 .020 
IF_PreB 29.73+262.19 -58.98 118.44 2.595 8.163 .72 36 <.001 
SA_PreB 36.08+229.80 -41.66 113.85 2.005 4.763 .79 36 <.001 
AD_PreN

B 

-54.89+100.99 -89.06 -20.72 .772 .576 .96 36 .154 
PD_PreN
B 

281.46+234.34 202.17 360.75 .717  -.458 .92 36 .017 
UT_PreN
B 

4.42+154.47 -47.84 56.69 1.999 5.184 .82 36 <.001 
LT_PreNB 62.28+140.39 14.78 109.78 .653  -.449 .94 36 .041 
IF_PreNB 22.44+186.21 -40.57 85.44 1.238 2.214 .91 36 .006 
SA_PreN
B 

39.61+199.98 -28.05 107.28 1.850 3.865 .82 36 <.001 
AD_Post

B 

-82.23+81.40 -109.77 -54.69 .039 1.352 .97 36 .333 
PD_PostB 189.49+203.22 120.73 258.25 .776 .250 .92 36 .016 
UT_PostB -10.31+146.30 -59.81 39.19 2.139 5.422 .79 36 <.001 
LT_PostB -13.33+195.78 -79.57 52.91 -1.110 2.969 .87 36 .001 
IF_PostB -27.76+128.40 -71.20 15.69 .541 .171 .96 36 .164 
SA_PostB 14.01+184.50 -48.41 76.44 1.279 2.576 .89 36 .002 
AD_Post

NB 

-65.52+71.49 -89.71 -41.33  -.373 .095 .99 36 .897 
PD_Post
NB 

192.24+223.70 116.55 267.93 1.351 2.112 .90 36 .003 
UT_Post
NB 

-52.06+98.97 -85.54 -18.57 .415 1.766 .96 36 .192 
LT_PostN
B 

41.57+142.51 -6.65 89.78 .629  -.007 .95 36 .111 
IF_PostN

B 

5.38+140.11 -42.03 52.79 .965 .977 .94 36 .040 
SA_PostN
B 

2.08+173.76 -56.71 60.87 1.799 2.807 .78 36 <.001 
(*Significant result at α = 0.008; CI = confidence interval, AD = anterior deltoid, PD = 
posterior deltoid, UT = upper trapezius, LT = lower trapezius, SA = serratus anterior, IF = 
infraspinatus, PreNB = Pre fatigue, no bracing, PreB = Pre fatigue, yes bracing, Post NB = 
post fatigue, no bracing, PostB = Post fatigue, yes bracing, df = degrees of freedom, Sig. 
= significance).  Onsets in milliseconds. 
 


