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ABSTRACT 

 

LAWRENCE SEGUI RAMISCAL 

 

Understanding Unilateral Scapular Dyskinesis in Asymptomatic Individuals 

Established by the Scapular Dyskinesis Test  

 

(Under the direction of Raymond Chong, Ph.D.) 
 

Background: Scapular dyskinesis (SDK) is a controversial phenomenon that is thought 

to be an impaired movement with altered scapular muscle activity requiring intervention. 

Clinicians of all levels identify SDK via the Yes/No method of the Scapular Dyskinesis 

Test (Y/N SDT). Purpose & Methods: To date, the YN/SDT has neither been 

established as reliable nor valid against the electromyography (EMG) when used in 

healthy individuals. Also, researchers have not examined scapular muscle activity in 

asymptomatic individuals with SDK. Experiment 1 determined the reliability of the Y/N 

SDT in individuals with asymptomatic SDK between student and expert physical 

therapists via an intra- and inter-rater reliability design. Experiment 2 determined the 

construct validity of the Y/N SDT in symmetrical and asymmetrical asymptomatic 

individuals using EMG as the reference standard utilizing known-groups validity design. 

Experiment 3 characterized the scapular muscle activities of asymptomatic unilateral 

SDK established by the Y/N SDT through repeated measures design.  

Results: Experiment 1: The Y/N SDT was reliable when used by either students or 

experts. Students' reliability averaged 20 percentage points less than experts. Experiment 



 

 

2: The overall accuracy in identifying shoulder asymmetries in asymptomatic individuals 

against the EMG reference was poor. Sensitivity and specificity were 56% and 36%, 

respectively; positive and negative predictive values were 68% and 25%; positive and 

negative likelihood ratios were 0.87 and 1.22. Experiment 3: There was no difference in 

EMG activities between subjects based on the Y/N SDT. Overall, high muscle variability 

was observed during the experiments. Conclusion: The Y/N SDT did not appear to have 

clinical value, therefore, may not be useful in screening SDK in healthy individuals. 

Hand-dominance may be considered for shoulder rehab wherein the dominant shoulder 

might respond with endurance exercises while nondominant may benefit from strength 

training with priority to the serratus anterior muscle. It appears that scapular muscles are 

likely not synergists as the study failed to find temporal relationships among the muscle 

activities. Overall, SDK may not be a movement impairment. It may simply be a normal 

variability that may be ignored or could possibly be a helpful adaptation to achieve 

shoulder function that should be encouraged. In light of the results of the study, 

traditional biomechanical theories in understanding SDK did not appear helpful. 

Exploration of other models like motor control theories in understanding unfamiliar 

human movements may be considered. 

 

KEYWORDS: scapula, scapular muscles, electromyography, scapular dyskinesis, 

scapular dyskinesis test, asymptomatic, physical therapy, students, reliability, validity
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INTRODUCTION 

I. Background 

Musculoskeletal diseases are injuries or disorders of the muscles, nerves, tendons, 

joints, cartilages, and spinal discs (Centers for Disease Control and Prevention, 2016). 

According to the United States Bone and Joint Initiative, the direct and indirect costs 

attributable to musculoskeletal disease were $980.1 billion per year from 2012 to 2014. It 

accounts for a third of all-cause direct and indirect costs for the US population (Weinstein 

et al., 2014). With 33.28% of physician office visits for musculoskeletal pain are for the 

shoulder (Wofford et al., 2005), attention to shoulder disorders cannot be discounted. 

A healthy shoulder requires proper positioning and movement of the scapula on 

the thorax for effective arm position, motion, stability, and muscle performance during 

any upper extremity task. The scapula's normal kinematics include 1) upward and 

downward rotation, 2) anterior and posterior tilt, and 3) internal and external rotations. 

These motions are the responsibility of the force couple produced by the four primary 

scapular muscles, namely, 1) upper trapezius (UT), 2) middle trapezius (MT), 3) lower 

trapezius (LT), and 4) serratus anterior (SA) muscles (Camargo & Neumann, 2019; 

Neumann & Camargo, 2019). For maximum shoulder function to occur, there must be 

coordinated movements of both the scapula and the humerus (Neumann & Grosz, 2016). 

This co-coordination between the scapula and humerus was first described by Codman in 
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the 1930s and coined the term "scapulohumeral rhythm" (SHR) (Codman, 1934).  In 

1944, Inman et al. (1996) were the first to measure this coordinated movement of the 

scapula and humerus termed scapulohumeral rhythm using radiography; through this, 

they developed the notion that there is a 2:1 ratio between the humerus and the scapula. 

This suggests that to achieve a full shoulder elevation of 180 degrees, 120 degrees should 

come directly from the glenohumeral joint (GH), whereas 60 degrees is aided by the 

scapula's upward rotation through the scapulothoracic joint. Therefore, this "optimal" 

scapular movement is central to shoulder function, and that any deviation in kinematics is 

believed to be a contributing factor to the development of shoulder pain (Sauers, 2006). 

Alterations of normal position or any abnormal movement pattern of the scapula 

during active motions have been termed scapular dyskinesis (SDK) (Burkhart et al., 

2003). Scapular dyskinesis may only be clinically significant if symptomatic patients 

show asymmetric motion of the one scapula compared with the opposite side (Kibler et 

al., 2013a). However, SDK is not a diagnosis but a modifiable clinical impairment that 

indicates deviation from the optimal SHR (Kibler et al., 2013a). 

Based on the pathokinesiological model (PKM), many anatomical impairments 

identified are theorized to contribute to movement impairment seen in orthopedic 

physical therapy settings including SDK (Hislop, 1975). The most common is altered 

scapular muscle activation (Lopes et al., 2015; Roche et al., 2015), followed by scapular 

muscle weakness (Pires & Camargo, 2018; Seitz et al., 2015; Turgut et al., 2016), 

pectoralis minor muscle tightness (Borstad & Ludewig, 2005; Cools et al., 2014; Kibler 
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et al., 2013a), and poor cervical and thoracic posture (Finley & Lee, 2003; McKenna et 

al., 2017; Otoshi et al., 2014; Singla & Veqar, 2017). 

Scapular dyskinesis gained popularity among clinicians because it has been 

associated with shoulder pain such as impingement syndrome (Roche et al., 2015; 

Timmons et al., 2012), rotator cuff pathology (Ludewig & Reynolds, 2009), shoulder 

instability (Struyf et al., 2014), labral injuries, and adhesive capsulitis (Ludewig & 

Reynolds, 2009). This association is based on the understanding of the 

kinesiopathological theoretical model (KPM) that speculates disorders may result from 

impaired movements such as SDK (Sahrmann, 2002; Sahrmann, 2014) 

Scapular dyskinesis is currently detected among patients using the Scapular 

Dyskinesis Test (SDT) (Kibler et al., 2013a). The SDT is a simple observational 

evaluation method of assessing scapular function by observing bilateral scapular motion 

during repeated motions of arm elevation and lowering. Clinically significant SDK is 

often considered present if symptomatic patients show asymmetric position or motion 

compared with the opposite side (Kibler et al., 2002). Patients perform a minimum of five 

consecutive repetitions of bilateral, active, and weighted shoulder flexion using 

dumbbells according to their body weight: 3 lbs. for those weighing <150 lbs. and 5 lbs. 

for those >150 lbs. (Kibler et al., 2013a). Compared to the opposite side, the therapist 

identifies the presence of SDK when there is apparent prominence of any portion of the 

medial border or inferior angle or dysrhythmia or excessive or premature movement of 

the scapula during elevation or lowering of the arm compared (Kibler et al., 2002). The 

SDT has shown reliability (McClure et al., 2009; Uhl et al., 2009) and validity in the 
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symptomatic population (Tate et al., 2009; Uhl et al., 2009). Scapular dyskinesis is 

labeled as Types 1-4 under the Scapular Dyskinesis Test. However, the Yes/No method 

(Y/N SDT), which simply identifies the presence or absence of asymmetry between 

shoulders, was found to be more accurate, thus, more reliable (Møller et al., 2018; Uhl et 

al., 2009). 

Currently, physical therapists address SDK in symptomatic patients through 

scapular-focused exercises (e.g., I, T, Y, and W) prescribed as endurance, strengthening 

and neuromuscular re-education or a combination (Bury et al., 2016). 

II. Statement of the Problem 

Despite mounting evidence of SDK being pathological, there is an opposing idea 

that SDK could instead be a sign of a healthy shoulder. Some experts argue that SDK 

may be a normal movement variability (McQuade et al., 2016; Plummer et al., 2017). 

Some opine that SDK is just a simple movement adaptation to optimize function, perhaps 

being “pathologized” (Littlewood & Cools, 2018). This recent change of attitude towards 

SDK from being pathological to normal comes from a set of unlikely evidence contrary 

to the current view of SDK since it was first labeled. 

It has been reported that between 60-70% of individuals with shoulder pain 

present with scapular dyskinesis (Burn et al., 2016; Plummer et al., 2017; Ramiscal et al., 

2020). However, many of these same studies found a similar proportion that presents 
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with SDK even among asymptomatic individuals. This may imply that SDK is also 

common in the healthy population.  

In scapular kinematic studies, many found no difference in SDK between 

symptomatic and asymptomatic individuals (Christiansen et al., 2017; Graichen et al., 

2001; Lukasiewicz et al., 1999; Nijs et al., 2005; Paine & Voight, 2013). It suggests that 

SDK may not be a meaningful clinical presentation.  

Because SDK is associated with many shoulder disorders, scapular-focused 

exercises have been researched for their effectiveness on pain, function, and scapular 

position. Although these studies showed improvements in pain and function, the effect on 

shoulder kinematics was unclear. Some did not affect the scapular position and motion 

(Camargo et al., 2015), while others, the kinematics worsened (McClure et al., 2004; 

Struyf et al., 2013). The results suggest that kinematics may not be directly responsible 

for pain and functional improvements as a result of scapular exercises. 

These are only some of the slow but mounting evidence catching up against SDK 

as being pathologic and abnormal, as we know it. It could be possible that the presence of 

SDK in healthy individuals is, indeed, normal. Although SDK is associated with many 

shoulder pathologies, addressing impairments that can potentially explain both the 

mechanism and involvement of SDK to shoulder disorders has been challenged (Lewis, 

2016; Lewis et al., 2015). Some experts have called for identifying modifiable risk 

factors associated to shoulder pain instead (Cools & Michener, 2017).  

More recently, however, a systematic review with meta-analysis looking at 

prospective studies among overhead athletes showed that the presence of SDK in the 
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asymptomatic population increases the risk of developing shoulder pain by 43% (Hickey 

et al., 2018). The study also found that future shoulder pain may develop within 9-24 

months relative to those without SDK in the same follow-up period. Considering the high 

prevalence of SDK among asymptomatic individuals, the risk of developing shoulder 

pain appears to be alarmingly significant. It suggests that there could be a relatively 

greater proportion among the healthy population at risk of experiencing pain in the future. 

If the risk of presenting with SDK may be predictive of pain, then screening SDK 

for prevention may be justified. To be effective, a valid and reliable tool in detecting and 

identifying SDK is necessary. Although SDT has an established clinical utility when used 

in the symptomatic population, no studies have been found evaluating the reliability and 

validity of the SDT, more specifically the Y/N SDT, in the healthy population. Even 

prospective studies that indicated SDK as a risk factor (D'hondt et al., 2017; Lange et al., 

2017; Larsen et al., 2014) failed to mention that the scapular examination tests used (SDT 

included) were reliable and valid in the asymptomatic people (population at risk) before 

the start of their respective studies. 

The Yes/No method of SDT's improved accuracy is more likely due to its 

simplicity (dichotomous decision) than the original four categorization types. Novice 

clinicians can easily learn it, like physical therapy students, as part of their training (e.g., 

clinical rotations). The Y/N SDT is commonly taught to Doctor of Physical Therapy 

(DPT) students and other health professions curricula like medicine, athletic training, 

occupational therapy, etc. However, Y/N SDT's reliability when applied to the 

asymptomatic population is unknown when utilized by experts, let alone novices.  
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Since Y/N SDT is a visual observation method, it is significantly exposed to the 

clinician's subjectivity. The SDT's accuracy relies heavily on the clinician's experience 

("trained eyes") in identifying SDK when using the test. Unfortunately, students lack the 

clinical experience to be accurate based only on standard instruction received in school. 

They require booster or calibration training to maintain knowledge and resist 

deterioration or knowledge decay (Haj‐Ali & Feil, 2006; Sullivan et al., 2019). Thus, 

retraining is necessary if Y/N SDT is expected for them to utilize in the clinic. 

The SDT’s validity has been demonstrated using 3-D kinematics (Tate et al., 

2009; Uhl et al., 2009). However, all validation studies of current scapular physical 

examination tests for shoulder disorders, including SDT, lack acceptable reference 

standards (Wright et al., 2013). The reason being is that all available methods of 

measuring scapular kinematics (3D included) are unreliable (Lempereur et al., 2014; 

Rapp et al., 2017). It is so unpredictable that most scapular kinematics studies avoided 

measuring beyond 120 degrees of shoulder elevation to maintain accuracy (ideally 90 

degrees), including the study that first introduced and validated SDT (Tate et al., 2009).  

Basic anatomy and kinesiology dictate that both the scapula's static position and 

motion rely primarily upon, if not all, as a function of the scapular muscles (Camargo & 

Neumann, 2019; Neumann & Camargo, 2019). When any of these muscles are impaired, 

it has been conjectured to contribute to SDK. There is growing evidence that shows 

scapular muscle abnormalities are apparent in shoulder pathologies related to scapular 

dyskinesis (Huang et al., 2015b; Lopes et al., 2015; Pires & Camargo, 2018; Roche et al., 

2015; Seitz et al., 2015; Turgut et al., 2016).  Electromyography (EMG) studies have 
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significantly increased the understanding of the scapular muscles' contribution to 

shoulder kinematics (Kibler et al., 2008; Seitz & Uhl, 2012; Wattanaprakornkul et al., 

2011; Yoshizaki et al., 2009). Despite support in the relationship between scapular 

muscles and SDK along with an understanding that kinematics may be a poor reference 

standard, to date, the SDT has never been validated with muscle activity through EMG, 

much less in asymptomatic individuals. 

The study by Hickey et al. (2018) suggests that SDK should be addressed from an 

epidemiological prevention standpoint which has merit (Walls et al., 2008). However, 

this concept may lead to more pathologization of SDK as a modifiable risk factor. 

Unfortunately, just like any other risk factor, prevention comes necessary, further 

extending the medicalization of SDK to the symptomatic population leading to more 

costs. So, before taking the leap of preventative interventions for SDK, it may be prudent 

to further investigate and understand unilateral scapular dyskinesis in asymptomatic 

individuals established by the scapular dyskinesis test. 

III. Study Aims, Rationale, and Hypothesis 

A. Aim 1: SDT Reliability  

To determine the reliability (intra- and inter-rater) of the Y/N SDT in detecting 

SDK in asymptomatic individuals when used by student and expert physical 

therapists.  
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Rationale 1 

The reliability of Y/N SDT in detecting SDK among asymptomatic individuals is 

unknown, specifically when utilized by novices like students. 

Null Hypothesis 1 

The Y/N SDT is a reliable tool in detecting SDK among asymptomatic 

individuals when used by experts but not by students due to lack of experience.  

1. Sub-Aim 1.A: Student Accuracy and Booster Training 

To establish the diagnostic accuracy of PT students compared to an expert in using 

Y/N SDT and investigate the effect of booster training on student knowledge decay. 

Rationale 1.A 

Although SDT is taught in entry-level PT programs, students' diagnostic accuracy 

compared to an expert is unknown. Since students lack clinical experience in using Y/N 

SDT, the effect of booster training on knowledge decay and accuracy in its use is also 

unknown. 

Null Hypothesis 1.A 

Students will not be accurate in using Y/N SDT compared to experts due to lack 

of experience. Follow-up feedback/training in addition to initial training will not prevent 

knowledge decay and improve accuracy. 
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B. Aim 2: SDT Construct Validity 

To establish the construct validity of the Y/N SDT in symmetrical (SYM) and 

asymmetrical (ASYM) asymptomatic individuals (known-groups) established by 

EMG. 

Rationale 2 

The construct validity of the Y/N SDT in known groups is unknown when used 

among asymptomatic individuals in discriminating between SYM and ASYM scapular 

muscles established by EMG. 

Null Hypothesis 2 

The Y/N SDT is not a valid tool in identifying scapular muscle asymmetry in 

asymptomatic individuals. 

C. Aim 3: Characterization of SDK Muscular Activity  

To characterize the scapular EMG amplitudes of asymptomatic individuals with 

unilateral SDK established by the Y/N SDT. 

Rationale 3 

If SDK is indeed a risk factor; then, it is critical to know which scapular muscles 

of those with SDK will have a disproportionate (more or less) EMG amplitude relative to 

those without SDK that might need intervention. 
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Null Hypothesis 3 

The scapular muscle amplitudes of those presenting with SDK is not different 

from those without SDK among asymptomatic individuals. 

1. Sub-Aim 3.A: Characterization of SDK Neuromuscular Effort 

To characterize the proportions (%) of scapular EMG amplitudes at low, moderate 

and high neuromuscular (NM) effort levels of asymptomatic individuals with 

unilateral SDK established by the Y/N SDT. 

Rationale 3.A 

If SDK is indeed a risk factor; then, it is critical to know which scapular muscles 

of those with SDK have a disproportionate (more or less) EMG amplitudes in each level 

of NM effort relative to the muscles of those without SDK that might need intervention. 

Null Hypothesis 3.A 

The proportions of scapular EMG amplitudes at each NM effort level of those 

with SDK are not different from those without SDK among asymptomatic individuals. 

2. Sub-Aim 3.B: Characterization of SDK Onset Duration 

To characterize the scapular muscle onset duration of asymptomatic unilateral SDK 

established by the Y/N SDT. 
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Rationale 3.B 

If SDK is indeed a risk factor; then, it is critical to know which scapular muscles 

of those with SDK will have a disproportionate (more or less) onset duration relative to 

those without SDK that might need intervention. 

Null Hypothesis 3.B 

The scapular muscle onset duration of those presenting with SDK is not different 

from those without SDK among asymptomatic individuals due to the assumption that 

they scapular muscles are synergists. 

D. Study Aim 4: Characterization of Asymptomatic Shoulders 

To characterize the activation pattern of scapular muscles of asymptomatic 

individuals during a bilateral overhead activity like SDT. 

Rationale 4 

If SDK in asymptomatic individuals is a normal variability in overhead activities, 

characterizing a specific activation pattern of scapular muscles may yield normative 

values to better understand what may constitute a pathological condition.  

Null Hypothesis 4 

The activation pattern of scapular muscles during overhead activities is not 

variable – no differences in firing order. Therefore, not different from a synergistic nature 

with temporal relationship. 
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1. Sub-Aim 4.A: Prevalence of Muscular Activity Asymmetry 

To establish the prevalence of scapular muscle asymmetries among asymptomatic 

individuals during a bilateral overhead activity like SDT. 

Rationale 4.A 

If SDK in asymptomatic individuals is a normal variability in overhead activities, 

asymmetries (amplitude difference between sides) in scapular muscle should be expected. 

Null Hypothesis 4.A 

Scapular muscle asymmetries are not prevalent among asymptomatic individuals 

in overhead activities. 

IV. Significance of the Study 

Shoulder disorders contribute to the economic burden of musculoskeletal disease. 

The concept of value-based healthcare has been proposed in physical therapy to help 

mitigate the rising cost of healthcare spending (Fritz, 2012). Since value is defined as the 

best patient experience at the lowest cost (Scheurer et al., 2016), a straightforward way to 

contribute to that is to establish the clinical utility of tests and measures used in 

identifying musculoskeletal impairments. As SDK forebodes an impending shoulder 

pain, correctly identifying SDK in an asymptomatic population using the Y/N SDT will 

not only impact in preventing impairments and disabilities but potentially reduce 

healthcare cost by increasing the index of value. 
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Establishing the reliability and showing the positive effect of training in the use of 

Y/N SDT among providers of all experience levels will minimize testing variability. 

Testing standardization and establishing test validity of the Y/N SDT will reduce 

diagnostic errors and improve accuracy by minimizing type 1 or 2 errors (Trevethan, 

2017; Watkins & Portney, 2009). In the context of prevention, on the one hand, correctly 

identifying SDK in healthy individuals (specificity) might prevent one person from 

turning into a full-blown injury that may require expensive interventions like surgery 

compared to preventive care. On the other hand, correctly ruling out SDK (sensitivity) 

may prevent unnecessary preventative treatment. It could be argued that SDK is a very 

inexpensive tool that can even be implemented via video (live or recording) with no 

known side effects. So, even if it is not sensitive, it does not significantly impact the cost. 

Also, knowledge of features differentiating SDK from non-SDK allows accurate 

interventions in preventing pain. Since recipients of these possible preventive 

interventions will likely come from the healthy population, they may only need simple 

and cost-effective exercises that can be taught via telehealth platforms (e.g., home 

exercises, etc.) (Lee et al., 2018; Winkelmann et al., 2020). In comparison, if shoulder 

pain or injury does develop, there could be more costly treatments like therapy or even 

surgery. 

Since Hislop (1975) introduced the role of pathokinesiology (the study of 

movement dysfunction resulting from pathology) as a theoretical model in the PT 

profession four decades ago, it has been adopted and embraced especially in the specialty 

of orthopedic physical therapy in managing musculoskeletal conditions (Rose, 1986; 
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Walker, 1986). More recently, Sahrmann (1998) advocated for kinesiopathology (study 

of disorders resulting from impaired movement) as an additional theoretical model to 

complement what the PKM lacks. She claimed that there is a need to study and identify 

conditions produced by impaired movements as well (Sahrmann, 2002; Sahrmann, 2014). 

In other words, to have a complete musculoskeletal examination, identifying faulty 

movements that may cause pathology is just as important as recognizing the impaired 

tissue that could be causing the said impaired movement. When applied to SDK, PKM 

theorizes that each scapular muscle has a specific biomechanical action to perform based 

on its anatomy (e.g., line of pull, origin, insertion) along with its theoretical (ideal) 

motions produced at the scapula (e.g., rotations, tilts, etc.) to promote a normal 

scapulohumeral rhythm. So, when scapular motion is deemed impaired, such as SDK, the 

scapular muscles need to be “corrected” (e.g., strengthening, endurance exercises). At the 

same time, the KPM assumes that any deviation in scapular kinematics is believed to be a 

contributing factor to the development of shoulder pain (Sauers, 2006) that needs to be 

addressed using the concepts of the pathokinesiology (correcting the impaired tissue). 

However, suppose SDK is a normal movement variability (McQuade et al., 2016; 

Plummer et al., 2017) or a simple adaptation to optimize function (Littlewood & Cools, 

2018). In that case, this puts to question these traditional theories most orthopedic 

clinicians rely on in understanding unfamiliar human movements like scapular 

dyskinesis. Perhaps, borrowing from another rehabilitation specialty of neurology like 

motor control theories (Shumway-Cook & Woollacott, 2017), could be an additional 

alternative theoretical framework to understand musculoskeletal conditions better. Such 
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an approach may potentially spark a change (paradigm shift) in the way unrecognized 

human movements in orthopedic physical therapy could be understood.  

Finally, long-term research that may result from this study could include 

prospective, cross-sectional, and randomized control trials (RCT). The same subjects 

from this study can be followed for a prospective cohort design to confirm the relative 

risk of SDK if subjects develop shoulder pain. In cross-sectional designs, it may be 

possible to compare known characteristics of asymptomatic to those of symptomatic 

population and identify additional differentiating features. Through RCTs, prevention 

may be tested for its effectiveness among the asymptomatic population, while treatment 

may be tested for its efficacy among the symptomatic population. Also, motor control 

theories that may help understand SDK further may be realized in experimental designs. 
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REVIEW OF THE LITERATURE 

A. Normal Functional Anatomy of the Scapula 

When it comes to shoulder function, the scapula plays a very crucial role. The 

scapula has four primary purposes: 1) attach the upper extremity to the thorax; 2) 

maintain glenohumeral joint congruency; 3) serve as a base for muscular attachments, 

and 4) aid as a link for energy transfer between the lower extremity and trunk to and from 

the upper extremity (Kibler, 1998; Paine & Voight, 2013). 

The scapula is responsible for linking the upper extremity to the trunk (Kibler et 

al., 2013a). Through the glenoid of the scapula, the humerus is attached to the body via 

the glenohumeral joint. The scapula is then attached to the thorax via the scapulothoracic 

joint. The ST joint is considered a pseudo-joint because it does not have the typical joint 

characteristics of a union by fibrous, cartilaginous, or synovial tissues for its attachment 

to the posterior ribcage. It relies on its anatomic relationship with two other shoulder 

joints, acromioclavicular (AC) and sternoclavicular (SC) joints, to indirectly connected to 

the sternum via ligamentous attachments. 

Due to the lack of direct bony articulation of the scapula to the thorax, the ST 

joint has tremendous mobility allowing six degrees of freedom: 1) upward and downward 

rotation, 2) anterior and posterior tilt and 3) internal and external rotations. These 

motions allow the scapula to follow the humerus in many arm movements, especially in 

elevation, to maintain GH joint congruency. Since the humeral head is disproportionately 
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larger than the glenoid, the scapula must be extremely mobile to maintain joint contact 

throughout the motion (Neumann & Grosz, 2016). This co-coordination between the 

scapula and humerus was first described by Codman in the 1930s and coined the term 

"scapulohumeral rhythm" or SHR (Codman, 1934).  In 1944, Inman et al. were the first 

to measure this coordinated movement of the scapula and humerus termed 

scapulohumeral rhythm using radiography; through this, they developed the notion that 

there is a 2:1 ratio between the humerus and the scapula. This ratio suggests that to 

achieve a full shoulder elevation of 180 degrees, 120 degrees should come directly from 

the GH joint, whereas 60 degrees is aided by the scapula's upward rotation (Inman et al., 

1996). Due to improvements in kinematic measurement technology, additional motions 

have been identified as part of the SHR during shoulder elevation: 1) 35º of AC joint 

upward rotation; 2) 25º of SC joint elevation; 3) 25º of SC joint posterior rotation; 4) 15º 

of SC joint retraction; 5) 20º of scapular posterior tilt; 6) 10º of scapular external rotation; 

and 7) 45º of GH external rotation (Neumann & Grosz, 2016) 

For the scapula to maintain the GH alignment, organized activation of specific 

muscles acting on the scapula is necessary. Although the scapula serves as insertion and 

origin to 17 muscles, there are only four primary muscles responsible for scapular 

motions acting as force couple: 1) upper trapezius, 2) middle trapezius, 3) lower 

trapezius, and 4) serratus anterior muscles (Miniato et al., 2020). The primary actions of 

the SA are protraction and upward rotation. Together with the LT, it creates a force-

couple that produces scapular upward rotation (Neumann & Camargo, 2019). The UT 

attaches distally to the clavicle. When active, the scapula is elevated and retracted 
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through the SC joint. With that, the UT contributes moderately to the upward rotation but 

significantly to the scapula's external rotation (Fey et al., 2007). The MT and LT produce 

scapular retraction and external rotation that offset the strong protraction and internal 

rotation produced by the SA. As a force-couple, the SA and MT work together to 

externally rotate the scapula, while the SA and LT jointly produce scapular posterior tilt. 

Though the LT assists with posterior tilting, the primary muscle responsible for this 

action is still the serratus anterior muscle (Camargo & Neumann, 2019). 

Aside from maintaining joint congruency, the SHR also serves another purpose of 

maintaining the length-tension relationship of the GH joint muscles. The rotator cuff and 

deltoid muscles are the primary movers of the GH joint. Most originate from the scapula 

and attached to the humerus to serve the many motions that the shoulder can assume. The 

supraspinatus and deltoid muscles are responsible for initiating the motion at the GH joint 

during shoulder elevation. When these muscles contract, it loses power as it shortens due 

to active insufficiency (Neumann & Grosz, 2016). As the arm elevates, the humerus 

(insertion) becomes closer to the origin (scapula). The only way to regain sufficient 

length, maintain power, and continue the motion, is to move the origin away from the 

insertion and so on. At the shoulder, this is accomplished by the simultaneous upward 

rotation of the scapula during arm elevation, effectively lengthening the deltoid and the 

supraspinatus muscles to complete the movement. This relationship between the scapular 

muscles and GH joint muscles preserves the ability of the scapula to transfer forces 

through the shoulder effectively from the core to the upper extremity and vice versa 

(Roche et al., 2015) 
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B. Scapular Dyskinesis: A Product of the Pathokinesiological Model 

It is established that the scapula plays a vital and specific role to shoulder function 

as it provides the critical link in the kinetic chain of the upper extremity to the body 

(Kibler et al., 2013a). Alterations of normal position or any abnormal movement pattern 

of the scapula during active motions have been termed scapular dyskinesis (Burkhart et 

al., 2003; Kibler et al., 2013a). Scapular dyskinesis is not a diagnosis but a modifiable 

clinical impairment that indicates deviation from optimal scapulohumeral rhythm (Kibler 

et al., 2013a). Dyskinesis is also a more appropriate terminology than dyskinesia because 

it describes abnormal movement mediated by neurological factors (nervous system 

injuries). In addition, the term dyskinesis is more inclusive, considering all possible 

factors that may be contributory (Kibler et al., 2012). To identify the presence of SDK, 

either or both of the following motion abnormalities may be present on either shoulder: 1) 

dysrhythmia – an observation in which the scapula demonstrates premature or excessive 

elevation or protraction, non-smooth or stuttering motion during arm elevation or 

lowering, or rapid downward rotation during arm lowering; and 2) winging – when the 

scapula's medial border or inferior angle is posteriorly displaced away from the posterior 

thorax.  

Hislop (1975), in her Mary McMillan Lecture, presented a conceptual framework 

for the role of pathokinesiology in physical therapy. Since then, the PT profession, 

specifically the specialty of orthopedic physical therapy, has embraced and adopted 

pathokinesiology (the study of movement dysfunction resulting from pathology) as a 

theoretical model (Rose, 1986; Walker, 1986). The pathokinesiological model (PKM) 
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posits that impairment of any musculoskeletal tissue directly responsible for movement 

may lead to abnormal movement or kinematics. Many impairments are theorized to 

contribute to SDK using this traditional model. It is speculated that the SDK may be 

primarily the result of scapular muscle alterations due to its essential contribution to 

shoulder function. Altered mechanisms in scapular muscle activation, strength, 

inflexibility, and poor posture have all been associated with scapular dyskinesis.  

Increased UT activity has been shown accompanying winging due to the reduced 

scapular rotation has been reported among those with SDK and shoulder pain (Huang et 

al., 2015b; Lopes et al., 2015). The inhibited LT and SA activity have been suggested to 

be related to winging due to decreased upward rotation, decreased scapular posterior 

tipping, and external rotation activation (Huang et al., 2015b; Lopes et al., 2015; Roche et 

al., 2015). Conversely, weak isometric strength of the scapular muscles, particularly the 

UT, has been proposed to affect the scapular upward rotation and posterior tilt in the 

asymptomatic population (Pires & Camargo, 2018; Seitz et al., 2015; Turgut et al., 2016). 

Interestingly, the study by Pires and Camargo (2018) also discovered trunk and hip 

weaknesses in those exhibiting SDK.  

Pectoralis minor muscle tightness is another muscle impairment related to SDK 

(Borstad & Ludewig, 2005; Cools et al., 2014; Kibler et al., 2013a). The pectoralis 

muscle is located anterior to the scapula originating from ribs three to five and inserts to 

the inferior border of the scapula's coracoid process. It is an accessory muscle of 

respiration providing the upper ribcage's anterior expansion during inhalation on a fixed 

scapula (Neumann & Grosz, 2016). Alternately, this muscle's reverse action allows it to 
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be an effective counter-force to the posterior tilt of the force-couple between the SA and 

LT on a fixed anterior ribcage. Thus, inflexibility, especially shortness of this muscle, 

may lead to excessive scapular anterior tilt, protraction, and elevation affecting the 

normal SHR (Borstad, 2008; Borstad & Ludewig, 2006). 

Finally, poor posture has also been associated with SDK, particularly in those 

with increased thoracic kyphosis (Borstad, 2006; Finley & Lee, 2003; McKenna et al., 

2017; Otoshi et al., 2014; Singla & Veqar, 2017). These authors suggested that the 

increased thoracic kyphosis allows the scapula's resting position to start at anterior tilt 

and internal rotation. This prevents posterior tilting, external rotation, and upward 

rotation for normal SHR to occur. Otoshi et al. (2014) even showed an association of 

poor posture to shoulder impingement and possibly other shoulder disorders proposed by 

Borstad (2006) in an alignment-impairment model between posture, SDK, and shoulder 

pathologies. 

C. SDK and Shoulder Pathologies: A Relationship Based on the 

Kinesiopathological Model 

Just a little over two decades after Hislop proposed PKM to the PT profession, 

Sahrmann took turn into introducing another theoretical model called kinesiopathological 

model (KPM) based on concepts of kinesiopathology (study of disorders resulting from 

impaired movement). Sahrmann (2014) argued that the PKM “lacks consideration of 

broader concepts such as the study of conditions that are produced by imprecise or 

insufficient movement or immobility (kinesiopathology)” (p.1036). Both the PKM and 
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KPM are foundational to Sahrmann’s Movement System Impairment approach 

(Sahrmann, 1998; Sahrmann, 2002). Based on the KPM, there is an explicit assumption 

that an "optimal" scapular movement is central to shoulder function and that any 

deviation in kinematics is believed to be a contributing factor to the development of 

shoulder pain (Sauers, 2006). Many studies have supported that SDK is highly associated 

with a variety of shoulder diseases.  

Subacromial Impingement Syndrome 

Subacromial impingement syndrome (SAIS) is the most commonly reported 

painful shoulder disorder, comprising up to 65% of all shoulder cases (Luime et al., 

2004).  Scapular dyskinesis has been associated with  SAIS (Roche et al., 2015; Timmons 

et al., 2012) due to altered scapular resting position (Lewis et al., 2005) and abnormal 

scapular kinematics (Kibler et al., 2013b). People suffering from SAIS has been shown to 

have increased protraction, lesser upward rotation, and increased internal rotation 

(Keshavarz et al., 2017). The loss of acromial upward rotation, excessive scapular 

internal rotation, and excessive scapular anterior tilt as features of SDK may potentially 

decrease the subacromial space that can irritate any soft tissue structure, e.g., bursa, 

rotator cuff, ligaments, and more (Tate et al., 2008). Also, the are reported imbalances 

between UT, LT, SA activities.  Increased UT and decreased LT and SA activation have 

been reported in patients with SDK and impingement (Ludewig & Reynolds, 2009). 

Although, the term "impingement" has been suggested to be replaced with the more 

inclusive term “pain,” giving it the new name of “subacromial pain syndrome.” This 
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comes, as the sole mechanism of injury to many subacromial injuries, especially to 

rotator cuff disease, is not sufficient to cover the entire pathology (Diercks et al., 2014). 

Rotator Cuff Pathology 

Similar muscle imbalances found in those with SAIS have been observed to 

exacerbate rotator cuff injuries (Ludewig & Reynolds, 2009). The resulting internally 

rotated, anteriorly tilted glenoid and excessive scapular protraction limit maximal rotator 

cuff strength (Roche et al., 2015). This could be due to the disturbance in the ideal 

length-tension relationship the scapula typically provides to the rotator cuff muscles 

when normal SHR is present. Interestingly, when SDK was surgically replicated in 

laboratory conditions, it has shown to create cellular changes (morphology, tendon 

characteristics, gene expression) similar to those seen in rotator cuff tendinopathy 

(Reuther et al., 2014).  

Shoulder Instability 

Multidirectional instability of the shoulder has been shown to have altered 

scapular patterns of upward rotation, anterior tilt, excessive internal rotation (Ludewig & 

Reynolds, 2009), and increased protraction (Keshavarz et al., 2017). This altered position 

puts the glenoid facing inferiorly, allowing the humeral head to translate inferiorly out of 

the glenoid socket unchecked, thereby creating instability (Kibler et al., 2012). Inhibited 

subscapularis, LT, and SA, coupled with hyperactive pectoralis minor and latissimus 

dorsi muscles, have been observed in those with the instability that accentuates humeral 

head inferior position (Morris et al., 2004). The resulting altered SHR promotes increased 
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rotator cuff and biceps activation to compensate, allowing the humeral head to migrate 

away from the joint center, translate inferiorly, and move anterior or posterior (Ogston & 

Ludewig, 2007). However, in a systematic review by Struyf et al. (2014), shoulder 

instability patients showed contradictory results on scapulothoracic muscle activity 

patterns. They concluded that although the scapulothoracic muscle activity changed, no 

consensus could be made regarding muscle recruitment timing.  

Labral Injuries 

Labral injuries are highly linked to SDK because of pathologic internal 

impingement development (Myers et al., 2006). The proposed mechanism is the 

increased internal rotation, and the anterior tilt of SDK alters GH alignment. The 

resulting incongruency can place increased tensile strain on the anterior ligaments, 

increasing the biceps-labral complex's peel-back ability on the glenoid, thus injuring the 

labrum (Burkhart et al., 2003).  

Adhesive Capsulitis 

Finally, there is evidence that excessive upward rotation (Ludewig & Reynolds, 

2009) and less protraction (Keshavarz et al., 2017) of the scapula during shoulder 

elevation is common in those suffering from adhesive capsulitis or frozen shoulder. The 

proposed mechanism is compensatory due to the significant lack of GH motion. 

Therefore, the patient will need to intentionally raise the scapula as it is the only 

moveable part of the shoulder to achieve even the slightest amount of elevation when the 

condition is present. 
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D. SDK as a Risk Factor 

There are well-defined SDK clinical features that can potentially explain both the 

mechanism and involvement to shoulder pathologies. The traditional clinical approach of 

correcting diagnostic labels' unfavorable qualities may be applied to SDK to manage 

shoulder pathologies. Recently, this approach has been challenged, particularly in 

managing chronic shoulder pain (Lewis, 2016; Lewis et al., 2015).  Some experts have 

called for identifying modifiable risk factors associated to shoulder pain instead (Cools & 

Michener, 2017), which has merit in an epidemiological prevention model (Walls et al., 

2008). Individual prospective studies have unsuccessfully attempted to identify in the 

asymptomatic athletic population whether SDK can increase the risk of developing 

shoulder pain due to inconclusive results (Clarsen et al., 2014; Myers et al., 2013). Until 

recently, Hickey et al. (2018) published a systematic review with a meta-analysis claims 

that SDK can increase the risk of future shoulder pain by 43% in asymptomatic athletes 

than those who do not present with SDK. Suddenly, the supposed relationship of SDK 

with shoulder pain is no longer a presumption but a preventable threat. Antithetical to this 

information is an editorial by Littlewood and Cools (2018) in response to questioning the 

wide confidence interval of the reported relative risk (RR) statistic of 1.43 (95% CI; 1.05-

1.93). Littlewood and Cools argued that the true population risk might be close to none 

where 1 = no increased risk. Even though that argument has weight in light of the 

possible repercussion of what Hickey et al. reported to clinical practice, a deeper look at 

the actual numbers may further illuminate the value of a 43% RR.    
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Relative risk supplies both the association and magnitude (including the direction) 

of an effect. Nonetheless, as with all ratio measurements, the numerator and dominator's 

absolute size are lost, thus, impedes interpretation of the real impact of exposure. To 

mitigate this, calculation of additional risk based on knowledge of the absolute risk of the 

exposure, population attributable fraction (PAF), and number needed to treat (or harm; 

aka, NNT/NNH), are needed to understand further the generalizability of the results 

(Siegerink & Rohmann, 2018). To apply this to the result reported by Hickey et al., all 

calculations had to be done by hand based on recreating the contingency table from the 

study's original data. The result is an additional increased risk of 7%, bringing the RR to 

a total of 50% (vs. 43%) - a 1.5-fold increase in the risk of shoulder pain when SDK is 

present. The PAF is 13.34%. Since PAF answers the question of what fraction of all cases 

can be attributed to the exposure, it would mean that 13.34% of the entire population of 

shoulder pain is attributed to SDK. Furthermore, the number needed to harm (NNH) is 

ten. This means that it would only take ten people correctly diagnosed with SDK for one 

person to develop shoulder pain. Suppose this is turned into the number needed to treat 

(NNT) in the context of prevention. In that case, this may also mean that it only takes ten 

people diagnosed with SDK that may require preventive intervention to save one person 

from developing pain. 

For now, until the study by Hickey et al. is updated with more recent prospective 

studies, it might be more practical to err on the side of caution and consider that SDK 

could be a risk factor for future shoulder pain. As Paine and Voight (2013) opine, "only 

through an understanding of normal biomechanics can the pathomechanics of injury or 
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dysfunction be understood" (p. 618). With that assumption, SDK could only be 

considered a modifiable risk factor if it can be adequately identified and characterized 

among the asymptomatic population. 

E.  Scapular Dyskinesis Test: How SDK is Detected 

There have been multiple ways to detect and document the presence of SDK 

(Wright et al., 2013). Physical examination tests for SDK are generally categorized to 

visual observation, direct scapular measurement, and symptom alteration tests (Lange et 

al., 2017). Observational methods include static observation of winging and dynamic 

observation of the presence of winging and dysrhythmia as described earlier. Methods of 

direct measurements include the use of an inclinometer to measure scapular angular 

rotations and tilts, as well as a tape measure for linear distances to quantify altered 

scapular position in relation to a standard anatomic reference (e.g., distance from the 

medial border of the scapula to the adjacent spinous process in the Lateral Slide Test). 

Although these tests are widely accepted and adopted in clinical practice, recent 

systematic reviews report conflicting evidence supporting its use due to poor reporting, 

inconsistent methodologies (D'hondt et al., 2017; Larsen et al., 2014), and lack of high-

quality evidence (Lange et al., 2017). Notwithstanding the shortcomings of these tests, 

current literature still supports the use of visual observation over direct measurements and 

symptom alteration tests due to modest reliability at best (D'hondt et al., 2017; Larsen et 

al., 2014). Specifically, the most recent consensus from an international panel of experts 
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recommends using a visual dynamic observation test called the scapular dyskinesis test 

(Kibler et al., 2013a). 

The SDT is a simple observational evaluation method for assessing scapular 

function by observing bilateral scapular motion during repeated motions of arm elevation 

and lowering. Clinically significant SDK is often considered present if symptomatic 

patients show asymmetric position or motion compared with the opposite side (Kibler et 

al., 2002). Patients perform a minimum of five consecutive repetitions of bilateral, active, 

and weighted shoulder flexion using dumbbells according to their body weight: 3 lbs. for 

those weighing <150 lbs. and 5 lbs. for those >150 lbs. (Kibler et al., 2013a). Compared 

to the opposite side, the therapist identifies the presence of SDK when there is apparent 

prominence of any portion of the medial border or inferior angle or dysrhythmia or 

excessive or premature movement of the scapula during elevation or lowering of the arm 

compared (Kibler et al., 2002). The presence of SDK is labeled as Types 1-4 depending 

on the abnormality present on the scapula: 1) Type 1 – prominence of the inferior angle; 

2) Type 2 – medial border prominence; 3) Type 3 - excessive superior border elevation; 

and Type 4: Normal or symmetric motion.  

The SDT has shown reliability (McClure et al., 2009; Uhl et al., 2009), and 

validity was demonstrated when used in the symptomatic population (Tate et al., 2009; 

Uhl et al., 2009). However, the Yes/No method of SDT, which simply identifies the 

presence or absence of asymmetry between shoulders, was found to be more accurate, 

thus, more reliable (Møller et al., 2018; Uhl et al., 2009).  
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F. Has SDT Been Used in the Asymptomatic Population? 

Although SDT has an established clinical utility when used in the symptomatic 

population, no studies have been found evaluating the reliability and validity of the SDT, 

more specifically the Y/N SDT, in the healthy population. Even the recent prospective 

studies (D'hondt et al., 2017; Lange et al., 2017; Larsen et al., 2014) that indicated SDK 

as a risk factor failed to mention that the scapular examination tests used (SDT included) 

were reliable and valid in the asymptomatic people (population at risk) before the start of 

their respective studies. Suppose the risk of presenting with SDK may be predictive of 

pain. In that case, it is, therefore, crucial to establish the reliability and validity of at least 

the Y/N SDT among the asymptomatic population. 

G. SDT in the Hands of Inexperienced Clinicians 

The Yes/No method of SDT's improved accuracy is more likely due to its 

simplicity (dichotomous decision) than the original four categorization types. It is one of 

the many physical examination tests taught and encouraged to be used even in novice 

clinicians like DPT students. Doctor of physical therapy students across the United States 

is taught orthopedic special tests as early as in their first year in preparation for their first 

orthopedic clinical rotation (usually immediately after their first year). They are taught 

tests that have established and useful clinimetric properties, like that displayed by Y/N 

SDT, in accordance with the Doctor of Physical Therapy Education Evidence-Based 

Practice Curriculum Guidelines (Kaplan et al., 2016). As an observational method, the 

Y/N SDT is exposed to subjectivity that heavily relies on the clinician's experience using 
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it in identifying SDK (Lange et al., 2017). Unfortunately, as novices, students lack the 

experience to be reliable and accurate based only on standard instruction received in 

school, especially in shoulder assessment tools (Christiansen et al., 2017; Lluch et al., 

2014; Rajasekar et al., 2017). Many studies have investigated the reliability between 

novices and experienced clinicians using other assessment tools (primarily in balance) 

used in physical therapy (Cipriany-Dacko et al., 1997; Gulgin & Hoogenboom, 2014; 

Maqueda & Patel, 2015). These studies found evidence of rater discrepancy due to lack 

of experience. Nevertheless, the same cannot be said to the reliability between novice and 

experts in using Y/N SDT when used among the asymptomatic individuals as no study 

was found to explore this. 

Furthermore, clinical experience was found to be a strong predictor of forming an 

accurate diagnosis (Brammer, 2002). So, in students who lack experience, booster or 

calibration training to maintain knowledge and resist deterioration or knowledge decay is 

required (Haj‐Ali & Feil, 2006; Sullivan et al., 2019). In addition, personalized feedback 

effectively improves diagnostic accuracy among clinicians of all experience levels 

(Snodgrass et al., 2010).  Therefore, constant retraining with feedback is necessary if Y/N 

SDT is expected for students to use in the clinic. Other professions like dental, respiratory 

therapy and emergency medicine have heavily studied the effect of booster training and 

knowledge decay (Andreatta et al., 2016; Matterson et al., 2018; Woollard et al., 2006). 

They all found the benefit of booster training and feedback to reduce and prevent 

knowledge decay in students effectively. However, studies of similar focus on booster 
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training effects among the physical therapy profession are missing, let alone in Y/N SDT 

among students. 

H. SDT and Scapular Kinematics 

Since SDK is considered a movement impairment, scapular kinematics 

measurements have been utilized to quantify deviations from the expected scapular 

movement. Many of the studies that investigated the relationship of SDK to shoulder 

pathologies have utilized 3-dimensional (3D) kinematics motion tracking system to 

quantify altered scapular positions (Huang et al., 2016; Huang et al., 2015b; Keshavarz et 

al., 2017; Lopes et al., 2015; Ludewig & Reynolds, 2009; Ogston & Ludewig, 2007; 

Seitz et al., 2015; Timmons et al., 2012). Even when SDT was first introduced, its 

concurrent validity was demonstrated using 3D kinematics (Tate et al., 2009). The second 

time its construct validity was recognized, 3D kinematics was once again employed (Uhl 

et al., 2009). However, in a recent systematic review of the diagnostic accuracy of 

scapular physical examination tests, the authors concluded that all validation studies of 

current scapular tests, including SDT, lack acceptable reference standards (Wright et al., 

2013) i.e., scapular 3D kinematics. That is because available methods of measuring 

scapular kinematics, 3D kinematics included, are all unreliable (Lempereur et al., 2014; 

Rapp et al., 2017). The reason is that the scapula is one of the few bones of the body that 

moves underneath the skin. The thick layer of soft tissue covering the scapula leads to 

movement artifacts no less than 5º on shoulder angles between 90-120º and far greater 

when above that in surface measurement techniques currently available (Karduna et al., 
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2001; Matsui et al., 2006; Prinold et al., 2011). Unless using invasive bone pins and 

exposure to imaging combined, all surface monitors are deemed inaccurate. It is so 

unreliable that most scapular kinematics studies avoided measuring beyond 120º of 

shoulder elevation to maintain accuracy. Most biomechanics experts suggest if using any 

surface monitor, the ideal shoulder elevation angle should not go beyond 90º (Karduna et 

al., 2001; Matsui et al., 2006; Prinold et al., 2011). However, many functional shoulder 

activities are performed overhead which defeats the purpose of investigating the shoulder. 

Alternative techniques, including the acromion marker cluster method, have been 

proposed and tried with no success in improving accuracy in higher shoulder angles (Bet-

Or et al., 2017; Prinold et al., 2011; Warner et al., 2015). Even alternative innovations in 

3D rendering like inertial motion sensors (IMU) using gyroscopic technology have also 

been explored with slight improvement at the most (van den Noort et al., 2014). 

Nonetheless, experts still recommend using an acromion marker with IMU due to 

consistently low reliability on shoulder angles greater than 120 degrees (Bet-Or et al., 

2017; van den Noort et al., 2015). 

I. What About SDT and Scapular Muscles? 

Scapular muscles (UT, MT, LT, and SA) have direct actions responsible for 

moving the scapula to effectively maintain the normal SHR for healthy shoulder function 

(Camargo & Neumann, 2019; Neumann & Camargo, 2019). When any of these muscles 

are impaired, it has been conjectured to contribute to SDK. There is mounting evidence 

that shows scapular muscle abnormalities are apparent in shoulder pathologies related to 
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scapular dyskinesis (Huang et al., 2015b; Lopes et al., 2015; Pires & Camargo, 2018; 

Roche et al., 2015; Seitz et al., 2015; Turgut et al., 2016). Other than flexibility and 

strength, EMG studies have significantly increased the understanding of the scapular 

muscles' contribution to shoulder kinematics (Kibler et al., 2008; Seitz & Uhl, 2012; 

Wattanaprakornkul et al., 2011; Yoshizaki et al., 2009). Despite support in the 

relationship between scapular muscles and SDK with an understanding that kinematics 

may be a poor reference standard, to date, the SDT has never been validated with muscle 

activity, much less in asymptomatic individuals. 

J. SDK and EMG 

Recent studies now incorporate scapular EMG activity to assess shoulder function 

by characterizing and defining differences between the absence or presence of SDK 

among symptomatic and asymptomatic individuals. (Huang et al., 2017; Huang et al., 

2015b; Lopes et al., 2015). The positive effect of scapular exercises has been shown by 

quantifying muscle recruitment as a variable measured by EMG activity in those with 

shoulder pain (De Mey et al., 2012).  

Muscle Amplitude and Neuromuscular Effort 

The most common variable assessed in EMG analysis is the intensity of muscle 

activation against the maximum voluntary isometric contraction (MVIC) of the same 

muscle expressed in percentage. Maximum voluntary isometric contraction provides 

information on the intensity (amplitude) and the number of motor units recruited by each 

muscle at a given time point of an activity. Therefore, when muscle amplitude is 
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expressed in 100% MVIC, it creates an excellent estimate of the muscle's neuromuscular 

effort being tested, whether it is low, moderate, or high during a specific activity or task. 

While it is not a measure of strength, it can provide useful information on how hard the 

muscle is working, thus, aiding in rehabilitation efforts. Experts' recommended 

interpretation of the different levels: 1) Low activity (20% or less) = low muscular effort, 

no clinical value; 2) Moderate activity (21-40%) = muscular effort appropriate for 

neuromuscular re-education and endurance training; 3) High activity (41% or more) = 

muscular effort appropriate for strength training representative of hypertrophy 

(DiGiovine et al., 1992; Reiman et al., 2012).  

Activation Pattern (Firing Order) 

Another set of variables assessed in EMG analysis is time-dependent 

measurements, including onset duration and onset time. Onset duration is the amount of 

time spent by a muscle when considered active during an entire activity. In comparison, 

onset time refers to the reaction time the muscle was deemed active relative to the 

beginning of the activity. Collectively, these two measurements help illustrate muscle 

activation patterns within movements. This may be more related to SDK than amplitude 

alone when evaluating shoulder function as scapular muscle force-couple posits healthy 

contribution of the scapula to the SHR (Camargo & Neumann, 2019; Neumann & 

Camargo, 2019). 

Previous research has demonstrated the presence of specific sequences of firing 

order (on and off activation) in healthy populations during overhead shoulder activities 

(Hirashima et al., 2002; Kibler et al., 2007; Wickham et al., 2010). However, these 
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studies' focus was mainly on the coordination between the trunk, scapula, and GH 

muscles and not within the scapular muscles itself. If it were the scapular muscles, that 

might help elucidate the pathological nature of SDK, if any. 

The effects of muscle fatigue concerning scapular stability have also been 

investigated in the healthy population, though results are conflicting. These studies 

investigated the effect of repetitive exercise on the scapular muscles' ability to stabilize 

the scapula after fatiguing the muscles. On the one hand, some studies suggest that a 

fatigue-induced strength deficit can have an expected unfavorable effect on scapular 

positioning: increased scapular protraction (Thomson & Mitcheli, 2000) and reduce 

posterior tilt, external rotation, and upward rotation in overhead activities (Tsai et al., 

2003). On the other hand, in some studies, scapular muscle fatigue demonstrated 

favorable compensatory motions to the scapula with increased scapular upward rotation 

and external rotation (Ebaugh et al., 2006; McQuade et al., 1998). Some have found 

evidence of shoulder girdle fatigue affecting joint position sense. A study that 

investigated the effects of fatigue-induced muscle deficits on shoulder proprioception 

measured by the time threshold to detect passive movement showed a significant 

decrease in joint kinesthesia (Carpenter et al., 1998).  

These studies evaluated healthy subjects on a single session of shoulder muscle 

fatigue. The effects of repetitive fatigue through regular upper extremity tasks and 

overhead sport may further result in chronically altered scapular kinematics due to 

distorted muscle coordination. However, studies evaluating muscular firing patterns 

comparing individuals evaluated to have scapular dyskinesis to controls have yet to be 
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accomplished. In the meantime, extrapolation must be used based on previous research 

that has assessed the effect of scapular muscle fatigue on scapular kinematics. It could be 

hypothesized that altered scapular muscle firing activation patterns may be present in 

individuals with SDK. 

K. The Case of SDK’s Innocence 

Despite evidence of SDK being detrimental, there is a small but growing number 

of opinions that SDK could be a harmless phenomenon instead (innocent until proven 

guilty). Some argue that SDK may just be a normal movement variability (McQuade et 

al., 2016; Plummer et al., 2017). Others propose that it could simply be an individual’s 

movement adaptation to optimize function that perhaps, another example of a normal 

response being “pathologized” (Littlewood & Cools, 2018). This recent change of 

attitude towards SDK from being pathological to healthy comes from a set of unlikely 

evidence contrary to the current view of SDK since it was first labeled. Here is why. 

Prevalence of SDK 

It has been reported in recent studies that about 60-70% of individuals suffering 

shoulder pain have SDK (Burn et al., 2016; Plummer et al., 2017; Ramiscal et al., 2020). 

However, many of these same studies found a similar proportion that presents with SDK 

even among asymptomatic individuals. This may imply that SDK is common even 

among the healthy population. 
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Difference of SDK between Symptomatic and Asymptomatic Individuals 

Since SDK is an observed movement phenomenon, scapular kinematics became 

the first set of variables measured to distinguish those with SDK from those without. 

Many studies that measured scapular kinematics of those with SDK found no difference 

between symptomatic and asymptomatic individuals (Christiansen et al., 2017; Graichen 

et al., 2001; Lukasiewicz et al., 1999; Nijs et al., 2005; Paine & Voight, 2013). Aside 

from SDK being common, it suggests that SDK may not be a meaningful clinical 

presentation. 

Effect of Exercise on SDK 

Because SDK is associated with many shoulder disorders, scapular-focused 

exercises have been proposed to reduce pain and improve shoulder function. Two recent 

systematic reviews evaluated the effectiveness of scapular-focused methods on pain, 

function, and scapular position in patients with shoulder pain. These studies suggested 

that the scapular-focused exercise approach effectively reduces pain and function, but 

unclear to its effect on scapular kinematics. In some cases, scapular-focused exercises did 

not affect the scapular position and motion (Camargo et al., 2015) while some, ended up 

where the kinematics even became worse (McClure et al., 2004; Struyf et al., 2013). The 

results suggest that kinematics may not be directly responsible for pain and functional 

improvements as a result of scapular exercises. If SDK cannot explain such 

improvements, it puts to question how SDK could be a modifiable risk factor.  

These are only some of the slow but mounting evidence catching up against SDK 

as being pathologic and abnormal, as we know it. It could be possible that the presence of 
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SDK in healthy individuals is, indeed, normal. Therefore, the investigation will continue 

in the saga of SDK. Together with the many leading experts and researchers' relenting 

efforts in shoulder function and rehabilitation, may the results of this study help shed 

more light on the elusive world of scapular dyskinesis. 
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METHODS AND RESULTS 

I. Common Procedures 

A. Subject Recruitment Protocol 

Healthy asymptomatic adults between the ages of 18-35 years old were included 

using word of mouth and referrals. Exclusion criteria include individuals having shoulder 

pain with activity of 2/10 or greater on the numeric pain-rating scale and any of the 

following conditions: 1) adhesive capsulitis, defined as a loss of greater than 50% in 

passive shoulder range of motion in shoulder external rotation and one other plane of 

motion; 2) previous shoulder surgery within the past year; 3) history of shoulder fracture; 

4) systemic musculoskeletal disease (rheumatoid arthritis, fibromyalgia, etc.); and 5) 

shoulder pain that was reproduced with active/passive cervical spine motion. 

Additionally, potential participants were excluded if they had a history of shoulder pain 

within the past year. Approval was obtained from the Institutional Review Board (IRB) 

of Augusta University, and all subjects read and signed a consent form (Appendix A) 

before participation in this study. A screening tool in the form of the General Health 

Status form (Appendix B) was used to screen patients for eligibility consisting of existing 

medical problems, medications, and pain rating. Those eligible were later invited to 

undergo evaluation via the Y/N SDT described below. 
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B. The Y/N SDT and Video Recording Protocol 

The Y/N SDT was performed and video recorded for later evaluation of the 

presence or absence of SDK (Figure 1). Participants were asked to expose both scapulae 

during the test. Male participants removed their shirts while females wore a sports bra 

that exposed both scapulae. Using a metronome at a rate of 60 beats per minute, 

participants performed five consecutive repetitions of bilateral, active, and weighted 120º 

of shoulder flexion using dumbbells according to their body weight: 1.4kg (3lb) for those 

weighing <68.1kg (150lb) and 2.3kg (5lb) for those >68.1kg (150lb) according to the 

SDT protocol by McClure at al. (McClure et al., 2009; Tate et al., 2009).  
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Figure 1. Scapular Dyskinesis Test (Yes/No method) and video recording set-up 

 
 

1. Trial Reliability of Shoulder Flexion 

To standardize the shoulder flexion and assure accuracy in all five repetitions, a 

guide was placed in front of the subjects (two feet from the subject’s toes). The guide was 

a pole made of a single eight-foot PVC pipe on a wood base. A spring clamp with 

handles wrapped with bright neon orange tape for easy visibility was clamped on the 

pole. Subjects’ shoulders were passively elevated to align with a goniometer (fixed at 

120º) and were asked to be held in that position. The clamp was moved roughly at the 

level of the subjects’ middle fingers or at the level the subjects would remember to raise 

their arms during the test. To establish reliability between repetitions, after determining 

the clamp's ideal height on the pole, subjects were asked to put their arms down to their 
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sides and raised back up again at the clamp level and held there. The fixed goniometer 

was placed back at the shoulders one at a time to check if the shoulders were aligned with 

the goniometer. If not, this process was repeated until the subjects accurately elevated 

both arms to align with the goniometer. 

2. Video Recording 

To record the movement, a high-definition digital camera on a tripod equipped 

with lighting was set up behind the participant one meter away at the level of the seventh 

thoracic spinous process (between the inferior angles of the scapulae). Each video was 

saved on an MP4 format labeled by their respective unidentified subject number assigned 

earlier during the consent process. All videos were saved on a secure Box folder (cloud) 

provided by AU IRB to be accessed later by the assigned raters in Experiments 1 and 2. 

After watching the videos independently, raters used the Y/N SDT and labeled the 

presence or absence of SDK for each subject evaluated. 

3. Definition of Operational Terms in Y/N SDT 

The definition of operational terms are as follows: 

 Yes - Scapular dyskinesis is present (asymmetrical shoulders): Either or both 

of the following motion abnormalities may be present on either shoulder. 

o Dysrhythmia: The scapula demonstrates premature or excessive 

elevation or protraction, non-smooth or stuttering motion during arm 

elevation or lowering, or rapid downward rotation during arm 

lowering. 
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o Winging: The scapula’s medial border or inferior angle is posteriorly 

displaced away from the posterior thorax. 

 NO - Scapular dyskinesis is not present (symmetrical shoulders): Both 

scapulae are stable with minimal motion during the initial 30º to 60º of 

shoulder elevation, then smoothly and continuously rotates upward during 

elevation and smoothly and continuously rotates downward during humeral 

lowering. No evidence of winging is present. 

II. Experiment 1 

Experiment 1 was designed to address Aim 1 (to determine the reliability of the 

Y/N SDT in individuals with asymptomatic SDK between student and expert physical 

therapists). Secondarily, it was designed to address Sub-Aim 1.A (to establish the 

diagnostic accuracy of PT students compared to an expert in using Y/N SDT and 

determine the effect of booster training on student knowledge decay). 

A. Study Design 

1. Study Design Specific to Aim 1 

To address Aim 1 (SDT reliability), an intra- and inter-rater reliability design 

were utilized. 
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2. Study Design Specific to Sub-Aim 1.A 

To address Sub-Aim 1.A (student accuracy and booster training), an experimental 

pretest-posttest control group multiple time-series design was utilized as a pilot study. 

B. Subjects 

One hundred healthy subjects were recruited, screened, evaluated, and video 

recorded using the subject recruitment, the Y/N SDT, and video recording protocols 

described in the Common Procedures section. Table 1 summarizes the subject 

demographic characteristics. 

Table 1. Experiment 1 subject demographic characteristics 

 n=100 

Age (years) 24 ± 3 

Gender: Female 63 (63) 

Handedness: Right 89 (89) 

History of overhead sports 71 (71) 

  

Note: Values are mean ± SD, n (%) 

C. Raters 

There were eight raters; two experts and six students. The expert raters were 

licensed and certified orthopedic PT specialists (OCS), one with 25 years of clinical 

experience, who was considered as the expert gold standard (EGS), and the other with 21 

years of clinical experience. The student raters were second-year DPT students. All raters 
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were blinded to each other’s data during the study period. Table 2 summarizes the rater 

demographic characteristics. 

Table 2. Experiment 1 rater demographic characteristics 

 Expert Student 

 n = 2 n = 6 

Years of experience 23 ± 3 0 

PT education DPT 2nd year DPT 

OCS 2 (100) 0 (0) 

   

Note. Values are mean ± SD, n (%); DPT = Doctor of Physical Therapy; OCS (board-certified orthopedic 

physical therapy specialist) 

D. Procedures and Instrumentation 

1. Procedures Specific to Aim 1 

All six students went through a two-part standardized training provided by the 

EGS (Figure 2). The first part was a didactic format to educate the students on how to 

evaluate using Y/N SDT. The second part was a practical application format where all 

raters independently rated sample videos of subjects performing the SDT to achieve a 

baseline minimum of substantial agreement (Krippendorff’s alpha or K-=0.61-0.80) 

(Hayes & Krippendorff, 2007) among all the student raters before study proper.  
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Student Rater Training 

Part 1: Didactic 

Prior to training, the EGS prepared videos of subjects performing the SDT 

representing SYM and ASYM shoulders. These videos were from a pilot study (Ramiscal 

et al., 2021). Part one of the training began by reviewing the operational terms to the 

students as to what constitutes a SYM versus an ASYM pair of shoulders. This was 

achieved by identifying the presence or absence of SDK on either shoulder. Then, ten 

sample videos were shown on a big screen one by one to the students. Each video was 

meticulously paused or slowed down to describe the features in detail to allow the 

students to ask questions or clarifications. After the session, the students were given five 

more sample videos to rate independently. Then the EGS revealed the correct rating and 

discussed further what and how mistakes were made. 

Part 2: Application 

In part two, the students were given access to an additional ten sample videos the 

following day, along with a recording form. Their instruction was to watch the videos 

independently, record their rating on the form provided, and send the form to the EGS for 

review. The EGS calculated the K- among all student raters. This process was repeated 

for a second day (ten more sample videos) until a substantial agreement was reached. The 

K- are as follows: Day 1: 0.3; Day 2: 0.8. For the suggested interpretation of K-, see 

Statical Analysis Specific to Aim 1. 
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Figure 2. Student Rater Training Flow 

 

Note. SYM = symmetrical; ASYM = asymmetrical; K- = Krippendorff's alpha 

After reaching the required baseline level of agreement (substantial) among all six 

student raters, the one hundred study videos were released to both the student and expert 

raters at a rate of ten per week in the next ten weeks for independent rating. The ratings in 

this part were used to calculate inter-rater reliability. Access to the videos was closed 

when the ratings were due at the end of the week. At the end of the tenth week, videos 

from the first week were re-released for the second round of ratings. Ratings in this part 

were used to calculate the intra-rater reliability. 

2. Procedures Specific to Sub-Aim 1.A 

Students were randomly and equally assigned (three each) into experimental and 

control groups using an online list randomizer (Randomness and Integrity Services Ltd., 

K-α 
calculated

K-α achieved

• Training 
complete

K-α NOT achieved

Part 1 - Didactic

•Review of operational terms

•Video analysis of SYM vs. ASYM

Part 2 - Application

• Independent rating of 10 
videos (next day)
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2021). Both groups received a standard ten-minute instructional video from the EGS as 

the control booster training between weeks five and six. The content was identical to the 

first part of the original student training protocol - review of the operational terms and 

sample videos (see Student Rater Training). Also, the experimental group received a 

personalized second video from the EGS ranging between 15-20 minutes which was 

detailed feedback on the rating forms of each student in the experimental group on the 

first five weeks, known as the intervention booster training. Only those videos to whom 

the EGS and the student disagreed were reviewed in detail. Figure 2 summarizes the 

randomization procedure. All students were blinded from each other during the booster 

training sessions and each other’s group assignment. 
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Figure 3. Randomization Procedure 

 

E. Sample Size Estimation 

A priori power analysis using Real Statistics Resource Pack software, release 7.2 

(Zaiontz, 2020), was utilized for the reliability study (Aim 1). Based on the inter-

reliability  value of 0.64 of the previous pilot study (Ramiscal et al., 2021), the 

minimum sample size required to test the null hypothesis =0.3 versus the alternative 

hypothesis =0.6, assuming a significance level of 0.05 and power of 90%, was 72. 

As a pilot study, no sample size estimation was done for the experimental study 

(Sub-Aim 1.A). 

Six students rated 
10 videos/week

Students 
randomized

Experimental

•3 students
•Standard + 
personalized videos 
(intervention)

Control

•3 students
•Standard video only 
(sham)

Weeks  6-10

Weeks  1-5
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F. Statistical Analysis 

1. Statistical Analysis Specific to Aim 1 

To determine the intra-rater reliability in student and expert raters, Cohen’s kappa 

() (Cohen, 1988) with its 95% confidence interval (CI) for each rater was calculated 

between the first and second ratings of the videos from the first week (ten weeks apart), 

then averaged. To determine the inter-rater reliability between student raters only, K- 

(Krippendorff, 2011) with its 95% CI was calculated. To determine the inter-rater 

reliability between expert raters only, the  was also calculated. Bootstrapping using the 

nonparametric (resampling) method, with a size of 1,000 that yielded 1,500 pairs, was 

opted to improve the accuracy of the distribution of the alphas and kappas (Hayes & 

Krippendorff, 2007; Krippendorff, 2016). Without bootstrapping, the CIs were wider (see 

Table 1). The suggested interpretation of both K- and κ is as follows: < 0.0 “poor'' 

agreement, 0.0 to 0.2 “slight'', 0.21 to 0.4 “fair'', 0.41 to 0.6 “moderate'', 0.61 - 0.8 

“substantial'', and 0.81 to 1 “near-perfect'' (Cohen, 1988; Landis & Koch, 1977). 

Statistical significance was set at  = 0.05. Statistical tests were performed with SPSS 

version 27 (IBM Corp, 2020). 

2. Statistical Analysis Specific to Sub-Aim 1.A 

To determine the diagnostic accuracy between the students and the EGS, the 

average , sensitivities (Sn), and specificities (Sp) were calculated. To determine the 

effect of the intervention vs. control booster training, overall, and pre- and post-booster 
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training period averages were calculated. Then, separate nonparametric independent-

samples Mann-Whitney U tests were performed to test the following null hypotheses: 1) 

,  Sn, and Sp mean values between experimental and control groups are equal; 2) ,  Sn, 

and Sp mean values between experimental and control groups at the post-booster training 

period only are equal; 3) ,  Sn, and Sp mean values between pre- and post-booster 

training periods in the experimental group are equal, and 4) ,  Sn, and Sp mean values 

between pre- and post-booster training periods in the control group are equal. Statistical 

significance was set at  = 0.05. Statistical tests were performed with SPSS version 27 

(IBM Corp, 2020). 

A secondary analysis was performed to understand both groups' behavior across 

time before and after the booster training. This was accomplished by calculating separate 

time series linear trend forecasting analyses using Excel version 16.46 (Microsoft, 2021), 

which produced lines of best-fit equations and R-squared values. 

G. Results 

1. Results Specific to Aim 1 

Table 3 summarizes the reliability results in experts and students. The intra-rater 

reliability of the experts was near perfect ( = 0.92), while students was substantial ( = 

0.77). Although lower, the inter-rater reliability of the experts was still near perfect ( = 

0.85) and so as the students that remained substantial (K- = 0.63). 
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Table 3. Summary of rater reliability 

 Intra-rater Inter-rater 

Expert 

 CI  CI 

0.92 0.91-0.93 0.85 0.84-0.87 

 0.85-0.99*  0.75-0.96* 

Student 

 CI K- CI 

0.77 0.75-0.78 0.63 0.58-0.67 

 0.59-0.95*  0.47-0.79* 

     

Note.  = Cohen’s kappa; K- = Kripendorff's alpha; CI = confidence interval 

*CI in italics calculated without bootstrapping 

2. Results Specific to Sub-Aim 1.A 

Table 4 summarizes the diagnostic accuracy values between the students and the 

EGS. Calculations were made for the overall average of all students (groups combined) 

and the overall, pre-, and post-booster training values for each group. The overall average 

diagnostic accuracy of the students compared to the EGS was moderate for  (0.48), 

moderate for Sn (85%), and low for Sp (67%). 
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Table 4. Summary of diagnostic accuracy between students and the expert gold standard 

   CI Sn Sp 

Groups Combined Overall 0.48 0.47-0.48 85% 67% 

Experiment 

Overall 0.47 0.46-0.47 87% 65% 

Pre-booster training 0.58 0.57-0.60 86% 84% 

Post-booster training 0.37 0.36-0.39 88% 46% 

Control 

Overall 0.46 0.45-0.47 82% 68% 

Pre-booster training 0.57 0.56-0.59 85% 83% 

Post-booster training 0.34 0.33-0.35 79% 53% 

      

Note. All values are averages;  = Cohen’s kappa; CI = confidence interval; Sn = sensitivity; Sp = 

specificity 

Table 5 summarizes the booster training effect by comparing the ,  Sn, and SP 

mean differences between groups, between groups at the post-intervention period only, 

and between pre- and post-booster training periods per group by utilizing the 

nonparametric Mann-Whitney U test. All were not significant except for the control 

group’s mean  difference between the pre- and post-booster training periods (p = 0.03; 

η2 = 0.538); wherein the pre-booster training reliability of the control group was moderate 

(0.57), but deteriorated to fair post-booster training (0.34) (Table 4). 
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Table 5. Summary of Mann-Whitney U tests 

Difference  p η2 

Experimental vs. Control 

 0.90 0.002 

Sn 1.00 0.000 

Sp 0.90 0.002 

Post-booster training: Experimental vs. Control 

 1.00 0.000 

Sn 0.06 0.398 

Sp 0.69 0.020 

Experimental: Pre- vs. Post-booster training Periods 

 0.10 0.350 

Sn 0.31 0.148 

Sp 0.06 0.448 

Control: Pre- vs. Post-booster training Periods 

 0.03 0.538 

Sn 0.15 0.276 

Sp 0.06 0.407 

    

Note. p = p-value; η2 = eta squared;  = Cohen’s kappa; Sn = sensitivity; Sp = specificity 

Figures 4 to 12 summarize the weekly reliability and diagnostic accuracy between 

groups. Furthermore, it includes the respective trajectory (linear forecast) of both groups’ 

accuracy of their respective pre- and post-booster training. The behavior of both groups 

was nearly similar each week regardless of the diagnostic accuracy metric.  

Pre-booster training period (weeks 1-5) 

During this period, both groups'  and Sp values improved from the beginning to 

the middle but started declining towards the end (Figures 4, 10). Also, in this period, the 

linear forecasts for , and Sp values of both group's linear forecast trajectories declined 

(Figures 5,11). The Sn values started high and remained high throughout the pre-booster 

training period (Figures 7, 8).  
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Post-booster training period (weeks 6-10) 

During this period, the  and Sp values of both groups improved from the 5th 

week towards the end of the study (Figures 4, 10). The , Sn, and Sp’s linear forecast 

trajectories improved (Figures 6, 9, 12). Although the general Sn of both groups 

continued to remain high in this period, the control group's linear forecast trajectory 

declined. In contrast, the experimental group’s course improved (Figure 9). 

Figure 4. Weekly kappa scores between experimental and control groups 

 

Note. Red line = when the booster training was introduced 
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Figure 5. Kappa linear forecast during the pre-booster training period 

 

Note. Forecast extending to week seven if pre-booster training period was extended beyond week 5 with no 

booster training introduced. 
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Figure 6. Kappa linear forecast during the post-booster training period 

 

Note. Week 1 starts at the actual fifth week of the entire study period. Forecast extending to week 13 if 

post-booster training period was extended beyond week 10. Red line = when the booster training was 

introduced. 

Figure 7. Weekly sensitivity between experimental and control groups 

 

Note. Red line = when the booster training was introduced. 
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Figure 8. Sensitivity linear forecast during the pre-booster training period 

 

Note. Forecast extending to week seven if pre-booster training period was extended beyond week 5 with no 

booster training introduced. 
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Figure 9. Sensitivity linear forecast during the post-booster training period  

 

Note. Week 1 starts at the actual fifth week of the entire study period. Forecast extending to week 13 if post-

booster training period was extended beyond week 10. Red line = when the booster training was 

introduced. 

Figure 10. Weekly specificity between experimental and control groups 

 

Note. Red line = when the booster training was introduced 
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Figure 11. Specificity linear forecast during the pre-booster training period 

 

Note. Forecast extending to week seven if pre-booster training period was extended beyond week 5 with no 

booster training introduced. 
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Figure 12. Sensitivity linear forecast during the post-booster training period 

 

Note. Week 1 starts at the actual fifth week of the entire study period. Forecast extending to week 13 if 

post-booster training period was extended beyond week 10. Red line = when the booster training was 

introduced. 

Table 6 summarizes the values of all the linear forecast equations of both groups 

during the post-booster training period. The  values further parsed out the similar 

trajectory patterns of both groups during the post-booster training period. The  values of 

the experimental group were higher than the control on all diagnostic accuracy metrics. 
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Table 6. Summary of values of linear forecast equations during the post-booster training period 

Metric Group R2 β Intercept 

 
Experimental 0.18 0.04 0.22 

Control 0.03 0.01 0.32 

Sn 
Experimental 0.03 0.01 0.85 

Control 0.16 -0.01 0.84 

Sp 
Experimental 0.21 0.05 0.30 

Control 0.20 0.03 0.41 

     

Note. R2 = R-squared;  = beta slope coefficient;  = Cohen’s kappa; Sn = sensitivity; Sp = specificity 

III. Experiment 2 

Experiment 2 was designed to address Aim 2 (to establish the construct validity of 

the Y/N SDT in SYM and ASYM asymptomatic individuals established by EMG). It was 

also designed to address all aims to characterize unilateral SDK established by the Y/N 

SDT: 1) Aim 3 (characterization of scapular muscle amplitudes), 2) Sub-Aim 3.A 

(characterization of the NM effort), 3) Sub-Aim 3.B (characterization of the scapular 

muscle onset duration).  Lastly, it was designed to characterize asymptomatic individuals 

during a bilateral overhead activity like SDT: 1) Aim 4 (characterization of the activation 

pattern of scapular muscles), and 2) Sub-Aim 4.A (establish the prevalence of scapular 

muscle asymmetry). 
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A. Study Design 

1. Study Design Specific to Aim 2 

To address Aim 2 (SDT construct validity), a known-groups validity design was 

utilized. That is, a prospective, blind comparison of the Y/N SDT (test) and the EMG 

(reference standard) in a consecutive series of subjects from a relevant clinical population 

(asymptomatic). 

2. Study Design Specific to Aim 3 

A cross-sectional, repeated measures design was utilized to address Aim 3 and all 

its sub-aims (characterization of unilateral SDK established by the Y/N SDT). 

3. Study Design Specific to Aim 4 

To address Aim 4 and Sub-Aim 4.A (characterization of asymptomatic 

individuals during a bilateral overhead activity like SDT), a secondary analysis of the 

data from the cross-sectional study of Aim 3 was performed. 

B. Participants 

Seventy-two consecutive healthy subjects were recruited, screened, evaluated, and 

video recorded using the subject recruitment and the SDT and video recording protocols 

as described in the Common Procedures section to create the subject pool. The EGS from 

Experiment 1 labeled all subjects as SYM or ASYM using Y/N SDT. Ten subjects 
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labeled by the EGS with bilateral SDK (neither SYM nor ASYM) were excluded. The 

final subject pool was 62. 

1. Participants Specific to Aim 2 

The subjects from the pool of 62 went through a series of labeling/grouping 

processes to establish the final number of test subjects used in the validation process. 

Twenty subjects were selected and separated from the pool to help in the process of 

establishing the known-groups (see Step 1 of Establishment of EMG SYM and ASYM 

Groups under Procedures and Instrumentation below). The remaining 42 subjects were 

used to create the test subjects that went through the formation of EMG SYM and ASYM 

groups (known-groups) and SDT SYM and ASYM groups. The final number of test 

subjects used to address Aim 2 was 38. Figure 13 summarizes this process. 
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Figure 13. Process of subject selection for final validation to address Aim 2 

 

Note. SYM = symmetrical; ASYM = asymmetrical; SDK = scapular dyskinesis; EMG = electromyography  

2. Participants Specific to Aim 3 

Sixty-two of the subject pool were used to address Aim 3 and its sub-aims. 
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3. Participants Specific to Aim 4 

Fifty-eight subjects that were successfully labeled SYM or ASM according to 

EMG (see Establishment of EMG SYM and ASYM Groups under Procedures and 

Instrumentation below) were used to address Aim 4. 

C. Procedures and Instrumentation 

While subjects performed the SDT and video recorded, muscle activities were 

simultaneously collected from the UT, MT, LT, and SA of each subject's shoulders using 

the surface EMG protocol below. 

1. Surface Electromyography Protocol 

Muscle activities were collected from the UT, MT, LT, and SA of both shoulders 

of each subject using the Ultium wireless surface EMG system (Noraxon U.S.A. Inc., 

Scottsdale, Arizona). At the same time, raw EMG data were processed and analyzed with 

myoRESEARCH software (MR3) and myoMUSCLE software module (Noraxon 

U.S.A. Inc., 2020) in real-time. 

Surface Electrode Placement 

Surface EMG electrodes were donned on the eight muscles as recommended by 

SENIAM (Hermens et al., 2000) and on the SA as suggested by Boettcher (Boettcher et 

al., 2008) (Appendix B). Table 7 shows the landmarks for the location of electrode 

placement for each muscle. Before EMG collection, electrode placement sites were first 
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vigorously cleaned with isopropyl alcohol (shaved if needed). The spinous processes of 

C7, T3, and T8 were palpated and marked using a water-based marker. Dual disposable 

wet-gel self-adhesive Ag/AgCl snap electrodes (Noraxon U.S.A. Inc., Scottsdale, 

Arizona), with an interelectrode distance of approximately 2 cm, were placed as 

described in Table 7. Afterward, the EMG sensors were set to its assigned muscle, next to 

its corresponding electrode, avoiding blocking both the motion and the view of the 

scapula later in the trials, using a double-sided tape. Finally, the sensors and their 

matching electrodes were attached using the provided wire leads (Figure 14). 
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Figure 14. Electrode and sensor placement on the subject 

 
 

Table 7. EMG electrode placement location landmarks 

Muscle Electrode Location 

UT Midway between the acromion C7 spinous process  

MT Midway between the medial border of the scapula and the spine, at the level of T3 

LT 2/3 on the line from the root of the scapula to the T8 spinous process 

SA Over the 7th rib in the anterior axillary line 

  

Note. UT = Upper trapezius; MT = Middle trapezius; LT = Lower trapezius; SA = Serratus anterior 
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EMG Baseline Signal Quality Check 

To ensure accuracy, the MR3 software’s EMG baseline check feature was 

activated before data collection to show the levels of impedance, root-mean-square 

(RMS), and frequency. While the subject remained still, the levels were visually checked. 

If any single or a combination of the following were detected: impedance above 100 k 

(ideally <10 k), RMS > 5 V, and a median frequency signal between 50-60 Hz, it may 

suggest that skin prep and electrode placement may not be sufficient to produce a clean 

signal. If so, the process was repeated until the baseline levels were below the cut-off 

values. 

Maximal Voluntary Isometric Contractions 

For normalization of EMG data, subjects performed two MVICs to provide a 

reference of electrical activity for each muscle (Dal Maso et al., 2016; Ekstrom et al., 

2005; McDonald et al., 2017; Schwartz et al., 2017). Subjects were positioned as 

described in the EMG-MVIC Protocol document (Appendix C). For efficiency, muscles 

tested in sitting (UT, SA) were performed first, followed by muscles tested in prone (MT, 

LT). Using a metronome at 60 beats per minute, subjects generated maximum force over 

3 seconds followed by an additional 5 seconds as this force was maintained (Andrews et 

al., 1996). A 30-second rest period was given between trials to minimize fatigue. The 

highest ½ second of activity represented 100% activation.  
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EMG Data Collection 

After collecting the MVICs, the study trial commenced with the subjects 

performing the SDT with the video camera set-up included as previously described. All 

eight sensors simultaneously collected and transmitted muscle activity in real-time 

sampled at 2000 Hz. The system’s receiver received the signal with a 24-bit internal 

sampling resolution, common-mode rejection ratio < -100 dB, input impedance 

exceeding 1,000 MΩ, and EMG resolution between 0.3-1.1 V.  To establish a reference 

for CON and ECC phases, shoulder kinematics for GH flexion was captured using the 

built-in inertial motion unit (IMU) of separate EMG sensors with a sampling rate of 400 

Hz to determine the beginning, top, and end of each repetition. A sensor was placed on 

the flat surface of each arm just below the anterior deltoid insertion. Using only the y-axis 

of the sensor’s gyroscopes to represent the mediolateral axis of rotation of shoulder 

flexion, the gyroscopic data was digitally band-passed filtered (Butterworth) between 0.1-

250 Hz before syncing with the EMG data (Noraxon U.S.A. Inc., 2018). 

EMG Data Reduction 

The MR3 software’s online processing was activated. The following were applied 

on the EMG raw signal in real-time during data collection: 1) full-wave rectification; 2) 

bandpass filter between 20-500 Hz; 3) RMS smoothing over a 300-ms window for 

dynamic contractions (Farfán et al., 2010); 4) and ECG artifact elimination using the 

software’s algorithm on a minimum of five clean heartbeats. The software’s algorithm in 

removing the ECG artifact is as follows: 1) detection of the ECG pulse shape while the 



 

 

72 

 

muscles is at rest (5 clean heartbeats), then normalization of the shape; 2) detection of the 

pulse positions in the contaminated signal containing both ECG and EMG; 3) subtraction 

of the normalized ECG pulse from the contaminated signal (Noraxon U.S.A. Inc., 2020). 

For each subject, the mean EMG activity from the three middle trials was ensemble-

averaged and expressed as 100% MVIC to represent the mean muscular activity of 

shoulder flexion CON and ECC phases later used in the statistical analyses of experiment 

two. 

EMG Neuromuscular Effort Analysis 

The MR3 software’s NM effort analysis report was run from the normalized EMG 

data of each subject. A threshold range of 20-40% was selected to define low (<20%), 

moderate (21-40%), and high (>40%) NM efforts (DiGiovine et al., 1992; Reiman et al., 

2012). Based on the MVIC of each muscle, the normalized EMG values throughout the 

performance of the muscles were automatically calculated by the software. This was done 

by calculating the ratio between the threshold range and time duration (normalized to the 

total time). This determined the proportion (percentage) of time when the signal remained 

in, above, and below the selected threshold setting throughout the entire activity (100%) 

(Noraxon U.S.A. Inc., 2020). 

EMG Standard Timing Analysis 

The MR3 software’s standard timing analysis report was run from the EMG data 

of each subject. Onset time, offset time, and firing order of muscle activities were 

calculated. A threshold definition mode was set at three standard deviations (SD) of each 
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muscle’s EMG baseline amplitude, measured in an interval of 100 milliseconds (ms) at 

the beginning of the analysis period. The baseline amplitude was established by recording 

the muscle amplitude while subjects rested for 5 seconds before the trial started. The 

onset time marked the beginning when the muscle was considered “on.” A muscle was 

“on” if its amplitude exceeded 3 SD of the baseline level for at least 100 ms. The offset 

time marked the end when the muscle was considered “off.” A muscle was “off” once the 

amplitude fell below 3 SD from the baseline for a minimum of 100 ms. The onset 

determination was used to show the reaction time needed for the muscle to be activated. 

Based on this calculation, the muscle firing order was determined. The offset time 

decided the time point when the muscle amplitude decreased below the threshold level. 

Single spikes (e.g., artifacts) triggering the activity were prevented by setting a minimal 

sub-period duration to 100 ms (Noraxon U.S.A. Inc., 2020). 

2. Establishment of EMG SYM and ASYM Groups (Known-Groups)  

The EMG was assigned as the reference gold standard in identifying SYM and 

ASYM known-groups. The basic principle was to “hand over” the expertise of a human 

(EGS) to the machine (EMG). This was accomplished by creating a criterion from the 

EMG data in determining what constitutes a SYM versus ASYM shoulders of healthy 

subjects. The criterion was later used to label; thus, group test subjects into known-

groups. There were three steps involved to establish this (Figure 15): 



 

 

74 

 

Step 1: The Expertise 

The EGS identified 10 SYM and 10 ASYM subjects from the participant pool (62 

healthy subjects) using the Yes/No method of the SDT (see Figure 13). 

Step 2: Creating the Criterion – The “Hand-Over” Process 

Using the EMG data (mean difference) from the SYM from ASYM subjects 

grouped by the EGS on Step 1, a criterion was created by establishing cut-off levels from 

each of the four muscles. Any EMG value from the test subjects’ muscles greater or equal 

to its respective cut-off level was considered ASYM for that muscle. Conversely, any 

EMG value less than its respective cut-off level was considered SYM. At this point, each 

of the four muscles of every subject was just individually labeled SYM or ASYM. An 

overall or final label of the subject themselves has yet to be decided. To determine every 

subject’s final label, a majority rule was adopted – greater than 50%. This meant that a 

minimum of 3 out of 4 muscles must be labeled SYM or ASYM for every subject to get a 

final label of either SYM or ASYM according to the EMG. Naturally, equivalent labels 

of the resulting two muscle pairs – 2 SYM and 2 ASYM (e.g., UT and MT = SYM; LT 

and SA = ASYM) was possible. To address test subjects that will exhibit a 50-50 split 

between SYM and ASYM set of muscles, post-test probabilities of positive and negative 

likelihood ratios for every possible muscle pairs were used. Muscle pairs with the highest 

post-test probabilities for LR+ and lowest post-test probabilities for LR- were used as the 

benchmarks to decide on the final label of such test subjects. To apply these benchmarks, 

a decision algorithm was adopted and is as follows: 1) Those whose LR+ post-test 
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probability of any of the muscle pair was higher than the other pair, the final overall label 

for that subject was ASYM; or 2) those whose LR- post-test probability of any of the 

muscle pair was lower than the other pair, the final overall label for that subject was 

SYM; or 3) those whose both muscle pairs were still opposing after applying the criteria, 

the subject was removed from the final validation. 

Step 3: Labeling 

According to the EMG, the criterion was later applied to the remaining 42 test 

subjects for labeling to establish SYM from ASYM known-groups. Only those 

successfully labeled (38 out of 42 test subjects) were included in the validation process. 
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Figure 15. Decision tree for the establishment of EMG SYM and ASYM Groups (Known-Groups) 

 

Note. SYM = symmetrical; ASYM = asymmetrical; ROC = receiver operating curve analysis; LR+ = 

positive likelihood ratio; LR- = negative likelihood ratio 

3. Establishment of Y/N SDT SYM and ASYM Groups 

Two licensed orthopedic PTs with similar experience as the experts were asked to 

rate the remaining 38 test subjects’ videos from above. The inter-rater reliability between 

the two raters was near perfect ( = 0.92). The ratings were tallied for final labelling. 

Those subjects that both raters disagreed with were tie-broken by a back-up orthopedic 
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PT rater with similar experience. All raters were blinded to each other’s ratings and the 

results of the EMG. 

D. Sample Size Estimation 

1. Sample Size Estimation Specific to Aim 2 

To establish the construct validity of Y/N SDT using EMG, the sample size was 

estimated through previous studies (Tate et al., 2009; Uhl et al., 2009), including an 

article on sample size estimation for Sn and Sp analysis (Bujang & Adnan, 2016). The 

authors of that article used the PASS software (NCSS, Utah, USA). PASS software is one 

of the only few commercial software that provides sample size estimation for Sn and Sp 

analysis. The article provided a reference table on the sample size calculation for Sn and 

Sp analysis for any disease prevalence ranging from 5% to 90%. Based on the prevalence 

of SDK between 60-70% (Burn et al., 2016; Plummer et al., 2017; Ramiscal et al., 2020), 

the minimum sample size required to test the null hypothesis of Sn/Sp = 0.50 versus the 

alternative hypothesis Sn/Sp = 0.80, assuming a significance level of 0.05 and power of 

80%, was only 30 subjects (20 ASYM with SDK, 10 SYM without SDK). The final 

number of subjects used to address Aim 2 was 38. 

2. Sample Size Estimation Specific to Aim 3 and its Sub-Aims 

To characterize 1) asymptomatic unilateral SDK established by SDT and 2) 

scapular muscles of asymptomatic population, a priori power analysis using G*Power 

statistical power analysis software, version 3.1.9.3 (Faul et al., 2009; Faul et al., 2007; 
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Faul, 2009) was utilized. A minimum of 47 subjects was needed for detectible differences 

between two independent groups, assuming a significance level of 0.05 and power of 

80%. This was based on the pilot data (Ramiscal et al., 2020) with only 16 subjects that 

yielded an effect size of 0.51 (partial eta-squared or ηp
2) and an observed power of 81%. 

The final number of subjects used to address Aim 3 and its sub-aims was 62. 

3. Sample Size Estimation Specific to Aim 4 

Since Aim 4 and Sub-Aim 4.A were secondary analyses, no sample size 

estimation was calculated.  

E. Statistical Analysis 

1. Statistical Analysis Specific to Aim 2 

To establish the criterion used for labeling SYM vs. ASYM by the EMG (Step 2 

of Establishment of EMG SYM and ASYM Groups under Procedures and 

Instrumentation above), the receiver operating curve analysis (ROC) was utilized to 

create cut-off levels for EMG activity of each muscle. The value with the best balance 

between Sn and Sp, highest positive likelihood ratio (LR+), and lowest negative 

likelihood ratio (LR-) were chosen as the cut-off level for each muscle. ROCs were 

calculated with SPSS version 27 (IBM Corp, 2020). Post-test probabilities used on 

decisions made for 50-50 split cases were hand-calculated based on a pre-test probability 

of 50% using Excel version 16.46 (Microsoft, 2021). 
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To validate the Y/N SDT (test) against the EMG (gold standard), a standard two-

by-two (2x2) contingency table analysis was utilized, wherein SYM and ASYM groups 

from the EMG were columns, while SYM ASYM groups of the SDT were rows. 

Diagnostic accuracy metrics including Sn, Sp, LR+, LR-, positive predictive value 

(PPV), and negative predictive value (NPV) were calculated in Excel version 16.46 

(Microsoft, 2021). 

2. Statistical Analysis Specific to Aim 3 

Demographic differences between groups were tested using Independent t-tests 

(continuous data) and chi-square tests (nominal data). 

To address Aim 3 (characterize the scapular muscle amplitudes), a 2 (Group) x 4 

(Muscle) x 2 (Side) x 2 (Phase) repeated measures analysis of covariance (ANCOVA) 

was conducted to determine between-group difference considering gender (Gen), hand 

dominance (Dom), and history of overhead sports participation (OHS) as covariates. 

Additional separate ANCOVAs (one per each covariate) were performed to check for the 

effect of multiple covariates on the statistical power due to potential loss in the degrees of 

freedom. The dependent variable was the normalized EMG in percentage. The between-

factor was the group (SYM vs. ASYM), within factors were 1) Muscle (UT, MT, LT, and 

SA), 2) Side (left vs. right), and 3) Phase (CON vs. ECC). The discriminant functional 

analysis (DF) was conducted to confirm the F test results on the mean between-sides 

group differences of the scapular muscles. 
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To address Sub-Aim 3.A (characterize the NM effort), a 2 (Group) x 4 (Muscle) x 

2 (Side) x repeated measures multiple analysis of covariance (MANCOVA) was 

conducted to determine between-group difference considering Gen, Dom, and OHS as 

covariates. Additional separate MANCOVAs (one per each covariate) were performed to 

check for the effect of multiple covariates on the statistical power due to potential loss in 

the degrees of freedom. The dependent variables were the three NM effort levels (low, 

moderate, and high) in percentage. The between-factor was the group (SYM vs. ASYM), 

within factors were 1) Muscle (UT, MT, LT, and SA), 2) and Side (left vs. right).  

To address Sub-Aim 3.B (characterize the scapular muscle onset duration), a 2 

(Group) x 4 (Muscle) x 2 (Side) repeated measures ANCOVA was conducted to 

determine between-group difference considering Gen, Dom, and OHS as covariates. 

Additional separate ANCOVAs (one per each covariate) were performed to check for the 

effect of multiple covariates on the statistical power due to potential loss in the degrees of 

freedom. The dependent variable was onset duration in seconds from the NM effort 

analysis. The between-factor was the group (SYM vs. ASYM), within factors were 1) 

Muscle (UT, MT, LT, and SA), 2) and Side (left vs. right).  

For all the F tests above, in the case of interactions, a Bonferroni correction 

(Weisstein, 2004) was used to adjust the group effects at each factor or effects between 

factors. All test assumptions (outliers, normality, homogeneity of variances, and absence 

of multicollinearity and homogeneity of covariances, when applicable) were performed 

and satisfied prior to performing any analysis. All statistical tests were performed with 

SPSS version 27 (IBM Corp, 2020) with a significance level set at  = 0.05.  
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3. Statistical Analysis Specific to Aim 4 

A frequency distribution analysis was utilized to address Aim 4 (characterize the 

activation pattern of scapular muscles of asymptomatic individuals during a bilateral 

overhead activity like SDT). It determined a muscle’s activation pattern (firing order 

when the muscle turns on first, second, third, fourth, or not even considered on) relative 

to each side’s other three muscles. A separate nonparametric one-sample Chi-square test 

was utilized for each muscle (eight in total) to test the null hypothesis that the distribution 

of frequencies of each ranking for each muscle was all equal. The firing order of muscles 

was established using onset time in seconds from the standard timing analysis using 

Excel version 16.46’s Rank command (Microsoft, 2021). 

To address Sub-Aim 4.A (establish the prevalence of scapular muscle asymmetry 

among asymptomatic individuals during a bilateral overhead activity like SDT), the 

prevalence was simply hand-calculated. It was calculated from the final 38 test subjects 

with the addition of the 20 identified by the EGS, for a total of 58 (see Steps 1-3 of 

Establishment of EMG SYM and ASYM Groups under Procedures and Instrumentation 

of this study). 

F. Results 

1. Results Specific to Aim 2 

Table 8 summarizes the cut-off values established by ROCs for each muscle used 

to decide individual muscles if it was SYM or ASYM. Table 9 summarizes all possible 
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muscle pairs’ post-test probabilities used to decide on subjects that exhibited a 50-50 split 

between SYM and ASYM set of muscles if their final subject label was SYM or ASYM. 

After completing Steps 1-3 of the procedures in Establishment of EMG SYM and ASYM 

Groups using the calculated ROC values and post-test probabilities, the final tally was 27 

ASYM and 11 SYM test subjects (38 in total). These subjects were labeled to their 

respective known-groups according to the EMG.  After completing the procedures in the 

Establishment of SDT SYM and ASYM Groups, the final tally was 22 ASYM, and 16 

SYM test subjects (38 in total) were labeled into their respective groups according to the 

Y/N SDT. Table 10 is the 2x2 contingency table used to compute the diagnostic accuracy 

metrics. Table 11 summarizes the values of the diagnostic accuracy metrics from the 2x2 

table analysis. 

Table 8. Receiver operating curve analyses cut-off levels 

Muscle Cut-off 

UT 7.10 

MT 2.80 

LT 6.75 

SA 20.84 

  

Note. UT = upper trapezius; MT = middle trapezius; LT = lower trapezius; SA = serratus anterior. Values 

are in % MVIC 
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Table 9. Possible muscle pairs’ post-test probabilities 

LR Post-test Probability 

 UT+MT UT+LT UT+SA MT+LT MT+SA LT+SA 

LR+ 96.55% 94.12% 94.12% 96.55% 96.55% 94.12% 

LR- 7.62% 5.88% 5.88% 7.62% 7.62% 5.88% 

       

Note. UT = upper trapezius; MT = middle trapezius; LT = lower trapezius; SA = serratus anterior; LR = 

likelihood ratio; LR+ = positive likelihood ratio; LR- = negative likelihood ratio. Post-test probabilities 

were based on 50% pre-test probability 

Table 10. 2x2 contingency table 

  EMG Total 

  + (ASYM)  - (SYM)  

      

Y/N SDT 

+ (ASYM) 15  7 22 

     

- (SYM) 12  4 16 

      

Total  27  11 38 

      

Note. Y/N SDT = scapular dyskinesis test (yes/no method); EMG = electromyography; SYM = 

symmetrical; ASYM = asymmetrical 
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Table 11. Values of diagnostic accuracy metrics 

Diagnostic Accuracy Metric Value 

Sn 56% 

Sp 36% 

PPV 68% 

NPV 25% 

+LR 0.87 

-LR 1.22 

  

Note. Sp = specificity; SN = sensitivity; PPV = positive predictive value; NPV = negative predictive value; 

LT+ = positive likelihood ratio; LR- = negative likelihood ratio  

2. Results Specific to Aim 3 

Table 12 summarizes the Experiment 2 subject demographic characteristics. 

There were no differences between groups.  

A factorial repeated-measures ANCOVA with Gen, Dom, and OHS as covariates 

was conducted to determine if gender, hand dominance, and history of overhead sports 

participation affect the group factor. There was no interaction between the combination 

of the three covariates and the group factor (F = 0.803; p = 0.498). There was no 

interaction between Gen as a covariate and the group factor (F = 0.842; p = 0.477). There 

was no interaction between Dom as a covariate and the group factor (F = 0.797; p = 

0.501). There was no interaction between OHS as a covariate and the group factor (F = 

0.792; p = 0.503). This indicates that none of the covariates were related to the EMG 

measurements. Following this, a factorial repeated-measures ANOVA was then 

conducted without the covariates to determine between- and within-subject differences. 

There was no between-subject (group) interaction effect across factors (Muscle, Side, 
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Phase) (F = 0.801; p = 0.593). There was a three-factor within-subject interaction effect 

existed between factors Side vs. Muscle vs. Phase (F = 54.342; p = 0.000; ηp
2 = 0.461). 

Table 13 summarizes the within-subject ANOVA results of the EMG amplitudes. Simple 

effects post-hoc testing on the three-factor interaction term means revealed the following:  

1) There were Side differences within Phases and Muscles. Pairwise comparisons 

showed a difference between sides wherein left EMG amplitudes of LT and SA 

on both phases were higher than the right (p = 0.000).  

2) There were Phase differences within Side and Muscles. Pairwise comparisons 

showed a difference between phases wherein CON EMG amplitudes across all 

muscles on either side were higher than the ECC phase (p = 0.000). 

3) There were Muscle differences within Side and Phases. Pairwise comparisons 

showed a difference between the following muscles:  

a. On both phases on the right, EMG amplitudes of UT and MT were higher 

than LT and SA (p = 0.000).  

b. Conversely, on both phases on the left, EMG amplitudes of LT and SA 

were higher than UT and MT (p = 0.000). 

Table 14 summarizes the mean muscle amplitudes within each phase of the left 

and right sides. Table 15 shows the post-hoc analysis result on the mean difference 

between sides within each phase of every muscle. Table 16 shows the post-hoc analysis 

result on the mean difference between phases within each side of every muscle. Table 17 

shows the post-hoc analysis result on the mean difference between muscles within each 

phase of the left and right shoulders. 
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Discriminant function analysis was conducted to confirm the F test results above 

on the mean between-sides differences between the two groups. Table 18 is the summary 

of the canonical discriminant function. The canonical discriminant function was not 

significant (p = 0.540), confirming the non-significant result of the previous F test 

between groups. Although not significant, the standardized canonical discriminant 

function coefficients on the structure matrix revealed that the LT, MT, and SA (in this 

order) almost equally contributed the most to the multivariate relationship in maximizing 

group differences. UT did not contribute (< 0.3). Table 19 shows the order of muscle 

contribution based on the pooled within-group correlation coefficient of each muscle to 

the standardized canonical discriminant function. The classification analysis (Table 20) 

showed that on the basis of LT, MT, and SA as predictors, 86.1% were correctly 

categorized as ASYM (Sn) while 30.8% were correctly categorized as SYM (Sp). On 

cross-validation, 62.9% of original grouped cases were correctly classified, while 59.7% 

of cross-validated grouped cases were correctly classified. 

Table 12. Experiment 2 subject demographic characteristics 

 Scapular Dyskinesis Test  

 SYM ASYM p 

 n=26 n=36  

Age (years) 25 ± 3 25 ± 3 0.89 

Gender: Female 15 (57.7) 19 (52.8) 0.70 

Handedness: Right 24 (92.3) 33 (91.2) 0.93 

History of overhead sports 17 (65.4) 26 (72.2) 0.56 

    

Note. SYM = symmetrical; ASYM = asymmetrical. Values are mean ± SD, n (%) 
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Table 13. Within-Subject ANOVA summary table of EMG amplitudes in percentage 

  
Type III 

Sum of 

Squares 

df 
Mean 

Square 
F p ηp

2 Power 

Side * 

Muscle * 

Phase 

Sphericity 

Assumed 
1603.749 3.000 534.583 51.342 0.000 0.461 1.000 

         

Note. df = degrees of freedom; F = F statistic; p = p-value; ηp
2 = partial eta squared 

Table 14. Mean EMG amplitudes of muscles within each phase of the left and right sides in percentage 

Side Muscle Phase Mean SE 95% Confidence Interval 

     Lower Bound Upper Bound 

R 

UT 
CON 23.104 1.289 20.525 25.684 

ECC 14.788 0.808 13.171 16.405 

MT 
CON 23.524 1.174 21.177 25.872 

ECC 14.949 0.699 13.551 16.348 

LT 
CON 9.391 1.022 7.348 11.434 

ECC 6.807 0.716 5.375 8.239 

SA 
CON 9.462 0.813 7.836 11.087 

ECC 7.208 0.633 5.943 8.473 

L 

UT 
CON 23.359 1.48 20.399 26.32 

ECC 15.419 1.001 13.416 17.421 

MT 
CON 23.56 1.659 20.242 26.878 

ECC 15.381 1.139 13.102 17.66 

LT 
CON 35.345 1.974 31.398 39.293 

ECC 22.58 1.319 19.941 25.219 

SA 
CON 35.658 1.429 32.798 38.517 

ECC 23.757 0.99 21.777 25.738 

       

Note. SE = standard error; R = right; L = left; UT = upper trapezius; MT = middle trapezius; LT = lower 

trapezius; SA = serratus anterior; CON = concentric phase; ECC = eccentric phase 
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Table 15. Post-hoc analysis on the mean EMG activity side differences within each phase of every muscle 

in percentage 

Muscle Phase Side 
Mean 

Difference 
SE p 

95% Confidence 

Interval 
ηp

2 Power 

       Lower 

Bound 

Upper 

Bound 
  

UT 
CON L R -0.255 1.848 0.891 -3.953 3.442 0.000 0.052 

ECC L R -0.63 1.242 0.614 -3.115 1.854 0.004 0.079 

MT 
CON L R -0.035 1.761 0.984 -3.559 3.488 0.000 0.050 

ECC L R -0.432 1.254 0.732 -2.94 2.076 0.002 0.063 

LT 
CON L R -25.954 2.106 0.000 -30.167 -21.742 0.717 1.000 

ECC L R -15.773 1.384 0.000 -18.541 -13.005 0.684 1.000 

SA 
CON L R -26.196 1.549 0.000 -29.294 -23.098 0.827 1.000 

ECC L R -16.549 1.062 0.000 -18.675 -14.424 0.802 1.000 

           

Note. SE = standard error; p = p-value; ηp
2 = partial eta squared; UT = upper trapezius; MT = middle 

trapezius; LT = lower trapezius; SA = serratus anterior; CON = concentric phase; ECC = eccentric 

phase; R = right; L = left 
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Table 16. Post-hoc analysis on the mean EMG activity difference between phases within each side of every 

muscle in percentage 

Side Muscle Phase 
Mean 

Difference 
SE p 

95% Confidence 

Interval 
ηp

2 Power 

       Lower 

Bound 

Upper 

Bound 
  

R 

UT CON ECC 8.316 0.652 0.000 7.012 9.62 0.731 1.000 

MT CON ECC 8.575 0.698 0.000 7.18 9.97 0.716 1.000 

LT CON ECC 2.584 0.355 0.000 1.874 3.294 0.469 1.000 

SA CON ECC 2.253 0.287 0.000 1.68 2.827 0.508 1.000 

L 

UT CON ECC 7.941 0.704 0.000 6.533 9.349 0.680 1.000 

MT CON ECC 8.179 0.732 0.000 6.715 9.643 0.675 1.000 

LT CON ECC 12.765 0.947 0.000 10.871 14.66 0.752 1.000 

SA CON ECC 11.900 0.798 0.000 10.303 13.497 0.787 1.000 

           

Note. SE = standard error; p = p-value; ηp
2 = partial eta squared; R = right; L = left; UT = upper 

trapezius; MT = middle trapezius; LT = lower trapezius; SA = serratus anterior; CON = concentric phase; 

ECC = eccentric phase 

Table 17. Post-hoc analysis on the mean EMG activity differences between muscles within each phase of 

the left and right shoulders in percentage 

Side Phase Muscle 
Mean 

Difference 
SE p 

95% Confidence 

Interval 
ηp

2 Power 

       Lower 

Bound 

Upper 

Bound 
  

R CON 

UT 

MT -0.42 1.066 1.000 -3.33 2.49 0.000 0.000 

LT 13.713 1.496 0.000 9.631 17.796 0.681 1.000 

SA 13.643 1.511 0.000 9.52 17.766 0.681 1.000 

MT 

UT 0.42 1.066 1.000 -2.49 3.33 0.000 0.000 

LT 14.134 1.472 0.000 10.118 18.149 0.681 1.000 

SA 14.063 1.253 0.000 10.644 17.482 0.681 1.000 

LT 

UT -13.713 1.496 0.000 -17.796 -9.631 0.681 1.000 

MT -14.134 1.472 0.000 -18.149 -10.118 0.681 1.000 

SA -0.071 0.746 1.000 -2.106 1.964 0.000 0.000 

SA 
UT -13.643 1.511 0.000 -17.766 -9.52 0.681 1.000 

MT -14.063 1.253 0.000 -17.482 -10.644 0.681 1.000 
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LT 0.071 0.746 1.000 -1.964 2.106 0.000 0.000 

ECC 

UT 

MT -0.161 0.683 1.000 -2.024 1.702 0.000 0.000 

LT 7.981 0.989 0.000 5.284 10.679 0.587 1.000 

SA 7.580 1.059 0.000 4.692 10.469 0.587 1.000 

MT 

UT 0.161 0.683 1.000 -1.702 2.024 0.000 0.000 

LT 8.142 0.94 0.000 5.577 10.708 0.587 1.000 

SA 7.741 0.884 0.000 5.33 10.152 0.587 1.000 

LT 

UT -7.981 0.989 0.000 -10.679 -5.284 0.587 1.000 

MT -8.142 0.94 0.000 -10.708 -5.577 0.587 1.000 

SA -0.401 0.519 1.000 -1.816 1.014 0.000 0.000 

SA 

UT -7.580 1.059 0.000 -10.469 -4.692 0.587 1.000 

MT -7.741 0.884 0.000 -10.152 -5.33 0.587 1.000 

LT 0.401 0.519 1.000 -1.014 1.816 0.000 0.000 

L 

CON 

UT 

MT -0.2 1.373 1.000 -3.947 3.546 0.000 0.000 

LT -11.986 2.227 0.000 -18.063 -5.909 0.681 1.000 

SA -12.298 1.949 0.000 -17.615 -6.981 0.681 1.000 

MT 

UT 0.2 1.373 1.000 -3.546 3.947 0.000 0.000 

LT -11.786 2.623 0.000 -18.943 -4.628 0.681 1.000 

SA -12.098 2.06 0.000 -17.718 -6.477 0.681 1.000 

LT 

UT 11.986 2.227 0.000 5.909 18.063 0.681 1.000 

MT 11.786 2.623 0.000 4.628 18.943 0.681 1.000 

SA -0.312 1.986 1.000 -5.731 5.107 0.000 0.000 

SA 

UT 12.298 1.949 0.000 6.981 17.615 0.681 1.000 

MT 12.098 2.06 0.000 6.477 17.718 0.681 1.000 

LT 0.312 1.986 1.000 -5.107 5.731 0.000 0.000 

ECC 

UT 

MT 0.037 0.885 1.000 -2.377 2.452 0.000 0.000 

LT -7.161 1.43 0.000 -11.062 -3.26 0.587 1.000 

SA -8.339 1.278 0.000 -11.827 -4.851 0.587 1.000 

MT 

UT -0.037 0.885 1.000 -2.452 2.377 0.000 0.000 

LT -7.199 1.688 0.000 -11.806 -2.592 0.587 1.000 

SA -8.376 1.32 0.000 -11.978 -4.775 0.587 1.000 

LT 

UT 7.161 1.43 0.000 3.26 11.062 0.587 1.000 

MT 7.199 1.688 0.000 2.592 11.806 0.587 1.000 

SA -1.178 1.249 1.000 -4.586 2.231 0.587 1.000 

SA 
UT 8.339 1.278 0.000 4.851 11.827 0.587 1.000 

MT 8.376 1.32 0.000 4.775 11.978 0.587 1.000 



 

 

91 

 

LT 1.178 1.249 1.000 -2.231 4.586 0.587 1.000 

           

Note. SE = standard error; p = p-value; ηp
2 = partial eta squared; R = right; L = left; CON = concentric 

phase; ECC = eccentric phase; UT = upper trapezius; MT = middle trapezius; LT = lower trapezius; SA = 

serratus anterior 

Table 18. Summary of the canonical discriminant function 

Test of Function(s) Wilks’ Lambda Chi-square df p 

1 0.948 3.105 4 0.540 

     

Note. df = degrees of freedom; p = p-value 

Table 19. Standardized canonical discriminant function coefficients 

Structure Matrix 

 Function 

LT 0.575 

MT 0.561 

SA -0.539 

UT 0.242 

  

Note. UT = upper trapezius; MT = middle trapezius; LT = lower trapezius; SA = serratus anterior 

Table 20. Discriminant function classification analysis 

  Predicted Group Membership Total 

  SYM ASYM  

Original 
SYM 8 (30.8) 18 (69.2) 26 (100) 

ASYM 5 (13.9) 31 (86.1) 36 (100) 

Cross-validated 
SYM 7 (26.9) 19 (73.1) 26 (100) 

ASYM 6 (16.7) 30 (83.3) 36 (100) 

     

Note. SYM = symmetrical; ASYM = asymmetrical. Values (%) 
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3. Results Specific to Sub-Aim 3.A 

Factorial repeated measures MANCOVA with Gen, Dom, and OHS as covariates 

was conducted to determine if gender, hand dominance, and history of overhead sports 

participation affect the group factor. There was no interaction between the combination 

of the three covariates and the group factor (F = 0. 627; p = 0.751). There was no 

interaction between Gen as a covariate and the group factor (F = 0.661; p = 0.723). There 

was no interaction between Dom as a covariate and the group factor (F = 0.665; p = 

0.720). There was no interaction between OHS as a covariate and the group factor (F = 

0.654; p = 0.729). This indicates that none of the covariates were related to the onset 

duration measurements. Following this, a factorial repeated measures MANOVA was 

then conducted without the covariates to determine between- and within-subject 

differences. There was no between-subject (group) interaction effect across factors 

(Muscle, Side) (F = 0.679; p = 0.708). There was no within-subject (Muscle, Side) 

interaction effect (F = 0.837; p = 0.7582). At the univariate level, the factor Muscle was 

significant at Low (F = 71.853; p = 0.000; ηp
2 = 0.545), Moderate (F = 43.715; p = 0.000; 

ηp
2 = 0.421), and High ((F = 70.73; p = 0.000; ηp

2 = 0.541) levels of NM effort. Table 21 

summarizes the ANOVA results for each level of NM effort. Simple effects post-hoc 

testing on the pairwise comparisons of the means revealed the following:  

1) There were muscle differences within the low level. Pairwise comparisons 

showed differences between all muscle pairs (p = 0.000) except UT and LT ((p = 

1.000). Wherein onset duration of MT > UT = LT > SA. 
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2) There were muscle differences within the moderate level. Pairwise comparisons 

showed differences between MT vs.  UT, LT, and SA (p = 0.000). Wherein NM 

effort of UT = LT = SA > MT. 

3) There were muscle differences within the High level. Pairwise comparisons 

showed difference between all muscle pairs (p < 0.05) except UT and LT ((p = 

0.964). Wherein onset duration of SA > UT = LT > MT. 

Table 22 summarizes the mean EMG values of muscles at each level of NM 

effort. Table 23 shows the result of the post-hoc analysis on the mean differences 

between muscles within each level. 

Table 21. ANOVA summary table of neuromuscular effort levels in percentage 

  
Type III 

Sum of 
Squares 

df 
Mean 

Square 
F p ηp

2 Power 

Low 
Sphericity 

Assumed 
33700.624 3.000 11233.541 71.853 0.000 0.545 1.000 

Moderate 
Sphericity 
Assumed 

12909.893 3.000 4303.298 43.715 0.000 0.421 1.000 

High 
Sphericity 

Assumed 
10667.279 3.000 3555.76 70.73 0.000 0.541 1.000 

         

Note. df = degrees of freedom; F = F statistic; p = p-value; ηp
2 = partial eta squared 
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Table 22. Mean neuromuscular effort of muscles at each level in percentage 

Effort Muscle Mean SE 95% Confidence Interval 

    Lower Bound Upper Bound 

Low 

UT 82.582 1.389 79.804 85.36 

MT 97.344 0.874 95.597 99.091 

LT 82.307 1.613 79.081 85.533 

SA 74.195 1.181 71.832 76.558 

Moderate 

UT 14.985 1.147 12.691 17.279 

MT 2.261 0.7 0.86 3.662 

LT 13.952 1.194 11.564 16.341 

SA 13.454 0.641 12.171 14.737 

High 

UT 2.553 0.537 1.479 3.627 

MT 0.395 0.222 -0.048 0.839 

LT 3.91 0.878 2.154 5.666 

SA 12.745 0.92 10.906 14.584 

      

Note. SE = standard error; UT = upper trapezius; MT = middle trapezius; LT = lower trapezius; SA = 

serratus anterior 

Table 23. Post-hoc analysis on the mean neuromuscular effort differences between muscles within each 

level in percentage 

Effort Muscle 
Mean 

Difference 
SE p 

95% Confidence 

Interval 
ηp

2 Power 

      Lower 

Bound 

Upper 

Bound 
  

L
o
w

 

UT 

MT -14.762 1.607 0.000 -19.146 -10.378 0.866 1.000 

LT 0.275 1.884 1.000 -4.864 5.415 0.000 0.000 

SA 8.387 1.409 0.000 4.543 12.232 0.866 1.000 

MT 

UT 14.762 1.607 0.000 10.378 19.146 0.866 1.000 

LT 15.037 1.447 0.000 11.09 18.984 0.866 1.000 

SA 23.149 1.465 0.000 19.153 27.146 0.866 1.000 

LT 

UT -0.275 1.884 1.000 -5.415 4.864 0.000 0.000 

MT -15.037 1.447 0.000 -18.984 -11.09 0.866 1.000 

SA 8.112 1.784 0.000 3.245 12.978 0.866 1.000 

SA UT -8.387 1.409 0.000 -12.232 -4.543 0.866 1.000 
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MT -23.149 1.465 0.000 -27.146 -19.153 0.866 1.000 

LT -8.112 1.784 0.000 -12.978 -3.245 0.866 1.000 
M

o
d
er

at
e 

UT 

MT 12.725 1.342 0.000 9.063 16.387 0.866 1.000 

LT 1.033 1.465 1.000 -2.965 5.031 0.000 0.000 

SA 1.531 1.246 1.000 -1.867 4.93 0.000 0.000 

MT 

UT -12.725 1.342 0.000 -16.387 -9.063 0.866 1.000 

LT -11.692 1.26 0.000 -15.13 -8.253 0.866 1.000 

SA -11.194 1.005 0.000 -13.937 -8.45 0.866 1.000 

LT 

UT -1.033 1.465 1.000 -5.031 2.965 0.000 0.000 

MT 11.692 1.26 0.000 8.253 15.13 0.866 1.000 

SA 0.498 1.297 1.000 -3.042 4.038 0.000 0.000 

SA 

UT -1.531 1.246 1.000 -4.93 1.867 0.000 0.000 

MT 11.194 1.005 0.000 8.45 13.937 0.866 1.000 

LT -0.498 1.297 1.000 -4.038 3.042 0.000 0.000 

H
ig

h
 

UT 

MT 2.158 0.578 0.003 0.581 3.734 0.866 1.000 

LT -1.357 0.956 0.964 -3.965 1.251 0.000 0.000 

SA -10.192 0.903 0.000 -12.656 -7.728 0.866 1.000 

MT 

UT -2.158 0.578 0.003 -3.734 -0.581 0.866 1.000 

LT -3.515 0.803 0.000 -5.706 -1.323 0.866 1.000 

SA -12.350 0.958 0.000 -14.962 -9.737 0.866 1.000 

LT 

UT 1.357 0.956 0.964 -1.251 3.965 0.000 0.000 

MT 3.515 0.803 0.000 1.323 5.706 0.866 1.000 

SA -8.835 1.171 0.000 -12.029 -5.641 0.866 1.000 

SA 

UT 10.192 0.903 0.000 7.728 12.656 0.866 1.000 

MT 12.350 0.958 0.000 9.737 14.962 0.866 1.000 

LT 8.835 1.171 0.000 5.641 12.029 0.866 1.000 

          

Note. SE = standard error; p = p-value; ηp
2 = partial eta squared; UT = upper trapezius; MT = middle 

trapezius; LT = lower trapezius; SA = serratus anterior 
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4. Results Specific to Sub-Aim 3.B 

Factorial repeated measures ANCOVA with Gen, Dom, and OHS as covariates 

was conducted to determine if gender, hand dominance, and history of overhead sports 

participation affect the group factor. There was no interaction between the combination 

of the three covariates and the group factor (F = 0.413; p = 0.745). There was no 

interaction between Gen as a covariate and the group factor (F = 0.442; p = 0.724). There 

was no interaction between Dom as a covariate and the group factor (F = 0.429; p = 

0.733). There was no interaction between OHS as a covariate and the group factor (F = 

0.414; p = 0.743). This indicates that none of the covariates were related to the EMG 

measurements. Following this, a factorial repeated-measures ANOVA was then 

conducted without the covariates to determine between- and within-subject differences. 

There was no between-subject (group) interaction effect across factors (Muscle, Side) (F 

= 0.436; p = 0.728). There was a two-factor within-subject interaction effect existed 

between factors Side vs. Muscle (F = 2.869; p = 0.001; ηp
2 = 0.095). Table 24 

summarizes the within-subject ANOVA results. Simple effects post-hoc testing on the 

two-factor interaction term means revealed the following:  

1) There were Side differences within Muscles. Pairwise comparisons showed a 

difference between sides wherein the right onset duration of MT and SA were 

longer than the left (p = 0.000).  

4) There were Muscle differences within Side. Regardless of side, pairwise 

comparisons showed a difference between the following muscles:  
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a.  SA vs.  UT, MT, and LT (p  0.002), wherein onset duration of SA > 

UT = MT = LT. 

b. On set duration of LT > MT (p  0.009) 

Table 25 summarizes the muscles’ mean values and their ranking from longest to 

shortest onset duration in seconds within left and right. Regardless of sides, the muscles 

with the longest mean duration were Sas while the shortest were MTs.  

Table 26 shows the result of the post-hoc analysis on the mean difference between 

sides within each muscle. Table 27 shows the post-hoc analysis result on the mean 

difference between muscles within the left and right shoulders. 

Table 24. Within-Subject ANOVA summary table of onset duration in seconds 

  
Type III 

Sum of 
Squares 

df 
Mean 

Square 
F p ηp

2 Power 

Side * 

Muscle 

Greenhouse-

Geisser 
10.759 2.869 3.75 6.282 0.001 0.095 0.957 

         

Note. df = degrees of freedom; F = F statistic; p = p-value; ηp
2 = partial eta squared 
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Table 25. Mean onset duration of muscles at each side in seconds with rank (longest to shortest) 

Side Muscle Mean Rank SE 95% Confidence Interval 

     Lower Bound Upper Bound 

R 

UT 1.639 3 0.188 1.263 2.016 

MT 1.335 4 0.178 0.978 1.692 

LT 1.972 2 0.191 1.590 2.353 

SA 3.087 1 0.111 2.864 3.310 

L 

UT 1.880 2 0.190 1.500 2.260 

MT 0.789 4 0.127 0.535 1.043 

LT 1.832 3 0.178 1.475 2.188 

SA 2.689 1 0.111 2.468 2.910 

       

Note. SE = standard error; R = right; L = left; UT = upper trapezius; MT = middle trapezius; LT = lower 

trapezius; SA = serratus anterior 

Table 26. Post-hoc analysis on the mean onset duration difference between sides for each muscle in 

seconds 

Muscle Side 
Mean 

Difference 
SE p 95% Confidence Interval ηp

2 Power 

      Lower Bound Upper Bound   

UT L R -0.241 0.148 0.109 -0.537 0.055 0.042 0.36 

MT L R 0.546 0.145 0.000 0.256 0.836 0.191 0.959 

LT L R 0.14 0.162 0.390 -0.183 0.463 0.012 0.137 

SA L R 0.398 0.106 0.000 0.185 0.61 0.190 0.958 

          

Note. SE = standard error; p = p-value; ηp
2 = partial eta squared; R = right; L = left; UT = upper 

trapezius; MT = middle trapezius; LT = lower trapezius; SA = serratus anterior 



 

 

99 

 

Table 27. Post-hoc analysis on the mean onset duration difference between muscles at each side in seconds 

Side Muscle 
Mean 

Difference 
SE p 95% Confidence Interval ηp

2 Power 

      Lower Bound Upper Bound   

R 

UT 

MT 0.304 0.209 0.911 -0.267 0.875 0.000 0.000 

LT -0.333 0.257 1.000 -1.035 0.370 0.000 0.000 

SA -1.448 0.198 0.000 -1.989 -0.907 0.554 1.000 

MT 

UT -0.304 0.209 0.911 -0.875 0.267 0.000 0.000 

LT -0.636 0.191 0.009 -1.159 -0.114 0.554 1.000 

SA -1.752 0.227 0.000 -2.372 -1.131 0.554 1.000 

LT 

UT 0.333 0.257 1.000 -0.370 1.035 0.000 0.000 

MT 0.636 0.191 0.009 0.114 1.159 0.554 1.000 

SA -1.115 0.221 0.000 -1.718 -0.512 0.554 1.000 

SA 

UT 1.448 0.198 0.000 0.907 1.989 0.554 1.000 

MT 1.752 0.227 0.000 1.131 2.372 0.554 1.000 

LT 1.115 0.221 0.000 0.512 1.718 0.554 1.000 

L 

UT 

MT 1.091 0.177 0.000 0.609 1.573 0.730 1.000 

LT 0.048 0.274 1.000 -0.700 0.797 0.000 0.000 

SA -0.809 0.211 0.002 -1.384 -0.235 0.730 1.000 

MT 

UT -1.091 0.177 0.000 -1.573 -0.609 0.730 1.000 

LT -1.042 0.192 0.000 -1.566 -0.519 0.730 1.000 

SA -1.900 0.163 0.000 -2.343 -1.457 0.730 1.000 

LT 

UT -0.048 0.274 1.000 -0.797 0.700 0.000 0.000 

MT 1.042 0.192 0.000 0.519 1.566 0.730 1.000 

SA -0.858 0.223 0.002 -1.467 -0.248 0.730 1.000 

SA 

UT 0.809 0.211 0.002 0.235 1.384 0.730 1.000 

MT 1.900 0.163 0.000 1.457 2.343 0.730 1.000 

LT 0.858 0.223 0.002 0.248 1.467 0.730 1.000 

          

Note. SE = standard error; p = p-value; ηp
2 = partial eta squared; R = right; L = left; UT = upper 

trapezius; MT = middle trapezius; LT = lower trapezius; SA = serratus anterior 
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5. Results Specific to Aim 4 

Figures 16-23 show the firing order ranking’s frequency distribution representing 

each muscle’s activation pattern on the left and right shoulders. The ranking was whether 

the muscle activates first, second, third, fourth (last), or not even considered on (off) in 

relation to the other four muscles within that shoulder (left or right) during an overhead 

task like SDT. The Chi-square tests showed differences between the frequency 

distribution of the firing order ranks on the following: 1) right LT, 2) right SA, 3) left 

MT, 4) left LT, and 5) left SA. This indicates that the frequency distribution of the firing 

order ranks of these muscles was all different. Wherein LTs and SAs generally, 

regardless of side, frequently fired first or second and were hardly off during overhead 

activity like SDT. While UTs and MTs, regardless of side, generally fired without a 

specific order. Although the frequency distribution of the firing order ranks of the left 

MT was different compared to the right MT, generally, MTs, regardless of side, 

frequently fired third, last, and mostly off during overhead activity like SDT. Table 28 

summarizes the one-sample Chi-square test results for each muscle. 
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Figure 16. Right upper trapezius frequency distribution of the firing order rank relative to the other 

muscles on the right side 

 
 

Figure 17. Left upper trapezius frequency distribution of the firing order rank relative to the other muscles 

on the right side 
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Figure 18. Right middle trapezius frequency distribution of the firing order rank relative to the other 

muscles on the right side 

 
 

Figure 19. Left middle trapezius frequency distribution of the firing order rank relative to the other muscles 

on the right side 
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Figure 20. Right lower trapezius frequency distribution of the firing order rank relative to the other muscles 

on the right side 

 
 

Figure 21. Left lower trapezius frequency distribution of the firing order rank relative to the other muscles 

on the right side 
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Figure 22. Right serratus anterior frequency distribution of the firing order rank relative to the other 

muscles on the right side 

 
 

Figure 23. Left serratus anterior frequency distribution of the firing order rank relative to the other muscles 

on the right side 

 
 

24 23

10

4 1

1st 2nd 3rd 4th Not on

Fr
eq

u
en

cy

Firing Order Rank

Right Serratus Anterior

15

27

12
7

1

1st 2nd 3rd 4th Not on

Fr
eq

u
en

cy

Firing Order Rank

Left Serratus Anterior



 

 

105 

 

Table 28. One-sample Chi-square test summary on the firing order rank of each muscle on the left and 

right sides. 

Side Muscle Chi-Square df p 

R 

UT 2.839 4 0.585 

MT 8.645 4 0.071 

LT 10.097 4 0.039 

SA 36.548 4 0.000 

L 

UT 5.903 4 0.206 

MT 12.032 4 0.017 

LT 20.581 4 0.000 

SA 30.581 4 0.000 

     

Note. df = degrees of freedom; p = p-value 

6. Results Specific to Sub-Aim 4.A 

The prevalence of scapular asymmetries among asymptomatic individuals was 

64%. 
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DISCUSSION 

I. Discussion Specific to Aim 1 

To provide useful information, a test should yield reliable results in the clinical 

setting (Fritz & Wainner, 2001). When applied to Y/N SDT, this means that its 

performance among clinicians should yield the same results when diagnosing SDK. 

Although SDT is reliable among expert clinicians when used in those with painful 

shoulders (Huang et al., 2015a; Lange et al., 2017; McClure et al., 2009; Uhl et al., 

2009), it has not been evaluated for the asymptomatic population. Of particular interest, 

the reliability of Y/N SDT among clinicians should remain high regardless of the clinical 

experience. Therefore, the study’s first aim (Aim 1) was to determine the reliability of the 

Y/N SDT in individuals with asymptomatic SDK between student and expert physical 

therapists. 

The results specific to Aim 1 showed that the Y/N SDT was reliable when used 

by either students or experts in those without shoulder pain. Although students’ reliability 

was substantial, compared to experts with near-perfect reliability, there was still at least a 

20-point percentage difference. This finding was not surprising as experience may be the 

most obvious explanation for such discrepancy. This was consistent with similar studies 

that investigated student reliability compared to experts using other clinical tests 

(Cipriany-Dacko et al., 1997; Gulgin & Hoogenboom, 2014; Kuo et al., 2021; Maqueda 
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& Patel, 2015) – experts were more reliable than students. All the authors of these studies 

concluded that experience was the most significant single factor that explained the 

difference. 

In students, this study found that reliability was consistently substantial when the 

Y/N SDT was applied to healthy subjects. This was consistent with the findings of a 

similar study done by Møller with the student  scores ranging between 0.70-0.90 

(Møller et al., 2018). Although their study also used PT students as raters, their reliability 

scores were still higher than this study’s findings. This was probably because they used 

PT students in their final year instead of the PT students used in this study that were only 

in their second year. Nevertheless, this difference only emphasizes more that experience 

adequately improves reliability. 

This study found that reliability was consistently near perfect in experts when the 

Y/N SDT was applied to healthy subjects. Although compared to the only study that 

utilized the Yes/No method by Uhl in measuring reliability, the kappa score for their 

study was only moderate between experts ( = 0.41) (Uhl et al., 2009). Interestingly, 

even though this and their study both utilized experts, the definition of the term expert in 

the Uhl study was limited to “experienced clinicians.” In contrast, this study explicitly 

defined the experts having board certification in orthopedic physical therapy and no less 

than two decades of clinical experience. This may suggest that experience remains the 

biggest defining factor for higher reliability, even among experts. This was the same 
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conclusion made by Lluch in their study that compared the inter-rater reliability among 

licensed physical therapists with different experience levels (Lluch et al., 2014). 

A. Discussion Specific to Sub-Aim 1.A 

So far, the Y/N SDT was generally a reliable test among clinicians, even in those 

that lack experience. However, in students, reliability does not necessarily mean accuracy 

(Davidshofer & Murphy, 2005). Students may require more training to help compensate 

for their lack of experience (Haj‐Ali & Feil, 2006). Therefore, Sub-Aim 1.A of the study 

was to establish students’ diagnostic accuracy compared to an expert in using the Y/N 

SDT and investigate the effect of booster training on student knowledge decay. Average 

, Sn, and Sp values were used to measure student diagnostic accuracy. Although the  

coefficient is a measure of agreement (reliability), in this portion of the study, the 

agreement being measured is against the expert gold standard. The same reference gold 

standard was used to calculate the Sn and Sp values. Therefore, the  coefficient was 

appropriate to be used to describe accuracy along with Sn and Sp. 

The results specific to Sub-Aim 1.A showed students’ diagnostic accuracy when 

compared to an expert was only low to moderate ( = 0.48, Sn = 85%, Sp = 67%). This 

supports the earlier statement that students may be reliable but not necessarily accurate, 

in this case, in using Y/N SDT. Students may be agreeing consistently with one another 

but not with an expert. Since Y/N SDT relies heavily on the observing clinician’s 

subjectivity, the lack of experience alone may explain the lower accuracy of students 
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compared to experts. A study by Brammer that specifically studied the effects of 

experience and training on diagnostic accuracy among psychology students concluded 

that clinical experience was a strong predictor of forming an accurate diagnosis 

(Brammer, 2002). Regardless, the findings also showed that students were at least better 

in identifying those with asymmetries (Sn = 85%), thus more effective in ruling out SDK. 

This may suggest that students can accurately screen for SDK in a healthy population.  

 Even though low accuracy was expected in students due to lack of experience in 

Y/N SDT, the result of the booster training was expected to shed light on the importance 

of training in improving accuracy. Surprisingly, there was no difference between those 

students that received the intervention booster training and those that received the control 

booster training on all diagnostic accuracy measurements. Moreover, there were no pre- 

and post-booster training differences irrespective of training received (intervention vs. 

control) except for  scores within the control group (p= 0.03). The  and Sp decreased 

from pre- to post-booster training periods in both groups while Sn was simply maintained 

between periods. It appears that booster training, with or without feedback, is ineffective 

in improving student accuracy. This implies that booster training with personalized 

feedback has no advantage over a simple repeat of the initial training. The results were an 

unexpected adverse effect compared to the positive findings of other studies that 

investigated the effect of booster or calibration training with feedback on student 

accuracy and performance (Haj‐Ali & Feil, 2006; Snodgrass et al., 2010; Sullivan et al., 

2019). However, the secondary analysis on the weekly measures using linear forecasting 

revealed a different outcome. 



 

 

110 

 

Linear forecasts on both groups were on a declining trajectory on  and Sp values 

during the pre-booster training period. This may suggest that knowledge decay was 

evident in students as early as 3-5 weeks, specifically in not finding asymmetries between 

healthy individuals’ shoulders (true negatives). Immediately after groups received their 

respective booster training, both group’s trajectories turned to a positive slope. Despite 

the lower   and Sp post-booster training values in both groups, the scores at the 

beginning (week 1) and end of the study (week 10) were identical. The same can be said 

to the Sn values suggesting that any form of retraining, specific or not, may help improve, 

restore, or simply maintain knowledge in students using Y/N SDT. However, the higher  

values of the experimental group versus the control (Table 6) suggest that receiving the 

booster with specific feedback may still be more effective than the non-specific training 

used for the control group. Even on the Sn values that relatively remained unchanged for 

either group, the control group’s  was also lower than the experimental during the post-

booster training period. The control group’s Sn trajectory was on a decline ( = -0.01) as 

opposed to the experimental group that remained on a positive slope ( = 0.01). 

II. Discussion Specific to Aim 2 

Validity has been defined by the degree to which an assessment (test) measures 

what it is supposed to measure (Gregory, 2004). When evaluating a test instrument such 

as the Y/N SDT, reliability is necessary but an insufficient (on its own) condition for 
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validity (Thanasegaran, 2009). That is to say, a valid instrument must (by definition) be 

reliable, but a reliable instrument may not necessarily be valid. In the previous 

experiment (Experiment 1), the Y/N SDT was found to be a reliable test when used in the 

asymptomatic population. However, previous studies that validated SDT (Tate et al., 

2009) and its variants, including the Yes/No method (Uhl et al., 2009), have been 

questioned due to its lack of acceptable reference standard, in these cases, scapular 3D 

kinematics (Wright et al., 2013). Therefore, the second aim of the study (Aim 2) was to 

establish the construct validity of the Y/N SDT in SYM and ASYM asymptomatic 

individuals (known-groups) established by the EMG as the reference standard. The 

metrics used to quantify validity were Sn, Sp, predictive values (PPV, NPV), and 

likelihood ratios (positive, negative). These metrics were chosen because they represent 

the diagnostic accuracy of the instrument being tested important to the practicing 

clinician. These metrics are familiar even to PT students. As future clinicians, they are 

taught tests that have established and useful clinimetric properties using these same 

metrics in accordance with the Doctor of Physical Therapy Education Evidence-Based 

Practice Curriculum Guidelines (Kaplan et al., 2016). 

The results specific to Aim 2 revealed that when Y/N SDT is used in the 

asymptomatic population, its overall accuracy in identifying shoulder asymmetries 

against the EMG is poor – worse than poor. The Sn of the Y/N SDT was only 56%. This 

means that its ability to agree with the EMG on those with asymmetries is only half the 

time. Since Sn is inversely proportional to the false-negative rate, this means it can miss 

identifying those with asymmetry labeled by the EMG almost half of the time as well 
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(false negative = 44%). When it comes to Sp, the Y/N SDT only yielded 36%. This 

means that the ability of the Y/N SDT in agreeing with the EMG on those who have 

symmetrical shoulders is even less than half the time. Since Sp is inversely proportional 

to the false positive rate, it incorrectly labels individuals with asymmetrical shoulders 

when it is not, according to the EMG (false positive = 64%). When it came to predictive 

values, although still low, its PPV (68%) was much higher than its NPV (25%). This 

means that when the test is positive (asymmetrical by Y/N SDT), it has almost three 

times the level of certainty (68%) in predicting those with asymmetry by EMG. When 

compared to when the test is negative (symmetrical by Y/N SDT), predicting 

symmetrical by EMG yielded only 25% certainty. The results of the likelihood ratios 

were even worse (+LR = 0.87, -LR = 1.22). LRs are a combination of Sn and Sp 

information into a ratio used to quantify shifts in probability (Fritz & Wainner, 2001). 

According to Jeschke et al., recommended ratios are LR+ > 10 and LR- < 0.1 for large 

and conclusive shifts in probability. While LR+ between 1-2 and LR- between 0.5-1 has a 

small and rarely important change in probability shifts (Jaeschke et al., 1994). This means 

that Y/N SDT cannot shift probabilities in either direction. Possibly, LRs of Y/N SDT 

should not even be considered in the context of probability shifts. 

III. Discussion Specific to Aim 3 

Ever since the term SDK was coined (Burkhart et al., 2003), there have been 

many SDK investigations and its relationship to shoulder pathologies. Most of which 
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found scapular kinematic and muscular activity differences that differentiate those 

exhibiting SDK and those without among painful shoulders (Huang et al., 2016; Huang et 

al., 2017; Huang et al., 2015b; Lopes et al., 2015). Since the presence of SDK 

(asymmetry) may potentially put an asymptomatic individual at risk of future shoulder 

pain compared to those without (Hickey et al., 2018), then it is critical to distinguish what 

sets those with and without scapular asymmetry apart. Therefore, this study’s third aim 

(Aim 3) was to characterize the scapular muscle amplitudes of asymptomatic unilateral 

SDK established by the Y/N SDT. 

The results specific to Aim 3 showed that in terms of the intensity of scapular 

muscle amplitudes, there was no difference between those that exhibit shoulder 

asymmetry from those that do not, according to the Y/N SDT. To put it another way, no 

EMG activity of the scapular muscles can distinguish nor discriminate those with SDK 

from those without when labeled by Y/N SDT. The non-significant result of the DF 

confirmed this. Despite that, irrespective of group, the LT, MT, and SA had very similar 

discriminant function coefficients. This may mean these scapular muscles function more 

mechanically as a force couple, confirming the scapular muscles’ theorized function in 

biomechanical terms (Huang et al., 2017; Neumann & Camargo, 2019; Neumann & 

Grosz, 2016). This may also mean that these muscles act as synergists during overhead 

activities. It is possibly activated together with a single control signal to simplify the 

motion (system) versus controlling each muscle individually, translating to efficiency 

known as synergists (Bernstein, 1967). However, the within-group side differences in LT 

and SA’s muscle activity (L > R) may indicate different muscle strategies between sides 
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of healthy subjects. More specifically, the results of the within-group muscle differences 

showed that left shoulders utilize the LT and SA more than its UT and MT (Left: LT/SA 

> UT/MT). Conversely, right shoulders utilize UT and MT more than its LT and SA 

(Right: UT/MT > LT/SA). Although the results of the ANCOVA controlling for hand 

dominance were not significant on any of the factors, it is worth noting that on the subject 

demographics (Table 12. Experiment 2 subject demographic characteristics), more than 

90% of the participants in either group were right-hand dominant. This may imply any 

side characteristics may be recognized as differences between the dominant and 

nondominant sides. This finding supports research that variation in scapular position and 

movement within individuals may depend on hand-dominance (Kelley, 1995; Koslow et 

al., 2003; Magee, 2014). 

Finally, irrespective of group membership, all healthy subjects’ scapular muscles 

have higher concentric amplitude than eccentric. This result is a shared phenomenon 

supported by identical findings of other studies indicating that gravity plays a significant 

role in muscles’ amount of effort to raise and lower arms during overhead activities 

(Ebaugh & Spinelli, 2010; Yoshizaki et al., 2009). It requires more motor units to be 

recruited to counter or go against the force created by gravity during concentric 

contraction as opposed to eccentric. 
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A. Discussion Specific to Sub-Aim 3.A 

In this and most studies that measured muscle EMG activity, normalization 

against MVIC has been selected for many valid reasons such as between-subject 

comparisons and when the population of interest is healthy, just to name a few (Halaki & 

Ginn, 2012). However, the one major advantage when muscle activity is expressed in 

100% MVIC is it creates an excellent estimate of the NM effort of the muscle being 

tested during an activity relative to its maximum ability (100%). Thus, it helps interpret 

when a muscle’s NM effort during an activity is low, moderate, or high. Therefore, Sub-

Aim 3.A of the study was to characterize the NM effort in three levels (low, moderate, 

high) of the scapular muscles of asymptomatic unilateral SDK established by the Y/N 

SDT. The decision to include this analysis was to further understand in the context of 

rehabilitation what might distinguish a dyskinetic shoulder when labeled by Y/N SDT.  

The analysis report where the data was based shows the mean percentage of the 

time spent by each muscle at the three NM effort levels during an entire overhead cycle 

(raising and lowering of the arms). Although the results specific to Sub-Aim 3.A showed 

no between-group differences, when the groups were collapsed, there were scapular 

muscle features and differences between NM effort levels.  

Low Level: No Clinical Value 

The results showed that all muscles spent most of their time (75-95%) activated at 

low levels of NM effort. Since low levels are considered negligible effort, this may mean 

that scapular muscles, for the most part, share the work to accomplish in overhead 
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activities. This seems to be consistent with the result from Aim 3 that scapular muscles 

act as a force couple or synergists to be efficient on functional movements such as 

overhead activities. Within low levels, there were muscle differences wherein MT spent 

almost all of its time at low levels (97%), followed by UT and LT (82%), while the least 

amount of time was spent by SA (74%).  

Moderate level: Endurance or NM re-education  

Within moderate levels, there were muscle differences wherein UT, LT, and SA 

equally spent about 14-15% of its time, leaving MT that only spent about 2.5% of its time 

at moderate levels during overhead activities.  

High Level: Strength and Hypertrophy 

Within high levels, there were muscles differences wherein the SA was the only 

muscle that spent a significant amount of its time (13%), with a distant second place 

between UT and LT of only 2.5-4%, and an insignificant time spent by MT less than 

0.5% during overhead activity.  

The results may suggest that during shoulder rehabilitation, to return to pre-injury 

function, it may be beneficial to expose the UT, LT, and SA to endurance and 

neuromuscular re-education exercises. In addition, out of all the scapular muscles, SA 

may only be the muscle that will benefit from strength training. In contrast, MT may not 

need any specific training at all.  
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B. Discussion Specific to Sub-Aim 3.B 

Onset duration is a time-related measurement unique to EMG studies that speak to 

the amount of time (seconds) spent by a muscle when considered active during an 

activity. In this study, this measure was chosen to describe another feature of muscles that 

may not be fully realized when muscle amplitude or effort is considered alone. Therefore, 

Sub-Aim 3.B of the study was to characterize the scapular muscle onset duration of 

asymptomatic unilateral SDK established by the Y/N SDT. 

The results specific to Sub-Aim 3.B showed that in terms of scapular muscle 

onset duration, there was no difference between those that exhibit shoulder asymmetry 

from those that do not according to the Y/N SDT. However, when the groups were 

combined, relative to the overhead activity cycle of this study that was strictly performed 

in six seconds, there were side and muscle differences. On muscle differences, the SA 

spent the most time during the cycle of approximately 3 seconds or half the time, the UT 

and LT spent about 2 seconds or a third, while the MT spent about one second only. On 

side differences, the right MT and SA spent more time than the left when considered on. 

Additionally, when the muscles were ranked from longest to shortest onset duration on 

each side, both sides’ SA and MT consistently had the longest and shortest onset 

duration, respectively. Although this analysis’s measure was time, the results were 

consistent from those in Sub-Aim 3.A (NM effort) – SA seems to be the most hard-

working muscle, while MT is the least among the scapular muscles. This may mean, in 

the context of rehabilitation, at any given point, priority should be given to SA. 
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IV. Discussion Specific to Aim 4 

The presence of SDK has also been proposed as possibly a normal movement 

variation (McQuade et al., 2016; Plummer et al., 2017). So far, the results of Experiment 

2 have not shown any group differences – no EMG feature distinguished (characterized) 

those that exhibit shoulder asymmetry from those that do not according to the Y/N SDT. 

This may suggest that the phenomenon of SDK as a natural part of shoulder movement 

could be true. The activation pattern of scapular muscles has also been theorized to be of 

equal proportions (Huang et al., 2017; Neumann & Camargo, 2019; Neumann & Grosz, 

2016). This means that not only scapular muscle activity and effort may possibly be equal 

across all four muscles, but so do the time muscles activate acting as synergists (Chong & 

Franklin, 2001; Horak & Nashner, 1986). 

The final criterion variable measured in this study was the onset time (in 

milliseconds). This measure refers to the reaction time the muscle was considered active 

relative to the beginning of the movement. The time element is best appreciated with the 

other muscles being investigated. It answers the question of whether a muscle, relative to 

the other muscles, was first, second, third, or last to activate; or if the muscle did not 

activate at all during the entire overhead activity. Therefore, study Aim 4 was to 

characterize the activation pattern of asymptomatic individuals’ scapular muscles during 

a bilateral overhead activity like SDT. 

The results specific to Aim 4 showed that LTs and SAs generally, regardless of 

side, frequently fired first or second and were hardly off during overhead activities like 
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SDT. This may indicate that the LT and SA are required to initiate shoulder elevation. 

While the UT and MT, regardless of side, generally fired without a specific order. This 

may imply that UT and MT’s role during overhead activity may vary throughout the 

motion. Also, MT frequently fired third, last, and mostly off. This is consistent with Sub-

Aims 3.A and 3. B’s results that MT is the least active muscle among the scapular 

muscles. However, the Aim 4 results did not correlate well with the results of Aim 3 that 

the scapular muscles work as synergists. The variability in the timing of the scapular 

muscles found in the results of Aim 4 is evidence of a lack of synergistic relationship of 

these muscles instead (Chong & Franklin, 2001; Horak & Nashner, 1986). 

A. Discussion Specific to Sub-Aim 4.A 

Finally, if SDK is to be conceptualized as normal variability among healthy 

individuals during overhead activities, asymmetries in scapular muscle activities between 

sides should be expected. Therefore, the final aim of Experiment 2 (Sub-Aim 4.A) was to 

establish the prevalence of scapular muscle asymmetry among asymptomatic individuals 

during a bilateral overhead activity like SDT. 

The results specific to Sub-Aim 4.A shows that scapular muscle activity 

asymmetries were prevalent (64%). Interestingly, this is the same prevalence rate of SDK 

found by most studies (60-70%). This may potentially strengthen the concept that SDK is 

just a natural occurrence among healthy individuals. However, in light of the results of 

the previous aims of Experiment 2, although SDK, being an observed movement 
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phenomenon, and muscle activity asymmetries have very similar prevalence, asymmetry, 

as defined by SDK, may not necessarily be the same as muscle asymmetry.  

V. Main Discussion 

Exercises, particularly those directed to muscles, have been the trademark 

intervention of physical therapists since the profession of physical therapy has been 

recognized (Shaik & Shemjaz, 2014) along with its steady path to autonomy (Johnson & 

Abrams, 2005). This includes exercises aimed at treating shoulder pain. Shoulder pain 

has been associated with an alleged movement impairment of SDK traditionally treated 

with local and isolated exercises (e.g., W, Y, T, and I) with the intent to “stabilize” in 

order to correct asserted altered kinematics. Against this background, it is imperative for 

clinicians to identify SDK to apply the proper exercises accurately. Both experiments of 

this study focused on two things: SDK and SDT in the healthy population. It investigated 

the clinical utility of the Y/N SDT in identifying those with unilateral SDK as a form of 

shoulder asymmetry with SDK positing as a risk. Consequently, the potential hallmarks 

of SDK in asymptomatic individuals in the form of muscular activities were also 

examined with the intent of directing exercises to correct SDK’s so-called impaired 

movement. 
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A. Y/N SDT and EMG: Not Seeing Eye-to-Eye 

In conclusion, the study successfully established that Y/N SDT is a reliable test 

and yet not valid. This was because Y/N SDT (clinicians) kept making the risk of type 1 

and 2 errors compared to the EMG results. There seems to be a high amount of 

disagreement between the Y/N SDT and the EMG – what the EMG “sees,” the Y/N SDT 

does not. What the Y/N SDT identifies as asymmetry as an observed movement does not 

correlate well with the expected scapular muscle activity. This statement seems to be 

supported when the muscle activity features of those with SDK from those without were 

explored, no differences were discovered. When the DF was found to be non-significant, 

it was confirmed because it acts as if scapular muscle amplitudes cannot distinguish the 

presence or absence of SDK among asymptomatic individuals. It cannot explain why the 

SDK is present in healthy individuals when looking at the EMG amplitudes. 

Consequently, it may be possible that each scapular muscle’s expected action, i.e., 

upward/downward rotators, internal/external rotators, etc., may not resemble the 

scapula’s actual movement during overhead activities after all. Another way of saying 

this is that SDK and the scapular muscles are probably not related, as we know it. Huang 

et al. (2017) found similar findings in their investigation and concluded that change in 

muscle activation may not correspond to scapular movement during arm elevation; that 

their findings may explain why specific muscle activities and their theoretically 

associated scapular kinematics were not found to be highly correlated in their past 

research (Huang et al., 2015b). Could this be the reason why certain studies that 
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specifically addressed scapular kinematics to treat shoulder pain improved whereas its 

effectiveness to kinematics were conflicting (Bury et al., 2016; Reijneveld et al., 2017)? 

Some studies without changes to the kinematics itself (Camargo et al., 2015) while some, 

the kinematics worsened (McClure et al., 2004; Struyf et al., 2013). This raises three 

crucial, consequential questions: Do altered kinematics (SDK) have to be addressed in 

healthy people? If so, are the exercises for scapular muscles appropriate? If not, what else 

may explain the poor association between altered kinematics such as SDK and scapular 

muscle activities? 

B. To Each His Own 

There is strong evidence from this study that does not support addressing SDK in 

healthy individuals. The consistent lack of between-group differences between those with 

SDK from those without on multiple EMG criterion variables suggests that SDK among 

the healthy population may be a clinically harmless phenomenon – normal. These 

findings are complementary to studies that measured scapular kinematics that found no 

difference in SDK between symptomatic and asymptomatic shoulders (Christiansen et al., 

2017; Graichen et al., 2001; Lukasiewicz et al., 1999; Nijs et al., 2005; Paine & Voight, 

2013). However, this still does not explain why some people exhibit SDK while some do 

not. But instead of finding the answer to this dilemma, it would probably be more 

practical to approach differences or variability in the manner of the saying “to each his 
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own.” In other words, what may be “right” scapular movement to one could be “wrong” 

to another. 

C. Normal Defines Abnormal and What to Do 

Identifying “abnormal” in the presence of an established “normal” is a powerful 

argument across different health professions when the intent is to optimize health. If SDK 

is truly natural, then this study also successfully established normative muscle behaviors 

among the healthy population that may help rehabilitate painful shoulders when returning 

to pre-injury status. Based on the results of this study, healthy shoulders behave 

differently depending on hand-dominance. Dominant healthy shoulders primarily rely on 

the UT and MT during overhead activities. These muscles were found to be least active 

with random activation patterns. In comparison, nondominant shoulders rely primarily on 

LT and SA that was found not only as most active but also consistently earliest to fire. It 

appears that dominant shoulders are more efficient (same work for less energy) consistent 

with maintaining accuracy, while nondominant require more power and readiness 

consistent with maintaining steadiness. These observations are coherent with the findings 

of studies that investigated interlimb differences. Bagesteiro and Sainburg (2002) showed 

that the dominant arm specializes in controlling limb dynamics exclusively associated 

with activities requiring precision. While nondominant arm consistently used greater 

torque to produce movement for the same speed and accuracy as the dominant arm 

(Bagesteiro & Sainburg, 2002; Yadav & Sainburg, 2014), similar to that of the bilateral 
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overhead lift performed by the subjects in this study. On the one hand, this may mean that 

recovering dominant shoulders may respond well with endurance (low load, high 

volume) and coordination type of exercises in the rehabilitation context. On the other 

hand, nondominant may benefit more with strength training (high load, low volume) and 

stabilization types of exercises. The acknowledgment of different variants of scapular 

muscle training methods in shoulder rehabilitation may be more practical than a one-size-

fits-all approach. Scapular stabilization is a very familiar catch-all intervention utilized by 

physical therapists when treating shoulders, especially in the presence of SDK. The idea 

is to provide specific exercises to correct aberrant scapular motions perceived to be 

contributing to the problem; thus, “stabilize” the scapula. One of the “abnormal” 

movements identified in the original SDT is excessive prominence of the inferior angle of 

the scapula, known as Type 1 SDK. Biomechanically, it is a product of uninhibited 

anterior tipping of the scapula hypothesized to be caused by the LT muscle’s poor 

control. So, the suggested exercise appropriate for this would be the Y arm raises in 

prone to help “stabilize” the anterior tipping of the scapula. However, McQuade et al. 

(2016) argued that studies that suggested scapular stabilization exercises to influence 

scapular muscle activation (Larsen et al., 2013; Weon et al., 2011; Worsley et al., 2013), 

failed to show whether increases in the activation or changes in activation ratios translate 

to any lasting kinematic pattern improvements. Hence, there is little evidence to suggest 

that scapular stabilization exercises, in general, can functionally affect scapular muscle 

activation. 
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D. SDK Through the Lens of Motor Control: A Paradigm Shift? 

Traditional theoretical models (PKM, KPM), in which most clinical decisions in 

musculoskeletal physical therapy are based, seem to have failed to back the findings of 

this study. These models almost always assumed that variability is evidence of 

pathological movements; thus, correction is necessary. Looking closely at the evidence, 

this may be its weak spot. So, if not PKM or KPM, then what? Other experts in the field 

have lightly triggered conversations on alternative theoretical frameworks in elucidating 

SDK (McQuade et al., 2016; Willmore & Smith, 2016). Perhaps, unconventional models 

like those in MC might be more fitting. Despite the non-significant results of Experiment 

2, there seems to be a “common theme” on the rest of the outcome – variability (e.g., the 

difference between concentric and eccentric, left and right, dominant and nondominant, 

etc.). This is consistent with the evidence suggesting a wide variety of so-called 

physiological norms come with high degrees of variability within and between 

individuals (Morais & Pascoal, 2013; Nijs et al., 2007) and populations (Oyama et al., 

2008). A unique and interesting observation that further suggests variations in scapular 

movement is when varying speeds (Sugamoto et al., 2002) and loads (Forte et al., 2009; 

Kon et al., 2008) were applied to the shoulder. Although the authors of these studies 

recognized in part the participation of the central nervous system (CNS) in explaining 

their findings, intriguingly, none have referenced any model that resembled a specific 

MC theory. Besides, CNS alone as responsible for scapular variabilities may be a weak 

argument because all these studies, including this one, utilized not only physically 
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healthy subjects but also mentally and cognitively sound individuals as well. While MC 

theories were not intentionally investigated in this study, certain theories may 

undoubtedly apply. One theory close to explaining movement variability observed here 

and in other studies in relation to physical elements like velocity and load is the 

dynamical systems theory (DST).   

E. The Basics of DST 

Dynamical systems theory, also known as nonlinear dynamics or chaos theory, is 

not exclusive to motor control. In fact, DST originated as a mathematical theory with 

origins from Newtonian mechanics (Holmes, 2007). The cumulative work done in the 

field of motor development paved the way for the introduction of DST to the practice of 

mainstream rehabilitation. DST’s primary principle is that movement is a product of a 

complex system with multiple physical and dynamic elements (Kelso, 1995). It attempts 

to explain movement not just by simply defining the contribution of each individual 

element but also attempts to explain how and under what conditions these elements 

interact or behave (Thelen, 1989). Dynamical systems theory argues that variability 

reflects the variety of coordination patterns used to complete a task and suggests that 

variability is evidence of the neuromuscular system’s flexibility and adaptability in 

exploring new movement solutions (Sherman, 2011). DST’s hallmark concepts that 

support movement variability are, but are not limited to, nonlinear behavior and self-

organization (Kugler et al., 1982). Nonlinear behavior means when a single element 
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(control parameter) of a stable movement is altered, even when small, the movement’s 

present state of equilibrium will be disturbed (period of instability). Its state transforms 

(order parameter) in response before it returns to a new stable but a much larger state as 

the previous (period of stability), or vice versa. When the control parameter passes 

through a critical point without any other influence, the period of instability overrules 

before a new period of stability is regained. This influence-free transformation is known 

as the concept of self-organization. A simple but excellent illustration is when water 

evaporates. When room-temperature water is exposed to heat, it remains (stable) in liquid 

form as it gets hot. When the temperature reaches precisely 212 degrees Fahrenheit 

(critical point), it starts to boil (period of instability) and evaporates in the form of steam 

(regains stability). Here, the heat is the control parameter, while the state of the water 

from liquid to steam is the order parameter. The turning of liquid to gas is a good 

illustration of the nonlinear behavior because it took only one more degree (211 to 212) 

to make the water boil. Additional heat does not raise the temperature but turns water into 

steam. The degree to which the control parameter changed (1ºF) was not proportional to 

the resultant order parameter (liquid from to steam), and yet the water regained a 

different but stable form. The ability of water to change from liquid to gas (one stable to 

another stable form) is an excellent example of the behavior of self-organization.  



 

 

128 

 

F. Applying DST to SDK 

Using the same basic assumptions of DST, SDK may be viewed through an MC 

lens instead. Here, SDK in asymptomatic individuals during overhead tasks may just be a 

form of disturbance or “chaos” on a stable shoulder in response to a control parameter. 

When the stability is regained, the SDK goes away. The possible control parameter could 

be any of the following: the dumbbell used (weight), speed of the metronome, the 

shoulder angle, the phase of the motion (concentric vs. eccentric), bilateral vs. unilateral 

arm raises, position (open or closed chain), or even a combination. When an order 

parameter perturbs the scapula (system) to its critical point, say the weight used during 

SDT, the presence of SDK may simply mean that the shoulder was “strategizing” to 

complete the task of moving the weight up and down to the desired height and tempo. 

The emphasis here is the task at hand. With that said, it may be more important to focus 

on tasks rather than how well the scapula is positioned (McQuade et al., 2016). 

Harbourne and Stergiou (Harbourne & Stergiou, 2009) suggested this same approach 

using the concepts of variability and nonlinearity applied to neurological patients. They 

compared a clinical scenario of how one therapist may decide to minimize a stroke 

person’s amount of circumduction during gait to achieve a normal gait pattern. Whereas 

they described another therapist deciding to encourage the patient just to walk however 

they find it appropriate to get to their destination. Two opposite approaches, each with its 

own merits.  
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The central purpose of PT has always been to restore patient function to its fullest. 

If this is to remain valid for shoulder rehab, it might be more appropriate and purposeful 

to focus on the task (function), say reaching. So, instead of attempting to minimize SDK, 

maybe it should be, at a minimum, ignored, or at the extreme, even be encouraged. 

Encouragement not in a literal sense by abandoning treatment to the scapula altogether, 

but instead focus the treatment to set-up the scapula for “success.” Simply put, to 

optimize the scapula’s environment by providing mobility, flexibility, strength, 

endurance, etc., through exercises so the scapula may do what it needs to do. This way, to 

achieve function, the interventions remain the same; the only difference is the purpose – 

encourage vs. discourage SDK. Now, looking back on those intervention studies where 

the subjects’ shoulder pain improved, but apparently, the SDK worsened (McClure et al., 

2004; Struyf et al., 2013), it could be possible that it was because the scapula just needed 

to “worsen” to improve. 

McClure et al. (2004) studied the effect of a 6-week exercise program on the 

function and 3-dimensional kinematics on those diagnosed with shoulder impingement 

syndrome. They utilized a repeated-measures design on a single group of subjects with 

the said diagnosis. The intervention included exercises supposedly designed to improve 

scapular kinematics, thus, improve pain and function. The scapula-targeted interventions 

were strengthening and stretching to the posterior capsule and pectoralis minor muscle. 

The results stated that the intervention effectively reduced pain and improved function 

but not on scapular kinematics. Specifically, the kinematics data worsened when 

compared to the baseline.  
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Similarly, Struyf et al. (2013) utilized a randomized controlled trial to study the 

effect of a scapular-focused treatment on pain, function, and scapular upward rotation on 

those diagnosed with shoulder impingement syndrome. The intervention group received 

mobilization, stretching, and “motor control” training of the scapula vs. the control’s 

passive modalities (ultrasound, heat, etc.). The results showed that the intervention 

effectively reduced pain and improved function but not on the scapular upward rotation. 

They reported that some subjects in the intervention group had worse measurements in 

scapular upward rotation than the baseline. 

These studies’ scapular-focused interventions were intended to achieve an “ideal” 

scapular movement free of variability – free of SDK. Unfortunately, neither study 

achieved this despite their successes in pain and function. In their discussions, McClure 

focused on possible systematic errors in their measurement tool and vagueness in the 

operational definition of abnormal kinematics to explain the unexpected results. Struyf 

did not explicitly address it at all. Hence, it could be possible that the treatment to reduce 

SDK (restore ideal scapula) unintentionally allowed the ideal environment for the scapula 

to function instead (more SDK), thus the improvement in pain and function. 

G. Other Evidence of DST in this Study 

The Dumbbell Weight in SDT 

It is noteworthy to mention that the weight of the dumbbells used in this study 

was the original recommendation set forth by the authors/creators of SDT (McClure et 
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al., 2009; Tate et al., 2009). They claimed that those weights relative to the body weight 

produced more visual SDK when used during the test (McClure et al., 2009). It seems 

that the decision was arbitrary with no apparent basis. There could be two possible 

arguments against this subjective decision. First, it is possible that they were already 

unknowingly applying the DST theory in their decision to use certain weights for the test. 

To elaborate, the weight could be considered the control parameter that “pushed” the 

shoulder to its tipping point for the SDK to appear on those subjects they observed. 

Second, it is clear that there is a certain amount of weight (cut-off) that can dictate 

whether the shoulder will produce SDK or not. The question is, which one? Since the 

weight was indiscriminately decided, clinicians may mistakenly label shoulders as 

dyskinetic without SDK (false positive) or vice versa (false negative), including those 

used in theirs’s and this study.  

SDK Appears in Eccentric 

Although it was not mentioned earlier, SDK was observable frequently in certain 

parts of the motion, predominantly within the eccentric phase. The self-organization 

behavior in DST could be a plausible explanation for this observation. It is well observed 

that SDK mostly appears at the eccentric phase of an overhead movement (Ebaugh & 

Spinelli, 2010; Yoshizaki et al., 2009). Ebaugh et al. explained that a certain level of 

scapulothoracic muscle activity (activation threshold) is necessary to produce normal 

scapulothoracic motion. If this threshold is not reached, control of scapulothoracic 

motion may be compromised with resultant SDK (Ebaugh et al., 2005). They added that 
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since muscle activation levels are already reduced during the lowering phase, they are 

more likely to drop below the activation threshold in the presence of any injury or 

pathology that leads to lower muscle activity levels (Ebaugh & Spinelli, 2010). 

Unknowingly, Ebaugh et al. may have been referring to DST’s concept all this time when 

they concluded this. The point is, there is a certain threshold that may trigger the 

appearance of SDK during the eccentric phase. In their case, pain could be the control 

parameter that may tip the scapular muscles to the threshold and produce SDK. 

H. Possible SDK Experiments Testing DST 

It is tempting to consider that MC theories like DST may be an alternative way of 

understanding SDK. Experiments involving DST and SDK can be executed to further 

elucidate SDK as a phenomenon. Cross-sectional repeated designs in one group might be 

appropriate to test different control parameters as exampled earlier. For instance, the type 

of SDK during overhead reach could be the order parameter, whereas the change in 

velocity (speed and direction) of the shoulder movement could be the control parameter 

taken in multiple time points and compared. Another cross-sectional design between 

groups might be appropriate to determine threshold levels in weights that can trigger 

SDK between symptomatic and asymptomatic. To test the effectiveness between the 

traditional linear approach (discouraging SDK) vs. nonlinear (encouraging SDK) may be 

realized through a randomized controlled trial. 
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It is worth repeating that SDK remains being viewed as a movement impairment 

in the clinic. However, SDK is just one of the many movements that are currently viewed 

as impaired (e.g., dynamic knee valgus, excessive lumbar rotation, forward head during 

arm elevation, etc.). It may be possible that any of these so-called movement 

impairments, just like SDK, may be normal or at least be considered to be viewed from 

another theoretical perspective like those of MC theories. 

VI. Study Strengths 

A.  Clinical Relevance and Practicality 

The study focused on two vital segments of the PT practice, examination and 

assessment. The examination portion was done by investigating the clinical utility of a 

staple special test in orthopedic practice – SDT. Results of this study regarding SDT will 

help clinicians make an informed decision on whether to utilize this test to their patients 

during the examination process. On assessment, the study provided the forum for an 

intelligent discussion of alternate theories that may help illuminate the elusive nature of 

SDK. By searching the muscular features of SDK deeper as a clinical construct, 

clinicians may choose the appropriate interventions and create treatment plans with solid 

theoretical foundations.  

Although SDK has been extensively studied for about two decades now since it 

was first identified, the assumption has always been that SDK is pathological. SDK 
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became a medicalized movement phenomenon in symptomatic (treatment) and 

asymptomatic (prevention) alike. Many clinicians, primarily physical therapists, have 

made clinical decisions that initiated and directed treatment related to SDK and continue 

to do so, thus, funded by insurers and patients (copay, deductible). Critiques of SDK as a 

movement impairment accused it as a victim of pathologization based on small yet 

emerging evidence. This puts to question the continued spending of healthcare dollars on 

conditions related to SDK. The study was determined to establish the utility of the Y/N 

SDT in identifying SDK and add clarity to the fundamental nature (pathological vs. 

normal) of SDK as a movement phenomenon. Therefore, this study was motivated by the 

concept of value-based healthcare in mitigating the overall rising cost of healthcare in the 

country and around the world. 

B. Proof of Concept 

Both experiments 1 and 2 were based on two pilot studies (Ramiscal et al., 2021; 

Ramiscal et al., 2020) that provided evidence of a full study’s feasibility. One of the most 

significant pilot studies’ products was the data the sample sizes were calculated from. It 

provided high levels of confidence that the experiments had the appropriate power to 

reject the null hypotheses of the study’s multiple aims. 
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C. State of the Art Technology 

The hardware and software (Noraxon U.S.A. Inc., 2020) used in this study were 

the latest in EMG technology when the data were collected. 

Multiple Measures of Muscle Characteristics 

By utilizing an advanced EMG system, other than basic muscle amplitude, more 

muscle characteristics like time-dependent measures were available. By including more 

dependent variables, the aims of the study were better explored. 

Proprietary Software Algorithms 

As any other surface EMG equipment, the data collected may be subject to signal 

noises like crosstalk and ECG that may inflate the magnitude of the signals. The software 

utilized in this study included processes in the software that helped minimize the 

possibility of these signal noises. 

D. Robust Statistical Analyses 

Because more variables were available, more sophisticated statistical techniques 

were utilized, including multivariate statistics (e.g., MANOVA, DF, ROC, linear 

forecasting) that helped achieve this study’s aims in drawing more accurate conclusions. 
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VII. Study Limitations 

A. Statistical Threats to Validity 

1. Low Power 

Since the booter training intervention study (Sub-aim 1.A) was only a pilot, it was 

not powered (n = 6) for the appropriate sample size to detect differences. Also, the 

sample size was not big enough to have a third group with completely no intervention for 

full-bodied comparisons.   

2. Missing Values 

When the EMG standard timing analysis was performed, the data collected was 

initially intended to be part of Aim 3 as Sub-aim 3.C. An F test like ANOVA was 

originally proposed to analyze the data set. Unfortunately, during the visual inspection of 

the data on a spreadsheet, missing values were found. Technically, they were not missing; 

the EMG purposely skipped measuring muscles that did not meet the criteria set to be 

considered active for this analysis. Therefore, no values were recorded. Since the 

proposed statistical analysis would not be able to handle missing values, the analysis was 

downgraded to a univariate nonparametric test known as a one-sample Chi-square test. 
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B. Threats to Internal Validity 

Both systematic and random errors are inevitable in any study to some degree. 

Many measures were taken to mitigate those in this study. This includes but is not limited 

to the standardization of all procedures using strict protocols used in recruitment, 

training, measurements, blinding, and more. However, below are the possible biases that 

may still affect the internal validity of this study. 

1. Observer (Expectation) Bias 

As stated earlier, the SDT is a very subjective test. Due to this, it may have been 

possible that all observers have committed this type of bias because of a known expected 

outcome. This may have influenced the SDK labeling because raters “see what they want 

to see.” In this case, the presence of SDK.  

2. Hawthorne Effect 

This might have been present during the effect of the booster training intervention 

study. Although the students did not know about the booster training portion, by the time 

both groups received their respective booster training, the students already knew they 

were being observed by the expert gold standard from then on. 

3. Measurement Bias 

Despite the strict protocols that were in place, systematic, especially random 

errors, might have affected all data collection phases from both experiments. Even the 

EMG may have been insensitive in measuring a certain outcome or simply not able to 
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perform equally in different subjects due to body size, percentage of adipose tissue, etc., 

also known as spectrum bias. 

4. Instrumentation Bias 

Signal Contamination 

One major disadvantage of any surface EMG over indwelling fine-wire electrodes 

is the possibility of recording some signal from a neighboring muscle instead of the 

targeted muscle alone, known as the crosstalk phenomenon (Mesin, 2020). Also, EMG 

recordings from trunk muscles are especially vulnerable to contamination by the ECG 

signal due to their proximity to the heart (Butler et al., 2009).  

Crosstalk may have occurred during data collection, especially with the scapular 

muscles' proximity at the scapula. It is also possible that ECG artifacts were recorded 

alongside the signals intended only for the scapular muscles. This type of signal 

contamination was likely due to the heart's proximity to the shoulder, especially on the 

left. However, the proprietary software algorithm of the instrument used in this study has 

accounted for that. Besides, strict EMG protocol based on expert recommendations were 

followed including, motor point location, sensor placement parallel to the muscle, and 

vigorous skin preparation (Boettcher et al., 2008; Ekstrom et al., 2005; Hermens et al., 

2000; Soderberg & Knutson, 2000). 
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Normalization 

There are disadvantages to normalization procedures applied to EMG studies. 

One major disadvantage is the time-consuming process due to the meticulous procedure 

involved, especially in this study that involved collecting data from eight different 

muscles (four from each side). Also, errors in testing might not guarantee a genuine 

100% effort of the muscle, and only healthy subjects are acceptable as injured or subjects 

in pain might not be able to exert a 100% (Konrad, 2005). However, the decision to 

normalize against MVIC in this study was because there was a need to compare between 

the SYM and ASYM groups and between different muscles. According to Haliki and 

Ginn, the primary advantage of normalization is that it allows for direct between-subject 

and between-muscle comparisons (Halaki & Ginn, 2012). Also, the population of interest 

was asymptomatic, wherein the presence of pain would not put the maximum effort 

obtained from subjects in question (Konrad, 2005). Finally, according to Konrad, 

normalization of MVIC creates an excellent estimate of the neuromuscular effort of the 

muscle being tested during an activity relative to its maximum ability (100%). If only raw 

signals were utilized, the muscles' analysis would be limited in qualitative scales 

(Konrad, 2005). Therefore, in terms of measuring differences, raw EMG signals would 

not have answered the study aims pertaining to differences. The analysis would have 

been just limited to a more-or-less comparison between individual muscles only. 
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5. Review and Incorporation Bias 

In the process of establishing the EMG SYM and ASYM known-groups, on step 2 

(creating the criterion), the hand-over process included subjects (10 SYM, 10, ASYM) 

that were labeled by the expert gold standard using the Y/N SDT itself (test being 

validated). Even though the criterion’s source is a legitimate expert, the EMG becoming 

the reference still relied on the expert’s clinical judgment that used the same test being 

studied (Y/N SDT). This could be a potential source for review bias (reference judged by 

the examiner not blinded to the test result) and incorporation bias (a reference not 

independent of the test) (Fritz & Wainner, 2001). To avoid this, the 20 subjects used in 

the hand-over process were not included in the final contingency table analysis. 

6. Proficiency Bias 

Recall that in the booter training intervention study (Sub-Aim 1.A), the 

intervention group’s booster training comprised of standard and personalized videos. The 

personalized videos were specific to the individual student rater’s performance on the 

first five weeks’ worth of ratings. The purposeful personalization of the feedback was 

already a built-in variability to the intervention’s delivery based on the individual rater’s 

current performance.  

7. Intervention Bias 

In addition, the booster training for the intervention group was limited to negative 

feedback. Although the feedback given to the intervention group was personalized, all 

feedbacks were from those the students disagreed with the expert – all considered 
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negative. Since negative feedback has been shown to have an adverse effect on student 

motivation (Weidinger et al., 2016) and performance (Plakht et al., 2013), this could have 

been one possible explanation for the lack of difference between the intervention and the 

control groups. 

8. History and Timing Bias 

The majority of the experiments took place during the SARS-CoV-2 pandemic 

(World Health Organization, 2020). This may have affected both experiments from 

subject recruitment to rater performance, especially the student raters in the booster 

training intervention study (Sub-aim 1.A). The rating period alone stretched for exactly 

ten weeks at the heat of the pandemic. The majority of that time was when the campus 

was on lockdown, so the students were not on campus. In addition, the students’ weekly 

academic schedule may have adversely contributed to their rating performance, 

especially towards the middle of the study. The students had multiple exams and 

assignments that were due during weeks three to five. A similar consequence was 

observed in the student raters of the previous pilot study (Ramiscal et al., 2021). Their 

rating performance and the time when school-related stresses were present were directly 

associated. 

C. Threats to External Validity 

Generalizability of the study results may be in question due to the use of 

volunteers and the convenience of sampling within the university setting – most of the 
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subjects were students.  Since it was expected, the recruitment effort included both 

graduate and undergraduate campuses of Augusta University for a larger subject 

population. Nevertheless, below are the possible biases that may affect the external 

validity of this study. 

1. Response and Sampling Bias 

Because both experiments utilized convenience sampling (sampling bias), this 

may contribute to the weak generalizability of the results. It may have been possible that 

the sample on both experiments was non-representative of the general population due to 

the nature of subject enrollment which is all volunteers (response bias).  

It could also be argued that the subjects recruited were not representative of a 

population of overhead athletes as indicated to be at risk (Hickey et al., 2018) due to 

convenience sampling. Although this is true, aside from being healthy, active, and young 

(similar to those athletes at risk), they were also asked to indicate if they have a history of 

overhead sports (past or present). Table 12 (Experiment 2 subject demographic 

characteristics) shows that 65% of those labeled SYM and 72% labeled ASYM by Y/N 

SDT had the history. This information was included as one of the covariates in all F tests 

performed for Aim 3 and all its sub-aims to ensure any effect in overhead sports 

involvement may be present. 

Although it appears that Y/N SDT may not be useful for screening SDK based on 

the result of the study, it may be premature to suggest ultimately abandoning the test 

altogether. This is another possible repercussion of sampling bias as a result of the 
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confines of a laboratory setting. Strict laboratory protocols do not represent real-world 

scenarios. The way the Y/N SDT was conducted in the experiments does not reflect how 

it is done in the clinic. For this reason, it is not recommended to make a drastic change in 

clinical practice due to a single controversial result like this. It may be more appropriate 

to suggest that clinicians consider Y/N SDT less when suspecting SDK in healthy 

individuals.  

2. Membership Bias 

Due to the explicitness of the subject criteria (inclusion and exclusion), it may be 

possible that the subjects in the study were associated with a certain degree of health or 

characteristic(s) that differs significantly from the general population. 

D. Threats to Construct Validity 

1. Operational Definition of SDK 

A clear definition of operational terms is used to minimize the threat to construct 

validity. In the Y/N SDT protocol under Common Procedures, the definition for the 

presence or absence of SDK was well-defined to adhere to clarity. The SDK definition 

used in this study was that scapular movement asymmetries were abnormal as originally 

intended by the creators of SDT. However, the results of this study showed otherwise – 

SDK as normal movement variability. Therefore, the definition of SDK may need to be 

redefined. If so, the operational definition of SDK could have adversely affected its 

construct validity in this study. 
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2. Operational Definition of SDT 

Since the definition of SDT relies entirely on the precise definition of SDK, based 

on the assumption above, it may be possible that the operational definition of SDT could 

have negatively impacted its construct validity in this study as well. 
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SUMMARY 

The Y/N SDT is reliable regardless of experience level when used in the 

asymptomatic population. Students are not accurate in using Y/N SDT due to a lack of 

clinical experience. However, booster training with personalized feedback may improve 

accuracy. 

The Y/N SDT is did not appear to be a valid test with clinical value. Therefore, it 

may not be useful in screening SDK in healthy individuals. 

There is no muscle activity difference between those identified with SDK from 

those without using Y/N SDT in the healthy population. However, muscular activation 

intensity and pattern differences were observed between scapular muscles and between 

dominant and nondominant shoulders of healthy individuals. The SA is the most hard-

working scapular muscle, while the MT is the least active.  This may suggest that priority 

should be given to SA-focused exercises, particularly strength training, in rehabilitation 

efforts.  

Dominant shoulders prioritize UT and MT exhibiting efficiency, while the 

nondominant rely more on LT and SA muscles during overhead activities requiring more 

power. Therefore, when hand-dominance is considered in recovering shoulders, it may be 

more beneficial to expose the dominant side’s scapular muscles in endurance and 

coordination while the nondominant with strengthening and stabilization types of 

exercises.  
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Scapular muscle activity does not correlate well with an observable SDK in 

healthy individuals. The scapular muscles appear mechanically as a force couple, acting 

like synergists, but the study failed to find temporal relationships among the muscle 

activities. Also, scapular muscle variability is present in the healthy population. This may 

suggest that SDK is not a movement impairment. It may simply be a normal variability or 

even a helpful adaptation to achieve shoulder function in healthy people efficiently. 

Therefore, SDK in asymptomatic individuals may be ignored or possibly be encouraged 

when present.  

In light of this study’s results, the traditional pathokinesiological or 

kinesiopathological approaches to studying unfamiliar human movements in orthopedic 

physical therapy did not appear to help understand SDK. Thus, it may not always be 

appropriate. Perhaps, nontraditional models from other specialties like motor control 

theories such as the dynamical systems theory may be complementary, if not the only 

alternative. 
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