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Abstract
The aim of this study was to assess the potential of employing a classification tool to objectively classify participants with clinically assessed movement faults of the scapula. Six participants with a history of shoulder pain with movement faults of the scapula, and twelve healthy participants with no movement faults performed a flexion movement control test of the scapula, whilst scapular kinematic data were collected. Principle Component scores and discrete kinematic variables were used as input into a classifier. Five out of the six participants with a history of pain were successfully classified as having scapular movement faults with an accuracy of 72%. Variables related to upward rotation of the scapula had the most influence on the classification. The results of the study demonstrate the potential of adopting a multivariate approach in objective classification of participants with altered scapular kinematics in pathological groups.
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1. Introduction
Dynamic assessment of scapular movement is an important factor associated with shoulder dysfunction (Kibler and McMullen, 2003, Mottram, 2003, Caldwell et al., 2007). The clinical classification of abnormal scapular movement is used to evaluate scapular dyskinesis (Kibler and McMullen, 2003), and has been recommended to form part of the basis of the evaluation of scapular dysfunction (Kibler et al., 2009). Kibler and Sciascia (2010) highlight that the clinical observation of scapular dyskinesis involves three aspects; abnormal scapular position at rest and/or during movement characterised by medial border prominence, inferior angle prominence and/or early scapular elevation (shrugging) on arm elevation, and rapid downward rotation during arm lowering. Clinical assessment, however, is based on the assumption that the clinician fully understands the movement patterns of the shoulder (Caldwell et al., 2007), which can often be masked by soft tissues. Therefore, objective quantitative measurement of scapular kinematics is required to fully understand scapular dysfunction. 

Investigations of scapular kinematics in patients with shoulder dysfunction have shown less upward rotation and posterior tilt of the scapula than healthy controls (Ludewig and Cook, 2000, Lin et al., 2005, Luckasiewicz et al., 1999, Worsley et al., 2012), but results are not consistent, other studies have reported higher upward rotation and posterior tilt in patients with shoulder dysfunction(Graichen et al., 2001, McClure et al., 2006). The magnitude of the differences in these studies is small, often with large variability seen in scapular movements, making objective assessment of scapular dysfunction difficult (Graichen et al., 2001). The movement of the scapula is a complex interaction of three rotations, in any one of which abnormal movement may occur. Therefore, examining each scapular rotation in isolation further increases the difficulty in forming an objective assessment of scapular dysfunction. In addition, a given kinematic waveform contains a vast amount of information when recording movement of the scapula. Studies often use only discrete values determined from the kinematic waveform, resulting in a loss of important information regarding the movement strategy. Principal component analysis (PCA) has been used in gait analysis to overcome a similar problem, and aided in the discrimination between healthy and pathological populations (Deluzio and Astephen, 2007). PCA reduces interrelated variables into principal components (PC) but retains the variation in the original data and preserves important temporal information (Jolliffe, 1986).

The ability to objectively classify patients with shoulder dysfunction, based on kinematic data collected during movement of the shoulder complex, would complement subjective interpretation and help identify patients with movement dysfunction of the scapula. Any given shoulder pathology is likely to be multifactorial in nature and sub-groups are likely to exist that demonstrate altered scapular kinematics, which may not be detected by groups means (Graichen et al., 2001). Employing a multivariate approach to scapular kinematic analysis may contribute to characterisation of a given pathology and identification of potential sub-groups, to augment typical statistical analyses. Previous classification of scapular dysfunction based on a step-wise logistic regression demonstrated that scapular internal rotation during the lowering phase, serratus anterior muscle activity and a patient’s perception of function were the three greatest predictors of improved function in patients with shoulder impingement (Hung et al., 2010). The prediction model, however, relies on the subjective score of the patient’s own perception of their function, therefore, it does not provide a fully objective classification of dynamic scapular movement dysfunction.

A hybrid approach of classifying patients, which involves the reduction of kinematic data using PCA followed by classification of patients using a statistical classifier technique based on the Dempster-Shafer Theory of Evidence has been developed for use in gait analysis (Jones et al., 2006).Its generic application has been demonstrated through its use for classifying knee and hip biomechanics in joint replacement patients(Jones et al., 2008, Whatling et al., 2008). This type of approach, yet to be adopted in scapular kinematics, may provide a method of overcoming the difficulties of objectively assessing scapular dysfunction. The aim of the present study was to examine the potential of using a classification tool to objectively classify participants who have clinically assessed movement faults of the scapula. 

2. Method
2.1. Participants
Two groups of participants, healthy control and history of pain, were recruited from staff and students of the University of Southampton and the neighbouring community. Twelve healthy control participants, aged 22-49 years (Table 1) who had bilateral pain free shoulder range of motion to 135° of active humeral elevation were studied. Participants were excluded if they had a history of shoulder pain, presence of shoulder, neck and arm pain, previous shoulder injury, neurological disease, systemic inflammatory disease, history of surgery to the cervical, thoracic spine or shoulder complex or a fracture of the neck. The healthy control participants were required to not exhibit any clinical presentation of movement faults on the Shoulder Flexion Scapular Movement Control (SFSMC) test described below. The history of pain group consisted of six participants, aged 23-68 (Table 1), who had a self-reported history of, but not current, shoulder pain and/or pathology. Shoulder pain had to have limited the participant’s activity for more than one week, or required treatment, regardless of medical diagnosis. A physiotherapist assessed the participants prior to testing to ensure they were bilaterally pain free during active shoulder movements. History of pain participants were also required to exhibit clinical presentation of movement faults on the SFSMC test. The study was approved by the School of Health Professions and Rehabilitation Sciences Ethics Committee, and all participants provided written informed consent.

	[bookmark: _Ref287947673]Table 1: Participant demographics. Mean ± standard deviation (range).

	
	Age (years)
	Height (cm)
	Weight (kg)
	Gender

	
	
	
	
	

	Healthy control (n=12)
	31.1 ± 9.4
(22 – 49)
	172.3 ± 6.4
(165 – 183)
	67.1 ± 11.1
(45 – 82)
	4 Males
8 Females

	
	
	
	
	

	History of pain 
(n=6)
	43.8 ± 16.0
(23 – 68)
	171.7 ± 10.9
(155 – 185)
	71.2 ± 15.1
(53 – 90)
	4 Males
2 Females

	
	
	
	
	




2.2. Motion analysis
A Vicon 460 (Vicon Motion Systems, Oxford, UK) motion capture system with 6 cameras operating at 120Hz was used to obtain scapulothoracic kinematics. An acromion marker cluster (AMC) was used to obtain scapular kinematics relative to the thorax. The AMC method has been shown to be valid during arm elevation to 120° (Karduna et al., 2001, Meskers et al., 2007, van Andel et al., 2009) and lowering to within 3.9°, 5.1° and 5.0° for internal, upward and posterior rotation respectively (Warner et al., 2012). The AMC consisted of a plastic ‘boomerang’ shaped base with three 6.5mm retro-reflective markers attached. The centre of the AMC was positioned on the posterior aspect of the acromion, the location of which is known to produce the least amount of error compared to other locations on the acromion (Shaheen et al., 2011). One aspect of the ‘boomerang’ followed the spine of the scapula and the other pointing anterior in the scapular plane (Figure 1). Arm elevation angles were recorded from a cluster of markers attached to the upper arm. Static calibration trials were used to determine the location of bony landmarks within the local coordinate systems of the markers using the CAST technique (Capozzo et al., 1995). The CAST technique uses a ‘wand’ with markers attached to determine the location of anatomical landmarks with respect to a cluster of markers. The tip of the wand is placed against bony landmark of the scapular in turn (acromion angle, root of the medial spine and inferior angle) and a three second capture of the wand and AMC is made. The location of the tip of the wand represents the location of the anatomical landmark in the global coordinate system, and is determined from the markers on the wand. The location of the anatomical landmark is then determined with respect to the local coordinate system of the AMC, and recreated during the dynamic movement trials. This was repeated for the humeral anatomical landmarks (lateral and medial epicondyles) with respect to marker cluster attached to the upper arm. The position of the arm when performing the calibration of anatomical landmarks affects the accuracy of AMC measurements (Prinold et al., 2011). Scapular kinematics at lower arm elevation angles, following the lowering phase, was of most interest in the present study as changes in scapular kinematics were more likely to occur at these lower arm positions when performing the SFSMC test. The bony landmarks of the scapula were, therefore, calibrated with the arm at 0° elevation. Anatomical local coordinate systems, in accordance with ISB recommendations, were then constructed for the thorax, scapula and humerus (Wu et al., 2005). An Euler angle rotation sequence, also in accordance with ISB recommendations, of internal rotation (Y), upward rotation (X) and posterior tilt (Z) was adopted to determine scapular orientation relative to the thorax (Wu et al., 2005). Kinematic data was recorded with the scapula at rest (before being placed into the optimal orientation described below), when placed into the optimal orientation and during the SFSMC test. Kinematic data during the SFSMC test were truncated at the points where arm elevation commenced and ceased following arm lowering. The kinematic waveforms were then interpolated over 101 data points and then averaged across the three repeated trials.
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Figure 1: Acromion marker cluster (AMC) used to record movements of the scapula.



2.3 Movement control of the scapula
The Shoulder Flexion Scapular Movement Control (SFSMC) test (Mottram, 2003, Comerford and Mottram, 2012) is aimed at identifying movement faults of the scapula, which may be indicative of scapular dyskinesis, through the concept of dissociation (Comerford and Mottram, 2001, Sahrmann, 2002). The concept involves maintaining control of the segment of interest, the scapula, whilst challenging the ability to maintain this control during movement of the adjacent segment, the arm. The test involves passive placement of the scapula by an experienced physiotherapist into an individual specific optimal orientation. The optimal orientation involved positioning the acromion above the superior angle (to ensure the scapula was out of downward rotation) and the medial spine of the scapula against the thorax (to ensure the scapula was out of internal rotation). Participants aimed to maintain this orientation whilst performing arm flexion to 90° and subsequent lowering to 0° in the sagittal plane. The physiotherapist observed the participant for movement faults which included; superior and inferior movement of the acromion and medial movement or posterior protrusion of the inferior angle of the scapula. A test fail was noted if any of these movement faults were present. The participants were given three practice trials before completing a further three SFSMC tests, which were assessed by the physiotherapist. A further three tests were performed by the participant where kinematic data was recorded. Concurrent physiotherapist assessment of the SFSMC test and recording of kinematic data was not possible as the positioning of the physiotherapist during the test caused marker occlusion.

2.4. Principal Component Analysis
Principle component analysis (PCA) was completed on the averaged kinematic waveforms recorded during the SFSMC test. Each rotation from the scapula was assessed individually using the averaged kinematic waveform from each participant. Firstly the waveform was normalised for each data point along the waveform by subtracting the mean and then dividing by the standard deviation (Chau, 2001). A correlation matrix (C) was then calculated between the n x 101 matrix of standardised variables (Z), where n is the number of participants, and its transpose (ZT); [image: ], where p is the number of input variables (Chau, 2001). Eigen decomposition was then performed on the resulting correlation matrix (C) to find the eigen values and eigen vectors; C=EΛET where the columns of matrix E contain the eigenvectors and Λ is the diagonal matrix of eigenvalues of C, which provide the amount of variance within each principal component (Chau, 2001, Daultry, 1976, Tabachnick and Fidell, 1989).  The diagonal matrix of eigenvalues was ranked from most to least variance. To determine which principal components to retain, the cumulative energy plot was used (i.e. the cumulative sum of the ranked variance). Principal components were retained until the cumulative sum of the variance had reached 95% (Jolliffe, 1986). Once the principal components had been determined, the next step was to identify the sections of the kinematic waveform that corresponded to each PC. This was performed by assessing the matrix of the component loadings, L, defined as the weighted relationship between the principal component and the original variable; L = EΛ1/2 (Daultry, 1976, Chau, 2001, Tabachnick and Fidell, 1989). The section of the kinematic waveform that corresponded with the principal component was when the factor loading exceeded a threshold of 0.71 (Comrey, 1973, Jones et al., 2008). The final principal component score (Ω) was the product of the standardised variables (Z) and the eigenvectors (E); Ω = ZE. An independent sample t-test was used to test for significant differences between the history of pain group with movement faults, and the healthy control group.

2.5. Classification
The data used as input into the classifier were a series of discrete kinematic variables derived from the averaged kinematic waveforms for each participant. These variables consisted of the orientation of the scapula when at rest, when in the optimal position, at various arm positions during the SFSMC test and the first principal component score for each scapular rotation (Table 2). An independent samples t-test was used to test for significant difference between the history of pain group and the healthy control group. Two classifications were performed, an initial baseline classification where all eighteen variables were used as input, and a main classification consisting of a reduced data set of input variables based on the results of the baseline classification. The classifier adopted in the study was the Cardiff Dempster-Shafer classification method, as described by Jones et al(2006). The classifier allows the combination of different input variables to arrive at a degree of belief for a given hypothesis (m), derived from the available evidence (Dempster, 1968, Shafer, 1976). The hypothesis (m) in the current study is that participants with a history of shoulder pain have movement faults of the scapula. Each input variable for a given participant (v) was standardised and converted into confidence factors (0-1) using a sigmoid function;[image: ] where k is the Pearson’s correlation coefficient for the variable (v) and denotes the gradient of the sigmoid function, and θ denotes the group mean value of the variable (v) (Jones et al., 2006). The variable was then assigned a belief value to obtain a body of evidence (BOE), subject to the bounds of uncertainty (0.7 and 1) (Jones et al., 2006). The BOE belief values correspond to the belief in support of the hypothesis m{(x)}, not in support of the hypothesis m({¬x}), and uncertainty m({x,¬x}). The participant’s individual BOE for each variable were then combined using Dempster’s rule of combination to provide a final BOE for each participant. Finally, the combined BOE was visualised on a simplex plot(Jones et al., 2006).A participant is classified as either not having movement faults if their combined BOE is positioned on the left hand side of the plot, or having movement faults if their combined BOE is positioned on the right hand side of the plot. The lower right vertex of the simplex plot is associated with support of the hypothesis, m({x}), the lower left vertex is associated with non-support of the hypothesis, m({¬x}), and the top vertex of the triangle is associated to the level of uncertainty of the classification. The closer the participant to a vertex of the triangle, the greater the belief associated with that vertex (Jones et al., 2006). To rank the variables in order of those that had greatest influence in the DST classification, an objective function (OB) was used. For each variable (v) this is defined as the Euclidean distance of the group position to the correct vertex simplex plot (Jones et al., 2008). A leave-one-out cross validation approach (LOOCV) was then adopted to obtain an overall accuracy score for the strength of the classification.

	[bookmark: _Ref284414524]Table 2: Classification accuracy for each variable and overall classification accuracy for baseline and main classifications. Variables v1, v2, v3, v5, v6 and v8 were used as input for the main classification.

	
	Variable (v)
	Variable classification accuracy

	
	
	

	
	
	Baseline classification
	Main classification

	
	
	
	

	
	
	
	

	v1
	Upward rotation at end of test
	75%
	78%

	v2
	Upward rotation PC1 score
	71%
	72%

	v3
	Resting upward rotation
	67%
	67%

	v4
	Posterior tilt at start of test
	63%
	

	v5
	Internal rotation at end of test
	58%
	61%

	v6
	Internal rotation at start of test
	58%
	61%

	v7
	Optimal internal rotation
	58%
	

	v8
	Upward rotation at 90° arm elevation
	58%
	61%

	v9
	Upward rotation at start of test
	54%
	

	v10
	Internal rotation PC1 score
	54%
	

	v11
	Internal rotation at 90° arm elevation
	50%
	

	v12
	Optimal upward rotation
	46%
	

	v13
	Posterior tilt at 90° arm elevation
	33%
	

	v14
	Optimal posterior tilt
	33%
	

	v15
	Resting internal rotation
	33%
	

	v16
	Posterior tilt PC1 score
	33%
	

	v17
	Posterior tilt at end of test
	13%
	

	v18
	Resting posterior tilt
	13%
	

	Classification accuracy
	50%
	72%




3. Results
Clinical assessment of the participants confirmed that all history of pain participants failed the SFSMC movement control test as they were deemed unable to control the scapula and showed signs of scapular movement faults. All healthy control participants passed the SFSMC test as they were able to control the scapula and showed no signs of movement faults.

3.1. Principal component analysis
Examination of the cumulative energy plot to determine which PCs to retain, revealed that the first (PC1) and second (PC2) PCs for each scapular rotation accounted for 95% of the variance amongst the participants for each scapular rotation. Therefore, PC1 and PC2 were retained for further analysis. The factor loadings were examined to identify the portion of the waveform that corresponded to each PC and revealed that PC1 was above the 0.71 threshold across the entire kinematic waveform. This was found in all scapular rotations. PC2, however, did not reach the 0.71 threshold at any point during the waveform in all scapular rotations and was discarded from further analysis. Independent samples t-test showed a significant (p = 0.02) group difference between healthy control participants and history of pain participants for upward rotation’s PC1 score (Table 3), and was included for use in the objective classification.

	[bookmark: _Ref287948764]Table 3: Mean and standard deviation of input variable data used for classification.

	Variable
	History of pain
	Healthy control

	v1
	Upward rotation at end of test*
	-7.9° ± 6.4
	-1.9° ± 9.0

	v2
	Upward rotation PC1 score*
	-7.6 ±7.7
	1.9 ± 12.0

	v3
	Resting upward rotation
	-8.6° ± 8.6
	-5.1° ± 3.8

	v5
	Internal rotation at end of test
	32.6° ± 4.9
	32.3° ± 6.5

	v6
	Internal rotation at start of test
	30.8° ± 4.5
	29.1° ± 6.6

	v8
	Upward rotation at 90° arm elevation*
	7.8° ± 5.3
	13.7° ± 7.5


*Significant difference between control group and history of pain group (p<0.05).

3.2. Dempster-Shafer Theory (DST) classification
The initial baseline classification (Baseline classification) using eighteen input variables was completed to determine which variables had the most influence on the classification of participants (Table 2). The overall classification accuracy of the baseline classification was 50%, with the variables related to upward rotation of the scapula having the greatest influence on the classification (Table 2). The number of input variables was then reduced to six in order to achieve a participant to input variable ratio of 3:1.The highest ranked variables, and those that had shown a statistically significant difference between groups, were used (Table 3).This led to eight variables, therefore, further steps were adopted to remove variables and improve the participant to variable ratio. The variable related to posterior tilt of the scapula at the start of the test was removed due to the known measurement error and poor reliability associated with this scapular rotation (van Andel et al., 2009, Warner et al., 2012). The variable related to internal rotation at the optimal position was also removed as this variable represents a similar position to internal rotation at the start of the test. This resulted in six variables that were used as inputs to the classifier for the main classification. 

The results of the main classification, with the chosen six input variables, demonstrated an increased LOOCV classification accuracy of 72% and classified five out of six history of pain participants into the movement fault dominant region (Figure 2). Eight out of twelve of the healthy control participants were classified into the non-movement fault dominant region (Figure 2). For the main classification upward scapular rotation at the end of the SFSMC test had the greatest influence over the classification of participants (Table 2). The history of pain group had a significantly lower upward scapular rotation position compared to the healthy control group at 90° arm flexion and at the end of the test (Table 3). 
[image: C:\Users\Martin Warner\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Warner_Figure_2.tif]
Figure2: Simplex plot classification for history of pain (crosses) and healthy control (circles) participants. Participants were classified towards the movement faults (MF), no movement faults (NMF), or towards uncertainty (NMF,MF) regions.
4. Discussion
The clinical assessment of shoulder dyskinesis has been proposed to classify patients with shoulder dysfunction and help inform treatment (Kibler and McMullen, 2003, Caldwell et al., 2007). The quantitative classification technique employed in the present study classified five out of six history of pain participants as having movement faults of the scapula, with one participant classified close to the decision boundary as having no moment faults. This demonstrates that it was sometimes possible to objectively classify participants solely based on kinematic data with an accuracy of 72%. This multivariate approach, utilising measurements of scapular orientation at various points during a given task and different scapular rotations, removes the subjective interpretation of scapular dysfunction which is limited by the skill of the clinician performing the assessment (Caldwell et al., 2007).Although, it is not suggested that this type of classification should replace clinical assessment, but could be used to compliment the assessment of a given pathology. Of the six parameters that were used as input into the main classification, upward scapular rotation at the end of the test (i.e. after lowering of the arm) had the greatest influence on the classification, and confirms clinical observation that often suggests that abnormal scapular orientation during  arm lowering is a distinguishable factor in people with shoulder pain(Kibler and Sciascia, 2010).The second most influential parameter on the classification was the score of the first principal component for upward rotation. Reduction of the kinematic waveform through the use of principal component analysis (PCA) provided a means of reducing the data into a more manageable form, whilst retaining temporal information. The first principal component for upward rotation (PC1) accounted for over 90% of the variance amongst participants and was related to the entire kinematic waveform. The variability amongst participants would likely be as a result of the relative orientation of the scapula during the test, as there was a tendency for the history of pain participants to exhibit a lower upward scapula rotation during the test. Generalising these results to a larger population, however, is limited due to the small sample size. The studied population may not represent the normal distribution of a general population, and may violate the assumption of a Gaussian distribution used when creating a larger data set of PCs from the original data. Further work on a larger population of participants is needed. Although PCA did not identify specific regions of the waveform of increased variability in movement patterns of the scapula, it did provide a useful score related to the overall orientation of the scapular during the test that could be used further analysis.

The objective classification of movement faults generally agreed with the clinical observation, however, four of the healthy control participants and one history of pain participant were incorrectly classified. This may be due to the inherent large variability observed in scapular kinematics(de Groot, 1997).Another possible reason for the misclassification is that alterations in scapular kinematics can occur in sub-groups of populations (Ludewig and Reynolds, 2009) and considering the multifactorial nature in the aetiology of shoulder dysfunction it is not known whether participants that exhibit altered kinematics are at risk of developing symptoms. The advantage of employing this type of analysis, however, is the ability to identify these potential sub-groups and examine the factors that have led to the altered kinematics. These sub-groups may not be detected by traditional group mean analysis (Graichen et al., 2001). The misclassification may also be a result of a misidentification of movement faults by the physiotherapist. The reliability of the SFSMC test has yet to be assessed and the clinician in the present study was not blind to the presence of a history of shoulder pain in the participants. The clinical assessment of movement faults may, therefore, may be biased, and it is possible that the healthy misclassified participants may exhibit movement faults. In addition, the clinical assessment of the presence of movement faults was completed independently of the kinematic data collection and there is a possibility that the participant adopted different movement strategies when being assessed by the physiotherapist compared to when kinematic data were collected. To ensure this was not the case, the participants performed the SFSMC test several times and only those who consistently failed, or passed, the test were included.

There are limitations with the present study that require acknowledgment, primarily concerned with the participant group examined. Only six participants were recruited into the history of pain group and twelve into the healthy control group. With six variables used as input to the classifier the resulting participant to variable ratio was 3:1. This ratio is smaller than what would normally be considered satisfactory for multivariate analysis. In addition to the low numbers of participants, the participants’ cause of the history of shoulder pain was not constrained to a particular pathology. It is conceivable that performing a similar methodology on a participant group that are currently suffering from shoulder impingement, for example, would result in a different outcome for the classification, with altered ranking of the input variables. The direct clinical application of the results of this study, therefore, is limited. The results do demonstrate, however, that the concept of objective classification based on a multivariate approach using kinematic data may provide a more objective interpretation for researchers examining altered scapular kinematics.

5. Conclusion
The novel approach of using a multivariate classification tool provided a reasonably successful approach to of objectively classifying participants with clinically assessed movement faults of the scapula based solely on kinematic data. This is despite the large variability observed within scapular kinematics and the relatively small participant numbers studied. This approach could be used for future objective classification of participants to characterise different pathological groups, used to identify potential sub-groups of participants and how these should be assessed clinically towards stratified patient assessment for targeted rehabilitation, or used to assess the effectiveness of treatment to correct movement faults of the scapula. 
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