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Adolescent idiopathic scoliosis (AIS) is the most common orthopedic disorder 

affecting individuals between the ages of 11 and 18. The disease produces a structural 

deformity of the spine and patients often report difficulty performing some activities 

of daily living along with pain in the upper back or scapular region. Despite evidence 

that trunk deformity negatively affects shoulder complex mechanics in other 

populations, upper extremity function is still poorly understood in the AIS population.  

Prior studies indicate diminished function and abnormal scapulothoracic (ST) 

mechanics in AIS, however these investigations have been limited to the motion of 

humerothoracic (HT) elevation. Scapular kinematics associated with activities of daily 

living have not yet been investigated. Additionally, it is unknown whether existing 

kinematic abnormalities are resolved once the scoliotic curvature is corrected. 

Posterior spinal fusion surgery results in a dramatic improvement of the deformity, but 

introduces instrumentation and substantial musculoskeletal trauma to the thoracic 

region. Postoperative evaluations of shoulder function have previously been limited to 

assessment of HT motion, and thus it is unknown whether the treatment has beneficial 

or detrimental effects on ST kinematics.  

The purpose of this study was to expand current understanding of how the 

scoliotic deformity impacts shoulder complex mechanics. This study analyzed ST 

kinematics and patient-reported shoulder function in AIS and compared results to a 

typically developing cohort. We also analyzed how surgical correction of the spinal 

curvature impacts shoulder function, and how postoperative patients with AIS 
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compare to their typically developing peers. Finally, we investigated how curve 

severity interacts with shoulder function and how the degree of curve correction 

influences postoperative changes in ST kinematics. 

Our results confirmed previous findings of reduced patient-reported function 

and lower resting upward rotation and posterior tilt of the scapula on the convex side 

of the curvature. We also determined that these kinematic abnormalities persisted 

across a range of positions encompassing motion involved in activities of daily living. 

While the adolescents in our study did not exhibit any deficits in HT range of motion, 

reduced upward rotation and posterior tilt are associated with shoulder pathology, and 

patients with AIS may be at risk for future shoulder dysfunction. 

The comparison of ST mechanics before and after posterior spinal fusion 

revealed that all patients experienced some significant change in kinematics. 

Following surgery, scapular resting orientations normalized, but patients with AIS still 

displayed abnormal ranges of motion when compared to their typically developing 

peers. The scapulae on the concave shoulders demonstrated excessive range of motion, 

while the convex scapulae demonstrated diminished range of motion, particularly in 

positions involving humeral elevation. These results indicate that, while posterior 

spinal fusion is associated with significant changes in shoulder mechanics, these 

changes do not necessarily result in normal shoulder function. 

Finally, we determined that curve severity appeared to influence preoperative 

ST mechanics, however postoperative ST kinematics were much more associated with 

preoperative levels of function than with curve parameters. These findings have 

substantial clinical impact for understanding of upper extremity function in AIS. 

Curve progression may exacerbate existing shoulder complex abnormalities, and may 



 xiv 

warrant an evaluation of ST mechanics along with the normal course of treatment in 

AIS. For adolescents considering posterior spinal fusion surgery, a preoperative 

shoulder complex rehab protocol may contribute to improved postoperative upper 

extremity outcomes. Ultimately, the results of this study encourage consideration of 

upper extremity factors in the treatment of AIS.  
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INTRODUCTION 

1.1 Background 

Adolescent idiopathic scoliosis (AIS) affects up to 5.2% of children between 

the ages of 11 and 18. 1 While the cause is unknown, the symptoms are consistent: a 

lateral curvature of the spine, axial rotation of vertebrae and corresponding deformities 

in the thoracic cage. Patients with AIS do not typically demonstrate neurological 

symptoms; however, the structural changes alone can affect function and quality of 

life. There is evidence that even small-sized curves can cause difficulty performing 

daily activities. 2 Additionally, complaints of back and shoulder pain 3–7 as well as 

dissatisfaction with the appearance of the trunk 4 are common in AIS patients. There is 

a marked asymmetry in the trunk and upper extremity 8, with scapular asymmetry in 

particular noted as one of the greatest contributors to the appearance of trunk 

deformity. 9 

In addition to observable scapular asymmetry, patients with AIS report 

localized pain in the scapular region 5–7, suggesting shoulder dysfunction. Structurally, 

the scoliotic curvature has clear implications for scapulothoracic (ST) mechanics: 

severe curves are accompanied by a distorted ribcage, warping the surface upon which 

the scapula tracks. The resulting convex and concave regions of the trunk may require 

alterations in muscle length and scapular position, 10 impacting the orientation of the 

scapula at rest and in motion. 11 This may present concerns for the AIS population, as 

abnormal scapular motion can lead to glenohumeral (GH) dysfunction. 12–17 In 
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particular, deficits in posterior tilting and upward rotation of the scapula can increase 

risk for subacromial impingement syndrome and subsequent rotator cuff pathology. 18–

20 

Without treatment, curve progression and worsening of the trunk deformity are 

common in AIS. 21 For growing adolescents, an increasing distortion of the thoracic 

region may require the scapula to remodel its shape and/or migrate to an abnormal 

resting orientation. 9 Since the ability of the shoulder to support loads is dependent 

upon joint orientation, this remodeling can have a direct effect on the load bearing 

capacity of the shoulder. An altered scapular orientation may redirect GH compression 

loads into less tolerated shear forces. Consequently, while a clinical exam may 

confirm that a patient can raise his arms above his head, a mal-aligned joint could 

make load-bearing activities (e.g. lifting an object, removing something from a shelf, 

throwing) difficult. This may be related to the observed shoulder pain, however at this 

point, the functional consequences of scapular kinematics in AIS are still inadequately 

understood. 

A relationship between trunk shape and shoulder dysfunction has been 

reported in other populations. Thoracic spine position has been shown to influence 

scapular kinematics. Slouched posture results in less upward rotation and less 

posterior tilting of the scapula, 11 and clinical measures of thoracic kyphosis have been 

associated with subacromial impingement syndrome. 22 Despite these established links 

between trunk deformity and pathological shoulder motion, upper extremity 

mechanics have not been a focus of research for the AIS population. Clinical 

examinations in scoliosis involve measurements of humerothoracic (HT) range of 

motion, and in this context, most patients with AIS can achieve normal ranges. 23–25 
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Still, an assessment limited to HT motion neglects valuable information regarding the 

underlying ST and GH contributions to shoulder function.  

Previous investigations of ST kinematics in AIS have identified some shoulder 

dysfunction and scapular kinematic abnormalities. 26,27 These studies, however, were 

constrained to humeral elevation and did not evaluate the complex multiplanar upper 

extremity motion involved in activities of daily living. Additionally, both studies 

utilized a measurement technique that has accuracy limitations outside of a confined 

range of motion 28–30 and has been shown to produce errors in both typically 

developing children and adolescents and those with pathological upper extremity 

motion. 31–33 At this stage, the extent of shoulder dysfunction in adolescents with 

idiopathic scoliosis is still unknown. 

The implications of curve correction for shoulder mechanics are also not 

comprehensively understood. For adolescents with severe curves (typically greater 

than 50°), the most common treatment is posterior spinal fusion with instrumentation. 
34 This procedure involves dissection of several ST muscles and often a reduction of 

over 50% of curvature. 35 The surgery results in a modified thoracic cage with 

potentially altered muscle lengths and joint congruity. These structural changes and 

musculoskeletal trauma suggest that surgical treatment for scoliosis has significant 

potential to influence the function of the ST and GH joints. However, it is unknown 

whether treatment returns the shoulder joints to normal, or exacerbates existing 

abnormalities. Evaluations of upper extremity function after scoliosis surgery have 

focused primarily on the return of gross HT motion to its pre-surgical range, and 

previous studies concluded that patients returned to baseline range of motion after six 

months. 23,24,36 Still, there is evidence that many of these patients experience upper 
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back and shoulder pain long after the surgical correction, 37,38 which supports the need 

for improved understanding of surgical effects on GH and ST components of overall 

shoulder function.  

A detailed analysis of the effect of surgery may also identify specific factors 

associated with consequences at the shoulder. In some cases, fusion surgery can 

dramatically change both the lateral curvature (Cobb angle) and the rib hump. 39,40 35 

The interaction of these aspects of thoracic deformity is complex, but all are essential 

considerations for functional outcomes after surgery. 41 Reduction of the rib hump can 

theoretically have the most impact on the scapular path of motion. However, the rib 

hump is also the most resistant to treatment, and supplemental procedures to address 

the rib hump, such as thoracoplasty, must sometimes be performed. 42 Supplemental 

procedures to correct the rib hump may eventually be considered for improving 

shoulder function, if the rib hump correction is implicated as a primary factor in the 

restoration of shoulder motion.  

 Understanding the specific effects that common surgical interventions have on 

ST and GH function can add insight into the origins of post-surgical shoulder pain 

frequently reported by patients. The expected outcomes of this study included 1) a 

comparison of ST kinematics between patients with AIS and their typically developing 

peers, 2) evaluation of the effect of surgical treatment on ST and GH joint 

contributions and 3) improved understanding of the relationship between thoracic cage 

structure and corresponding alterations in shoulder kinematics.  
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1.2 Specific Aims and Hypotheses 

1.2.1 Aim 1: Determine the differences in scapular kinematics between 
adolescents with idiopathic scoliosis and typically developing adolescents 
and how these differences relate to patient-perceived function 

We employed a three-dimensional motion capture system to record the 

scapular kinematics of adolescent with idiopathic scoliosis and typically developing 

adolescents performing motions involved in activities of daily living. We utilized the 

Disabilities of the Arm Shoulder and Hand (DASH) questionnaire to ascertain patient-

perceived function in both groups. The resulting data were used to test the following 

hypotheses: 

Hypothesis 1.1 ST angles in functional positions will differ between the 

idiopathic scoliosis group and the typically developing group 

Hypothesis 1.2 ST angles in functional positions will differ between the 

convex and concave sides of the idiopathic scoliosis group 

Hypothesis 1.3 The idiopathic scoliosis group will have worse average patient-

reported function than the typically developing group 

1.2.2 Aim 2: Determine the effect of operative treatment for scoliosis on 
scapular kinematics 

A subset of subjects with AIS performed the protocol in Aim 1 before and six 

months after posterior spinal fusion surgery. Kinematic and functional data were 

analyzed to test the following hypotheses: 

Hypothesis 2.1 Postoperative ST angles in functional positions will change 

compared to preoperative ST motion 

Hypothesis 2.2 Postoperative ST angles in functional positions will be 

significantly different from those of typically developing adolescents 
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1.2.3 Aim 3: Determine the effect of curve severity on shoulder motion and 
function and determine how curve correction changes ST contribution to 
motion 

We measured multiplanar spine and trunk curvature (the Cobb angle and 

scoliometer measures of the rib hump) in patients before and after surgery. Measures 

of curvature were analyzed in conjunction with the kinematic and functional data to 

test the following hypotheses:  

Hypothesis 3.1 Preoperative curve severity (Cobb angles and scoliometer 

measures) will be associated with worse DASH scores 

Hypothesis 3.2 Preoperative curve severity (Cobb angles and scoliometer 

measures) will be related to scapular resting orientation and range of motion  

Hypothesis 3.3 Preoperative curve severity (Cobb angles and scoliometer 

measures) will be related to differences in scapular orientations between the convex 

and concave sides in the idiopathic scoliosis group 

Hypothesis 3.4 Magnitude of curve correction (as measured by degrees Cobb 

correction) will correlate with change in scapular resting orientation and range of 

motion 

Hypothesis 3.5 Magnitude of change in rib hump (as measured by degrees 

scoliometer change) will correlate with the change in scapular resting orientation and 

range of motion 

1.3 Innovation 

This study brought innovative upper extremity analysis to the scoliosis 

population in two ways: 1) performing a comprehensive assessment of pre-surgical 

scapular kinematics and 2) improving the postoperative evaluation to include 

information about the entire shoulder complex. 



 7 

1.3.1 Comprehensive Assessment of Scapular Kinematics 

 Previous analysis of scapular kinematics in AIS have established differences 

in both motion and function as compared to typically developing adolescents. 26,27 

However, these investigations have been constrained to humeral elevation, and have 

not examined scapular kinematics in other functional positions. Additionally, motion 

has only been evaluated within a confined range, due to limitations in measurement 

technique. 28 The proposed study will analyze ST contribution to upper extremity 

function using a set of motions relevant to the performance of activities of daily living. 

Data acquired from the preoperative analysis will expand upon current knowledge of 

shoulder dysfunction in AIS. 

1.3.2 Improving Postoperative Evaluation 

This study will also expand the current practice of assessing postoperative 

upper extremity function to include information regarding ST joint mechanics. This 

study will be the first to evaluate the effect of scoliotic curve correction on kinematics 

of the individual joints.  
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SHOULDER COMPLEX MECHANICS IN ADOLESCENT IDIOPATHIC 
SCOLIOSIS AND THEIR RELATION TO PATIENT-PERCEIVED 

FUNCTION 

2.1 Introduction  

Adolescent idiopathic scoliosis (AIS), a three-dimensional spinal deformity 

mostly associated with a lateral curvature of the spine, develops in up to 5.2% of 

children between the ages of 11 and 18. 1 Patients with AIS do not typically 

demonstrate neurological symptoms; however, the structural changes alone can affect 

function and quality of life. There is evidence that even small-sized curves can cause 

difficulty performing daily activities. 2 Additionally, complaints of back and shoulder 

pain, 3–7 as well as dissatisfaction with the appearance of the trunk 4 are common in 

AIS. There is a marked asymmetry of the trunk and upper extremity 8 and scapular 

asymmetry in particular has been established as one of the greatest contributors to the 

appearance of trunk deformity. 9 

The observation of scapular asymmetry, along with reports of pain in the 

scapular region 5–7 suggest a relationship between altered trunk structure and scapular 

mechanics. Scoliotic curvature has clear implications for scapulothoracic (ST) 

function: severe curves are accompanied by a distorted ribcage, warping the surface 

upon which the scapula tracks. The resulting convex and concave regions of the trunk 

may require alterations in muscle length and scapular position, 10 impacting the 

orientation of the scapula at rest and in motion. 11 This presents concerns for the AIS 
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population, as abnormal scapular motion can lead to glenohumeral (GH) dysfunction. 
12–17,43 In particular, deficits in posterior tilting and upward rotation of the scapula can 

increase risk for subacromial impingement syndrome and subsequent rotator cuff 

pathology. 18,19 

When the spinal curvature progresses (as is common in AIS before treatment), 
21 the trunk deformity worsens. In growing adolescents, the scapula may respond to 

this deformity migrating to an abnormal resting orientation. 9 Since the ability of the 

shoulder to support loads is dependent upon joint orientation, this remodeling can have 

a direct effect on the load bearing capacity of the shoulder. An altered scapular 

orientation may redirect GH compression loads into less tolerated shear forces. 

Consequently, while a clinical exam may confirm that a patient can raise his arms 

above his head, a mal-aligned joint could make load-bearing activities (e.g. lifting an 

object, removing something from a shelf, throwing) difficult. This may be related to 

the shoulder pain observed in the scoliosis population. 

An association between trunk shape and shoulder dysfunction has been 

reported in other populations. Thoracic spine position has been shown to influence 

scapular kinematics. Slouched posture results in less upward rotation and less 

posterior tilting of the scapula, 11 and clinical measures of thoracic kyphosis have been 

associated with subacromial impingement syndrome. 22 Despite these established links 

between trunk deformity and pathological shoulder motion, upper extremity 

mechanics in the AIS population are still poorly understood. Prior investigations of ST 

kinematics in AIS have identified some abnormal patterns of scapular motion, but 

have limited the analysis to humeral elevation, rather than scapular kinematics 

associated with moving the arm to positions involved in activities of daily living. 26,27 
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Additionally, the measurement technique utilized in these studies can be inaccurate in 

extremes of humeral elevation, in typically developing children and adolescents, and 

in children with musculoskeletal pathology. 28–31,33,44 Finally, previous research has 

been limited to patients with mild or moderate curvature, which may neglect the upper 

extremity implications that occur with the curve progression commonly seen in AIS. 45 

This study analyzed ST contribution to motion in a set of positions relevant to 

the performance of activities of daily living. These positions are widely used in 

clinical evaluation of shoulder function. 46 We hypothesized that patients with AIS 

would have alterations in scapular kinematics and functional scores compared to their 

typically developing peers. We also hypothesized that the AIS group would exhibit 

asymmetrical patterns of scapular motion on the convex and concave sides of the 

scoliotic curve. Finally, we hypothesized that any abnormalities in scapular orientation 

in the scoliosis group would be related to patient-reported functional scores.  

2.2 Methods 

2.2.1 Subjects 

Fifty-nine subjects were recruited for this study: 33 typically developing 

adolescents, and 26 diagnosed with AIS (Table 2.1). The demographics of each group 

were compared with Student’s t-tests (ratio/interval data) and Fisher’s exact tests 

(categorical data).  
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Table 2.1: Subject characteristics and statistical comparisons across groups 

 Typically 
developing (n = 33) 

Scoliosis 
(n = 26) p-value 

Age 15.2 (1.6) 14.7 (1.7) 0.28 
BMI 21.3 (4.4) 21.8 (8.3) 0.42 
Gender (Females: Males) 24:9  18:8  0.77 
Dominant Hand (Right: Left) 26:7 21:5  0.85 
Cobb Angle Range (Degrees)  35-115  

 

Subjects were recruited in accordance with informed consent and assent 

procedures established by the institutional review boards at the University of Delaware 

(typically developing), Philadelphia Shriners Hospital for Children and Nemours/A.I. 

duPont Hospital for Children (AIS) (Appendix). All subjects with AIS presented with 

a primary right thoracic curvature and had not undergone any surgical treatment for 

scoliosis. Subjects from both groups were excluded if they had any history of previous 

shoulder surgery or injury, allergies to skin adhesives, or a body mass index greater 

than the 85th percentile for the subject’s age and gender. 47 

2.2.2 Motion Capture 

Subjects sat on a stool in a comfortable position, wearing three-dimensional 

retro-reflective markers at the following locations:  

Thorax: sternal notch, T1 spinous process, T8 spinous process, thoracic 
vertebral spinous process above apex of scoliotic curve*, vertebral 
spinous process below apex of scoliotic curve*, lower lumbar vertebral 
spinous process*. 
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Humerus: medial epicondyle, lateral epicondyle, posterolateral 
humerus 

Scapula: acromion process 
*indicates that these markers were only placed on scoliosis subjects. 

Subjects held their arms in a series of 4 positions (Figure 2.1). 

 

Figure 2.1: Static positions for capture 

At each position, the trigonum spinae and inferior angle of the scapula were 

palpated. Palpation has proven to be a reliable and accurate way to capture scapular 

orientation in static positions. 48 As available methods for measuring dynamic scapular 

motion can be inaccurate in extreme humeral elevation, 49 along particular axes of 

scapular motion, and in populations with pathological motion, 31,44 this study was 



 13 

limited to a static analysis to avoid spurious conclusions due to measurement 

inaccuracy. 

Two additional retro-reflective markers were placed on the palpated locations 

(Figure 2.2) and removed once the position was captured. 

 

Figure 2.2: Marker placement, including scapular landmarks. 

Marker locations were captured with a 12 camera Motion Analysis (Santa 

Rosa, CA) system (Delaware and Nemours) or a 12 camera Vicon (Centennial, CO) 

system (Shriners) operating at 60 Hz. Although two different motion capture systems 

were used in this study, the accuracy of each system is identical, and data collected 
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from the systems are interchangeable. 50 Raw data files were processed with the same 

custom LabVIEW software (National Instruments, Austin, TX). 

2.2.3 Patient-Rated Outcome Measures 

All subjects completed a Disabilities of the Arm Shoulder and Hand (DASH) 

questionnaire. The DASH is a 30-item scale used to assess patient-reported shoulder 

pain and physical function as well as social and emotional function. 51 The score 

ranges from 0 to 100 where 0 indicates no disability and 100 indicates the most severe 

disability. The DASH was chosen for this study because it has been shown to be valid 

and reliable in patients with shoulder pathologies, 52–54 and focuses on activities of 

daily living. Additionally, the use of the DASH to evaluate shoulder function in 

adolescents is well established. 55–57 

2.2.4 Data Processing 

Coordinate systems for the humerus and trunk were created using 

recommendations from the International Society of Biomechanics (ISB). 58 Pilot 

testing revealed no Euler sequence suitable (without gimbal lock) for all positions and 

thus a modified globe approach 59,60 was utilized to calculate HT orientation, described 

by elevation angle, internal rotation, and cross-body adduction. Cross-body adduction 

conventions were defined such that if the humerus was aligned with the trunk coronal 

plane, the cross-body adduction angle would be 0°, and the more anterior the humerus, 

the more positive the cross-body adduction angle.  

The scapular coordinate system was constructed as a modification of ISB 

recommendations, substituting the acromion process for the acromion angle, for ease 

of palpation. Scapulothoracic orientations were calculated by the ISB-recommended 



 15 

YXZ Euler sequence, in which rotation about the Y axis corresponded to internal and 

external rotation (protraction/retraction), rotation about the X axis corresponded to 

upward and downward rotation, and rotation about the Z axis corresponded to anterior 

and posterior tilt. 58 Scapulothoracic displacement from the neutral resting position to 

each terminal position was calculated in a similar manner. 

2.2.5 Statistical Analysis  

Scapular kinematic differences between the AIS group and the typically 

developing group, as well as differences between the convex and concave sides of the 

AIS group, were analyzed with a mixed 3-way analysis of variance (ANOVA). There 

was one between-group factor (scoliosis or typically developing) and two within-

group factors: side (left/concave and right/convex) and position (neutral, abduction, 

forward reach, and hand to spine). Dependent variables consisted of ST orientation 

values (angles). Separate ANOVAs (3) were performed for each axis of ST motion as 

is customary with statistical analyses of scapular kinematics, 13,26,61–65 and Bonferroni 

corrections were applied to adjust for multiple comparisons. Greenhouse-Geisser 

corrections were implemented for within-subjects analyses when sphericity 

assumptions were violated. The specifics of group differences were explored with 

Tukey HSD post-hoc tests, pending any significant interaction. Additionally, an 

identical statistical analysis was performed using HT angles as the dependent variable, 

to determine if the groups differed in global upper extremity expression of the 

positions. 

A t-test was used to assess differences in DASH scores between the scoliotic 

and typically developing groups. 
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When a significant ST angle difference was determined along a particular axis 

of motion or in a particular position, a Pearson product-moment correlation analysis 

was employed to examine the relationship between patient-perceived function (DASH 

scores) and ST angles.  

2.3 Results 

2.3.1 Humerothoracic Orientations 

No significant differences between groups were found for any axis of HT 

orientation (Figure 2.3).  
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Figure 2.3: Humerothoracic angles in each terminal position. 

2.3.2 Scapulothoracic Upward/Downward Rotation 

The ANOVA revealed a significant interaction between group and side for ST 

upward rotation (F3,57 = 10.212, p = 0.002). Post-hoc testing indicated that the convex 
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side of the AIS group had significantly less upward rotation than the right side of the 

typically developing group (p = 0.001) (Table 2.2). The convex side also had 

significantly less upward rotation than the concave side of the scoliosis group (p < 

0.001). In contrast, there were no significant differences between right and left sides 

within the typically developing group. No significant differences between groups were 

found for ST upward rotation displacement (Table 2.3). Side by side comparisons of 

ST upward rotation displacements from neutral to each of the terminal positions are 

displayed in Figure 2.4.  
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Figure 2.4: ST upward rotation for right (convex) and left (concave) sides of the 
typically developing (TD) and scoliosis groups. Solid shapes (star, 
diamond, square and circle) indicate neutral (resting) position, while the 
arrows indicate displacement to the terminal position.  

 

2.3.3 Scapulothoracic Internal/External Rotation  

No significant differences were found for terminal orientations along the ST 

internal/external rotation axis (Table 2.2). However, there was a significant interaction 

between group, side, and position for ST internal/external rotation displacement (F2,56 
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= 3.950, p = 0.025). Post-hoc testing revealed differences both within the AIS group 

and between the AIS and typically developing groups (Table 2.3). The convex side of 

the AIS group presented with significantly less ST internal rotation displacement 

(protraction) than the concave side (p < 0.001) and the typically developing right side 

(p < 0.001) side in the forward reach position. Additionally, the concave side of the 

AIS group demonstrated significantly less external rotation (retraction) in abduction 

than the convex side (p < 0.001) and the typically developing left side (p = 0.014). 

Side by side comparisons of ST protraction and retraction from neutral to each of the 

terminal positions are displayed in Figure 2.5.  
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Figure 2.5: ST internal rotation for right (convex) and left (concave) sides of the 
typically developing (TD) and scoliosis groups. Solid shapes (star, 
diamond, square and circle) indicate neutral (resting) position, while the 
arrows indicate displacement to the terminal position.  

2.3.4 Scapulothoracic Posterior/Anterior Tilt 

A significant interaction between group and side was revealed for ST posterior 

tilt (F3,57 = 21.438, p < 0.001). Post-hoc testing revealed that the convex side of the 

AIS group was significantly more anteriorly tilted than the right side of the typically 

developing group (p < 0.001) (Table 2.2). Within the AIS group, the convex side was 

more anteriorly tilted than the concave side (p < 0.001), whereas there were no 
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significant differences between sides within the typically developing group. A 

significant interaction between group and side was also found for ST anterior/posterior 

tilt displacement (F1,57 = 4.917, p = 0.039). Post-hoc testing determined that the 

concave side of the AIS group had significantly less posterior tilt/more anterior tilt 

displacement than the left side (p = 0.002) of the typically developing group (Table 

2.3). Side by side comparisons of ST anterior and posterior tilt displacements from 

neutral to each of the terminal positions are displayed in Figure 2.6.  
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Figure 2.6: ST posterior tilt for right (convex) and left (concave) sides of the typically 
developing (TD) and scoliosis groups. Solid shapes (star, diamond, 
square and circle) indicate neutral (resting) position, while the arrows 
indicate displacement to the terminal position. 
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Table 2.2: Mean (SD) ST angles in the terminal orientation of all positions  

  Concave/Left Concave/Right 
  AIS TD p-value AIS TD p-value 

Upward 
Rotation 

Neutral 2.0† 
(9.7)  

1.0 
(7.4) 0.684 -3.8*† 

(8.8)  
1.1* 
(7.6)  0.004 

Abduction 44.4† 
(8.3)  

45.4 
(9.8) 0.674 40.2*† 

(9.2)  
47.1* 
(8.4) 0.021 

Forward 
Reach 

26.3 
(11.8) 

26.1 
(11.4) 0.951 22.3* 

(12.9) 
26.5* 
(9.1) 0.043 

Hand to 
Spine 

-0.6† 
(9.5) 

-0.6 
(7.5) 0.989 -8.2*† 

(8.1)  
-1.7* 
(6.8) 0.002 

Internal 
Rotation 

Neutral 42.1 
(9.3) 

40.9 
(8.9) 0.544 41.5 

(6.4) 
39.8 
(5.8) 0.552 

Abduction 39.7 
(12.7) 

35.5 
(12.2) 0.617 35.2 

(10.1) 
34.1 
(9.4) 0.280 

Forward 
Reach 

58.2 
(12.9) 

58.9 
(8.2) 0.637 52.8 

(7.8) 
57.3 
(5.9) 0.339 

Hand to 
Spine 

37.2 
(10.2) 

36.2 
(8.2) 0.675 36.4 

(8.5) 
34.7 
(4.7) 0.337 

Posterior 
Tilt 

Neutral 4.5† 
(6.6) 

1.4 
(6.4) 0.818 -7.3*† 

(6.0)  
-1.0* 
(6.4) <0.001 

Abduction 3.8*† 
(9.0)  

4.5* 
(9.3) 0.038 -9.2*† 

(7.9)  
1.4* 
(8.2) <0.001 

Forward 
Reach 

-5.2† 
(10.2) 

-5.4 
(7.8) 0.995 -11.0*† 

(7.7)  
-5.5* 
(8.3) 0.012 

Hand to 
Spine 

-4.8† 
(5.8)  

-3.2 
(8.8) 0.722 -11.4*† 

(6.0)  
-3.6* 
(9.0) <0.001 

p-values listed are for the pairwise comparisons between the AIS and typically developing groups. * 
indicates significant differences between the groups, whereas † indicates significant differences 
between the contralateral sides within the group. Significance was determined by Bonferroni-adjusted 
p-values < 0.05.  
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Table 2.3: Mean (SD) ST displacement from neutral to all positions 

  Concave/Left Convex/Right 
  AIS TD p-value AIS TD p-value 

Upward 
Rotation 

Abduction 42.6 
(8.1) 

44.3 
(9.3) 0.919 43.7 

(12.0) 
45.8 

(10.4) 0.622 

Forward 
Reach 

25.1 
(11.0) 

24.6 
(10.8) 0.772 27.0 

(15.5) 
25.1 
(7.3) 0.384 

Hand to 
Spine 

-2.5 
(8.3) 

-2.2 
(7.9) 0.890 -5.3 

(7.8) 
-3.6 
(6.5) 0.371 

Internal 
Rotation 

Abduction -1.9*† 
(7.5)  

35.5* 
(12.2)  0.014 -6.9† 

(7.6)  
-6.4 
(8.2) 0.816 

Forward 
Reach 

15.0† 
(9.5)  

58.9 
(8.2) 0.566 9.8*† 

(6.2)  
16.5* 
(5.8) <0.001 

Hand to 
Spine 

-4.4 
(8.8) 

36.2 
(8.2) 0.859 -6.0 

(8.1) 
-4.9 
(6.1) 0.467 

Posterior 
Tilt 

Abduction -1.1* 
(7.0)  

4.5* 
(9.3) 0.005 -1.6 

(4.6)  
2.3 

(5.1) 0.123 

Forward 
Reach 

-7.7* 
(9.5) 

-5.4* 
(7.8) 0.019 -3.5 

(7.1)  
-4.7 
(5.4) 0.650 

Hand to 
Spine 

-7.5* 
(5.3) 

-3.2* 
(8.8) 0.045 -3.6 

(3.7)  
-2.5 
(5.3) 0.381 

p-values listed are for the pairwise comparisons between the AIS and typically developing groups. * 
indicates significant differences between the groups, whereas † indicates significant differences 
between the contralateral sides within the group. Significance was determined by Bonferroni-adjusted 
p-values < 0.05.  

2.3.5 Patient-Reported Function 

Adolescents with idiopathic scoliosis had significantly higher (worse) DASH 

scores on average than the typically developing group: 4.3 ± 3.9 for the AIS group 

compared to 2.6 ± 3.7 for the typically developing group (p = 0.027). 

2.3.6 Relationship of Functional Scores to Kinematics  

Correlational analyses were performed between the DASH scores and scoliosis 

ST angles for axes and positions that differed significantly from the typically 
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developing group: convex side upward rotation in all positions, convex side internal 

rotation displacement in the forward reach position, convex side posterior tilt in the 

neutral, abduction and hand to spine positions, concave side external rotation 

displacement in the abduction position, and concave side posterior tilt displacement in 

the abduction, forward reach and hand to spine positions. No relationship was 

determined to be more than weakly correlated (Table 2.4). 66  
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Table 2.4: Correlations between DASH scores and ST kinematics in the scoliosis 
group that significantly differed from the typically developing group. 

 

 ST angles Correlation with 
DASH Scores 

Left 
(Concave) 

External rotation displacement – Abduction 0.09 
Posterior tilt displacement - Abduction -0.07 
Posterior tilt displacement – Forward Reach -0.19 
Posterior tilt displacement – Hand to Spine 0.11 

Right 
(Convex) 

Upward rotation - Rest (neutral) -0.06 
Upward rotation – Abduction 0.13 
Upward rotation – Forward Reach 0.17 
Upward rotation – Hand to Spine -0.18 
Internal rotation displacement – Forward Reach -0.36 
Posterior tilt - Rest (neutral) -0.02 
Posterior tilt – Abduction -0.12 
Posterior tilt – Forward Reach -0.19 
Posterior tilt – Hand to Spine -0.08 

Correlation strengths were evaluated according to the recommendations of Dancey and Reidy. 66 
Greater than 0.7 was considered strongly correlated, between 0.4 and 0.69 was considered 
moderately correlated, between 0.1 and 0.39 was considered weakly correlated, and less than 0.1 
was considered to have no relationship.  

2.4 Discussion 

This study is the first to perform a comprehensive analysis of scapular 

kinematics in adolescents with idiopathic scoliosis and how these mechanics compare 

to those of a typically developing cohort. Statistical testing revealed several significant 

kinematic abnormalities, supporting both our first and second hypotheses. The 

significant differences between convex and concave sides in the neutral position 

provide quantitative evidence of the observed scapular asymmetry. 9 The resting 

scapular orientation on the concave side was significantly more posteriorly tilted than 

the typically developing group, while the convex side scapula was significantly more 
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downwardly rotated and anteriorly tilted at rest. These alterations in resting position 

appear to be a direct result of the trunk deformity, aligning with the rib hump 

commonly occurring on the convex side of the spinal curvature.  

Subjects in the scoliosis group were able to achieve all terminal positions with 

no apparent functional deficits as measured by a traditional HT assessment. However, 

the pattern of scapular motion was significantly different between groups. Kinematic 

evaluation of the ST joint revealed that the upward rotation and posterior tilt range of 

scapular motion (displacement) was similar between the scoliosis convex side and the 

typically developing group; however, the altered scapular resting position shifted this 

range of motion in the scoliosis group. As a result, shoulders on the convex side of the 

scoliosis group presented with significantly less upward rotation and posterior tilt in 

all terminal positions. This pattern of motion may result in a reduced subacromial 

space and has been associated with impingement syndrome 19 and GH joint instability. 
15–17,43 The biomechanics observed in this study suggest that, while HT range of 

motion may appear normal during a clinical exam, adolescents with idiopathic 

scoliosis may still be at risk for shoulder pathology. 

The convex shoulders of the AIS group also demonstrated less ST protraction 

in a forward reach motion than the typically developing group. Again, a right thoracic 

curvature (present in all participants of this study) can be accompanied by a rib hump 

on the convex side. Shoulder movements requiring protraction would require gliding 

of the scapula across this hump. The evidence of protraction deficits on the convex 

side in the scoliosis group suggests that the rib hump may hinder the pattern of 

scapular motion during reaching. As HT orientations were similar across groups, the 
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ST protraction deficits of the convex shoulders imply that a greater contribution from 

the GH joint is required achieve the terminal position. 

Other kinematic observations include asymmetrical ST behavior between the 

convex and concave sides. Scapular kinematic differences between dominant and non-

dominant sides have been reported in healthy individuals. 61 However, the AIS and 

typically developing groups in this study had similar distributions of hand dominance, 

and no statistically significant differences were found between right and left sides of 

the typically developing group. This suggests that the asymmetry observed in the AIS 

group is more likely related to the geometry of the trunk deformity than to limb 

dominance. Furthermore, while the convex and concave shoulders differed 

significantly in scapular upward rotation and posterior tilt, ST angles on the concave 

side were similar to the typically developing group in all terminal positions, implying 

adequate functional scapular motion on this side. This, along with the findings of 

significant differences between the convex side and the typically developing group, 

implies that the convex side may be the isolated shoulder with increased risk for 

pathology. 

DASH scores indicated significantly more patient-reported dysfunction in the 

scoliosis group. While this finding is consistent with previous analyses of patient-

reported shoulder function in scoliosis, 26 scores in both groups were better than 

normative data from the general population, 67 and the difference between groups was 

less than the minimal clinically important difference for the questionnaire. 54 This 

could be due to an age or ceiling effect, 68 however the lack of substantial patient-

reported shoulder dysfunction may also be related to differences between global and 

joint-specific upper extremity kinematics. Humerothoracic kinematics were normal in 
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the scoliosis group, implying an unimpaired ability to place the hand in space. This 

may contribute to positive patient perception of function, as the DASH is primarily 

composed of questions regarding the ability to perform specific upper extremity tasks. 

Nevertheless, reports of scapular pain in previous studies 5,6 and the ST kinematic 

abnormalities observed in this study suggest that the AIS population may still be risk 

for shoulder pathology. 

Results of the correlation analysis suggested that functional scores were not 

notably related to ST kinematics. The strongest correlations were between DASH 

scores and ST displacement, not terminal orientation, suggesting that impairment in 

range of motion—not necessarily end position—was more associated with how 

patients assessed their shoulder function. Still, this relationship was weak at best, and 

the data did not support our third hypothesis. While adolescents with idiopathic 

scoliosis reported lower shoulder functional scores than the typically developing 

group, this study could not associate the degree of dysfunction with any pattern of 

scapular motion. The lack of association could also imply that patient-reported 

shoulder function is more closely related to global shoulder motion than to any 

specific movement pattern of the underlying joints. 

2.5 Conclusions 

Adolescents with idiopathic scoliosis displayed altered scapular kinematics 

along all three axes of scapular motion. The most notable abnormalities—deficits in 

upward rotation and posterior tilt—are patterns associated with shoulder pathology. 

While the ability to place the hand in space appears to be unaffected in scoliosis, the 

contributions from individual joints may lead to further dysfunction. Ultimately, the 
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ST orientation abnormalities revealed in this study suggest that consideration of upper 

extremity factors is warranted in the AIS population. 

 



 32 

ANALYSIS OF SHOULDER COMPLEX FUNCTION AFTER POSTERIOR 
SPINAL FUSION IN ADOLESCENTS WITH IDIOPATHIC SCOLIOSIS 

3.1 Introduction 

Adolescent idiopathic scoliosis (AIS) is one of the most common orthopedic 

disorders affecting children between the ages of 11 and 18. 4 Curve progression is 

common without treatment and can be accompanied by symptoms of cosmetic 

deformity, functional difficulty, pain, and cardiopulmonary complications. 21,45,69,70 

Small curves in younger children are first treated non-surgically 71,72 or with growth 

modulation techniques. 73 In skeletally mature patients—especially those with curves 

greater than 50º—the most common treatment approach is posterior spinal fusion with 

instrumentation (PSF). 34  

It is generally accepted that PSF produces satisfactory clinical and radiological 

correction of the scoliotic deformity and improved quality of life with minimal 

morbidity. 74–77 Most patients recover sufficiently for return to physical activity, 

including non-contact sports by six months after surgery. 78–80 Still, a subset of 

patients present with postoperative back pain at this point, frequently in the thoracic 

region. 37,38 Postoperative back pain has been linked to a variety of factors including 

age, curve severity, psychosocial factors and level of preoperative pain. 38,81 However, 

to our knowledge there have been no investigations into the function of the underlying 

musculature in the region of reported pain. Given the prevalence of pain in the 

thoracic back, specifically the scapular region, an investigation into postoperative 

Chapter 3 
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shoulder mechanics and function of the scapulothoracic joint may provide insight into 

pain that is otherwise unexplained at follow-up. 

Prior to surgery, patients with AIS exhibit altered shoulder kinematics and 

lower patient-reported function compared to typically developing adolescents. 26,27 

The trunk distortion creates an altered scapular resting position and is associated with 

decreased upward rotation and posterior tilt in positions representing activities of daily 

living. This pattern of scapular motion is associated with a variety of shoulder 

pathologies, including subacromial impingement syndrome, rotator cuff injury and 

glenohumeral (GH) instability. 13,14,18,20 Accordingly, patients with AIS may be at risk 

for shoulder dysfunction, however, it is unknown if the typical course of treatment for 

severe scoliosis (i.e. PSF) returns the shoulder joints to normal, or exacerbates existing 

abnormalities.  

While PSF does not directly target the shoulder musculature, scapulothoracic 

(ST) mechanics may be affected as a consequence of the structural changes and 

muscular trauma occurring during surgery. Alterations in scapular kinematics have 

been observed following other surgeries in the thoracic region such as mastectomies 

and breast reconstructions. 82,83 During PSF, exposure of the spine necessitates 

dissection of several ST muscles. These muscles are sutured before closing; however, 

the structural modification of the thoracic cage has potential implications for resting 

muscle length and joint congruity. 10 The proximity of the scapula to the region of 

surgical impact suggests that the treatment has significant potential to influence the 

function of the ST joint.  

After PSF, the spinal curvature and the associated ribcage deformity are 

substantially altered. 35,84 Still, the effect of the surgery on ST kinematics remains 
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unknown. Prior evaluations of upper extremity function after scoliosis surgery have 

focused primarily on the return of gross humerothoracic (HT) motion to its pre-

surgical range, and these studies concluded that patients return to baseline range of 

motion after six months. 23,24,36 Nevertheless, the extensive evidence of reported 

scapular region pain long after the surgical correction supports the need for improved 

understanding of surgical effects on the contribution of the ST joint to overall shoulder 

function. 

This study examined ST mechanics in positions representing activities of daily 

living before and six months following PSF. Patient-reported shoulder function scores 

were also collected at those time points. We hypothesized that subjects with AIS 

would experience significant changes in mechanics and patient-reported function from 

preoperative to postoperative evaluations. We also hypothesized that as a group, AIS 

subjects would continue to exhibit significant ST kinematic differences from their 

typically developing peers at the six-month follow-up evaluation.  

3.2 Methods 

3.2.1 Subjects 

Eighteen subjects with AIS were recruited for this study. A previously-

recruited group of 33 typically developing adolescents were analyzed for the 

comparison with post-operative AIS subjects. The demographics of each group were 

compared with Student’s t-tests (ratio/interval data) and Fisher’s exact tests 

(categorical data) (Table 3.1). 
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Table 3.1: Subject characteristics and statistical comparison across groups 

 Typically-developing 
(n = 33) 

Scoliosis 
(n = 18) p-value 

Age 15.2 (1.6) 15.0 (1.7) 0.220 

BMI 21.3 (4.4) 20.1 (2.7) 0.297 

Gender 24 Females, 9 Males 15 Females, 3 Males 0.461 

Dominant Hand 26 Right, 7 Left 15 Right, 3 Left 0.771 

Cobb Angle 
(degrees)  Range: 35-78  

 

Subjects were recruited in accordance with informed consent and assent 

procedures established by the institutional review boards at the University of Delaware 

(typically-developing), Philadelphia Shriners Hospital for Children and Nemours/A.I. 

duPont Hospital for Children (AIS) (Appendix). All subjects with AIS presented with 

a primary right thoracic curvature and had no prior surgical treatment for scoliosis. 

Subjects from both groups were excluded if they had any history of previous shoulder 

surgery or injury, allergies to skin adhesives, or a body mass index greater than the 

85th percentile for the subject’s age and gender. 47  

3.2.2 Patient-Rated Outcome Measures 

At the sessions before and six months following surgery, all subjects 

completed a Disabilities of the Arm Shoulder and Hand (DASH) questionnaire. The 

DASH is a 30-item scale used to assess patient-reported shoulder pain and physical 

function as well as social and emotional function. 51 The score ranges from 0 to 100 

where 0 indicates no disability and 100 indicates the most severe disability. The 

DASH was chosen for this study because it has been shown to be valid and reliable in 
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patients with shoulder pathologies 52–54 and focuses on activities of daily living. 

Additionally, the use of the DASH to evaluate shoulder function in adolescents is well 

established. 55–57 

3.2.3 Motion Capture 

Subjects sat on a stool in a comfortable position, wearing three-dimensional 

retro-reflective markers at the following locations:  

 
 
Thorax: sternal notch, T1 spinous process, T8 spinous process, thoracic vertebral 
spinous process above apex of scoliotic curve*, vertebral spinous process below apex 
of scoliotic curve*, lower lumbar vertebral spinous process*. 
 
Humerus: medial epicondyle, lateral epicondyle, posterolateral humerus 
 
Scapula: acromion process 
 
*indicates that these markers were only placed on scoliosis subjects. 

 

Subjects held each arm in a series of 4 positions (Figure 3.1), first the right 

side, then the left. At the preoperative data collection, subjects performed three trials 

of each position. 
 



 37 

 

Figure 3.1: Static positions for capture 

At each position, the: trigonum spinae and inferior angle of the scapula were 

palpated by a trained investigator. Two additional retro-reflective markers were placed 

on the palpated locations (Figure 3.2) and removed once the position was captured. 

The palpation approach was selected for two reasons. First, palpation has proven to be 

a reliable and accurate way to capture scapular orientation in static positions. 48 

Second, as available methods for measuring dynamic scapular motion can be 

inaccurate in extreme humeral elevation, 49 along secondary axes of scapular motion, 
33 and in populations with pathological motion, 31,44 this study was limited to a static 

analysis to avoid spurious conclusions due to measurement inaccuracy. 
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Figure 3.2: Marker placement including scapular markers in the hand to spine position 

An additional feature was implemented during the postoperative data 

collection for scoliosis subjects. Real-time feedback on motion capture was provided 

to ensure that the subject sufficiently replicated the positions to within 10° of 

preoperative HT orientations. Prior to the follow-up data collection, preoperative HT 

elevation angles were calculated for all trials in each position. During the 
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postoperative data collection, subjects were instructed to match the preoperative HT 

elevation angles, guided by a block figure representation of the subject (Figure 3.3). 

 

Figure 3.3: Representation of target positions for real-time motion capture matching at 
postoperative appointment 

The subject moved his or her arm (represented in red) to match the target 

position (in blue). When the subject replicated the position to within the 10° threshold, 

the arm turned green. The subject held that position as scapular landmarks were 

palpated, and the position was captured. This approach helped reduce differences 
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between preoperative and postoperative ST angles that could have been attributed to 

inter-session variability in expression of these positions. In addition to the matched 

trials, the subjects performed one additional unconstrained trial to evaluate whether 

differences existed in HT expression of each position before and after surgery.  

Marker locations were captured with a 12 camera Motion Analysis (Santa 

Rosa, CA) system (Delaware and Nemours) or a 12 camera Vicon (Centennial, CO) 

system (Shriners) operating at 60 Hz. The data collected from the systems are 

interchangeable, 50 and raw data files were processed with the same custom LabVIEW 

software (National Instruments, Austin, TX). 

3.2.4 Data Processing 

Humerothoracic coordinate systems were created using recommendations from 

the International Society of Biomechanics (ISB). 58 Pilot testing revealed that no single 

Euler sequence could provide clinically interpretable HT orientations across all 

positions. Thus, a modified globe approach 59,60 was utilized to calculate HT 

orientation, described by elevation angle, internal rotation, and cross-body adduction.  

The scapular coordinate system was created from the acromion process, 

trigonum spinae and inferior angle. Scapulothoracic orientations and displacements 

from the neutral resting position to each terminal position were calculated by the ISB-

recommended YXZ (internal/external rotation (or protraction/retraction), 

upward/downward rotation, posterior/anterior tilt) Euler sequence. 58 

3.2.5 Statistical Analysis 

A paired t-test was employed to evaluate changes in DASH scores. A 3-way 

repeated-measures analysis of variance (ANOVA) was employed to determine 
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changes in resting scapular resting position after PSF. Within-subject factors included 

preoperative/postoperative, side, and axis of motion. The specifics of postoperative 

differences were explored with Tukey HSD post-hoc tests, pending any significant 

interaction. The minimal important difference (MID) 85 was calculated for both sides 

along each axis of scapular orientation.  

To determine whether significant changes in ST range of motion for an 

individual subject occurred as a result of surgical intervention, simulation modeling 

analysis (SMA) 86 was performed on ST displacements calculated from the three 

preoperative trials and three postoperative trials for each of the three positions 

(abduction, forward reach, hand to spine). Data from the three preoperative trials were 

compared to data from three postoperative trials to determine whether there was a 

significant change in joint orientations for each individual subject.  

The SMA approach provides an individualized statistical analysis of short 

time-series data. First, the autocorrelation of the series is calculated and adjusted for 

small-n bias. 87 Next, the correlation between phase vector (e.g. preoperative vs. 

postoperative) and dependent variable (e.g. ST upward rotation at each time point) is 

calculated. The model then randomly generates 5000 simulated data sets with the same 

autocorrelation and phase size parameters. Correlations between each of these 

simulated data sets and the phase vector are calculated. The resulting p-value 

represents the proportion of correlations (out of 5000 simulated data sets) that are 

more correlated with the phase vector than the input data. A low p value would thus 

imply that the observed correlation between dependent variable and phase was 

unlikely to have occurred by chance. Figure 3.4 displays an example of a two-phase 
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experiment with three data points in each phase, similar to the 

preoperative/postoperative comparison in this study. 

 

Figure 3.4: Example of SMA with three observations in each phase 

The SMA approach was applied in place of the more traditional ANOVA 

design in order to facilitate the understanding of individual differences that resulted 

from surgery. While the ANOVA design can be used to evaluate changes in group 

performance, we are also interested in identifying individuals who either exhibit or fail 

to exhibit kinematic changes in ST contribution to joint function as a result of surgical 

correction. SMA enables us to differentiate subjects who demonstrate significant 

changes in ST function from those who do not.  
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In order to explore the relationship between surgical impact and preoperative 

levels of ST function, Pearson correlations were calculated between the changes after 

surgery and the preoperative values for each measure of ST displacement.  

Postoperative AIS patients were also evaluated alongside their typically 

developing peers. Scapular kinematics of the two groups were compared with a mixed 

ANOVA. There was one between-group factor: group (scoliosis or typically 

developing) and two within-group factors: side (left/concave and right/convex) and 

position (neutral, abduction, forward reach, and hand to spine). Dependent variables 

consisted of ST terminal orientations and displacements (angles). Separate ANOVAs 

(a total of three) were performed for each axis of ST motion as is customary with 

statistical analyses of scapular kinematics. 13,26,61–65 

A two factor repeated measures ANOVA (trial type by position) was also 

performed for each axis of motion to compare HT angles across the matched and 

unconstrained trials for each position. This analysis was employed to determine if the 

subjects differed in unrestricted upper extremity expression of the positions before and 

after surgery. 

Group statistical analyses were performed in SPSS (IBM Corp, Armonk, NY) 

with a significance level of 0.05. Greenhouse-Geisser corrections were implemented 

for within-subjects analyses when sphericity assumptions were violated. The specifics 

of group differences were explored with Tukey HSD post-hoc tests, pending any 

significant interactions, and Bonferroni corrections were applied to adjust for multiple 

comparisons The SMA was performed using open-source software 86 with a 

significance level of 0.05. 
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3.3 Results 

3.3.1 Individual Postoperative Changes 

3.3.1.1 Humerothoracic Orientations 

No significant differences in HT angles were revealed between the matched 

and unconstrained trials (F = 0.044 p = 0.837) (Figure 3.5).  
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Figure 3.5: HT angles for the matched and unconstrained trials 

3.3.1.2 Changes in Scapular Resting Orientation 

The ANOVA revealed a significant interaction between 

preoperative/postoperative, side and axis (F = 4.889, p = 0.013). A large proportion of 
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subjects experienced changes in resting scapular orientation greater than the MIDs, 

becoming more upwardly rotated and posteriorly tilted on the convex side and more 

downwardly rotated, externally rotated and anteriorly tilted on the concave side (Table 

3.2). 

Table 3.2: Change (postoperative – preoperative) in scapular resting orientations  

  Concave (Left) Convex (Right) 

  % subjs 
> MID 

MID 
( º ) 

Avg. 
change 

(all subjs) 
( º ) 

Corr. 
with 

preop 
values 

% subjs 
> MID 

MID 
( º ) 

Avg. 
change 

(all subjs) 
( º ) 

Corr. 
with 

preop 
values 

Neutral 
UR 65% 1.8 -6.9* -0.60 82% 1.2 5.9* -0.80 
IR 65% 1.3 -2.8 -0.53 35% 1.7 -0.2 -0.05 
PT 71% 1.2 -3.1* -0.66 71% 1.2 4.2* -0.53 

UR = upward rotation, IR = internal rotation, PT = posterior tilt. Blue shading represents consistent 
changes (large average changes from preop to postop and a large proportion of subjects who 
experienced a change greater than the MID). Yellow shading indicates minimal changes (a small 
average change and small proportion of subjects who experienced a change greater than the MID). An * 
indicates a change was significant at the α = 0.05 level.  

3.3.1.3 Changes in Scapular Range of Motion 

The SMA demonstrated that every subject experienced a significant 

postoperative change in ST displacement along at least one axis of motion, with many 

subjects experiencing changes along all three axes. Changes in displacement could be 

grouped into three categories: minimal changes (kinematic variables which were not 

affected after PSF), consistent changes (kinematic variables for which subjects many 

experienced a significant change in the same direction) and inconsistent changes 

(kinematic variables for which subjects experienced significant changes in both 

directions). The largest and most consistent changes occurred for the scapulae on the 
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convex side of the curvature, where subjects lost upward rotation displacement and 

shifted toward internal rotation and anterior tilt displacement (Table 3.3).  

Table 3.3: Proportion of subjects who experienced significant changes in ST 
displacement and the relationship of changes to preoperative values. 

  Concave (Left) Convex (Right) 

  
% subjs 
with sig. 
change 

% 
with 
incr. 
disp. 

% 
with 
decr. 
disp. 

Corr. 
with 

preop 
values 

% subjs 
with 
sig. 

change 

% 
with 
incr. 
disp. 

% 
with 
decr. 
disp. 

Corr. 
with 

preop 
values 

Abduction 

UR 59% 70% 30% -0.08 47% 12% 88% -0.21 

ER 18% 100% 0% -0.26 65% 27% 73% -0.29 

PT 59% 70% 30% -0.56 59% 20% 80% -0.28 

Forward 
Reach 

UR 41% 43% 57% -0.61 47% 12% 88% -0.53 

IR 18% 0% 100% -0.85 47% 25% 75% -0.48 

AT 41% 43% 57% -0.78 53% 11% 89% -0.47 

Hand to 
Spine 

UR 35% 83% 17% -0.56 41% 14% 86% -0.47 

ER 65% 46% 54% -0.78 59% 20% 80% -0.44 

AT 41% 57% 43% -0.64 47% 12% 88% -0.45 

UR = upward rotation, DR = downward rotation, ER = external rotation, IR = internal rotation, AT = 
anterior tilt, and PT = posterior tilt. Yellow shading indicates minimal changes, blue shading indicates 
consistent changes, and red shading represents inconsistent changes in ST displacements.  

3.3.1.4 Patient-Rated Outcomes 

Postoperative DASH scores demonstrated a trend toward lower (better) 

postoperative scores, however the change was not statistically significant (mean 

difference = -1.4 ± 5.1, p = 0.26). 
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3.3.2 Comparison to Typically Developing Individuals 

3.3.2.1 Scapular Upward and Downward Rotation 

Results of the ANOVA for ST upward rotation indicated a significant 

interaction between group, side, and position (F = 7.923, p < 0.001). 

Scoliosis group convex (right) sides were not significantly different than the 

typically developing group in the neutral position, but were significantly less upwardly 

rotated in abduction (mean difference 7.5°, p = 0.007), forward reach (mean difference 

8.3°, p = 0.008) and spine (mean difference 7.3°, p = 0.002) (Figure 3.6A). This 

change can be attributed to the scoliosis group achieving less range of motion along 

the upward rotation axis, as evidenced by a significant group by side interaction for 

upward rotation displacement (F = 17.702, p < 0.001). Post hoc testing revealed that 

the convex side of the scoliosis group had significantly less upward rotation 

displacement than the right sides of the typically developing group (mean difference 

4.2°, p = 0.032). 

Scoliosis group concave (left) sides were significantly less upwardly rotated 

than the typically developing group left sides in the neutral position (mean difference 

6.4°, p = 0.006) and in the hand to spine position (mean difference 4.9°, p = 0.050) 

(Figure 3.6B).  

 There were no significant differences between right and left sides in the 

typically developing group, however within the scoliosis group, the concave (left) 

scapulae were significantly less upwardly rotated than the convex (right) scapulae in 

the neutral position (mean difference 5.1°, p = 0.001) and had significantly more 

upward rotation displacement (mean difference 7.6°, p < 0.001). 
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Figure 3.6: ST upward rotation displacement for (A) concave/left sides and (B) 
convex/right sides of preoperative AIS patients (red), typically 
developing subjects (blue) and postoperative AIS patients (green). Dots 
represent the resting (neutral) orientation, while arrows indicate 
displacement along the upward (+) and downward (-) rotation axis.  
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3.3.2.2 Scapular Internal and External Rotation 

There were no significant differences in absolute ST internal rotation between 

the postoperative scoliosis group and the typically developing group (Figure 3.7A-B). 

However, there was a significant interaction between group, side, and position for 

internal/external rotation displacement (F = 3.777, p = 0.030). Post hoc testing 

revealed that, while there were no significant differences between sides within the 

typically developing group, the concave (left) side of the scoliosis group had 

significantly more internal rotation displacement (protraction) than the convex (right) 

side in the forward reach position (mean difference = 4.9°, p = 0.008).  
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Figure 3.7: ST internal/external rotation displacement for (A) concave/left sides and 
(B) convex/right sides of preoperative AIS patients (red), typically 
developing subjects (blue) and postoperative AIS patients (green). Dots 
represent the resting (neutral) orientation, while arrows indicate 
displacement along the internal (+) and external (-) rotation axis. 
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3.3.2.3 Scapular Posterior and Anterior Tilt 

There was a significant interaction between group and side for ST posterior tilt 

across all positions (F = 4.277, p = 0.044). Post hoc testing revealed that the scoliosis 

convex (right) scapulae were more anteriorly tilted than the typically developing right 

scapulae (mean difference = 4.1°, p = 0.028) (Figure 3.8A-B). Additionally, within the 

scoliosis group, the convex scapulae were significantly more anteriorly tilted than the 

concave scapulae (mean difference = 4.4°, p = 0.001). There were no significant 

differences in anterior/posterior tilt displacement.  
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Figure 3.8: ST posterior/anterior tilt displacement for (A) concave/left sides and (B) 
convex/right sides of preoperative AIS patients (red), typically 
developing subjects (blue) and postoperative AIS patients (green). Dots 
represent the resting (neutral) orientation, while arrows indicate 
displacement along the posterior (+) and anterior (-) tilt axis. 
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3.4 Discussion 

Posterior spinal fusion results in structural changes and musculoskeletal trauma 

that have the potential to influence function of the upper extremity. Prior analyses of 

postoperative shoulder function only considered the range of motion of the HT joint, 

which was determined to be normal after surgery. 23,24,36 The results of this study 

support previous findings that HT function is unchanged after PSF. Examination of the 

ST joint, however, revealed that the AIS patients in this study experienced significant 

changes in scapular kinematics following PSF. At the six-month postoperative follow 

up, the comparison with the typically developing group revealed that some features of 

scapular mechanics normalized, while others exhibited pathological patterns of 

motion. To fully understand the effect of surgery on shoulder function, an analysis of 

both individual changes and deviations from a normal cohort is warranted.  

3.4.1 Individual Changes 

A normalization of scapular resting position and alterations in range of motion 

were evident in the analysis of individual changes following surgery. The three 

categories of changes (minimal, consistent, and inconsistent) clarify which outcomes 

may be expected following PSF, as well as which outcomes may vary due to 

individual patient characteristics. For the inconsistent outcomes, correlations with 

preoperative levels provide insight into which patients experienced changes of a 

certain magnitude or in a specific direction.  
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3.4.1.1 Minimal Changes 

Displacements of the concave scapula along the internal/external rotation axis 

in the abduction and reach positions and along the upward/downward rotation axis in 

the hand to spine position were mostly unchanged after PSF. Preoperatively, these 

displacements were small and similar to the typically developing group, and thus this 

motion seemed to be unaffected by the surgery and generally normal in AIS. 

3.4.1.2 Consistent Outcomes 

Changes in resting (neutral) scapular orientation were consistent within the 

AIS group. Concave scapulae became less upwardly rotated and less posterior tilted, 

while convex scapulae became more upwardly rotated and more posteriorly tilted. The 

opposing bilateral direction of these changes suggest that the alterations in neutral 

orientation may be directly related to the modification of the curvature. Straightening 

of the spine may re-orient muscle fibers, pulling the scapula into a resting position that 

corresponds to the new trunk structure. Additionally, the normalization of the scapular 

position on the convex side may correspond to reductions in the rib hump that occur in 

association with the correction of spinal curvature.  

Before surgery, AIS subjects exhibited more variability in scapular resting 

orientation than their typically developing peers—most likely a feature of the range of 

trunk distortion in the AIS group. Correlations between significant changes in neutral 

orientation and preoperative levels were moderately or highly negative, indicating 

reduced variability of the group after surgery. These correlations and the 

corresponding changes support the theory that normalization of the trunk deformity 

also results in normalization of the scapular resting orientation. 
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Changes in range of motion displacement on the convex side were also 

consistent across subjects. In the abduction position, over half of all subjects lost 

significant amounts of ST displacement, and an additional 25% experienced losses 

that were not of statistically significant magnitude. Similar percentages of the group 

experienced losses in upward rotation displacement in the abduction and reach 

positions, and a shift toward greater internal rotation displacement and anterior tilt 

displacement, regardless of position. 

Changes in concave (left) side scapular displacement were generally less 

consistent. However, when humeral elevation was required (the abduction position), 

60% of patients experienced a significant increase in upward rotation displacement 

with an additional 15% experiencing increases that were not statistically significant. 

The increase in upward rotation displacement had no relationship to preoperative 

displacement and may have occurred in conjunction with the more downwardly 

rotated resting position on this side in order to achieve the terminal scapular 

orientation necessary for positions of elevation.  

The reduction in convex scapulae displacement and increase in concave 

scapulae displacement may also be related to muscle length asymmetries that may 

persist following surgeries. Asymmetrical muscle fiber length and orientation have 

been observed in a cadaveric study of untreated scoliosis, 88 and reduced displacement 

would be consistent with shorter muscles on the convex side of the curvature. At this 

stage, however, it is unknown whether muscle length asymmetry normalizes with 

correction of the spinal curvature or if displacement abnormalities persist beyond a 

six-month follow-up.  
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3.4.1.3 Inconsistent Outcomes 

Alterations in other kinematic variables were less consistent across subjects 

and appeared to be related to preoperative ST kinematics. A substantial fraction of 

patients with AIS experienced significant changes in posterior tilt on the concave side. 

However, the average of all significant changes was less than 2° across all positions, 

indicating that significant changes occurred in both directions. Correlations between 

these changes in tilt displacement and preoperative posterior tilt in the corresponding 

position were strong. The negative correlations indicated that the subjects with less 

posterior tilt displacement before surgery gained displacement, whereas those with 

higher preoperative displacement lost some of this range of motion following surgery. 

As with the changes in resting orientations, these correlations may represent a 

reduction in range of motion (displacement) variability due to correction of the trunk 

deformity.  

A substantial proportion of patients also experienced significant changes in 

external rotation displacement during the hand to spine position. The correlation of 

changes along this axis with preoperative external rotation displacement was strongly 

negative. Subjects who before surgery utilized excessive ST retraction to place the 

hand behind the back demonstrated considerably less motion after surgery. Similarly, 

subjects who demonstrated scapular winging (internal rotation) before surgery 

appeared to control this behavior postoperatively. This is another example of the more 

homogenized postoperative group of subjects: internal/external displacement 

variability in all positions was much lower following PSF. Examining the relationship 

of ST kinematics with curve severity and change in curve parameters may elucidate 

how these changes in range of motion are related to correction of spinal curvature.  
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3.4.1.4 Summary of Individual Changes 

In general, normalization of scapular resting position and changes to the 

convex shoulder (loss of upward rotation displacement, gain of anterior displacement 

and shift toward greater internal displacement) were consistent across subjects, and 

changes were large in magnitude. These outcomes may reasonably be expected for an 

AIS patient undergoing PSF. In contrast, changes to displacement of the concave 

shoulder were variable. Correlations with preoperative values were moderate to high 

and thus a patient’s preoperative function may provide insight into postoperative 

outcomes.  

3.4.2 Comparison with Typically Developing Individuals 

Patients with non-surgically treated AIS have demonstrated alterations in ST 

kinematics compared to their typically developing peers. 26,27 Previously, it was 

unknown whether these differences resolved following correction of the scoliotic 

curve with posterior spinal fusion surgery. The results of this study indicate that, while 

individuals do experience significant changes in ST kinematics following surgery, 

they still demonstrate patterns of ST motion that differ from a typically developed 

cohort.  

Post fusion surgery, the convex side scapulae exhibited a more normalized 

resting orientation. However, when moving to each terminal position, the AIS group 

displayed deficits compared to their typically developing peers. The AIS group had 

less overall motion (scapular upward rotation, retraction, and posterior tilt) in 
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abduction, and in general demonstrated scapular motion biased towards internal 

rotation and anterior tilt.  

In contrast, the concave (left) side scapulae were more downwardly rotated 

than the typically developing scapulae at rest, but compensated with more upward 

rotation displacement in positions that required humeral elevation. The excessive 

posterior tilt seen in many patients prior to surgery normalized after PSF, however the 

direction of motion along this axis remained primarily in the anterior tilt direction.  

Compared to the typically developing group, the postoperative AIS group 

generally displayed a similar scapular resting orientation, but alterations in range of 

motion. Both excessive and deficient upward rotation displacement introduce risk for 

shoulder pathology. Limitations in upward rotation displacement are associated with 

rotator cuff disease and impingement syndrome, 13,18–20 and a hypermobile scapula can 

compromise shoulder joint stability. 15,16 The onset of injury or disease may be long-

term and thus it may be valuable to examine whether these patterns of ST motion 

persist beyond the six-month postoperative mark.  

3.4.3 Patient-Rated Outcomes 

Scores from the DASH questionnaire improved postoperatively on average, 

however this improvement was not statistically significant. Ten of 17 subjects either 

improved or stayed the same from their preoperative scores, leaving 7 subjects who 

worsened. Changes in ST variables were examined for each of the groups 

(improved/unchanged vs. worsened) to identify ST kinematic trends that may be 

related to patient perceived function.  

Changes in neutral orientations were similar between groups (Table 3.4). 

These results are consistent with the analysis of individual changes, which revealed 
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that a large proportion of subjects experienced significant changes in neutral 

orientation in a consistent direction. 

Table 3.4: Average change in neutral orientation (SD) for patients with improved and 
worse postoperative DASH scores. 

  Concave (Left) Convex (Right) 

Upward Rotation 
Improved -7.9 (7.2) 6.0 (6.7) 

Worse -5.4 (8.4) 5.8 (4.8) 

Internal Rotation 
Improved -2.9 (6.2) -0.7 (6.8) 

Worse -2.7 (5.7) 0.5 (6.7) 

Posterior Tilt 
Improved -1.3 (7.0) 4.8 (4.3) 

Worse -4.4 (4.3) 3.5 (5.5) 

 

Displacement changes differed between groups most notably along the ST 

upward rotation axis (Figure 3.9). The group of patients with improved DASH scores 

gained more upward rotation displacement on the concave side and lost less on the 

convex side than the group with worse DASH scores following surgery. Change in 

displacement along the other axes of ST motion appeared to be unrelated to change in 

DASH scores. Further analysis with additional subjects may clarify this relationship 

between change in ST kinematics and patient-perceived function.  
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Figure 3.9: Average change in ST displacement (degrees) for concave and convex 
sides of subjects separated into groups based on whether DASH scores 
improved or worsened postoperatively 
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3.5 Conclusion 

The results of this study demonstrate value in considering upper extremity 

implications of PSF in adolescents with idiopathic scoliosis. Patients with AIS 

experience significant changes in ST kinematics following surgery, and at six months 

following PSF exhibit alterations in range of motion when compared to their typically 

developing peers. Some of the postoperative outcomes, such as normalization of 

scapular resting position and reduction in convex shoulder range of motion, seem to be 

typical consequences of correcting the scoliotic curve. Other results only occur in 

some subjects, and preoperative analyses may be able to shed light on postoperative 

results. Change in patient-perceived shoulder function following surgery may be 

related to changes in ST kinematics and further analysis of this relationship along with 

the relationship to curve severity may help clarify clinical outcomes. 
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THE INFLUENCE OF CURVE SEVERITY ON SHOULDER COMPLEX 
MECHANICS IN ADOLESCENT IDIOPATHIC SCOLIOSIS 

4.1 Introduction 

Adolescent idiopathic scoliosis (AIS) is one of the most common orthopedic 

disorders affecting the teenage population. 4 The idiopathic classification is assigned 

when neuromuscular and congenital factors are excluded, 1 and the diagnosis is unique 

in that the condition presents with insufficient information regarding the cause or 

progression of the disease. This limited understanding despite the prevalence of AIS 

has motivated a number of studies investigating the pathoetiology of idiopathic 

scoliosis. 

Clinical research has previously looked to the lower extremity for insight into 

the association of AIS with biomechanical pathology. Several abnormalities have been 

identified in gait with restricted range of motion of the hip and pelvis among the most 

consistent findings. The relationship between the gait pathology and degree of spinal 

curvature has garnered considerable interest in the hope of identifying some systemic 

biomechanical characteristic associated with the progression of the disorder. The two 

largest studies to date yielded conflicting results; Mahaudens, et al. 89 determined that 

gait parameters were unrelated to degree of trunk deformity, while Syczewska et al. 90 

found significant correlations between the Cobb angle and multiple kinematic 

variables. Currently, the association of curve severity with gait pathology is still 

unclear.  

Chapter 4 
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Theoretically, the impact of AIS on lower extremity motion would derive from 

an unknown underlying neurological pathology or from an altered center of mass 

position that imposes kinematic compensations. In contrast, upper extremity motion—

particularly motion of the scapula—is directly affected by the trunk deformity found 

in AIS. Scoliotic curvature can influence length and orientation of scapulothoracic 

(ST) muscle fibers. 88 Additionally, the rib hump, which commonly occurs with 

thoracic curves, distorts the kyphosis of the trunk, which has been shown to impact ST 

kinematics. 10,11,91 The direct anatomical relationship of the scapula and the thoracic 

cage suggests that shoulder mechanics should be linked to the degree of curvature in 

scoliosis. While alterations in ST kinematics have been established in AIS, 26,27 no 

study has analyzed whether the extent of shoulder dysfunction is related to curve 

severity. Furthermore, if scapular mechanics are indeed dependent on scoliotic 

curvature, correction of the structural deformity should lead to correction of the 

shoulder joint pathology. An analysis of surgical curve correction and corresponding 

changes in ST kinematics may clarify factors relating to postoperative outcomes at the 

shoulder.  

The purpose of this study was to investigate the relationship between the 

degree of scoliotic curvature and shoulder complex mechanics. Two parameters of 

curvature, the Cobb angle and the scoliometer measure of the rib hump, were 

examined in conjunction with a three-dimensional analysis of ST joint motion and 

patient-reported function. These parameters were analyzed before and six months after 

posterior spinal fusion (PSF) to investigate the influence of curve correction on the ST 

kinematic changes introduced from surgery. We hypothesized that curve severity 

would be related to patient-perceived function, and that adolescents with larger curves 
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would have a greater degree of ST kinematic pathology and bilateral asymmetry. We 

also hypothesized that the postoperative changes in ST kinematics would be related to 

both the change in the frontal plane deformity (i.e. the Cobb angle) and the change in 

the rib hump.  

4.2 Methods 

4.2.1 Subjects 

Twenty-six patients with AIS (average age: 14.7 ± 1.7) were recruited for this 

study, in accordance with informed consent and assent procedures established by the 

institutional review boards at Philadelphia Shriners Hospital for Children and 

Nemours/A.I. duPont Hospital for Children (AIS) (Appendix). All subjects with AIS 

presented with a primary right thoracic curvature ranging from 35º to 115º. Subjects 

were excluded if they had any history of previous shoulder surgery or injury, allergies 

to skin adhesives, or a body mass index greater than the 85th percentile for the 

subject’s age and gender. 47 

A subset of these patients (n = 18) returned following PSF surgery. The 

following protocol was performed on both the entire (pre-surgical) group and the 

smaller group of patients at their six-month follow-up appointments.  

4.2.2 Motion Capture 

Subjects sat on a stool in a comfortable position, wearing three-dimensional 

retro-reflective markers at the following locations:  

Thorax: sternal notch, T1 spinous process, T8 spinous process, thoracic 
vertebral spinous process above apex of scoliotic curve*, vertebral 
spinous process below apex of scoliotic curve*, lower lumbar vertebral 
spinous process*. 
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Humerus: medial epicondyle, lateral epicondyle, posterolateral 
humerus 

Scapula: acromion process 
*indicates that these markers were only placed on scoliosis subjects. 

Subjects held their arms in a series of 11 positions (Figure 4.1). 

 

Figure 4.1: Static positions for capture 

At each position, the trigonum spinae and inferior angle of the scapula were 

palpated. Retro-reflective markers were placed on the palpated locations (Figure 4.2) 
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and removed once the position was captured. Note that palpation has proven to be a 

reliable and accurate way to capture scapular orientation in static positions. 48 Due to 

the fact that available methods for measuring dynamic scapular motion can be 

inaccurate in extreme humeral elevation, 49 along particular axes of scapular motion, 33 

and in populations with pathological motion, 31,44 this study was limited to a static 

analysis to avoid spurious conclusions due to measurement inaccuracy. 

 

 

Figure 4.2: Marker placement, including scapular landmarks. 

An additional feature was implemented during the postoperative data 

collection for scoliosis subjects. Prior to the follow-up data collection, preoperative 
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HT elevation angles were calculated for three of the positions that encompassed a 

broad range of ST motion: abduction, forward reach, and hand to spine. Real-time 

feedback using motion capture was provided to ensure that the subject sufficiently 

replicated the HT positions to within 10° of preoperative orientations. During the 

postoperative data collection, subjects were instructed to match the preoperative HT 

elevation, guided by a block figure representation of the subject (Figure 4.3). 

 

Figure 4.3: Representation of target positions for real-time motion capture matching at 
postoperative appointment 
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Marker locations were captured with a 12 camera Motion Analysis (Santa 

Rosa, CA) system (Nemours) or a 12 camera Vicon (Centennial, CO) system 

(Shriners) operating at 60 Hz. Although two different motion capture systems were 

used in this study, the accuracy of each system is identical, and data collected from the 

systems are interchangeable. 50 Raw data files were processed with the same custom 

LabVIEW software (National Instruments, Austin, TX). 

4.2.3 Patient-Rated Outcome Measures 

All subjects completed a Disabilities of the Arm Shoulder and Hand (DASH) 

questionnaire. The DASH is a 30-item scale used to assess patient-reported shoulder 

pain and physical function as well as social and emotional function. 51 The score 

ranges from 0 to 100 where 0 indicates no disability and 100 indicates the most severe 

disability. The DASH was chosen for this study because it has been shown to be valid 

and reliable in patients with shoulder pathologies, 52–54 and focuses on activities of 

daily living. Additionally, the use of the DASH to evaluate shoulder function in 

adolescents is well established. 55–57 

4.2.4 Measures of Curvature 

Radiographs for each of the scoliosis subjects were obtained from the 

hospital’s electronic medical records. The Cobb angle was calculated from the 

intersection of the lines drawn parallel to the endplate of the most superior vertebrae in 

the scoliotic curve and the endplate of the most inferior vertebrae in the curve. 92 

Clinical measures of rib hump prominence were collected using an iPhone scoliometer 

app (Figure 4.3). 93,94 A trained investigator placed the device on the most severe angle 
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of the thoracic trunk, with the patient flexed forward at the waist. Measurements were 

repeated at the six-month follow-up point for the subset of postoperative patients. 

 

Figure 4.4: Scoliometer iPhone app measuring rib hump prominence 

4.2.5 Data Processing 

The trunk coordinate system was created using recommendations from the 

International Society of Biomechanics (ISB). 58 The scapular coordinate system was 

constructed using a modification of ISB recommendations, substituting the acromion 

process for the acromion angle, for ease of palpation. Scapulothoracic orientations 

were calculated by the ISB-recommended YXZ Euler sequence, in which rotation 

about the Y axis corresponded to internal and external rotation (protraction/retraction), 

rotation about the X axis corresponded to upward and downward rotation, and rotation 
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about the Z axis corresponded to anterior and posterior tilt. 58 Scapulothoracic range of 

motion was determined by the maximum and minimum values along each axis across 

all positions.  

4.2.6 Data Analysis 

The relationship between curvature and patient reported outcomes was 

evaluated through Pearson product-moment correlations between Cobb angles and 

DASH scores. The relationship between curvature and kinematics was evaluated 

through the correlations between curvature (Cobb angles and scoliometer measures) 

and ST kinematics (neutral orientations and ranges of motion for each axis). The 

convex and concave sides were analyzed separately. 

The relationship between curvature and scapular orientation asymmetry within 

scoliosis subjects was assessed through correlation between curvature (Cobb angles 

and scoliometer measures) and absolute differences in scapular orientations between 

the convex and concave sides for neutral and the three representative positions 

(abduction, forward reach, and hand to spine). A global measure of symmetry was also 

calculated for each axis by averaging absolute bilateral differences across all 11 

positions. 

The relationship between each component of curve correction and kinematic 

changes was assessed with correlations between change in Cobb angle, change in 

scoliometer measure and changes in ST neutral orientations and range of motion along 

each axis. 

Additionally, a multiple regression analysis was performed to analyze the 

relationship between postoperative measures of ST kinematics, preoperative levels of 

the corresponding kinematic variables, and preoperative Cobb angle and scoliometer 
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measures. A stepwise regression was performed with the criteria of F probability less 

than or equal to 0.05 to enter the model and greater than or equal to 0.10 to be 

removed from the model.  

 Statistical analyses were performed in SPSS (IBM Corp, Armonk, NY) with 

the criteria for statistical significance set at α = 0.05. Interpretation of correlation 

coefficients adhered to the recommendations of Dancey and Reidy: a correlation 

coefficient greater than 0.70 was considered a strong correlation, a coefficient between 

0.40 and 0.69 was considered moderately correlated, and a coefficient of less than 0.40 

was considered weakly correlated. 66 

4.3 Results 

4.3.1 Relationship of Curve Severity to Patient-Reported Function 

The DASH scores were not related to the Cobb angles (r = 0.14) or the 

scoliometer measures (r = 0.24).  

4.3.2 Relationship of Curve Severity with Preoperative ST Kinematics 

Scapular range of motion on the concave side of the curve was moderately 

correlated with the Cobb angle for two out of three axes. Coefficients indicated that 

upward and internal rotation range of motion decreased with increasing curve severity. 

On the convex side of the curve, ST upward rotation and posterior tilt were moderately 

to strongly related to curve parameters. Resting posterior tilt decreased with greater 

Cobb angles and scoliometer measures. Upward rotation and posterior tilt range of 

motion were also moderately to strongly related to curve severity, decreasing with 

greater Cobb angles and scoliometer measures (Table 4.1).  
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Table 4.1: Correlations between Cobb angle or scoliometer measures and ST 
kinematics 

   Coefficient of Correlation 
   Cobb Angle Scoliometer 

Concave 

Neutral 
Upward Rotation -0.02 -0.09 
Internal Rotation -0.28 -0.01 

Posterior Tilt 0.29 0.11 

ROM 
Upward Rotation -0.57 -0.28 
Internal Rotation -0.42 -0.24 

Posterior Tilt -0.18 -0.09 

Convex 

Neutral 
Upward Rotation -0.16 -0.17 
Internal Rotation 0.01 0.09 

Posterior Tilt -0.53 -0.67 

ROM 
Upward Rotation -0.61 -0.40 
Internal Rotation -0.28 -0.05 

Posterior Tilt -0.40 -0.41 

Yellow shading indicates moderate correlations. Green shading indicates strong correlations.  
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4.3.3 Relationship of Curve Severity to ST Joint Asymmetry 

Scapular orientation asymmetry was moderately related to curve severity at 

rest and in the four representative positions. (Table 4.2). Coefficients indicated that ST 

internal rotation and posterior tilt asymmetry increased with greater curve severity, 

while upward rotation asymmetry decreased with greater curve severity, particularly in 

positions involving humeral elevation. Global asymmetry (average absolute 

differences between sides across all positions) increased with more severe curves and 

was more related to the Cobb angle than to scoliometer measures (Figure 4.5). 

Table 4.2: Relationship of absolute convex and concave side ST kinematic differences 
to curve parameters 

  Coefficient of correlation 
  Cobb Angle Scoliometer 

Neutral 
Upward Rotation -0.30 -0.20 
Internal Rotation 0.48 0.04 

Posterior Tilt 0.58 0.52 

Abduction 
Upward Rotation -0.33 -0.38 
Internal Rotation 0.38 0.04 

Posterior Tilt 0.60 0.53 

Reach 
Upward Rotation -0.42 -0.45 
Internal Rotation 0.25 0.07 

Posterior Tilt 0.45 0.28 

Spine 
Upward Rotation -0.25 -0.09 
Internal Rotation 0.57 0.15 

Posterior Tilt 0.53 0.57 
Yellow shading indicates moderate correlations. 
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Figure 4.5: Relationship between global ST asymmetry (average absolute difference 
between convex and concave sides across all positions) and curve 
parameters (Cobb angle and scoliometer measure).  
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4.3.4 Relationship of Curve Correction to Postoperative Changes in ST 
Kinematics 

Preoperative and postoperative levels of curvature and kinematics are 

displayed in Table 4.3. Changes in curve parameters following PSF were moderately 

correlated with changes in internal rotation range of motion on the concave shoulder. 

For the convex shoulder, changes in scoliometer measures were moderately correlated 

with changes in resting posterior tilt, and changes in the Cobb angle were moderately 

correlated with changes in upward rotation range of motion (Table 4.4).  

The multiple regression analysis indicated that the most important factor 

influencing postoperative ST kinematics was the preoperative level of the 

corresponding kinematic variable. The preoperative scoliometer measure did not 

significantly influence any postoperative kinematic levels, and the preoperative Cobb 

angle only made a significant contribution to postoperative upward rotation range of 

motion for the convex shoulder (Table 4.5).  
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Table 4.3: Means and standard deviation of preoperative and postoperative levels of 
curvature and kinematics.  

   Preop Postop 
   Avg. SD Avg. SD 

Curvature (Degrees) 
Cobb Angle 59.1 15.9 21.8 5.3 
Scoliometer 14 5 3.3 1.4 

Concave ST 
Kinematics 
(Degrees) 

Neutral 
Upward Rotation 1.8 9.6 -5.4 7.4 
Internal Rotation 42.4 9.2 41.4 6.2 

Posterior Tilt 1.6 6.6 2.2 5.3 

ROM 
Upward Rotation 54.8 7.4 60.4 8.2 
Internal Rotation 41.7 10.4 42.8 7.8 

Posterior Tilt 20.3 8.4 16.7 3.6 

Convex ST 
Kinematics 
(Degrees) 

Neutral 
Upward Rotation -4.7 6.5 -0.3 3.9 
Internal Rotation 41.6 6.5 43.9 5.2 

Posterior Tilt -6.9 5.9 -2.3 5.3 

ROM 
Upward Rotation 60.7 8.3 60 8.2 
Internal Rotation 36 8.8 39.9 8.2 

Posterior Tilt 15 5.1 17.5 4.3 
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Table 4.4: Correlations between postoperative changes in Cobb angle or scoliometer 
measure and postoperative changes in ST kinematics 

   Coefficient of Correlation 
   Cobb Angle Scoliometer 

Concave 

Neutral 
Upward Rotation -0.03 -0.20 
Internal Rotation 0.17 -0.24 

Posterior Tilt 0.14 -0.07 

ROM 
Upward Rotation -0.21 -0.07 
Internal Rotation -0.43 -0.41 

Posterior Tilt -0.18 -0.32 

Convex 

Neutral 
Upward Rotation -0.22 -0.27 
Internal Rotation 0.20 0.24 

Posterior Tilt -0.03 -0.40 

ROM 
Upward Rotation -0.56 -0.21 
Internal Rotation -0.23 -0.07 

Posterior Tilt 0.05 -0.12 
Yellow shading indicates moderate correlations. 
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Table 4.5: Correlations between postoperative measures of ST kinematics and 
preoperative levels of the same variable and curve parameters. 

    Coefficient of Correlation 

   Preop. Level Cobb Angle Scoliometer 

Concave 

Neutral 
Upward Rotation  0.59*  0.01 -0.16 
Internal Rotation  0.79*  0.40  0.44 

Posterior Tilt  0.52*  0.38  0.23 

ROM 
Upward Rotation  0.45  0.36  0.19 
Internal Rotation -0.13  0.25  0.32 

Posterior Tilt -0.10 -0.11  0.01 

Convex 

Neutral 
Upward Rotation  0.47 -0.16 -0.01 
Internal Rotation  0.72*  0.11  0.06 

Posterior Tilt  0.65* -0.33 -0.55 

ROM 
Upward Rotation  0.49  -0.60*  0.08 
Internal Rotation  0.26 -0.08  0.06 

Posterior Tilt  0.48 -0.35 -0.48 

Yellow shading indicates moderate correlations. Green shading indicates strong correlations. An * 
indicates statistical significance of the regression at p < 0.05. 

4.4 Discussion 

The aim of this study was to examine the relationship of curve severity and 

curve correction to upper extremity function in patients with AIS. The results indicate 

that several aspects of scapular motion are indeed influenced by the scoliotic 

deformity, particularly the lateral spinal curvature. Still the extent of correction of this 

curvature does not appear to dictate the magnitude of change in kinematics. Instead, 

postoperative kinematics appear to be more dependent upon preoperative levels of ST 

function.  
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4.4.1 Relationship of Curve Severity to Patient-Reported Function 

Correlations between DASH scores and curve parameters indicated little to no 

relationship. While the DASH enjoys widespread use as a patient-reported shoulder 

disability questionnaire, 52–57,95–97 this study represents the first use of the 

questionnaire in patients with AIS. Findings from the previous chapters indicate that 

DASH scores are lower in AIS than in typically developing adolescents, however the 

differences are less than the minimum clinically important difference associated with 

the questionnaire. 54 These findings, along with the lack of relationship to degree of 

deformity, suggest that this questionnaire may not be particularly useful in the AIS 

population. Limitations of the DASH have been identified in assessments of young 

athletes. 68 The study identified a substantial ceiling affect that dampened differences 

within the athlete population and differences compared to other cohorts. Many 

adolescents with AIS are also high-functioning and participate in sports and other 

physical activities. The reported ceiling effect may limit the capacity of the 

questionnaire to detect differences in patient-reported shoulder function between 

adolescents with varying degrees of spinal curvature. 

4.4.2 Relationship of Curve Severity with Preoperative ST Kinematics 

The degree of scoliotic curvature affected the resting scapular orientation, but 

only on the convex side. Greater curves were associated with a more anteriorly tilted 

scapula at rest. A more severe rib hump, as measured by the scoliometer, was 

particularly influential. The rib hump creates a hyperkyphotic surface on the convex 

side and a hypokyphotic surface on the concave side. As the apex of thoracic curvature 

occurs close to the inferior border of the scapula, the bone rests along the kyphosis of 

the surface, resulting in a more downwardly rotated and anteriorly tilted orientation 
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(Figure 4.6). The association of orientation with the curve parameters suggest that 

resting scapular position is a direct response to the thoracic deformity.  

 

Figure 4.6: Rib cage and scapular resting position for a typically developing individual 
in the A) sagittal view and B) top view and an individual with AIS in the 
C) sagittal view and D) top view.  
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The scapular range of motion of both shoulders was also influenced by curve 

severity. Convex shoulder upward rotation and posterior tilt range of motion decreased 

with greater Cobb angle and rib hump measures. As with the resting orientation, the 

hyperkyphotic surface on the convex side of the curvature appears to directly impact 

scapular positioning. A more severely distorted surface over which the scapula tracks 

may impede end range motion, particularly along the upward rotation axis, where the 

scapula experiences the greatest amount of displacement. Motion on the concave side 

was also affected. Range of motion decreased along the upward rotation and internal 

rotation axes as Cobb angles increased. Correlations between range of motion and the 

scoliometer were weak, but consistently in the same direction as correlations with the 

Cobb angle.  

The relationship of concave side scapular range of motion to lateral spinal 

curvature may be a function of muscle length and orientation. The lateral curvature of 

the spine shifts the origin of the ST musculature toward the convexity of the curvature. 

Without a corresponding increase in muscle fiber lengths, the scapula would be 

limited in motion around the thoracic surface, particularly during movements 

involving protraction. While research regarding muscle fiber length and orientation is 

limited in scoliosis, this theory could explain the detrimental effect of curvature on 

range of motion that was observed in this study.  

4.4.3 Relationship of Curve Severity to ST Joint Asymmetry 

Healthy individuals can exhibit asymmetrical ST motion between dominant 

and non-dominant limbs, but differences are generally small and not clinically 

significant. 14,61,98 Absolute differences between limbs in this study reached over 30°, 

much higher than those reported in studies examining a typically developing cohort. 
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Morphological properties been implicated in the origin of scapular asymmetry, 99 and 

thus it follows that the thoracic deformity in AIS could engender asymmetrical 

patterns of scapular motion. The moderately positive correlations in this study support 

that theory, indicating that more severe curvature is associated with greater asymmetry 

along the internal rotation and posterior tilt axes. In contrast, more severe curvature is 

associated with less upward rotation asymmetry. While this initially seems 

contradictory, the reversal of relationship may be due to the limitations of motion 

experienced by individuals with severe curves. As observed in this study, upward 

rotation range of motion decreases with greater spinal and rib curvature. Asymmetry is 

typically greatest in the end ranges of motion, 61 and it may be possible that 

individuals with more severe curvature cannot achieve the range of scapular upward 

rotation where asymmetry is apparent.  

4.4.4 Relationship of Curve Correction to Postoperative Changes in ST 
Kinematics 

In general, the degree of curve correction, did not correspond in an obvious 

way to changes in ST kinematics following PSF. Greater correction of the Cobb angle 

was moderately associated with a greater gain of internal rotation range of motion for 

the concave shoulder and a greater gain of upward rotation range of motion for the 

convex shoulder. Greater correction of the rib hump (change in scoliometer measure) 

was also moderately associated with a greater gain of internal rotation range of motion 

for the concave shoulder and a shift toward a more posteriorly tilted resting position of 

the scapula on the convex shoulder. Still, most correlations were weak or zero, and the 

moderate associations identified did not correspond to the scapular kinematic 

parameters that changed most significantly following PSF. It appears that curve 
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correction is not particularly useful as a predictor of change in ST kinematics. 

Consequently, given the broad range of curve severity of the individuals who 

underwent surgery, we examined the influence of preoperative levels of curvature on 

ST kinematics following PSF. 

The correlation analysis indicated some moderate associations between 

preoperative curvature and postoperative ST kinematics, but most correlations were 

weak or negligible. When examined alongside preoperative levels of ST kinematics 

using a multiple regression approach, the only variable for which curvature 

contributed significantly to the model was postoperative upward rotation range of 

motion. All other measures demonstrated stronger relationships to preoperative levels 

of ST kinematics, rather than spinal curvature or trunk deformity. 

The relationship of postoperative kinematics to preoperative levels is 

consistent with the previous chapter’s analysis of changes in scapular motion 

following PSF. However, the lack of relationship to levels or changes in curvature was 

surprising. Patients with AIS experience many significant changes in ST kinematics 

following PSF. While some of these changes are experienced consistently across 

patients, other measures significantly increase in some patients and significantly 

decrease in others. We theorized that an analysis of spinal curvature could help 

elucidate the variability in postoperative changes, however no clear relationship was 

apparent in this study. The single moderate association between Cobb angle and 

postoperative convex shoulder upward rotation range of motion fails to add substantial 

insight, as the reduction in range of motion after PSF was experienced almost 

uniformly across subjects.  
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 This lack of association may be a consequence of the distribution 

characteristics of the postoperative AIS group. After surgery, the AIS group 

demonstrated much less variability—both in spinal curvature and in kinematics (Table 

4.3). The reduced variability in spinal curvature is associated with a normalized trunk 

structure and represents the efficacy of PSF for a range of curve severity. However, 

the reduced variability in ST kinematics and lack of relationship with curvature may 

represent a systemic effect of the invasiveness of PSF. One potential explanation is 

that the abnormal scapular kinematics observed in postoperative AIS patients are 

related to the presence of instrumentation and associated musculoskeletal trauma in 

the thoracic region, rather than any residual deformity. After PSF, convex shoulder 

range of motion is reduced, suggesting a functional muscle lengthening, whereas 

concave shoulder range of motion increases, suggesting a functional muscle 

shortening. This theory has yet to be confirmed with imaging evidence, however it 

represents a plausible explanation of the observed results and potential direction for 

future studies.  

4.5 Conclusion 

The severity of the trunk deformity influences scapular resting orientation, 

range of motion and bilateral symmetry in patients with AIS. The extent of the rib 

hump dictates the position of the convex side scapula, while greater spinal curvature 

influences displacement of the concave side scapula. More severe curves are 

associated with more asymmetrical motion along the internal rotation and posterior tilt 

axes. The influence of curvature before any surgical treatment is apparent, however 

curve severity and curve correction do not substantially impact changes in ST motion 

following PSF. While analysis with more subjects may expound on this absence of 
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association, the preoperative level of ST motion currently appears to be the most 

relevant factor in predicting the kinematic response to surgery in AIS. 
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CONCLUSION 

5.1 Introduction 

The aim of this study was to examine how the trunk deformity and surgical 

treatment of spinal curvature impact shoulder complex function in patients with 

adolescent idiopathic scoliosis (AIS). Compared to research regarding motion of the 

spine and lower limbs, there has been relatively little attention paid to understanding 

the effect of the scoliotic deformity on shoulder function, and even less attention paid 

to understanding the effects of corrective surgery on shoulder mechanics. This study 

provided a three-dimensional analysis of how scapulothoracic (ST) kinematics in AIS 

differ from a typically developing cohort and how these differences influence patient-

perceived function. We then analyzed how surgical correction of the spinal curvature 

impacts shoulder function, and how postoperative patients with AIS compare to their 

typically developing peers. Finally, we investigated how curve severity interacts with 

shoulder function and how the degree of curve correction influences postoperative 

changes in ST kinematics. 

5.2 Summary of Results  

5.2.1 Comparison Between AIS and Typically Developing Adolescents 

Adolescents with idiopathic scoliosis exhibited abnormal ST function 

compared to their typically developing peers. Patients with AIS reported significantly 

Chapter 5 



 88 

worse scores than healthy adolescents on the Disabilities of the Arm Shoulder and 

Hand (DASH) questionnaire. However, the difference between groups was small, and 

the scores were unrelated to deviations in kinematics. DASH scores may be subject to 

a ceiling effect in young, high-functioning populations 68 which may reduce the 

clinical relevance of the questionnaire for AIS. 

Kinematic differences were more pronounced. Patients with AIS exhibited 

alterations in scapular resting position and range of motion. The concave scapula was 

more posteriorly tilted than the typical scapula, and the convex scapula was more 

downwardly rotated and anteriorly tilted. In motion, particularly to positions of 

humeral elevation, the convex scapula displayed reduced ST upward rotation and 

almost no posterior tilt. This type of motion is associated with a variety of shoulder 

pathologies. While patients with AIS do not display any deficits in humerothoracic 

motion, the ST joint demonstrates patterns of movement that may place individuals at 

risk for shoulder dysfunction.  

5.2.2 Impact of Surgical Treatment on Shoulder Function 

Prior to this study, it was unknown whether the abnormal shoulder mechanics 

identified in AIS were improved with correction of the spinal curvature. For the group 

of patients who underwent posterior spinal fusion (PSF) it was determined that all 

patients experienced significant changes in ST kinematics following surgery, but at a 

six-month follow-up point still demonstrated alterations in range of motion compared 

to their typically developing peers.  

After PSF, most subjects displayed a normalization of scapular resting 

position, particularly on the convex shoulder. Range of motion was also significantly 

impacted, with the convex shoulder experiencing a loss of upward rotation 
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displacement and a shift toward internal rotation and anterior tilt displacement. While 

these changes were large and consistent across the group, other postoperative changes 

varied across subjects. Patient-reported function improved for some subjects and 

worsened for others. Similarly, postoperative kinematics of the concave scapula varied 

across the group. Some subjects experienced significant increases in ST displacement, 

while others experienced significant decreases. Many of these changes were 

moderately to strongly correlated with preoperative levels with displacement, 

indicating the preoperative level of function may be a factor in postoperative 

outcomes.  

When the group of postoperative AIS patients were compared to their typically 

developing peers, they displayed a similar scapular resting orientation, but altered 

range of motion. The convex shoulders demonstrated deficits in upward rotation 

displacement, while the concave shoulders were hypermobile along this axis. These 

scapular movement patterns are associated with rotator cuff disease, impingement 

syndrome, and shoulder instability. 13,15,16,18–20 These findings illustrate that patients 

with AIS still exhibit atypical ST motion and may still be at risk for shoulder 

pathology, even after curvature abnormalities are resolved.  

5.2.3 Influence of Curve Severity 

The investigation of the relationship between the severity of scoliosis and 

shoulder function revealed that some parameters were associated with degree of 

curvature, while others appeared unrelated. Patient-reported function as measured by 

the DASH was not related to Cobb angles or scoliometer measures. However, curve 

severity did influence scapular resting orientation, range of motion and bilateral 

symmetry in patients who had not undergone surgical treatment. A more pronounced 
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rib hump was associated with a more upwardly rotated and anteriorly tilted scapula 

and less range of motion on the convex shoulder. More severe spinal curvature was 

associated with less range of motion of the concave shoulder. Greater curvature was 

also associated with more internal rotation and tilt asymmetry, but less upward 

rotation asymmetry, perhaps due to limits in upward rotation range of motion 

experienced by individuals with the most severe curves. The alterations in ST 

kinematics correspond to an anatomical response to the structural deformity. Analysis 

of ST muscle length and muscle fiber properties may elaborate upon these findings.  

While preoperative ST kinematics were notably related to spinal curvature, 

postoperative ST kinematics and the changes resulting from surgery had little 

association with levels of curvature or the degree of correction. Preoperative values for 

ST kinematics appeared to be a much more important factor than spinal curvature in 

determining postoperative changes in ST function. 

5.3 Future Work and Clinical Impact 

The scope of this study is primarily confined to a quantitative analysis of 

kinematics and curvature. While the DASH was employed to interpret the kinematics 

results in the context of function, the results indicate minimal patient-reported 

disability, and a potential ceiling effect of the questionnaire. Scapular region pain is 

often reported as “back pain”, and thus may not be accounted for in a survey regarding 

shoulder function. Furthermore, the DASH includes several questions regarding use of 

the wrist and elbow, which are unlikely to be affected by the scoliotic deformity. 

Future investigations may benefit from a functional analysis more suited to specific 

upper extremity issues in scoliosis. Additionally, incorporating strength measures in 

addition to kinematics may augment the understanding of shoulder function in AIS. 



 91 

The interpretation of scapular kinematic changes after PSF would benefit from 

an analysis of the ST musculature. This study theorizes changes in muscle length and 

orientation that would result from the structural changes after PSF, however these 

have yet to be confirmed with imaging. Understanding the length-tension properties of 

these muscles after the surgical trauma may explain some of the range of motion 

abnormalities observed in postoperative patients. 

Finally, the assessment of scapular mechanics in AIS would benefit from 

follow-up analyses. The alterations in scapular kinematics observed in the 

preoperative patients are typically associated with chronic injury. Accordingly, the 

onset of disease may be long-term, and it would be valuable to examine whether these 

patterns of ST motion impact shoulder function into adulthood. Similarly, ST 

kinematics after PSF may change as the adolescent adjusts to the presence of hardware 

in the thoracic region. Evaluation of mechanics past the six-month postoperative point 

may elucidate whether the response to surgery is short-term or a permanent structural 

adaptation. 

5.4 Conclusions 

This study delivered objective information describing shoulder function in 

patients with AIS. We identified three-dimensional abnormalities in scapular motion 

and noted those which were exacerbated with increased curve severity. Patients with 

AIS demonstrate kinematic patterns that may place them at risk for future shoulder 

pathology, and monitoring shoulder complex mechanics may become an important 

component of long-term treatment for AIS.  

This was the first study to examine whether common surgical treatment h as 

beneficial or detrimental effects on shoulder dysfunction. While correction of the 
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scoliotic curvature with surgical treatment normalizes the resting orientation of the 

scapula, deficits in range of motion persist even after surgery. The postoperative 

analysis revealed kinematic changes that occurred for most if not all subjects and thus 

may be considered expected outcomes following surgery. Additionally, we identified 

components of ST motion that may significantly increase or decrease based on patient 

characteristics. Preoperative curve severity appears to have little bearing on 

postoperative shoulder outcomes. Instead, levels of ST motion before surgery may 

provide a better indicator of postoperative motion.  

Idiopathic scoliosis remains the most common orthopedic disorder affecting 

the adolescent population. Continued research into the pathoetiology of the disease 

and development of less invasive treatment options will greatly benefit patients. In the 

meantime, this work highlights the importance of considering upper extremity factors 

in the evaluation and treatment of AIS. 



 93 

1.  Konieczny MR, Senyurt H, Krauspe R. Epidemiology of adolescent idiopathic 
scoliosis. J Child Orthop. 2013;7:3-9. 

2.  Goldberg MS, Mayo NE, Poitras B, Scott S, Hanley J. The Ste-Justine 
Adolescent Idiopathic Scoliosis Cohort Study. Part II: Perception of health, self 
and body image, and participation in physical activities. Spine (Phila Pa 1976). 
1994;19(14):1562-1572. 

3.  Mayo NE, Goldberg MS, Poitras B, Scott S, Hanley J. The Ste-Justine 
Adolescent Idiopathic Scoliosis Cohort Study. Part III: Back pain. Spine (Phila 
Pa 1976). 1994;19(14):1573-1581. 

4.  Weinstein SL, Dolan LA, Spratt KF, Peterson KK, Spoonamore MJ, Ponseti I 
V. Health and function of patients with untreated idiopathic scoliosis: a 50-year 
natural history study. J Am Med Assoc. 2003;289(5):559-567. 

5.  Sato T, Hirano T, Ito T, et al. Back pain in adolescents with idiopathic scoliosis: 
epidemiological study for 43,630 pupils in Niigata City, Japan. Eur Spine J. 
2011;20(2):274-279. 

6.  Smorgick Y, Mirovsky Y, Baker KC, Gelfer Y, Avisar E, Anekstein Y. 
Predictors of Back Pain in Adolescent Idiopathic Scoliosis. J Pediatr Orthop. 
2013;33(3):289-292. 

7.  Theroux J, May S Le, Fortin C, Labelle H. Prevalence and management of back 
pain in adolescent idiopathic scoliosis patients: A retrospective study. Pain Res 
Manag. 2015;20(3):153-157. 

8.  Masso PD, Gorton GE. Quantifying changes in standing body segment 
alignment following spinal instrumentation and fusion in idiopathic scoliosis 
using an optoelectronic measurement system. Spine (Phila Pa 1976). 
2000;25:457-462. 

9.  Raso V, Lou E, Hill D, Mahood J, Moreau M, Durdle N. Trunk Distortion in 
Adolescent Idiopathic Scoliosis. J Pediatr Orthop. 1998;March-Apri(2):222-
226. 

REFERENCES 



 94 

10.  Borstad JD. Resting position variables at the shoulder: evidence to support a 
posture-impairment association. Phys Ther. 2006;86:549-557. 

11.  Kebaetse M, McClure P, Pratt N a. Thoracic position effect on shoulder range 
of motion strength, and three-dimensional scapular kinematics. Arch Phys Med 
Rehabil. 1999;80:945-950. 

12.  Ludewig PM, Phadke V, Braman JP, Hassett DR, Cieminski CJ, LaPrade RF. 
Motion of the shoulder complex during multiplanar humeral elevation. J Bone 
Joint Surg Am. 2009;91(2):378-389. 

13.  Mcclure PW, Michener LA, Karduna AR. Shoulder Function and 3-
Dimensional Scapular Kinematics in People With and Without Shoulder 
Impingement Syndrome. Phys Ther. 2006;86(8):1075-1090. 

14.  Uhl TL, Kibler W Ben, Gecewich B, Tripp BL. Evaluation of clinical 
assessment methods for scapular dyskinesis. Arthroscopy. 2009;25(11):1240-
1248. 

15.  Ogston JB, Ludewig PM. Differences in 3-dimensional shoulder kinematics 
between persons with multidirectional instability and asymptomatic controls. 
Am J Sports Med. 2007;35(8):1361-1370. 

16.  von Eisenhart-Rothe R, Matsen 3rd FA, Eckstein F, Vogl T, Graichen H. 
Pathomechanics in atraumatic shoulder instability: scapular positioning 
correlates with humeral head centering. Clin Orthop Relat Res. 2005;(433):82-
89. 

17.  Ozaki J. Glenohumeral movements of the involuntary inferior and 
multidirectional instability. Clin Orthop Relat Res. 1989;(238):107-111. 

18.  Ludewig PM, Reynolds JF. The association of scapular kinematics and 
glenohumeral joint pathologies. J Orthop Sports Phys Ther. 2009;39(2):90-104. 

19.  Michener LA, McClure PW, Karduna AR. Anatomical and biomechanical 
mechanisms of subacromial impingement syndrome. Clin Biomech. 
2003;18(5):369-379. 

20.  Ludewig PM, Cook TM. Alterations in shoulder kinematics and associated 
muscle activity in people with symptoms of shoulder impingement. Phys Ther. 
2000;80:276-291. 

21.  Asher M a, Burton DC. Adolescent idiopathic scoliosis: natural history and 
long term treatment effects. Scoliosis. 2006;1(1):2. 



 95 

22.  Otoshi K, Takegami M, Sekiguchi M, et al. Association between kyphosis and 
subacromial impingement syndrome: LOHAS study. J Shoulder Elb Surg. 
2014;23(12):e300-e307. 

23.  Burd T a, Pawelek L, Lenke LG. Upper extremity functional assessment after 
anterior spinal fusion via thoracotomy for adolescent idiopathic scoliosis: 
prospective study of twenty-five patients. Spine (Phila Pa 1976). 
2002;27(1):65-71. 

24.  Ritzman TF, Upasani V V, Pawelek JB, Betz RR, Newton PO. Return of 
shoulder girdle function after anterior versus posterior adolescent idiopathic 
scoliosis surgery. Spine (Phila Pa 1976). 2008;33(20):2228-2235. 

25.  Li W, Lee R, Lee T, et al. The impact of thoracic surgical access on early 
shoulder function: Video-assisted thoracic surgery versus posterolateral 
thoracotomy. Eur J Cardio-thoracic Surg. 2003;23(3):390-396. 

26.  Lin J, Chen W-H, Chen P-Q, Tsauo J-Y. Alteration in shoulder kinematics and 
associated muscle activity in people with idiopathic scoliosis. Spine (Phila Pa 
1976). 2010;35:1151-1157. 

27.  Turgut E, Gur G, Ayhan C, Yakut Y, Baltaci G. Scapular kinematics in 
adolescent idiopathic scoliosis : A three- dimensional motion analysis during 
multiplanar humeral elevation. J Biomech. 2017;61:224-231. 

28.  Karduna AR, McClure PW, Michener LA, Sennett B. Dynamic Measurements 
of Three-Dimensional Scapular Kinematics: A Validation Study. J Biomech 
Eng. 2001;123(April):184-190. 

29.  van Andel C, van Hutten K, Eversdijk M, Veeger D, Harlaar J. Recording 
scapular motion using an acromion marker cluster. Gait Posture. 
2009;29(1):123-128. 

30.  Warner MB, Chappell PH, Stokes MJ. Measuring scapular kinematics during 
arm lowering using the acromion marker cluster. Hum Mov Sci. 
2012;31(2):386-396. 

31.  Nicholson KF, Russo SA, Kozin SH, et al. Evaluating the acromion marker 
cluster as a method for measuring scapular orientation in children with brachial 
plexus birth palsy. J Appl Biomech. 2014;30(1):128-133. 

32.  Lempereur M, Brochard S, Mao L, Rémy-Néris O. Validity and reliability of 
shoulder kinematics in typically developing children and children with 
hemiplegic cerebral palsy. J Biomech. 2012;45(11):2028-2034. 



 96 

33.  Rapp EA, Richardson RT, Russo SA, Rose WC, Richards JG. A comparison of 
two non-invasive methods for measuring scapular orientation in functional 
positions. J Biomech. 2017;61:269-274. 

34.  Weiss HR, Goodall D. The treatment of adolescent idiopathic scoliosis (AIS) 
according to present evidence. A systematic review. Eur J Phys Rehabil Med. 
2008;44(2):177-193. 

35.  Potter BK, Kuklo TR, Lenke LG. Radiographic outcomes of anterior spinal 
fusion versus posterior spinal fusion with thoracic pedicle screws for treatment 
of Lenke Type I adolescent idiopathic scoliosis curves. Spine (Phila Pa 1976). 
2005;30:1859-1866. 

36.  Newton PO, Marks M, Faro F, et al. Use of video-assisted thoracoscopic 
surgery to reduce perioperative morbidity in scoliosis surgery. Spine (Phila Pa 
1976). 2003;28(20):S249-S254. 

37.  Landman Z, Oswald T, Sanders J, Diab M. Prevalence and predictors of pain in 
surgical treatment of adolescent idiopathic scoliosis. Spine (Phila Pa 1976). 
2011;36(10):825-829. 

38.  Bastrom TP, Marks MC, Yaszay B, Newton PO. Prevalence of postoperative 
pain in adolescent idiopathic scoliosis and the association with preoperative 
pain. Spine (Phila Pa 1976). 2013;38(21):1848-1852. 

39.  Mukaiyama K, Takahashi J, Hirabayashi H, et al. Factors influencing the 
residual rib hump after posterior spinal fusion for adolescent idiopathic 
scoliosis with Lenke 1 and 2 curves. J Orthop Sci. 2013:687-692. 

40.  Thulbourne T, Gillespie R. The rib hump in idiopathic scoliosis. Measurement, 
analysis and response to treatment. J Bone Joint Surg Br. 1976;58:64-71. 

41.  Harris J a, Mayer OH, Shah S a, Campbell RM, Balasubramanian S. A 
comprehensive review of thoracic deformity parameters in scoliosis. Eur Spine 
J. 2014;23(12):2594-2602. 

42.  Min K, Waelchli B, Hahn F. Primary thoracoplasty and pedicle screw 
instrumentation in thoracic idiopathic scoliosis. Eur Spine J. 2005;14(8):777-
782. 

43.  Illyés Á, Kiss RM. Kinematic and muscle activity characteristics of 
multidirectional shoulder joint instability during elevation. Knee Surgery, Sport 
Traumatol Arthrosc. 2006;14(7):673-685. 



 97 

44.  Lempereur M, Brochard S, Mao L, Rémy-Néris O. Validity and reliability of 
shoulder kinematics in typically developing children and children with 
hemiplegic cerebral palsy. J Biomech. 2012;45:2028-2034. 

45.  Weinstein SL, Ponseti I V. Curve progression in idiopathic scoliosis. J Bone 
Joint Surg Am. 1983;65(4):447-455. 

46.  Abzug JM, Kozin SH. Current concepts: neonatal brachial plexus palsy. 
Orthopedics. 2010;33(6):430-435. 

47.  CDC Growth Charts: United States Body mass index-for-age percentiles 
https://www.cdc.gov/growthcharts/clinical_charts.htm. Updated October 16, 
2000. Accessed January 16, 2015 

48.  de Groot H. The variability of shoulder by means of palpation motions 
recorded. Clin Biomech (Bristol, Avon). 1997;12(7):461-472. 

49.  Lempereur M, Brochard S, Leboeuf F, Rémy-Néris O. Validity and reliability 
of 3D marker based scapular motion analysis: A systematic review. J Biomech. 
2014;47(10):2219-2230. 

50.  Richards JG. The measurement of human motion: A comparison of 
commercially available systems. Hum Mov Sci. 1999;18(5):589-602. 

51.  Hudak PL, Amadio PC, Bombardier C. Development of an upper extremity 
outcome measure: the DASH. Am J Ind Med. 1996;29:602-608. 

52.  Bot S, Terwee C, van der Windt D, Bouter L, Dekker J, de Vet H. Clinimetric 
evaluation of shoulder disability questionnaires: a systematic review of the 
literature. Ann Rheum Dis. 2004;63(4):335-341. 

53.  Haldorsen B, Svege I, Roe Y, Bergland A. Reliability and validity of the 
Norwegian version of the Disabilities of the Arm, Shoulder and Hand 
questionnaire in patients with shoulder impingement syndrome. BMC 
Musculoskelet Disord. 2014;15(1):78. 

54.  Roy JS, Macdermid JC, Woodhouse LJ. Measuring shoulder function: A 
systematic review of four questionnaires. Arthritis Care Res. 2009;61(5):623-
632. 

55.  Bae DS, Shah AS, Kalish L a, Kwon JY, Waters PM. Shoulder motion, 
strength, and functional outcomes in children with established malunion of the 
clavicle. J Pediatr Orthop. 2013;33(5):544-550. 



 98 

56.  Randsborg P-H, Fuglesang HFS, Røtterud JH, Hammer O-L, Sivertsen E a. 
Long-term patient-reported outcome after fractures of the clavicle in patients 
aged 10 to 18 years. J Pediatr Orthop. 2014;34(4):393-399. 

57.  Canavese F, Athlani L, Marengo L, et al. Evaluation of upper-extremity 
function following surgical treatment of displaced proximal humerus fractures 
in children. J Pediatr Orthop. 2014;23(2):144-149. 

58.  Wu G, Van Der Helm FCT, Veeger HEJ, et al. ISB recommendation on 
definitions of joint coordinate systems of various joints for the reporting of 
human joint motion - Part II: Shoulder, elbow, wrist and hand. J Biomech. 
2005;38(5):981-992. 

59.  Pearl M, Harris S, Lippitt S, Sidles J, Harryman D 2nd, Matsen F 3rd. A system 
for describing positions of the humerus relative to the thorax and its use in the 
presentation of several functionally important arm positions. J Shoulder Elb 
Surg. 1992;Mar(1):113-118. 

60.  Kaufman K, An K. Kinesiology. In: Einhorn T, O’Keefe R, Buckwalter J, eds. 
Orthopedic Basic Science. Rosemont: American Academy of Orthopaedic 
Surgeons; 2007:265-291. 

61.  Schwartz C, Croisier J-L, Rigaux E, Denoël V, Brüls O, Forthomme B. 
Dominance effect on scapula 3-dimensional posture and kinematics in healthy 
male and female populations. J Shoulder Elb Surg. 2014;23(6):873-881. 

62.  Dayanidhi S, Orlin M, Kozin S, Duff S, Karduna A. Scapular kinematics during 
humeral elevation in adults and children. Clin Biomech. 2005;20:600-606. 

63.  Duff S V, Dayanidhi S, Kozin SH. Asymmetrical shoulder kinematics in 
children with brachial plexus birth palsy. Clin Biomech (Bristol, Avon). 
2007;22(6):630-638. 

64.  Amasay T, Karduna AR. Scapular Kinematics in Constrained and Functional 
Upper Extremity Movements. J Orthop Sport Phys Ther. 2009;39(8):618-627. 

65.  Lawrence RL, Braman JP, Staker JL, Laprade RF, Ludewig PM. Comparison of 
3-dimensional shoulder complex kinematics in individuals with and without 
shoulder pain, part 2: glenohumeral joint. J Orthop Sports Phys Ther. 
2014;44(9):646-655, B1-3. 

66.  Dancey CP, Reidy J. Statistics without Maths for Psychology. Fifth Ed. Prentice 
Hall, London; 2011. 



 99 

67.  Hunsaker F, Cioffi D, Amadio P, Wright J, Caughlin B. The American 
Academy of Orthopaedic Surgeons Outcomes Instruments. J Bone Jt Surg. 
2002;84(2):208-215. 

68.  Hsu JE, Nacke E, Park MJ, Sennett BJ, Huffman GR. The Disabilities of the 
Arm, Shoulder, and Hand questionnaire in intercollegiate athletes: Validity 
limited by ceiling effect. J Shoulder Elb Surg. 2010;19(3):349-354. 

69.  Ascani E, Bartolozzi P, Logroscino CA, et al. Natural history of untreated 
idiopathic scoliosis after skeletal maturity. Spine (Phila Pa 1976). 
1986;11(8):784-789. 

70.  Reamy B V, Slakey JB. Adolescent idiopathic scoliosis: review and current 
concepts. Am Fam Physician. 2001;64(1):111-116. 

71.  Mordecai SC, Dabke H V. Efficacy of exercise therapy for the treatment of 
adolescent idiopathic scoliosis: A review of the literature. Eur Spine J. 
2012;21(3):382-389. 

72.  Sponseller PD. Bracing for adolescent idiopathic scoliosis in practice today. J 
Pediatr Orthop. 2011;31(1 Suppl):S53-60. 

73.  Samdani AF, Ames RJ, Kimball JS, et al. Anterior Vertebral Body Tethering 
for Idiopathic Scoliosis: Two-Year Results. Spine (Phila Pa 1976). 
2014;39(1):1688-1693. 

74.  Chen Z, Rong L. Comparison of combined anterior–posterior approach versus 
posterior-only approach in treating adolescent idiopathic scoliosis: a meta-
analysis. Eur Spine J. 2016;25(2):363-371. 

75.  Merola A a, Haher TR, Brkaric M, et al. A multicenter study of the outcomes of 
the surgical treatment of adolescent idiopathic scoliosis using the Scoliosis 
Research Society (SRS) outcome instrument. Spine (Phila Pa 1976). 
2002;27(18):2046-2051. 

76.  Fischer CR, Kim Y. Selective fusion for adolescent idiopathic scoliosis: A 
review of current operative strategy. Eur Spine J. 2011;20(7):1048-1057. 

77.  Weiss H-R, Goodall D. Rate of complications in scoliosis surgery – a 
systematic review of the Pub Med literature. Scoliosis. 2008;3:9. 

78.  Lehman RA, Kang DG, Lenke LG, Sucato DJ, Bevevino AJ. Return to sports 
after surgery to correct adolescent idiopathic scoliosis: A survey of the Spinal 
Deformity Study Group. Spine J. 2015;15(5):951-958. 



 100 

79.  Tarrant RC, O’Loughlin PF, Lynch S, et al. Timing and Predictors of Return to 
Short-Term Functional Activity in Adolescent Idiopathic Scoliosis After 
Posterior Spinal Fusion: A Prospective Study. Spine (Phila Pa 1976). 
2014;39(18):1471-1478. 

80.  Rubery PT, Bradford DS. Athletic activity after spine surgery in children and 
adolescents: results of a survey. Spine (Phila Pa 1976). 2002;27(4):423-427. 

81.  Connelly M, Fulmer RD, Prohaska J, et al. Predictors of postoperative pain 
trajectories in adolescent idiopathic scoliosis. Spine (Phila Pa 1976). 
2014;39(3):E174-81. 

82.  Crosbie J, Kilbreath SL, Dylke E, et al. Effects of Mastectomy on Shoulder and 
Spinal Kinematics During Bilateral Upper-Limb Movement. Phys Ther. 
2010;90(5):679-692. 

83.  Shamley D, Srinaganathan R, Oskrochi R, Lascurain-Aguirrebe??a I, Sugden E. 
Three-dimensional scapulothoracic motion following treatment for breast 
cancer. Breast Cancer Res Treat. 2009;118(2):315-322. 

84.  Suk SI, Lee CK, Kim WJ, Chung YJ, Park YB. Segmental pedicle screw 
fixation in the treatment of thoracic idiopathic scoliosis. Spine (Phila Pa 1976). 
1995;20(12):1399-1405. 

85.  Armijo-Olivo S, Warren S, Fuentes J, Magee DJ. Clinical relevance vs. 
statistical significance: Using neck outcomes in patients with 
temporomandibular disorders as an example. Man Ther. 2011;16(6):563-572. 

86.  Borckardt JJ, Nash MR. Simulation modelling analysis for small sets of single-
subject data collected over time. Neuropsychol Rehabil. 2014;24(3-4):492-506. 

87.  Crosbie J. Interrupted time-series analysis with brief single-subject data. J 
Consult Clin Psychol. 1993;61(6):966-974. 

88.  Stevenson A, McCarthy S, Kalmey J, Kulesza R. Anatomical dissection of a 
cadaver with congenital scoliosis. Folia Morphol (Warsz). 2014;73(3):389-394. 

89.  Mahaudens P, Banse X, Mousny M, Detrembleur C. Gait in adolescent 
idiopathic scoliosis: Kinematics and electromyographic analysis. Eur Spine J. 
2009;18(4):512-521. 

90.  Syczewska M, Graff K, Kalinowska M, Szczerbik E, Domaniecki J. Influence 
of the structural deformity of the spine on the gait pathology in scoliotic 
patients. Gait Posture. 2012;35(2):209-213. 



 101 

91.  Borstad JD, Ludewig PM. The effect of long versus short pectoralis minor 
resting length on scapular kinematics in healthy individuals. J Orthop Sports 
Phys Ther. 2005;35:227-238. 

92.  Cobb J. Outline for the study of scoliosis. Am Acad Orthop Surg Instr Course 
Lect. 1948;5:261-275. 

93.  Krawczyński A, Kotwicki T, Szulc A, Samborski W. Clinical and radiological 
assessment of vertebral rotation in idiopathic scoliosis. Ortop Traumatol 
Rehabil. 2006;8(6):602-607. 

94.  Izatt MT, Bateman GR, Adam CJ. Evaluation of the iPhone with an acrylic 
sleeve versus the Scoliometer for rib hump measurement in scoliosis. Scoliosis. 
2012;7(1):14. 

95.  Gummesson C, Atroshi I, Ekdahl C. The disabilities of the arm, shoulder and 
hand (DASH) outcome questionnaire: longitudinal construct validity and 
measuring self-rated health change after surgery. BMC Musculoskelet Disord. 
2003;4:11. 

96.  Angst F, Schwyzer HK, Aeschlimann A, Simmen BR, Goldhahn J. Measures of 
adult shoulder function: Disabilities of the Arm, Shoulder, and Hand 
Questionnaire (DASH) and Its Short Version (QuickDASH), Shoulder Pain and 
Disability Index (SPADI), American Shoulder and Elbow Surgeons (ASES) 
Society Standardized Shoulder . Arthritis Care Res. 2011;63(SUPPL. 11). 

97.  Jester A, Harth A, Wind G, Germann G, Sauerbier M. Disabilities of the Arm, 
Shoulder and Hand (DASH) questionnaire: Determining functional activity 
profiles in patients with upper extremity disorders. J Hand Surg Am. 
2005;30(1):23-28. 

98.  Matsuki K, Matsuki KO, Mu S, et al. In vivo 3-dimensional analysis of scapular 
kinematics: Comparison of dominant and nondominant shoulders. J Shoulder 
Elb Surg. 2011;20(4):659-665. 

99.  Paraskevas G, Tzaveas A, Papaziogas B, Kitsoulis P, Natsis K, Spanidou S. 
Morphological parameters of the acromion. Folia Morphol (Warsz). 
2008;67(4):255-260. 

 



 102 

IRB APPROVAL DOCUMENTATION 

Appendix 



 103 

 



 104 

 



 105 



 106 



 107 



 108 



 109 

 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	Chapter 1
	1.1 Background
	1.2 Specific Aims and Hypotheses
	1.2.1 Aim 1: Determine the differences in scapular kinematics between adolescents with idiopathic scoliosis and typically developing adolescents and how these differences relate to patient-perceived function
	1.2.2 Aim 2: Determine the effect of operative treatment for scoliosis on scapular kinematics
	1.2.3 Aim 3: Determine the effect of curve severity on shoulder motion and function and determine how curve correction changes ST contribution to motion

	1.3 Innovation
	1.3.1 Comprehensive Assessment of Scapular Kinematics
	1.3.2 Improving Postoperative Evaluation


	Chapter 2
	2.1 Introduction
	2.2 Methods
	2.2.1 Subjects
	Table  2.1: Subject characteristics and statistical comparisons across groups

	2.2.2 Motion Capture
	Figure  2.1: Static positions for capture
	Figure  2.2: Marker placement, including scapular landmarks.

	2.2.3 Patient-Rated Outcome Measures
	2.2.4 Data Processing
	2.2.5 Statistical Analysis

	2.3 Results
	2.3.1 Humerothoracic Orientations
	Figure  2.3: Humerothoracic angles in each terminal position.

	2.3.2 Scapulothoracic Upward/Downward Rotation
	Figure  2.4: ST upward rotation for right (convex) and left (concave) sides of the typically developing (TD) and scoliosis groups. Solid shapes (star, diamond, square and circle) indicate neutral (resting) position, while the arrows indicate displacem...

	2.3.3 Scapulothoracic Internal/External Rotation
	Figure  2.5: ST internal rotation for right (convex) and left (concave) sides of the typically developing (TD) and scoliosis groups. Solid shapes (star, diamond, square and circle) indicate neutral (resting) position, while the arrows indicate displac...

	2.3.4 Scapulothoracic Posterior/Anterior Tilt
	Figure  2.6: ST posterior tilt for right (convex) and left (concave) sides of the typically developing (TD) and scoliosis groups. Solid shapes (star, diamond, square and circle) indicate neutral (resting) position, while the arrows indicate displaceme...
	Table  2.2: Mean (SD) ST angles in the terminal orientation of all positions
	Table  2.3: Mean (SD) ST displacement from neutral to all positions

	2.3.5 Patient-Reported Function
	2.3.6 Relationship of Functional Scores to Kinematics
	Table  2.4: Correlations between DASH scores and ST kinematics in the scoliosis group that significantly differed from the typically developing group.


	2.4 Discussion
	2.5 Conclusions

	Chapter 3
	3.1 Introduction
	3.2 Methods
	3.2.1 Subjects
	Table  3.1: Subject characteristics and statistical comparison across groups

	3.2.2 Patient-Rated Outcome Measures
	3.2.3 Motion Capture
	Figure  3.1: Static positions for capture
	Figure  3.2: Marker placement including scapular markers in the hand to spine position
	Figure  3.3: Representation of target positions for real-time motion capture matching at postoperative appointment

	3.2.4 Data Processing
	3.2.5 Statistical Analysis
	Figure  3.4: Example of SMA with three observations in each phase


	3.3 Results
	3.3.1 Individual Postoperative Changes
	3.3.1.1 Humerothoracic Orientations
	Figure  3.5: HT angles for the matched and unconstrained trials

	3.3.1.2 Changes in Scapular Resting Orientation
	Table  3.2: Change (postoperative – preoperative) in scapular resting orientations

	3.3.1.3 Changes in Scapular Range of Motion
	Table  3.3: Proportion of subjects who experienced significant changes in ST displacement and the relationship of changes to preoperative values.

	3.3.1.4 Patient-Rated Outcomes

	3.3.2 Comparison to Typically Developing Individuals
	3.3.2.1 Scapular Upward and Downward Rotation
	Figure  3.6: ST upward rotation displacement for (A) concave/left sides and (B) convex/right sides of preoperative AIS patients (red), typically developing subjects (blue) and postoperative AIS patients (green). Dots represent the resting (neutral) or...

	3.3.2.2 Scapular Internal and External Rotation
	Figure  3.7: ST internal/external rotation displacement for (A) concave/left sides and (B) convex/right sides of preoperative AIS patients (red), typically developing subjects (blue) and postoperative AIS patients (green). Dots represent the resting (...

	3.3.2.3 Scapular Posterior and Anterior Tilt
	Figure  3.8: ST posterior/anterior tilt displacement for (A) concave/left sides and (B) convex/right sides of preoperative AIS patients (red), typically developing subjects (blue) and postoperative AIS patients (green). Dots represent the resting (neu...



	3.4 Discussion
	3.4.1 Individual Changes
	3.4.1.1 Minimal Changes
	3.4.1.2 Consistent Outcomes
	3.4.1.3 Inconsistent Outcomes
	3.4.1.4 Summary of Individual Changes

	3.4.2 Comparison with Typically Developing Individuals
	3.4.3 Patient-Rated Outcomes
	Table  3.4: Average change in neutral orientation (SD) for patients with improved and worse postoperative DASH scores.
	Figure  3.9: Average change in ST displacement (degrees) for concave and convex sides of subjects separated into groups based on whether DASH scores improved or worsened postoperatively



	3.5 Conclusion

	Chapter 4
	4.1 Introduction
	4.2 Methods
	4.2.1 Subjects
	4.2.2 Motion Capture
	Figure  4.1: Static positions for capture
	Figure  4.2: Marker placement, including scapular landmarks.
	Figure  4.3: Representation of target positions for real-time motion capture matching at postoperative appointment

	4.2.3 Patient-Rated Outcome Measures
	4.2.4 Measures of Curvature
	Figure  4.4: Scoliometer iPhone app measuring rib hump prominence

	4.2.5 Data Processing
	4.2.6 Data Analysis

	4.3 Results
	4.3.1 Relationship of Curve Severity to Patient-Reported Function
	4.3.2 Relationship of Curve Severity with Preoperative ST Kinematics
	Table  4.1: Correlations between Cobb angle or scoliometer measures and ST kinematics

	4.3.3 Relationship of Curve Severity to ST Joint Asymmetry
	Table  4.2: Relationship of absolute convex and concave side ST kinematic differences to curve parameters
	Figure  4.5: Relationship between global ST asymmetry (average absolute difference between convex and concave sides across all positions) and curve parameters (Cobb angle and scoliometer measure).


	4.3.4 Relationship of Curve Correction to Postoperative Changes in ST Kinematics
	Table  4.3: Means and standard deviation of preoperative and postoperative levels of curvature and kinematics.
	Table  4.4: Correlations between postoperative changes in Cobb angle or scoliometer measure and postoperative changes in ST kinematics
	Table  4.5: Correlations between postoperative measures of ST kinematics and preoperative levels of the same variable and curve parameters.


	4.4 Discussion
	4.4.1 Relationship of Curve Severity to Patient-Reported Function
	4.4.2 Relationship of Curve Severity with Preoperative ST Kinematics
	Figure  4.6: Rib cage and scapular resting position for a typically developing individual in the A) sagittal view and B) top view and an individual with AIS in the C) sagittal view and D) top view.

	4.4.3 Relationship of Curve Severity to ST Joint Asymmetry
	4.4.4 Relationship of Curve Correction to Postoperative Changes in ST Kinematics

	4.5 Conclusion

	Chapter 5
	5.1 Introduction
	5.2 Summary of Results
	5.2.1 Comparison Between AIS and Typically Developing Adolescents
	5.2.2 Impact of Surgical Treatment on Shoulder Function
	5.2.3 Influence of Curve Severity

	5.3 Future Work and Clinical Impact
	5.4 Conclusions


