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Abstract

Internal impingement – or entrapment of the undersurface of the rotator cuff tendon against the 

glenoid during overhead activities – is believed to contribute to articular-sided tears. However, 

little is known about internal impingement outside athletic populations. Therefore, the objectives 

of this study were to: 1) describe glenoid-to-footprint distances and proximity centers during 

dynamic, in vivo motion in asymptomatic individuals, and 2) determine the extent to which these 

measures differed between individuals with and without a rotator cuff tear. Shoulder kinematics 

were assessed in 37 asymptomatic individuals during scapular plane abduction using a high-speed 

biplane radiographic system. Glenoid-to-footprint distances and proximity center locations were 

calculated by combining the kinematics and CT-derived bone models. Glenoid-to-footprint contact 

was presumed to occur when the minimum distance was less than the estimated labral thickness. 

The condition of the supraspinatus tendon (intact, torn) was assessed using ultrasound. Minimum 

distances and proximity centers were compared over humerothoracic elevation angles (90°, 

110°, 130°, 150°) and between supraspinatus pathology groups using two-factor mixed model 

ANOVAs. The minimum distance decreased consistently across elevation angles (p<0.01) without 

a significant difference between groups. Contact was estimated to occur in all participants. The 

proximity center was generally located on the anterior half of the rotator cuff footprint and the 

posterosuperior glenoid.

Clinical Significance: Internal impingement during overhead motions may be a prevalent 

mechanism of rotator cuff pathology as contact appears to be common and involves the region of 

the rotator cuff footprint where degenerative rotator cuff tears are thought to originate.
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Introduction

Rotator cuff tears are common and occur with increasing prevalence after age 50.1–3 

Although there are likely many factors that contribute to rotator cuff pathology, degenerative 

(i.e., non-traumatic) tears are often observed along the undersurface (i.e., articular surface) 

of the rotator cuff tendon.4–7 This finding has led some clinicians and researchers to 

postulate that injury may occur if the tendon’s undersurface becomes entrapped against 

the glenoid during overhead activities.8; 9 This phenomenon, termed internal (or posterior) 

impingement, was first described by Perry in 198310 and later observed arthroscopically by 

Walch in 1992.8 Both clinicians described tendon entrapment against the glenoid when the 

shoulder is placed in a combination of abduction and end-range external rotation, a position 

common in overhead athletics. However, recent evidence suggests that internal impingement 

may not be limited to overhead athletic motions but may also occur during overhead 

functional motions (i.e., humeral elevation without end-range axial rotation) making it a 

potential mechanism of rotator cuff injury in non-athletic populations.11–13

Compared to mechanical subacromial impingement, in which the rotator cuff is abraded 

under the coracoacromial arch,14 little is known about internal impingement. Previous 

research has found that the distance between the glenoid and rotator cuff tendon footprint 

(i.e., glenoid-to-footprint distance) decreases as the arm is elevated,11; 12 and that contact 

may occur in positions other than combined abduction and external rotation.11–13 Although 

these studies have expanded our knowledge of internal impingement, interpreting their 

findings is often challenging because the motion investigated was simulated,11 performed 

passively under anesthesia,13 or did not include the individual’s full range of motion.12 

Therefore, there remains a gap in our understanding of how internal impingement risk 

changes across an individual’s full in vivo range of motion. Furthermore, it remains 

unclear to what extent internal impingement is associated with the presence of rotator cuff 

pathology.

In addition to glenoid-to-footprint distance, investigating the location of closest proximity 

(i.e., proximity centers) may help elucidate the role of internal impingement in degenerative 

rotator cuff pathology. For example, intraoperative studies have described “kissing” lesions, 

where a rotator cuff tendon tear is observed to contact the posterosuperior labrum 

in positions of combined abduction and external rotation.15; 16 These findings provide 

preliminary, albeit indirect, evidence supporting the role of internal impingement in rotator 

cuff and labral pathology. However, little is known about the proximity centers during less 

extreme overhead motions that are more common to functional tasks.

The objectives of this study were to: 1) describe glenoid-to-footprint distances and proximity 

centers during dynamic, in vivo motion in asymptomatic individuals, and 2) determine the 

extent to which these measures differed between individuals with and without a rotator cuff 

tear. It was hypothesized that glenoid-to-footprint distances would decrease as arm elevation 

increased, and that the proximity centers would be located on the anterior supraspinatus and 

posterosuperior glenoid.
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Methods

This cross-sectional study was performed according to the procedures approved by the 

Institutional Review Board of Henry Ford Health System. Signed consent was obtained from 

all participants prior to data collection.

Participants

Thirty-seven participants were enrolled in this study as part of a larger investigation (age: 

55±4 years, sex: 62.2% female, height: 170.6±9.7 cm, mass: 78.0±13.2 kg, BMI: 26.7±3.3 

kg/m2). Eligible participants were 50–60 years old without any shoulder pain within the last 

12 weeks. Participants were excluded if they had diabetes, currently smoked, had a BMI 

>30 kg/m2, a history of shoulder symptoms following trauma, significant radiation exposure 

(e.g., radiation therapy, recent CT scan), or shoulder corticosteroid injection(s), subluxation, 

dislocation, adhesive capsulitis, fracture, osteoarthritis, or surgery.

Data Collection

Shoulder motion analysis was performed using a high-speed biplane radiographic system 

based on methods previously described.17 Participants were seated and performed active, 

unconstrained, and unloaded scapular plane abduction on their dominant side while 

radiographic images were acquired at 60 Hz. Participants were instructed to pace their 

motion such that they achieved their overhead full range of motion within the two-second 

acquisition period.

In addition to motion analysis testing, each participant underwent a diagnostic ultrasound 

examination of their dominant shoulder. All examinations were interpreted by a single 

fellowship-trained musculoskeletal radiologist with 13 years of clinical experience using 

established criteria.18–20 Although all visible pathology was noted, participants were 

classified based on the status of the supraspinatus tendon (intact, torn) as it is the rotator 

cuff muscle-tendon unit most found to be pathologic.21; 22 A CT scan of the full shoulder 

was also acquired allowing for visualization of the full humerus, scapula, and hemi-torso. 

Finally, all participants completed a questionnaire that inquired about their participation in 

overhead athletics including approximated hours per day, days per week, weeks per year, 

and years of participation in each sport.

Data Processing

Following data collection, each participant’s full humerus, scapula, and third rib were 

segmented from the CT scans using Mimics software (Materialise NV, Leuven, Belgium). 

Image segmentation was performed in a semi-automated manner. Specifically, initial 

thresholding was performed based on grey values associated with cortical bone, and the 

bone’s contour was subsequently refined manually to ensure continuity across the bone’s 

surface. Anatomical coordinates systems were constructed on the humerus and scapula 

based on recommendations by the International Society of Biomechanics.23 Additionally, 

a glenoid-based coordinate system was also defined for the scapula.24 To describe 

thorax kinematics – and thus humerothoracic kinematics – anatomical landmarks on the 
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participant’s torso were visualized and digitized on the CT scan23 and described relative to 

the bone volume of the third rib.

Well-established methods were used to process the radiographic images and to 

track segmental motion.25 Segmental kinematic data were filtered using a 4th order 

Butterworth filter with a 5 Hz low-pass cutoff and then related to describe glenohumeral 

and humerothoracic kinematics using X-Z’-Y” and Y-X’-Y” rotation sequences, 

respectively.23; 26 All left-sided data were transformed to right-sided equivalency. To 

facilitate anatomical interpretation, glenohumeral anterior/posterior and superior/inferior 

positions were described using the glenoid-based coordinate system and were normalized to 

glenoid width and height, respectively.27

Each participant’s motion trial was reconstructed by combining their three-dimensional bone 

models with their kinematic data using a custom MATLAB code (The MathWorks, Inc, 

Natick, MA). For each frame of the motion trial, minimum distance maps were calculated 

on the glenoid and rotator cuff insertion (i.e., footprint). The rotator cuff insertion was 

identified on the bone models as the superior and middle facet of the greater tuberosity 

coinciding with the insertion of the supraspinatus and infraspinatus tendons.28 During 

minimum distance calculations, a constraint was imposed to prevent the minimum distance 

vector from penetrating the humerus or scapula. This constraint helped ensure that all 

minimum distances were physiologically plausible as the shortest distance vector between 

the surfaces often went through the humeral head at lower angles of humerothoracic 

elevation. From these distance maps, the minimum distance was calculated as the smallest 

distance between the glenoid and rotator cuff footprint (i.e., glenoid-to-footprint minimum 

distance).

The location of the minimum distance (i.e., proximity center) was identified on each surface 

and described relative to the glenoid-based or humeral coordinate system, as appropriate. 

As was done for glenohumeral position, these proximity centers were also normalized to 

facilitate anatomical interpretation. Specifically, glenoid proximity centers were normalized 

to glenoid height or width, as appropriate, and humeral proximity centers were normalized 

to the diameter of a sphere fit to the humeral articular surface using a least-squares approach. 

Finally, the three-dimensional distance between the biceps groove and proximity center on 

the rotator cuff footprint was calculated as this measure is frequently used to describe the 

location of rotator cuff tears.29; 30

Internal impingement during shoulder motion involves soft tissue structures (i.e., glenoid 

labrum) that are not visualized on the CT and therefore could not be reconstructed 

and included in the glenoid-to-footprint distance calculations. Therefore, to help identify 

potential instances of internal impingement (i.e., contact between the glenoid and rotator 

cuff footprint), glenoid-to-footprint minimum distances were interpreted relative to the 

average thickness of the posterosuperior glenoid labrum (4.3 mm).31 Specifically, glenoid-

to-footprint was presumed to have occurred when the glenoid-to-footprint minimum distance 

fell below 4.3 mm. Finally, the prevalence of contact between the supraspinatus tendon 

and the acromion (i.e., subacromial contact) was also calculated using previously described 

methods that used subject-specific measures of rotator cuff tendon thickness to identify 
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potential contact.32 This was done to descriptively compare the prevalence of contact 

between mechanical subacromial and internal impingement mechanisms and facilitate 

clinical interpretation.

Statistical Analysis

Although kinematic data were available for the full range of motion, data were analyzed 

between 90–150° coinciding with the range in which internal impingement is most 

likely to occur.11; 12 Differences in glenoid-to-footprint minimum distances and contact 

center locations were assessed over humerothoracic elevation angles (90°, 110°, 130°, 

150°) and between supraspinatus pathology groups (intact, torn) using two-factor mixed 

model ANOVAs with a banded Toeplitz covariance structure. The prevalence of contact 

was compared between supraspinatus pathology groups using Chi-square tests. Finally, 

a sensitivity analysis was performed to determine the extent to which the estimated 

labral thickness impacted the determination of glenoid-to-footprint contact. Specifically, the 

prevalence of contact and the humeral angle at which the glenoid-to-footprint minimum 

distance fell below the estimated labral thickness were calculated after varying the 

estimation based on the standard deviation reported by Zanetti et al.31 (±1 SD, ±2 SD, 

±3 SD). Statistical analysis was performed in SAS Version 9.4 (SAS Institute Inc., Cary, 

NC).

Results

Of the 37 participants in this study, only 4 (10.8%) reported a prior history of shoulder pain 

in their dominant shoulder that had lasted longer than 1 week. The results of the diagnostic 

ultrasound found that 20 (54.1%) did not have any evidence of a rotator cuff tear, 11 (29.7%) 

had a partial-thickness tear involving the supraspinatus, and 6 (16.2%) had a full-thickness 

tear. Approximately half of participants (51.4%) reported some involvement in overhead 

athletics during their life with a median total time of 912 hours (min: 52, max: 8,042) and a 

median hours/week per sport of 1.6 hours (min: 0.2, max: 6.8).

Kinematics

Between 90–150° humerothoracic elevation, participants generally exhibited glenohumeral 

elevation, anterior plane of elevation, and external rotation (Figure 1). Furthermore, the 

humeral head tended to move posteriorly relative to the glenoid and remained in a position 

slightly superior to the center of the glenoid.

Glenoid-to-Footprint Minimum Distances

Glenoid-to-footprint minimum distances decreased consistently in all participants between 

90–150° humerothoracic elevation without a significant difference between supraspinatus 

pathology groups (interaction: p=0.95, group main effect: p=0.90, angle main effect: p<0.01) 

(Table 1, Figure 2). At 90° humerothoracic elevation, the average glenoid-to-footprint 

distance was 11.1 mm ± 0.8 mm but decreased by approximately 50% (p<0.01) during 

each subsequent 20° increment of humerothoracic elevation until it fell to an average of 1.3 

mm ± 0.1 mm at 150° humerothoracic elevation. The glenoid-to-footprint minimum distance 
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reached its minimum (1.1 mm ± 0.1 mm) at the maximum elevation angle achieved by the 

participant (153.1° ± 1.3° humerothoracic, or 99.0° ± 1.2° glenohumeral).

Proximity Center Location

Between 90–150° humerothoracic elevation, the anterior half of the rotator cuff footprint 

was generally in close proximity with the posterosuperior aspect of the glenoid (Figure 

3). The proximity center location was not significantly different between supraspinatus 

pathology groups at any angle of humerothoracic elevation (interaction: p>0.35, group main 

effect: p>0.36). Therefore, the movement of the proximity pattern location on the glenoid 

and rotator cuff footprint will be described on average across all subjects.

Between 90–150° humerothoracic elevation, the proximity center on the glenoid consistently 

shifted inferiorly by an average of 16.2% ± 3.9% of the glenoid’s height (p<0.01). However, 

in the anterior/posterior direction, the proximity center first shifted anteriorly by an average 

of 13.1% ± 2.9% of the glenoid’s width between 90°–130° humerothoracic elevation 

(p<0.01) before shifting posteriorly by 4.7% ± 1.8% between 130°–150° humerothoracic 

elevation (p<0.01). On the rotator cuff footprint, the proximity center shifted anteriorly 

by 15.6% ± 2.8% of the humeral head diameter (p<0.01) and medially by an average of 

5.7% ± 1.3% of the humeral head diameter (p<0.01). The proximity center on the footprint 

was located an average of 16.6 mm ± 0.7 mm posterior to the biceps groove when the 

glenoid-to-footprint minimum distance fell below the estimated labral thickness (i.e., the 

angle of initial contact) (range: 8.1–28.0 mm). At the participants’ highest humerothoracic 

elevation angle (153.1° ± 1.3°), the proximity center had shifted anteriorly such that it was 

now located 12.2 mm ± 0.4 mm posterior to the biceps groove (range: 6.1–18.2 mm).

Contact Analysis

The glenoid-to-footprint minimum distance fell below the estimated labral thickness in 

all participants (suggesting glenoid-to-footprint contact) at an average angle of 114.6° 

± 1.7° humerothoracic elevation (range: 90.1°–130.1°) – or 76.4° ± 1.2° glenohumeral 

elevation (range: 59.4°–91.2°) – without a significant difference between supraspinatus 

pathology groups (p=0.92; intact: 114.7°±2.4°, torn: 114.4°±2.5°). The acromion-to-

footprint minimum distance fell below the measured rotator cuff thickness (suggesting 

acromion-to-footprint contact) in 51.4% of participants without a significant difference 

between supraspinatus pathology groups (p=0.84). Glenoid-to-acromion contact occurred at 

an average angle of 27.6° ± 2.0° humerothoracic elevation (range: 15.0°–44.9°) – or 18.9° ± 

2.1° glenohumeral elevation (range: 2.5°–34.5°) – without a significant difference between 

supraspinatus pathology groups (p=0.84; intact: 28.0°±3.0°, torn: 27.2°±3.0°).

Sensitivity Analysis for Labral Thickness

Varying the estimated labral thickness did not substantially change the prevalence of 

estimated contact (Table 2). In general, increasing the estimated labral thickness from the 

mean value decreased the angle of initial contact, while decreasing the estimated labral 

thickness from the mean value increased the angle of initial contact. However, decreasing 

the labral thickness by at least 1 SD only resulted in a change in contact classification (i.e., 

contact, no contact) for only 1 participant.
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Discussion

The primary results of this study suggest that contact between the glenoid and rotator cuff 

footprint is likely common during scapular plane abduction and typically occurred well 

within a participant’s functional range of motion. For example, the glenoid-to-footprint 

minimum distance fell below the estimated labral thickness (suggesting glenoid-to-footprint 

contact) at an average humerothoracic elevation angle of 115°, which is well below the 

average maximal range of motion achieved by participants in this study (153°). Although 

this finding may be surprising given internal impingement is typically considered relative 

to competitive overhead athletics,8; 15; 33 it is consistent with previous studies that have 

investigated the proximity between the glenoid and rotator cuff tendon during planar arm 

elevation.11–13 When combined with proximity center locations, this information may be 

helpful to understand the role of internal impingement in the etiology of degenerative rotator 

cuff tears.

Between 90–150° humerothoracic elevation, the posterosuperior glenoid was predominantly 

in close proximity with the anterior portion of the rotator cuff footprint (Figure 3). The 

proximity center on the glenoid is consistent with previous studies that have investigated 

internal impingement arthroscopically.8; 15; 16 However, the location of contact on the rotator 

cuff tendon has not been well described. In this study, the proximity center was found to be 

located predominantly in the region of the greater tuberosity occupied by the supraspinatus 

tendon insertion.28 As humerothoracic elevation angle increased, the proximity center 

location moved anteriorly and medially such that it was located an average of 12.2–16.6 

mm posterior to the biceps groove when the footprint was in presumed contact with the 

glenoid (i.e., between the angle of initial contact and the participant’s end range of motion). 

Interesting, this location appears to be consistent with where degenerative rotator cuff tears 

are believed to originate (10–15 mm posterior to the biceps groove).29; 30 When considered 

in combination with the evidence that approximately 30–62% of rotator cuff tears are 

articular-sided partial-thickness tears,4–7 these findings offer indirect although intriguing 

evidence that internal impingement during overhead functional motions may play a larger 

role in the development of rotator cuff pathology than previously thought.

The lack of significant difference in glenoid-to-footprint minimum distances between 

supraspinatus pathology groups is interesting with implications that are not yet clear. It 

is possible that changes in glenoid-to-footprint minimum distances occurs only in the 

presence of symptoms when glenohumeral kinematics are often impaired.34–36 For example, 

previous research suggests that the humerus translates more inferiorly during humeral 

abduction in individuals with shoulder pain than asymptomatic controls.34 Presumably, a 

more inferior position of the humerus on the glenoid would result in smaller glenoid-to-

footprint minimum distances. However, this is speculative as it remains unclear the extent 

to which differences in glenohumeral kinematics impacts glenoid-to-footprint distances. 

Future work will expand the investigation to symptomatic individuals to understand the 

interaction between rotator cuff pathology, symptom presentation, kinematics, and potential 

mechanisms of rotator cuff pathology.
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The findings that contact was estimated to occur in all participants regardless of 

supraspinatus pathology status raises the question of whether internal impingement is 

pathological or physiological. Intraoperative studies in overhead athletes have described 

“kissing” lesions, where a rotator cuff tendon tear is observed to contact the posterosuperior 

labrum in positions of combined abduction and external rotation as support for the 

pathoanatomical consequences of internal impingement.15; 16 Using this logic, the 

prevalence of concomitant superior labral degeneration in individuals with articular-sided 

partial-thickness rotator cuff tears may provide additional support for the pathological 

consequences of internal impingement. Unfortunately, concomitant labral pathology was 

not assessed in the current study. However, Budoff et al. reported that 73% of individuals 

with an articular-sided partial thickness tear had Type I labral fraying superior to the 

glenoid equatorial (i.e., anterior-posterior) axis.7 Furthermore, 29% had lesions in the 

posterosuperior labrum in the region where the glenoid-to-footprint minimum distances were 

found to be smallest in the current study. Although causation cannot be inferred by these 

findings, our results provide compelling evidence to consider internal impingement as a 

potential mechanism of rotator cuff injury even in non-athletic populations.

Ultimately, the pathological consequence of contact is likely influenced by many other 

factors.37; 38 For example, factors such as the velocity of movement and the frequency, 

magnitude, and duration of contact are likely important considerations, as is the tendon’s 

ability to tolerate the associated tissue stresses.38 Within the participants in this study, the 

angle of initial contact varied widely with contact occurring at as low as 90° humerothoracic 

elevation in one individual and as high as 130° humerothoracic elevation in another. 

Theoretically, contact occurring earlier in the range of motion may be more detrimental 

as it is likely to be experienced more frequently during functional activities. Furthermore, 

the extent to which other factors such as glenohumeral kinematics and morphology impacts 

the prevalence and nature of glenoid-to-footprint contact remains unclear. More research is 

needed to understand these factors to help clarify the potential role of internal impingement 

in rotator cuff pathology.

In addition to characterizing glenoid-to-footprint contact during functional motion, more 

research is needed to identify and understand the extent to which contact results in rotator 

cuff tendon deformation. Based on visual inspections of the models and the presumed course 

of the supraspinatus muscle-tendon unit from the insertional footprint (i.e., enthesis) to the 

supraspinatus fossa (Figure 4), it appears the tendon may be deformed in a way that places 

the articular surface under tension (e.g., bending). Therefore, it is possible that internal 

impingement may be associated with other types of deformation (e.g., torsion) or forces that 

may act on the tendon at the enthesis (e.g., shear). However, this remains highly speculative 

as the tendon could not be directly visualized in the current study. Future research that 

aims to directly assess the soft tissue forces and deformations associated with internal 

impingement would be invaluable in the effort to understand its potential role in the etiology 

of rotator cuff tears.

Another interesting finding of this study was the high prevalence of glenoid-to-footprint 

contact (100%) compared to acromion-to-footprint contact (51.4%), without a significant 

difference between supraspinatus pathology groups. This finding is consistent with growing 
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evidence that subacromial contact occurs in only about 50% of individuals during humeral 

elevation.32; 39; 40 Further, the relative prevalence of subacromial and internal contact found 

in this study agree with those of a recent investigation,11 and together suggest that internal 

impingement may occur often than subacromial impingement during humeral elevation. 

Taken together, these findings are contrary to historical clinical dogma in which mechanical 

subacromial impingement has been the primary focus of “extrinsic” mechanisms of rotator 

cuff pathology37; 41 while internal impingement has been associated almost exclusively with 

overhead athletes.8; 9 Ultimately, it remains critical that clinicians and researchers test our 

assumptions and clinical theories, regardless of their precedence, so that the balance of 

evidence-based practice can be maintained with high-quality scientific evidence.

The primary limitation of this study is the use of bone-to-bone distance measures to 

investigate a potential mechanism of soft tissue injury. For example, the glenoid-to-footprint 

minimum distance fell below the estimated labral thickness (suggesting glenoid-to-footprint 

contact) at an average humerothoracic elevation angle of 114.6°±1.7°. However, based 

on visual inspections of the models and the presumed course of the supraspinatus muscle-

tendon unit from the insertional footprint to the supraspinatus fossa, it does not appear that 

the glenoid begins to redirect the tendon until after 130° humerothoracic elevation, thereby 

placing it in a position to be entrapped or impinged (Figure 4). Therefore, it is likely that 

the bone-to-bone glenoid-to-footprint minimum distance measure is an oversimplification of 

a complex phenomenon. Even so, the results of this study remain consistent with previous 

investigations that glenoid-to-tendon contact is common8; 11; 13; 15 and may begin to occur 

by 90–130° humerothoracic elevation.11; 13; 15

This study has additional limitations to consider when interpreting the results. First, an 

estimated labral thickness was used to determine the prevalence of contact, given the 

labrum was not well-visualized on the CT. Although labral morphology is variable between 

individuals, 31 the results of the sensitivity analysis suggests that the estimated (i.e., 

assumed) labral thickness did not substantially impact the results of the study. Second, 

only unloaded, scapular plane abduction was investigated. It is possible that other motions or 

conditions may influence glenoid-to-footprint proximities and may be more representative of 

functional conditions common to daily activities. Third, only asymptomatic individuals aged 

50–60 were enrolled as part of a larger investigation and it remains unclear how glenoid-to-

footprint proximities may change across the lifespan or in the presence of symptoms. Fourth, 

the distribution of participant gender was biased towards women. However, exploratory 

analysis did not reveal any significant differences between men and women in any outcome 

measure, which suggests the unbalanced gender distribution did not likely affect the results 

of the study. Finally, the questionnaire of involvement in overhead athletics is subject to 

recall bias. However, no validated measure currently exists to estimate lifetime exposure to 

overhead athletics.

In conclusion, glenoid-to-footprint contact appears to be very common during active, 

unloaded scapular plane elevation. The location of contact occurred within the region of 

the rotator cuff footprint where degenerative rotator cuff tears are thought to originate. This 

information may be helpful to understand the role of internal impingement in the etiology of 

degenerative rotator cuff tears.
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Figure 1: 
Descriptive statistics (mean ± SE) for glenohumeral kinematics across the trial of 

unloaded scapular plane abduction. Between 90–150° humerothoracic elevation, participants 

generally exhibited glenohumeral elevation, anterior plane of elevation, and external 

rotation. Glenohumeral orientation data are described relative to a scapular anatomical 

coordinate system defined based on the recommendations of the International Society 

of Biomechanics23 with glenohumeral elevation being transformed to positive values to 

facilitate interpretation. Glenohumeral anterior and superior position data are described 

relative to a glenoid based coordinate system and are normalized to glenoid width and 

height, respectively. Abbreviations: S/I = superior/inferior, A/P anterior/posterior.
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Figure 2: 
The minimum distance between the glenoid and rotator cuff footprint at the humerothoracic 

elevation angles assessed statistically. Glenoid-to-footprint minimum distances decreased 

consistently in all participants between 90–150° humerothoracic elevation and fell below 

the estimated labral thickness in all participants at an average angle of 114.6° ± 1.7° 

humerothoracic elevation. Data are presented as mean and standard error. The black line 

represents the mean (±SE) of all subjects, and the grey circles represent data for individual 

subjects. The dashed line represents an estimated average labral thickness (4.3 mm) to 

identify incidence of potential glenoid-to-footprint contact.
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Figure 3: 
The proximity center locations on the glenoid (lateral view) and footprint (superior 

view) illustrated as A) the average ± standard error across all participants at the 

angles assessed statistically (90°, 110°, 130°, and 150° humerothoracic elevation), and 

B) for a representative subject for all frames of the motion trial between 90–150° 

humerothoracic elevation. In A, the average proximity center location is superimposed 

over an approximately average-sized glenoid and humeral head to facilitate interpretation. 

The dashed lines coincide with the anterior/posterior and superior/inferior axes of the 

glenoid coordinate system, and the anterior/posterior and medial/lateral axes of the humeral 

coordinate system. In B, the proximity center path location is superimposed over the 

participant’s actual anatomy.
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Figure 4: 
The minimum distance between the glenoid and rotator cuff footprint at the humerothoracic 

elevation angles assessed statistically in a representative participant. The colormap 

corresponds to the distance between the glenoid and rotator cuff footprint. The dashed line 

represents the estimated undersurface of the rotator cuff in the free tendon and insertional 

footprint regions. Abbreviation: HT = humerothoracic.
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Table 1:

Mean glenoid-to-footprint minimum distances (± standard error) for the 2 supraspinatus pathology groups 

and across the 5 humerothoracic elevation angles assessed statistically. There were no significant differences 

between pathology groups (group-by-angle interaction: p=0.95, group main effect: p=0.90).

Supraspinatus pathology group

Humerothoracic elevation angle Intact (n=20) Torn (n=17)

90° 11.0 ± 1.0 mm 11.2 ± 1.2 mm

110° 5.2 ± 0.6 mm 5.3 ± 0.6 mm

130° 2.2 ± 0.2 mm 2.1 ± 0.3 mm

150° 1.3 ± 0.2 mm 1.4 ± 0.2 mm
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Table 2:

The results of the sensitivity analysis in which the prevalence of contact and the humeral angle at which 

the glenoid-to-footprint minimum distance fell below the estimated labral thickness were calculated after 

varying the estimation based on the standard deviation reported by Zanetti et al (0.46 mm).31 The angle of 

initial contact refers to the humerothoracic and glenohumeral angle at which the glenoid-to-footprint minimum 

distance fell below the estimated labral thickness, and are presented as mean ± SE.

Angle of Initial Contact

SD from mean Labral thickness Contact Prevalence Humerothoracic Glenohumeral

+3 5.68 mm 100% 108.4° ± 1.6° 72.6° ± 1.2°

+2 5.22 mm 100% 110.3° ± 1.7° 73.8° ± 1.2°

+1 4.76 mm 100% 112.5° ± 1.7° 75.1° ± 1.3°

0 4.3 mm 100% 114.6° ± 1.7° 76.4° ± 1.2°

−1 3.84 mm 97.3% 117.7° ± 1.7° 78.3° ± 1.2°

−2 3.38 mm 97.3% 119.9° ± 1.8° 79.4° ± 1.2°

−3 2.92 mm 97.3% 124.6° ± 2.1° 82.0° ± 1.2°
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