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Background: The rotator cuff muscles are critical secondary stabilizers in the shoulder. Increased glenoid retroversion and rota-
tor cuff strength have been associated with the risk of posterior shoulder instability; however, the effect of increased glenoid ret-
roversion on rotator cuff strength remains unclear.

Purpose/Hypothesis: The purpose was to examine the association between glenoid version and rotator cuff strength in the
shoulder in a young and healthy population with no history of shoulder instability. The hypothesis was that increased glenoid ret-
roversion would be associated with increases in rotator cuff muscle strength.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: A prospective cohort study was conducted over a 4-year period within a high-risk population to identify the risk factors
for shoulder instability. Analyzed participants included 574 freshmen entering a United States service academy. Baseline data
collected upon entry into the study included magnetic resonance imaging measurements of glenoid version. Rotator cuff strength
was also assessed at baseline using a handheld dynamometer. Internal and external rotation strength were assessed with the
glenohumeral joint positioned in neutral and in 45� of abduction. The current study represents an analysis of the baseline data
from this cohort.

Results: The mean age, height, and weight of participants was 18.77 6 0.97 years, 176.81 6 8.48 cm, and 73.80 6 12.45 kg,
respectively. The mean glenoid version at baseline was 7.79� 6 4.85� of retroversion. Univariate linear regression analyses dem-
onstrated that increased glenoid retroversion was associated with increased internal and external rotation strength of the rotator
cuff in neutral and 45� of abduction (P \ .001). Similar results were observed in multivariable models controlling for important
confounding variables.

Conclusion: The results of this study demonstrate that as glenoid retroversion increases, internal and external rotation strength of
the rotator cuff also increase in a young and healthy athletic population. These compensatory changes may contribute to
increased glenohumeral dynamic stability in the presence of worse static stability with increasing retroversion.
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The rotator cuff muscles are critical dynamic stabilizers in
the glenohumeral joint. In addition to generating the force
for arm movement, the rotator cuff muscles center the
humeral head within the glenoid fossa and resist superior
translation of the humeral head during abduction.4,11

Despite the important stabilizing role of the rotator cuff
muscles, it remains unclear how glenoid morphology
affects rotator cuff function in the shoulder.

The incidence of posterior shoulder instability in young
and active populations has been previously documented in
the literature.19 Furthermore, increased glenoid retrover-
sion has also been associated with the risk of posterior
shoulder instability.6,7,26,37 In addition to increased glenoid
retroversion, we recently observed that increased rotator
cuff strength was also associated with posterior shoulder
instability in a prospective cohort study.26 We hypothe-
sized that the observed increases in rotator cuff strength
may have been compensatory to the increased retroversion
observed in patients with posterior instability, caused by
the increased strain on the dynamic shoulder stabilizers;
however, the effect of increased glenoid retroversion on
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rotator cuff strength, particularly in healthy shoulders
with no history of instability, remains unclear.

Emerging evidence also suggests that glenoid version
may be associated with rotator cuff tears.13,33,34 Tetreault
et al33 noted that glenoid version likely has an effect on
the distribution of stress placed on the rotator cuff
muscles. They hypothesized that extreme glenoid version
angles may induce a constant anterior or posterior gliding
vector on the humeral head, which can lead to rotator cuff
injuries and failure in the area of the rotator cuff that is
kept under constant tension. Changes in glenoid version
may also alter the length-tension relationship, balance,
and resultant vector pull of the rotator cuff, resulting in
increased shear forces with increased retroversion.34

Regardless of these emerging data, the association
between glenoid version and rotator cuff strength has not
been systematically evaluated in the shoulder. The goal
of the current investigation was to further examine the
effect of glenoid version on rotator cuff strength in young
and physically active participants with no history of shoul-
der injuries. Specifically, the purpose of this study was to
examine the association between glenoid version and rota-
tor cuff strength in the shoulder. Our hypothesis was that
increased glenoid retroversion would be associated with
increases in rotator cuff muscle strength.

METHODS

Design and Setting

We conducted a prospective cohort study among cadets at
the United States Military Academy (USMA) at West Point
to identify the risk factors for shoulder instability.8,25,26

Participants were college freshmen entering the USMA
in the summer of 2006. Baseline data collected upon entry
into the study included bilateral magnetic resonance imag-
ing (MRI) measurements of glenoid version.9,26 Rotator
cuff strength was also assessed at baseline using a hand-
held dynamometer.38 This study represents a cross-
sectional analysis of the baseline data from this cohort to
examine the association between glenoid version and rota-
tor cuff strength in participants with no history of instabil-
ity at baseline or during the 4-year follow-up period.

Participants

A flow diagram of participant enrollment can be seen in
Figure 1. All 1311 members of the entering freshman class
of 2010 at the USMA were solicited to enroll in this cohort
study, and 80% (n = 1050) agreed to participate and pro-
vided informed consent. Of these 1050 participants, com-
plete baseline data were obtained for 714 participants. Of
the 714 participants, 630 (88%) were male, and 84 (12%)
were female, which is consistent with the general popula-
tion at the USMA.8 All participants were deemed healthy
and medically fit for military service before admission to
the academy through the Department of Defense Medical
Examination Review Board. In addition, there were few
physical examination findings associated with shoulder
instability noted at baseline within this cohort.8,27 Only
participants who completed all visits for data collection
were included in the final cohort (n = 574). For the purpo-
ses of the current analyses, participants with a history of
shoulder instability or surgical stabilization at baseline,
or who experienced an incident instability event during
their 4 years at the USMA, were excluded.

Glenoid Version Assessments

Imaging. MRI examinations were performed on a 1.5-T
imaging system (Intera; Philips) at baseline upon entry
into the study cohort using a phased array surface coil (Syn-
ergy Flex-M; Philips). Oblique coronal, turbo spin echo, fat-
suppressed T2-weighted scans were obtained (echo time
[TE]/repetition time [TR], 50/2000 msec; field of view
[FOV], 160-180 mm; slice, 4 mm; interslice gap, 0.4 mm;
matrix, 256 3 256; echo train length, 8-10; number of exci-
tations [NEX], 2). Additionally, an axial 3-dimensional fast
field echo sequence was performed (TE/TR, 9/18 msec; flip
angle, 15�; FOV, 160-180 mm; slice, 2.4 mm; slice overlap,
1.2 mm; matrix, 256 3 256; NEX, 2), from which multipla-
nar reformatted images in oblique coronal and oblique sag-
ittal planes were obtained at 1.3-mm intervals.

Interpretation of Images. All MRI scans were inter-
preted by a musculoskeletal radiologist with 7 years of
experience (S.E.C.), who was blinded to baseline strength
measurements and to clinical or imaging findings during
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the follow-up period. Quantitative and qualitative evalua-
tions of the glenoid were performed as part of the MRI
interpretation. Axial MRI scans were used to measure
the version angle of the osseous glenoid as previously
reported.20,23 This method has been shown to have excel-
lent reliability.20,23 At the level of the midglenoid, a first
line was drawn from the posteromedial margin of the scap-
ular body through the center of the glenoid. A second line
was drawn perpendicular to the first. A third line was
drawn from the anterior rim to the posterior rim of the
bony glenoid, and its angle relative to line 2 was measured
(Figure 2) as glenoid version.12,21,29,30 Glenoid retroversion
was recorded as a negative number and anteversion as
a positive number.

Rotator Cuff Strength Assessments

Bilateral isometric strength measurements were assessed
using a handheld dynamometer (Model 01163; Lafayette
Instrument Company) as described previously, and this
method has been reported to be valid and reliable in multi-
ple studies.15,17,32,39 For the isometric strength measure-
ments included in this study, interrater and intrarater
reliability ranged from good to excellent as reported previ-
ously by Westrick et al.38 Intraclass correlation coefficients
for interrater reliability ranged from 0.792 for external rota-
tion in neutral to 0.905 for internal rotation at 45� of abduc-
tion. Intraclass correlation coefficients for intrarater
reliability across trials were similar, ranging from 0.725 to
0.985 for rater 1, 0.631 to 0.969 for rater 2, and 0.776 to
0.957 for rater 3.32,38 Three researchers, who were blinded
to the baseline imaging results, obtained the strength mea-
surements. Before data collection, the researchers reviewed

and practiced the standardized testing protocol, testing
positions, and procedures for using the handheld dynamom-
eter devices. Testing variables known to influence the
results of muscle tests include joint position or muscle
length, gravity, and type of muscle test (break vs make).
These were accounted for in obtaining measurements.1

The strength measures included internal and external
rotation with participants seated in a neutral position (Fig-
ure 3) as well as internal and external rotation with partic-
ipants lying supine at 45� of glenohumeral abduction
(Figure 4).32,38 For all testing, participants were asked to
flex the elbow to 90�. The dynamometer was placed just
proximal to the radial styloid process of the wrist joint for
all measurements. Participants were asked to produce a 5-
second maximal contraction during each trial, that is,
a ‘‘make test’’ rather than a ‘‘break test.’’31,35 Two trials
were completed for each side in each position, and the trial
during which the greatest (peak) force in pounds was pro-
duced was used as a measure of muscular strength.5

Measurements of internal and external rotation were
obtained with participants seated and the upper extremity
in a neutral position. This position was chosen to replicate
the positions commonly used during clinical assessments.
Riemann and colleagues31 reported no difference between
seated neutral testing and seated supported testing of
the internal and external rotator musculature using hand-
held dynamometry.

Internal rotation at 45� and external rotation at 45� were
measured with participants in the supine position with the
shoulder abducted to 45� with 0� of flexion/extension. A bol-
ster was used to maintain neutral flexion/extension. The

Figure 2. Assessment of glenoid version on magnetic reso-
nance imaging. Line 1 represents the body of the scapula
and bisects the glenoid. Glenoid version (a) is measured as
the angle created by the intersection of line 2 (perpendicular
to line 1) and line 3 (plane of the osseous glenoid).

Subjects Approached 
for Enrollment 

(n = 1,311) 

Completed All Data 
Collec�on 
(n = 714) Excluded: 

History or New 
Instability 

 (n = 140) 

Declined to Enroll 
(n = 261) 

Informed Consent 
Obtained 

(n = 1,050) 

Included in Final 
Analysis 
(n = 574) 

Male 
(n = 512) 

Female 
(n = 62)  

Did Not Complete 
Baseline Data 

(n = 336) 

Figure 1. Flow diagram showing study participants available
for analysis.
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supine position was selected to stabilize the scapulothoracic
joint with the shoulder abducted to the scapular plane.
Supine positioning with abduction has been previously
described16 and is commonly used during manual muscle
testing of the rotators in the clinical setting. This position
also approximates rotator cuff function in a functional
plane.16

Statistical Analysis

Initially, means and SDs were calculated for continuous
variables, and frequencies and proportions were calculated
for categorical variables. The primary dependent variables
of interest in the current study were the 4 measurements
of rotator cuff strength. The independent predictor vari-
able was the degree of glenoid retroversion. All measure-
ments of rotator cuff strength and glenoid version were
approximately normally distributed, as were their resid-
uals, and met the assumptions for linear regression analy-
ses. Initially, univariate linear regression models were
used to evaluate the relationship between glenoid version
and the 4 measurements of rotator cuff muscle strength.
Subsequently, multivariable linear regression models
were independently developed for each of the 4 rotator
cuff muscle strength outcomes. In each case, the degree
of glenoid retroversion was included in all models as the
predictor of clinical interest. Other variables were included
in the model if they were statistically significant or if they
were confounders, as measured by a greater than 10%
change in the estimated coefficient for glenoid version. In
all models, height and weight were standardized for mea-
surements of strength. Interactions were included if statis-
tically significant, and all models were examined for
overall fit, appropriateness of assumptions, and influential
and poorly fit observations. In all 4 outcomes, 2 large val-
ues obtained from 1 participant (.30�) were of concern.

We chose to include these observations in all models after
examining the effect when they were removed. For most
outcomes, these observations did not change the final con-
clusions about the relationship between glenoid version
and rotator cuff muscle strength. In cases where there
was a change, leaving the observations in the data set
made the results less significant. As a result, leaving these
observations in the data set was the most conservative
approach in analyzing the data. In instances where the
results were less significant, we have also provided results
accounting for excluding these values. All statistical anal-
yses were conducted using STATA/SE software version
15.1 (StataCorp), and a type I error of P \ .05 was used
to assess statistical significance.

RESULTS

Of the 714 participants who completed baseline data collec-
tion, 140 were excluded from the current study for a history
of shoulder instability at baseline or experiencing an inci-
dent shoulder instability event during the 4-year follow-
up period. As a result, 574 participants (1148 shoulders),
including 62 female participants (11%), were included in
the cross-sectional analysis for the current study. The
mean age, height, and weight of participants was 18.77
6 0.97 years, 176.81 6 8.48 cm, and 73.80 6 12.45 kg,
respectively. The mean glenoid version at baseline (prein-
jury) was 7.79� 6 4.85� of retroversion in the study sample.

Glenoid version was associated with all 4 measures of
rotator cuff strength in univariate linear regression models
(Table 1). In general, increased glenoid retroversion was
associated with increased internal and external rotation
strength of the rotator cuff whether it was measured
seated in a neutral position or lying supine in 45� of abduc-
tion. Similar results were observed in multivariable linear
regression models controlling for the influence of the other

Figure 4. Measurement of internal rotation at 45� of abduc-
tion with the participant in a supine position, maintaining the
elbow and wrist in a neutral position and the handheld dyna-
mometer just proximal to the radial styloid process.

Figure 3. Measurement of external rotation at 0� of abduc-
tion with the participant in a seated position, maintaining
the elbow and wrist in a neutral position and the handheld
dynamometer just proximal to the radial styloid process.
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potentially important confounding or effect-modifying varia-
bles (ie, sex, age, race, arm dominance, height, and weight)
in the model. Although the effect of increased glenoid retro-
version on rotator cuff strength was consistent across all
measures (Figure 5), increased glenoid retroversion was
associated with significantly increased rotator cuff strength
for only 3 of the 4 measures examined in the current study
after controlling for the other variables in the model (Table
2). These measures of rotator cuff strength included internal
rotation strength while seated in a neutral position and
internal and external rotation strength assessed in the
supine position and 45� of abduction. While the association
between external rotation muscle strength (measured
seated in a neutral position) and glenoid version was not sig-
nificant in multivariable models, when 2 large values
obtained from 1 participant (bilateral dysplasia and .30�
of glenoid retroversion) were removed, the association was
statistically significant (P = .036). Mean increases in rotator
cuff muscle strength for each additional degree of glenoid
retroversion, along with 95% CIs, are presented in Table 2
for all 4 measures of rotator cuff strength. A 6� increase in
glenoid retroversion represents slightly more than a 1 SD
change in glenoid version. Using the multivariable models,
we also estimated the change in rotator cuff muscle strength
associated with a 6� increase in glenoid retroversion along
with 95% CIs (Table 2).

DISCUSSION

To our knowledge, this is the first study to examine the
association between glenoid version and rotator cuff mus-
cle strength in a young and physically active population

with no history of shoulder instability. We observed signif-
icantly greater internal and external rotation strength of
the rotator cuff in both neutral and 45� of glenohumeral
abduction with increasing glenoid retroversion in univari-
ate analyses. These findings were consistent in multivari-
able models that controlled for potentially important
confounding factors. This study also observed a progressive
increase in rotator cuff strength for each subsequent
degree of glenoid retroversion.

Studies have previously demonstrated an association
between increased glenoid retroversion and posterior gle-
nohumeral instability,6,7,37 suggesting that increased ret-
roversion is associated with decreased glenohumeral
stability in the posterior direction. Furthermore, in a recent
prospective study by Owens et al,26 an association between
posterior glenohumeral instability and increased rotator
cuff strength was observed. It was hypothesized that this
association was secondary to a compensatory response to
stabilize the glenohumeral joint as a result of inadequate
static stabilization with increasing glenoid retroversion.
The results of this study corroborate this observed associa-
tion between glenoid retroversion and rotator cuff strength
by showing a linear increase in the dynamic rotator cuff
stabilizers as the osseous anatomy becomes inherently
less stable. Consequently, this inherent instability may
likely also account for the increased strength seen in
both internal and external rotation. While the increased
internal rotation strength may be required to overcome
the mechanical disadvantage of the posteriorly oriented
glenoid, the increased external rotation strength seen in
this study may likely be compensatory to stabilize and bal-
ance the humeral head in relation to the glenoid and pre-
vent a subluxation event.

TABLE 1
Summary Statistics and Unadjusted Univariate Estimates of Regression

Coefficients for Each Rotator Cuff Muscle Strength Measurea

External Rotation
in Neutral

Internal Rotation
in Neutral

External Rotation
at 45�

Internal Rotation
at 45�

Mean 6 SD Coefficient P Value Coefficient P Value Coefficient P Value Coefficient P Value

Glenoid version –7.79 6 4.85 0.35 \.001 0.56 \.001 0.46 \.001 0.53 \.001

aRegression results for standardized height/weight.

TABLE 2
Association Between Increasing Glenoid Retroversion and Rotator Cuff

Muscle Strength in Multivariable Models Adjusted for Other Covariatesa

Change in Rotator Cuff Strength

P Value 1� Increase in Glenoid Retroversion (95% CI) 6� Increase in Glenoid Retroversion (95% CI)

External rotation in neutral .096 0.083 (–0.015 to 0.18) 0.497 (–0.09 to 1.08)
Internal rotation in neutral .040 0.144 (0.007 to 0.28) 0.862 (0.04 to 1.68)
External rotation at 45� .011 0.133 (0.031 to 0.23) 0.796 (0.19 to 1.41)
Internal rotation at 45� .028 0.137 (0.015 to 0.26) 0.822 (0.09 to 1.56)

aAdjusted for sex, age, race, arm dominance, height, and weight.
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Multiple studies have suggested that glenoid version
may also be associated with additional glenohumeral inju-
ries such as rotator cuff tears and early osteoarthritic
changes.10,13,30,34,36 The results of this study suggest that
increased glenoid retroversion can be associated with
increased rotator cuff strength. Although additional inves-
tigation is required, the increased strain seen by the rota-
tor cuff musculature may contribute to additional future
rotator cuff injuries because of the additional stresses
placed on the rotator cuff tendons above their physiological
failure point as a response to the increased compensatory
muscle strength and hypertrophic changes. The long-
term effects of pathological changes due to rotator cuff
loading were recently characterized by Donohue et al,10

who found increased fatty infiltration of the rotator cuff
musculature with increased glenoid retroversion and con-
comitant osteoarthritis in those patients indicated for
shoulder arthroplasty. After this, the compensatory rotator
cuff strength changes observed in this study, combined
with the loss of posterior stability of the glenohumeral joint
and the altered force vectors across the glenohumeral joint,
likely contribute to the increased posterior joint reaction
forces causing the posterior glenohumeral osteoarthritic
changes seen in older populations.24,36 This study was
not designed to look specifically at these changes; however,
further prospective investigation is needed to explore this

relationship as well as the relationship between increased
glenoid version/strength and rotator cuff injuries.

While the clinical significance of the observed association
between glenoid version and rotator cuff strength has not
yet been fully elucidated, the relationship between increased
glenoid retroversion and rotator cuff strength may have sev-
eral implications when considering the operative and nonoper-
ative management of shoulder injuries. The focus of many
shoulder rehabilitation protocols is on improving the dynamic
stabilizers around the shoulder, primarily the rotator cuff
muscles, while maintaining appropriate scapular dynamics
throughout range of motion. However, in patients with
increased glenoid retroversion in which the stabilizing rotator
cuff musculature already displays increased strength with
internal and external rotation of the shoulder, initial rehabil-
itation focused primarily on rotator cuff strengthening may be
less efficacious, and earlier stabilization may be warranted.

It remains unclear if the relationship between increased
glenoid retroversion and rotator cuff muscle strength con-
tributes to outcomes after glenohumeral stabilization pro-
cedures for posterior instability. Some reports suggest
that increased glenoid retroversion and associated poste-
rior glenoid bone loss may contribute to glenohumeral
arthritis and increased pathological rotator cuff fatty infil-
tration.10,36 While the posterior capsular tightening that
occurs after surgery may provide increased joint stability,

A

DC

B

Figure 5. Scatter plots with fitted regression lines for (A) internal and (B) external rotation strength measured while seated in
a neutral position and (C) internal and (D) external rotation strength measured while lying supine in 45� of abduction by glenoid
version.

1898 Cameron et al The American Journal of Sports Medicine



the increased overall strength at unbalanced force vectors in
cases with increased retroversion may lead to net joint over-
loading, articular cartilage damage, and rotator cuff degen-
eration. As such, some authors have proposed the use of
glenoid osteotomy to help address the primary pathological
lesion, the glenoid, rather than simply performing soft tis-
sue imbrication in isolation.2,14,28 While a theoretic advan-
tage of this procedure is that osteotomy would balance the
dynamic stabilizers across a less retroverted glenoid, which
may lead to more normal shoulder mechanics, optimal indi-
cations are still nebulous. Further research is needed to
determine the optimal management of shoulder injuries in
light of the observed relationship between increased glenoid
retroversion and increased rotator cuff strength in the cur-
rent study, particularly in cases of posterior glenohumeral
instability.

While the purpose of this study was to evaluate the rela-
tionship between glenoid version and rotator cuff strength in
a homogeneous population, this also may limit the external
validity of these findings, as our cohort was primarily a young
and athletic population in which female participants were
underrepresented. Multiple studies have shown a sexual
dimorphic effect in shoulder biomechanics that could influ-
ence the findings of this study. Consequently, additional
investigation into the relationship of glenoid version and
strength within female populations may be warranted.3,18,22

This study also excluded from analyses those participants
with a history of glenohumeral instability before enrollment
and those participants who sustained a glenohumeral insta-
bility event during the study period. While this may improve
this study’s ability to evaluate the effect of glenoid version on
rotator cuff strength in isolation, this also limits the study’s
ability to determine to what extent glenoid version and rota-
tor cuff strength contribute to pathological glenohumeral
kinematics. However, as Owens et al26 have shown that rota-
tor cuff strength increases were seen in posterior glenohum-
eral instability, the purpose of this study was to determine
the role that increased glenoid version has on overall rotator
cuff strength. Finally, we relied on isometric testing using
a handheld dynamometer in the current study, as isotonic
and isokinetic testing for over 700 participants in a short
amount of time were not feasible in this cohort at baseline.
While isometric testing with a handheld dynamometer is
common in clinical practice, the observed results may have
been different if we had evaluated isotonic or isokinetic meas-
ures of rotator cuff strength, which is a limitation of the cur-
rent study.

The main strength of this study is the size of the cohort
and its homogeneous population. We examined baseline
rotator cuff strength and glenoid version measurements
on MRI in 574 participants and 1148 healthy shoulders
to assess the relationship between glenoid version and
rotator cuff muscle strength. The population of this study
also mainly encompassed young, healthy athletic partici-
pants without concomitant shoulder injuries. As such,
the results of this study have significant internal validity
and allow for an accurate depiction of the association
between glenoid version and rotator cuff strength and
overall shoulder mechanics.

CONCLUSION

The results of this study demonstrate that as glenoid retrover-
sion increases, internal and external rotation strength of the
rotator cuff also increase in a young and healthy athletic pop-
ulation. These compensatory changes may contribute to
increased glenohumeral dynamic stability in the presence of
worse static stability with increasing retroversion. Further
investigation in a more heterogeneous population and an
examination of the strength-version relationship with subse-
quent pathological conditions in the shoulder appear to be
warranted.
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