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Rotator cuff tears are common, affecting about 50% 
of the population older than 60 years.1 Patients with 
rotator cuff tears are often treated nonoperatively with 

physical therapy, activity modification, and analgesics. In cases 
resistant to nonoperative interventions, surgical rotator cuff 
repair (RCR) is often performed. Provencher and colleagues2 
wrote that the goal of RCR is to “reconstitute glenohumeral 
joint [GHJ] function by restoring normal rotator cuff kinemat-
ics.” More generally, the goal of any clinical intervention for 
rotator cuff tears is to decrease or eliminate pain and restore 
normal shoulder function. 

Shoulder function can be evaluated in many ways. Clini-
cally, it is often characterized using objective measures (eg, 
range of motion,3-5 stability, strength6-9) and patient question-
naires that assess pain and function.10,11 In cadaveric studies, it is 
often characterized with measures of joint kinematics,12-14 joint 
forces or pressures,15-17 or soft-tissue stresses and strains.18-20 
Although the clinical outcome measures are valuable in evalu-
ating the efficacy of a particular therapeutic intervention, these 
outcomes do not necessarily provide any specific insight into 
the underlying GHJ function. In contrast, cadaveric studies 

provide detailed information about GHJ function and the role 
of individual factors in GHJ function, but these findings do 
not necessarily provide insight into complex in vivo clinical 
conditions.

It can be difficult to reconcile our understanding of clinical 
outcomes with our understanding of GHJ function. For example, 
investigators have reported good clinical outcomes (high pa-
tient satisfaction) of surgical repair of torn rotator cuffs despite 
incomplete rotator cuff healing.21,22 Similarly, anecdotal clinical 
reports of patients having normal shoulder function despite a 
documented full-thickness rotator cuff tear are not uncommon.

We previously reported finding relationships between clini-
cal outcomes and shoulder strength as well as GHJ motion 
in healthy control subjects and RCR patients.6 In that study, 
shoulder strength was normalized with respect to patients’ 
contralateral shoulder. However, about half the RCR patients 
had a documented rotator cuff tear in that shoulder, which 
may have affected shoulder strength and therefore confounded 
those results.

The primary objective of the present study was to fur-
ther analyze our earlier data6 by reporting shoulder strength 
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Rotator cuff tears are a common condition causing pain 
and disability, but the relationships among clinical mea-
sures of shoulder function and measures of glenohu-
meral joint (GHJ) function are not well known.

In the study reported here, dynamic in vivo GHJ 
motion was measured during abduction from biplane 
radiographs in 22 rotator cuff repair (RCR) patients and 
36 control subjects. Isometric shoulder strength was 
measured and clinical outcomes were assessed using 
the Western Ontario Rotator Cuff (WORC) Index. Asso-
ciations among WORC, GHJ motion, and several shoul-
der strength ratios were assessed with linear regression. 
An association was detected between higher ER/ABD 

(external rotation/coronal-plane abduction) strength 
ratio and a humerus positioned more inferiorly relative to 
the glenoid in control subjects and RCR patients. Higher 
ER/ABD strength ratio was also associated with better 
clinical outcome in RCR patients.

These findings suggest a relationship between ER/
ABD strength ratio and a more centrally located aver-
age superior/inferior contact center in RCR patients and 
control subjects. The ER/ABD strength ratio can be eas-
ily measured in a clinical setting and therefore can be 
used in larger studies to investigate its relation to clinical 
outcomes over time or perhaps to predict superior mi-
gration of the humeral head.
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ratios—an approach that normalizes measures of shoulder 
strength within the same shoulder—to assess the relationships 
among clinical outcome, shoulder strength, and measures of 
in vivo GHJ motion in the same shoulder.

Materials and Methods
The institutional review board of Henry Ford Hospital ap-
proved this study. After providing informed consent, 58 sub-
jects (22 patients, 36 controls) enrolled. The patients (mean 
age, 63.5 years; SD, 9.7 years) had arthroscopic surgical repair 
of an isolated supraspinatus tendon tear about 2 years before 
testing. In 16 of these patients, the rotator cuff tear occurred 
in the dominant shoulder. Each patient’s contralateral shoulder 
was asymptomatic. The controls (mean age, 30.2 years; SD,  
7.9 years) had no history of shoulder injury, surgery, or symp-
toms, and all reported normal bilateral shoulder function, with 
no history of shoulder injury or upper extremity surgery that 
could potentially compromise shoulder function.

Subjects were positioned with the shoulder centered within 
the 3-dimensional (3-D) imaging volume of a biplane radi-
ography system6,23-25 consisting of two 100-kW pulsed x-ray 
generators (CPX 3100CV; EMD Technologies, Saint-Eustache, 
Canada) and two 40-cm image intensifiers (AI5765HVP; Shi-
madzu, Kyoto, Japan) coupled to synchronized high-speed 
video cameras (Phantom v9.1; Vision Research, Wayne, New 
Jersey). Images were acquired at 60 Hz as subjects performed 
coronal-plane abduction from a position of adduction and 
neutral rotation to about 120° of abduction over 2 seconds. 
Measures of GHJ motion were averaged over 3 trials for each 
subject. Both shoulders were tested, and testing order was 
randomized. After testing, bilateral computed tomography 
(CT) scans of the entire humerus and scapula were acquired 
(LightSpeed 16; GE Medical Systems, Piscataway, New Jersey). 
The scans had a slice thickness of 1.25 mm and an in-plane 
resolution of about 0.5 mm per pixel. The humerus and scapula 
were manually segmented from other bones and soft-tissue 
and reconstructed into a 3-D bone model (Mimics 10.1; Ma-
terialise, Leuven, Belgium).

GHJ motion was assessed by tracking the 3-D position of the 
humerus and scapula from images acquired from the biplane 
radiography system. This model-based tracking technique 
has been shown to track 3-D shoulder motion to an accu-
racy of ± 0.4 mm and ± 0.5°.26 As previously described,6,24,27,28 
GHJ contact patterns were estimated for each shoulder by 
combining joint motion measured from the biplane radio-
graphs with the subject-specific bone models. Specifically, 
the GHJ contact center was estimated by calculating the min-
imum distance between the glenoid and humerus at every 
point on the glenoid, and then determining the centroid of 
this distance map. The contact center was expressed relative 
to a glenoid-based coordinate system, and the process was 
repeated for all frames of every trial. These calculations re-
sulted in a contact path—a time series of GHJ contact center 
data. These data were used to determine the dynamic contact 
location by calculating the average anterior/posterior (A/P) 

contact center and the average superior/inferior (S/I) contact 
center over each trial. Dynamic joint excursion—amount of 
GHJ translation during shoulder motion—was estimated by 
calculating the A/P and S/I contact center range over each 
trial. To account for differences in subject size, these joint 
contact center data were normalized relative to each shoulder’s  
glenoid height (in S/I direction) and width (in A/P direction) 
as determined from the subject-specific bone models.

As previously described,6,29 isometric shoulder strength was 
tested using an isokinetic dynamometer (System 2; Biodex 
Medical Systems, Shirley, New York). Strength testing was 
performed for coronal-plane abduction (ABD) at 30° of ab-
duction, sagittal-plane elevation (ELEV) at 30° of elevation, 
internal rotation (IR) at 15° of frontal-plane elevation and 0° of 
humeral rotation, and external rotation (ER) at 15° of frontal-
plane elevation and 0° of humeral rotation. Three trials were 
performed at each position; the average of the 3 trials was 
recorded as the subject’s maximum strength. Both shoulders 
were tested, and testing order was randomized.

To investigate potential relationships between shoulder 
strength and GHJ motion, it was first necessary to normalize 
the strength data to account for gross differences in strength 
between subjects. Although this is often accomplished by ex-
pressing strength in a shoulder relative to the contralateral 
shoulder, as was done in our previous study,6 this approach is 
not applicable when attempting to assess relationships between 
shoulder strength and joint motion within the same shoulder. 

Consequently, we used the strength data from within each 
shoulder to calculate strength ratios that estimate a contribu-
tion of the rotator cuff to overall shoulder strength. These 
strength ratios were defined as ER/ABD, ER/ELEV, (ER+IR)/
ABD, (ER+IR)/ELEV, and (ER+IR)/(ABD+ELEV). To mathemat-
ically estimate the role of the rotator cuff, the numerator in 
each strength ratio uses measures of ER and IR strength, which 
electromyographic (EMG) studies have indicated are accom-
plished primarily by rotator cuff muscles.30-33 The denominator 
of each ratio then uses measures of ABD and ELEV strength, as 
EMG studies have indicated that these actions are accomplished 
primarily by the deltoid muscles and that the rotator cuff plays 
a secondary role. This approach is further supported by nerve 
block studies; Gerber and colleagues34 reported that temporary 

The glenohumeral joint contact 
center was estimated by calculating 
the minimum distance between the 

glenoid and humerus at every point on 
the glenoid, and then determining the 

centroid of this distance map.
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paralysis of the infraspinatus reduced ER strength by 70% and 
ABD strength by only 45%. Thus, the strength ratios are for-
mulated as (rotator cuff)/(rotator cuff + deltoids). 

After testing, clinical outcomes were assessed using the 
Western Ontario Rotator Cuff (WORC) Index. The WORC In-
dex is a disease-specific quality-of-life subjective assessment 
that provides a cumulative score based on the domains of 
physical symptoms, sport/recreation, work function, lifestyle 
function, and emotional function.35 Lower scores indicate a 
more satisfactory clinical outcome.

For each strength ratio, its association with the WORC In-
dex, joint contact centers (A/P, S/I), and joint contact ranges 

(A/P, S/I) was assessed with linear regression and cor-
relation. The association between the WORC Index and 
the joint contact centers and ranges was assessed with 
linear regression and correlation. Differences in mean 
strength ratios between control subjects and RCR pa-
tients were assessed with t test. Significance was set at P 
< .05 and trends at P < .1.

Results

Strength Ratios Versus GHJ Joint Motion
Overall, the data indicated relatively few associa-
tions between the strength ratios and measures of 
GHJ motion (Table I). The ER/ABD strength ra-
tio was significantly associated with the average 
S/I contact center in the control subjects (r = –0.34, 
P = .05; Figure 1). This relationship demonstrated a statis-
tical trend in the RCR patients (r = –0.37, P = .10; Figure 1). 
Specifically, higher ER/ABD strength ratio was associ-
ated with the humerus being positioned more inferiorly 
relative to the glenoid.

The A/P joint contact center range was significantly as-
sociated with 3 of the strength ratios in the RCR patients (Table 
I, Figure 2). Specifically, the range of the A/P joint contact cen-
ter was significantly associated with the (ER+IR)/ABD strength 
ratio (r = –0.54, P = .01), the (ER+IR)/ELEV strength ratio 
(r = –0.46, P = .04), and the (ER+IR)/(ABD+ELEV) strength 
ratio (r = –0.55, P = .01). In each case, higher strength ratio 
was associated with lower A/P joint contact center range.

Strength Ratios Versus Clinical Outcome
The ER/ABD strength ratio was also associated with the  
WORC Index in the RCR patients (P = .04, Figure 3). Spe-

Table I. Correlation Coefficients and P Values (in Parentheses) for Associations Among 5 Strength Ratios, 
Measures of GHJ Motion, and Clinical Outcome as Reported Using WORC Index

Strength Ratio

Control Subjects’
Dominant Shoulder

Rotator Cuff Patients’
Repaired Shoulder

Mean Joint
Contact Center

Range of Joint
Contact Center

Mean Joint
Contact Center

Range of Joint
Contact Center

WORC IndexA/P S/I A/P S/I A/P S/I A/P S/I

ER/ABD –0.23
(0.27)

–0.34a

(0.05)
–0.12
(0.50)

–0.06
(0.72)

–0.15
(0.51)

–0.37b

(0.10)
–0.20
(0.37)

0.11
(0.66)

–0.46a

(0.04)

ER/ELEV –0.07
(0.19)

–0.10
(0.57)

–0.20
(0.26)

–0.19
(0.28)

0.19
(0.42)

–0.19
(0.41)

–0.15
(0.50)

0.04
(0.89)

–0.14
(0.54)

(ER+IR)/ABD –0.23
(0.36)

–0.02
(0.91)

–0.15
(0.39)

–0.27
(0.12)

–0.35
(0.12)

–0.40
(0.08)

–0.54a

(0.01)
0.05
(0.81)

–0.20
(0.38)

(ER+IR)/ELEV –0.16
(0.34)

–0.06
(0.72)

–0.12
(0.51)

–0.26
(0.13)

0.07
(0.75)

–0.13
(0.59)

–0.46a

(0.04)
0.03
(0.91)

0.25
(0.27)

(ER+IR)/(ABD+ELEV) –0.14
(0.33)

–0.05
(0.76)

–0.14
(0.43)

–0.31b

(0.07)
–0.12
(0.59)

–0.27
(0.24)

–0.55a

(0.01)
0.05
(0.83)

0.07
(0.76)

Abbreviations: ABD, coronal-plane abduction; A/P, anterior/posterior; ELEV, sagittal-plane elevation; ER, external rotation; GHJ, glenohumeral joint; IR, internal rotation; S/I, superior/inferior; 
WORC, Western Ontario Rotator Cuff.
aP ≤ .05. bP ≤ .10.
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Figure 1. Higher ER/ABD (external rotation/coronal-plane abduction) 
strength ratio was associated with the humerus being positioned more 
inferiorly relative to the glenoid.
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cifically, higher ER/ABD strength ratio was associated 
with a better clinical outcome. This relationship was 
not available in the control subjects, as only RCR patients 
completed the WORC questionnaire. 

Strength Ratios
The study failed to detect a statistically significant differ-
ence between control subjects and RCR patients in any 
of the 5 strength ratios (P > .13, Table II). 

Discussion
Our objective in this study was to further analyze previ-
ously reported data6 by reporting shoulder strength ra-
tios—an approach that normalizes measures of shoulder 
strength within the same shoulder—to assess the rela-
tionships among clinical outcome, shoulder strength, 
and measures of in vivo GHJ motion in the same shoul-
der. The conclusions of our previous study6 were not 
altered by this secondary analysis of the data, but this 
new approach with strength ratios allowed us to identify 
ER/ABD as an important outcome measure, as it was 
significantly associated with measures of both GHJ mo-
tion and clinical outcome. However, relatively few other 
statistically significant associations were found among 
the other outcome measures. 

Although this study did not detect a statistically sig-
nificant difference between control subjects and RCR 
patients in any of the 5 strength ratios (P > .13), it is 
important to recognize that there was considerable vari-
ability in the strength ratios within each subject popula-
tion (Table II). Specifically, the coefficient of variation 
of the mean strength ratios ranged from 23% to 35% in 
the RCR patients and from 27% to 37% in the control 
subjects (Table II). These values are consistent with those 
reported by Hughes and colleagues.36 In their study, the 
coefficient of variability in the dominant shoulder of 
healthy volunteers ranged from 24% to 40%, depending 
on the specific strength ratio measurement. Our inter-
pretation of this finding is that the mean of strength 
ratios is an ineffective measure for differentiating these 
particular subject populations.

The finding demonstrating the relationship between 
the ER/ABD strength ratio and GHJ motion suggests 
that high ER strength may contribute significantly to 
positioning the humerus centrally on the glenoid. This in-
terpretation is consistent with the concept that the rotator 
cuff’s transverse force couple—the coupling of anterior (sub-
scapularis) and posterior (infraspinatus, teres minor) muscle 
forces—may be sufficient to stabilize the humerus against the 
glenoid even when the supraspinatus tendon is torn.37 Thus, 
low ER strength may allow the humerus to translate superiorly 
relative to the glenoid. Alternatively, this relationship between 
ER/ABD strength ratio and GHJ motion may indicate that a 
humerus positioned more inferiorly on the glenoid is capable 
of generating higher ER strength. The articular surfaces of the 
humerus and glenoid are highly congruent,38 and thus it is 

likely that the most stable base of support for generating high 
forces occurs when the humerus is located most centrally rela-
tive to the glenoid.

The finding that suggests that ER strength may help center 
the humerus on the glenoid is interesting, particularly when 
considering age-related changes in strength. Previous research 
has suggested that there may be a preferential loss in ER strength 
with age. Specifically, Hughes and colleagues29 reported that ER 
strength decreases about 40% from age 20 years to 70 years. In 
contrast, ABD strength was reported to decrease by only 31% 
from age 20 years to 70 years.29 If there is a preferential loss of 
ER strength with age, then the ER/ABD strength ratio should 
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Figure 3. Higher ER/ABD (external rotation/coronal-plane abduction) 
strength ratio 24 months after surgery was associated with better clini-
cal outcome.
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Figure 2. Range of A/P (anterior/posterior) joint contact center was as-
sociated with 3 calculated strength ratios: (ER+IR)/ABD, (ER+IR)/ELEV, 
and (ER+IR)/(ABD+ELEV). (ER indicates external rotation; IR, internal 
rotation; ABD, coronal-plane abduction; ELEV, sagittal-plane elevation.) 
In each case, higher strength ratio was associated with lower range of 
A/P joint contact center.
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decrease with age, resulting in superior migration of the hu-
merus relative to the glenoid. Development of rotator cuff tears 
has been postulated to be associated with altered GHJ motion 
(subacromial impingement39). The importance of ER strength 
and the probability that ER strength decreases with age or with a 
rotator cuff tear highlight the importance of using a ratio to nor-
malize strength within the same shoulder. Compromise of the 
ER strength of the contralateral shoulder may alter the resultant 
measure of ER strength on the side of interest. The findings here 
suggest that changes in strength—more specifically, a decrease 
in the ER/ABD strength ratio—may contribute to subacromial 
impingement and development of a rotator cuff tear.

A wide variety of therapeutic interventions can be used 
to manage rotator cuff tears. Exercises aimed at increasing 
shoulder strength are an important component of most physi-
cal therapy protocols,40 even though there have been mixed 
research results regarding the efficacy of physical therapy for 
increasing shoulder strength.41,42 The association reported here, 
between the ER/ABD strength ratio and the S/I contact center, 
suggests that even relatively small increases in ER strength may 
be sufficient to reposition the humerus more centrally on the 
glenoid. Given that the subacromial space has been reported to 
range from 5 mm to 10 mm, depending on arm position,23,43 
it is plausible that subtle changes in GHJ position could have 
relatively large effects on the subacromial space and the cor-
responding pain that occurs with impingement.

The statistically significant association between the A/P 
joint contact center range and the 3 strength ratios in the RCR 
patients was an unexpected finding. In particular, the higher 
strength ratios—suggesting higher ER and IR strength as a 
percentage of overall shoulder strength—were significantly 
associated with a lower range of the A/P joint contact center. 
This association was statistically significant only in the RCR 
patients, not in the control subjects—suggesting there may be 
differences in neuromuscular control strategies between these 
populations. This interpretation would be consistent with pre-
vious research, in which patients with chronic rotator cuff 
tears were found to have altered muscle activation patterns44 
and corticospinal excitability45 in comparison with healthy 
volunteers. It is plausible that GHJ stability decreases as a result 
of a rotator cuff tear, or of age-related changes in the passive 
stabilizers,46 and that A/P stability thus becomes more highly 
dependent on the dynamic stability provided by the internal 
(subscapularis) and external (infraspinatus, teres minor) rota-
tors. This explanation is further supported by the observation 
that only the strength ratios that included components of both 
ER and IR strength were significantly associated with the A/P 
joint contact center range, suggesting that both ER strength and 
IR strength together are important in minimizing A/P motion.

 The finding that increased shoulder strength is related to 
better clinical outcome is not unprecedented. Nho and col-
leagues47 reported that increased shoulder strength was predic-
tive of better American Shoulder and Elbow Surgeons (ASES) 
scores. Similarly, elevation strength and abduction strength 
have been shown to be associated with WORC Index scores.48 
However, though measures of shoulder strength and clinical 
outcome are often reported together as part of the overall as-
sessment of shoulder function after RCR,3 associations between 
strength and clinical outcome measures are reported far less 
often. To our knowledge, the present study is the first to report 
measures of shoulder strength normalized within the same 
shoulder and to relate them to both clinical outcome and in 
vivo measures of shoulder motion in that same shoulder. This 
is an important first step in further elucidating the relation-
ships among shoulder strength, shoulder motion, and clinical 
outcomes.

Table II. Descriptive Statistics Comparing 5 Strength Ratios Between Control Subjects and RCR Patientsa

Strength Ratio

Control Subjects’ 
Dominant Shoulder

Rotator Cuff Patients’
Repaired Shoulder

PMean SD Min Max Mean SD Min Max

ER/ABD 0.52 0.14 0.25 0.93 0.53 0.17 0.18 0.79 .83

ER/ELEV 0.51 0.17 0.21 0.99 0.46 0.16 0.21 0.76 .30

(ER+IR)/ABD 1.62 0.44 0.74 3.46 1.80 0.42 0.94 2.48 .13

(ER+IR)/ELEV 1.58 0.59 0.82 3.73 1.58 0.44 0.73 2.39 .96

(ER+IR)/(ABD+ELEV) 0.79 0.23 0.42 1.74 0.83 0.18 0.41 1.17 .46

Abbreviations: ABD, coronal-plane abduction; ELEV, sagittal-plane elevation; ER, external rotation; IR, internal rotation; RCR, rotator cuff repair.
aStudy failed to detect difference between control subjects and rotator cuff repair patients in any strength ratio mean values (P > .13).

The association reported here, 
between the ER/ABD strength ratio and 

the S/I contact center, suggests that even 
relatively small increases in ER strength 

may be sufficient to reposition the 
humerus more centrally on the glenoid.
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Associations among shoulder (or muscle) strength and 
shoulder motion have been investigated using several experi-
mental approaches, but none of these approaches are without 
limitations. For example, research has been conducted to estab-
lish associations between shoulder strength and gross joint ki-
nematics measured using optical motion-capture systems,49,50 
but these conventional motion-capture techniques, which use 
skin-mounted markers, are susceptible to skin motion and 
therefore have limited accuracy in assessing GHJ motion. In 
addition, cadaveric studies have explored the relationships be-
tween simulated muscle forces and GHJ motion or stability,51,52 
but the extent to which these applied muscle forces reproduce 
in vivo conditions remains largely unknown. Although our 
approach overcomes many of these limitations by providing 
accurate (±0.5 mm, ±0.5°26) measures of GHJ motion under 
dynamic in vivo conditions, a limitation of this study and all 
in vivo studies is that techniques for accurately measuring 
individual muscle forces do not exist.

This study has several other limitations. First, there was a 
significant difference in mean age between the control and pa-
tient populations, and therefore we cannot exclude the possi-
bility that population differences are due solely to a rotator cuff 
tear and surgical repair. The rationale for selecting a younger 
control population was that the prevalence of asymptomatic 
rotator cuff tears in an older population makes it difficult to 
obtain a control population of age-matched subjects.1 However, 
the primary study objective was not to make direct statistical 
comparisons between control and patient populations but to 
assess associations among shoulder strength, GHJ motion, and 
clinical outcomes in 2 subject populations. Another limitation 
was that the extent to which maximum isometric strength 
can be used to predict muscle function during a submaximal 
shoulder task is unknown. Last, the technique used to estimate 
GHJ contact patterns does not include articular cartilage, so we 
based our estimates of joint contact locations only on bone. 
However, the same technique was applied to all patients and 
control subjects, so the relative differences remain comparable.

Conclusion
This study builds on our previous findings by introducing 
the concept of shoulder strength ratios, which allow shoulder 
strength to be normalized in a way that is not influenced by 
the condition of the contralateral shoulder. With use of these 
ratios, relationships between strength and motion within the 
same shoulder can be investigated; we found that higher ER/
ABD strength ratio is related to a more centrally located aver-
age S/I contact center in both postoperative RCR patients and 
control subjects. In addition, a significant relationship was 
established between this strength ratio and patient-assessed 
clinical outcome. The ER/ABD strength ratio has clinical utility, 
as ER strength and ABD strength can be easily measured (either 
qualitatively or quantitatively) in a clinical setting and could 
therefore be used in larger studies to investigate its relation 
to clinical outcomes over time or perhaps to predict superior 
migration of the humeral head. These findings improve our 
understanding of shoulder function by demonstrating im-

portant relationships among shoulder strength, in vivo joint 
motion, and clinical outcome in the same shoulder.

Dr. Peltz is Instructor, Mr. Haladik is Research Engineer, and Mr. 
Hoffman, Mr. McDonald, and Ms. Ramo are students, Bone and 
Joint Center, Henry Ford Hospital, Detroit, Michigan. Dr. Moutzou-
ros is Attending Orthopaedic Surgeon, Department of Orthopaedic 
Surgery, Henry Ford Hospital, Detroit, Michigan. Dr. Bey is Associ-
ate Scientist, Bone and Joint Center, Henry Ford Hospital, Detroit, 
Michigan.

Address correspondence to: Cathryn D. Peltz, PhD, Bone and Joint 
Center, Henry Ford Hospital, 2799 W Grand Blvd, Detroit, MI 48202 
(tel, 313-916-8680; fax, 313-916-8812; e-mail, cpeltz1@hfhs.org).

Am J Orthop. 2014;43(5):220-226. Copyright Frontline Medical Com-
munications Inc. 2014. All rights reserved.

References
1. Yamamoto A, Takagishi K, Osawa T, et al. Prevalence and risk factors 

of a rotator cuff tear in the general population. J Shoulder Elbow Surg. 
2010;19(1):116-120.

2. Provencher MT, Kercher JS, Galatz LM, Elattrache NS, Frank RM, Cole 
BJ. Evolution of rotator cuff repair techniques: are our patients really 
benefiting? Instr Course Lect. 2011;60:123-136.

3. Ellenbecker TS, Elmore E, Bailie DS. Descriptive report of shoulder range 
of motion and rotational strength 6 and 12 weeks following rotator cuff 
repair using a mini-open deltoid splitting technique. J Orthop Sports 
Phys Ther. 2006;36(5):326-335.

4. McCabe RA, Nicholas SJ, Montgomery KD, Finneran JJ, McHugh MP. 
The effect of rotator cuff tear size on shoulder strength and range of mo-
tion. J Orthop Sports Phys Ther. 2005;35(3):130-135.

5. Gerber C, Werner CM, Macy JC, Jacob HA, Nyffeler RW. Effect of selec-
tive capsulorrhaphy on the passive range of motion of the glenohumeral 
joint. J Bone Joint Surg Am. 2003;85(1):48-55.

6. Bey MJ, Peltz CD, Ciarelli K, et al. In vivo shoulder function after surgical 
repair of a torn rotator cuff: glenohumeral joint mechanics, shoulder 
strength, clinical outcomes, and their interaction. Am J Sports Med. 
2011;39(10):2117-2129.

7. Rokito AS, Birdzell MG, Cuomo F, Di Paola MJ, Zuckerman JD. Recovery 
of shoulder strength and proprioception after open surgery for recurrent 
anterior instability: a comparison of two surgical techniques. J Shoulder 
Elbow Surg. 2010;19(4):564-569.

8. Kim HM, Teefey SA, Zelig A, Galatz LM, Keener JD, Yamaguchi K. Shoul-
der strength in asymptomatic individuals with intact compared with torn 
rotator cuffs. J Bone Joint Surg Am. 2009;91(2):289-296.

9. Bigoni M, Gorla M, Guerrasio S, et al. Shoulder evaluation with isokinetic 
strength testing after arthroscopic rotator cuff repairs. J Shoulder Elbow 
Surg. 2009;18(2):178-183.

10. American Academy of Orthopedic Surgeons. Optimizing the Manage-
ment of Rotator Cuff Problems: Guidelines and Evidence Report. Rose-
mont, IL: American Academy of Orthopedic Surgeons; 2010.

11. Seida JC, LeBlanc C, Schouten JR, et al. Systematic review: nonopera-
tive and operative treatments for rotator cuff tears. Ann Intern Med. 
2010;153(4):246-255.

12. Youm T, ElAttrache NS, Tibone JE, McGarry MH, Lee TQ. The effect of 
the long head of the biceps on glenohumeral kinematics. J Shoulder 
Elbow Surg. 2009;18(1):122-129.

13. Kedgley AE, Mackenzie GA, Ferreira LM, Johnson JA, Faber KJ. In vitro 
kinematics of the shoulder following rotator cuff injury. Clin Biomech. 
2007;22(10):1068-1073.

14. Huffman GR, Tibone JE, McGarry MH, Phipps BM, Lee YS, Lee TQ. Path 
of glenohumeral articulation throughout the rotational range of motion in 
a thrower’s shoulder model. Am J Sports Med. 2006;34(10):1662-1669.

15. Creighton RA, Cole BJ, Nicholson GP, Romeo AA, Lorenz EP. Effect of 
lateral meniscus allograft on shoulder articular contact areas and pres-
sures. J Shoulder Elbow Surg. 2007;16(3):367-372.

16. Karduna AR, Kerner PJ, Lazarus MD. Contact forces in the subacro-
mial space: effects of scapular orientation. J Shoulder Elbow Surg. 
2005;14(4):393-399.

17. Gupta R, Lee TQ. Positional-dependent changes in glenohumeral joint 
contact pressure and force: possible biomechanical etiology of posterior 
glenoid wear. J Shoulder Elbow Surg. 2005;14(1 suppl S):105S-110S.

AJO 
DO NOT COPY



226    The American Journal of Orthopedics®  May 2014  www.amjorthopedics.com

Associations Among Shoulder Strength, Glenohumeral Joint Motion, and Clinical Outcome

18. Debski RE, Imhoff AB, Warner JP, et al. Determination of in-situ length 
changes of the glenohumeral ligaments during abduction. ASME Adv 
Bioeng. 1995;31:9-10.

19. Malicky DM, Soslowsky LJ, Bey MJ, Mouro CM, Kuhn JE. Strain fields 
of the inferior glenohumeral ligament surface in a subluxed shoulder: a 
stereoradiogrammetric study. ASME Adv Bioeng. 1998;39:25.

20. Moore SM, Ellis B, Weiss JA, McMahon PJ, Debski RE. The glenohumer-
al capsule should be evaluated as a sheet of fibrous tissue: a validated 
finite element model. Ann Biomed Eng. 2010;38(1):66-76.

21. Galatz LM, Ball CM, Teefey SA, Middleton WD, Yamaguchi K. The 
outcome and repair integrity of completely arthroscopically repaired large 
and massive rotator cuff tears. J Bone Joint Surg Am. 2004;86(2):219-224.

22. Harryman DT 2nd, Mack LA, Wang KY, Jackins SE, Richardson ML, Mat-
sen FA 3rd. Repairs of the rotator cuff. Correlation of functional results 
with integrity of the cuff. J Bone Joint Surg Am. 1991;73(7):982-989.

23. Bey MJ, Brock SK, Beierwaltes WN, Zauel R, Kolowich PA, Lock TR. In 
vivo measurement of subacromial space width during shoulder elevation: 
technique and preliminary results in patients following unilateral rotator 
cuff repair. Clin Biomech. 2007;22(7):767-773.

24. Bey MJ, Kline SK, Zauel R, Kolowich PA, Lock TR. In vivo measurement 
of glenohumeral joint contact patterns. EURASIP J Adv Signal Process-
ing. 2010;2010(162136):1-6.

25. Bey MJ, Kline SK, Zauel R, Lock TR, Kolowich PA. Measuring dynamic 
in-vivo glenohumeral joint kinematics: technique and preliminary results. 
J Biomech. 2008;41(3):711-714.

26. Bey MJ, Zauel R, Brock SK, Tashman S. Validation of a new model-
based tracking technique for measuring three-dimensional, in vivo 
glenohumeral joint kinematics. J Biomech Eng. 2006;128(4):604-609.

27. Anderst WJ, Tashman S. A method to estimate in vivo dynamic articular 
surface interaction. J Biomech. 2003;36(9):1291-1299.

28. Marai GE, Laidlaw DH, Demiralp C, Andrews S, Grimm CM, Crisco JJ. 
Estimating joint contact areas and ligament lengths from bone kinematics 
and surfaces. IEEE Trans Biomed Eng. 2004;51(5):790-799.

29. Hughes RE, Johnson ME, O’Driscoll SW, An KN. Age-related changes in 
normal isometric shoulder strength. Am J Sports Med. 1999;27(5):651-657.

30. Alpert SW, Pink MM, Jobe FW, McMahon PJ, Mathiyakom W. Electro-
myographic analysis of deltoid and rotator cuff function under varying 
loads and speeds. J Shoulder Elbow Surg. 2000;9(1):47-58.

31. Hintermeister RA, Lange GW, Schultheis JM, Bey MJ, Hawkins RJ. 
Electromyographic activity and applied load during shoulder rehabilitation 
exercises using elastic resistance. Am J Sports Med. 1998;26(2):210-220.

32. Kelly BT, Roskin LA, Kirkendall DT, Speer KP. Shoulder muscle activation 
during aquatic and dry land exercises in nonimpaired subjects. J Orthop 
Sports Phys Ther. 2000;30(4):204-210.

33. McCann PD, Wootten ME, Kadaba MP, Bigliani LU. A kinematic and 
electromyographic study of shoulder rehabilitation exercises. Clin Orthop. 
1993;(288):179-188.

34. Gerber C, Blumenthal S, Curt A, Werner CM. Effect of selective experi-
mental suprascapular nerve block on abduction and external rotation 
strength of the shoulder. J Shoulder Elbow Surg. 2007;16(6):815-820.

35. Kirkley A, Alvarez C, Griffin S. The development and evaluation of a disease-

specific quality-of-life questionnaire for disorders of the rotator cuff: the 
Western Ontario Rotator Cuff Index. Clin J Sport Med. 2003;13(2):84-92.

36. Hughes RE, Johnson ME, O’Driscoll SW, An KN. Normative values of 
agonist-antagonist shoulder strength ratios of adults aged 20 to 78 years. 
Arch Phys Med Rehabil. 1999;80(10):1324-1326.

37. Payne LZ, Deng XH, Craig EV, Torzilli PA, Warren RF. The combined 
dynamic and static contributions to subacromial impingement. A biome-
chanical analysis. Am J Sports Med. 1997;25(6):801-808.

38. Soslowsky LJ, Flatow EL, Bigliani LU, Mow VC. Articular geometry of the 
glenohumeral joint. Clin Orthop. 1992;(285):181-190.

39. Jobe CM. Superior glenoid impingement. Orthop Clin North Am. 
1997;28(2):137-143.

40. Kibler WB, McMullen J, Uhl T. Shoulder rehabilitation strategies, guide-
lines, and practice. Orthop Clin North Am. 2001;32(3):527-538.

41. Baydar M, Akalin E, El O, et al. The efficacy of conservative treat-
ment in patients with full-thickness rotator cuff tears. Rheumatol Int. 
2009;29(6):623-628.

42. Kuhn JE. Exercise in the treatment of rotator cuff impingement: a system-
atic review and a synthesized evidence-based rehabilitation protocol.  
J Shoulder Elbow Surg. 2009;18(1):138-160.

43. Graichen H, Bonel H, Stammberger T, Englmeier KH, Reiser M, Eckstein 
F. Subacromial space width changes during abduction and rotation—a 
3-D MR imaging study. Surg Radiol Anat. 1999;21(1):59-64.

44. Kelly BT, Williams RJ, Cordasco FA, et al. Differential patterns of muscle 
activation in patients with symptomatic and asymptomatic rotator cuff 
tears. J Shoulder Elbow Surg. 2005;14(2):165-171.

45. Berth A, Pap G, Neuman W, Awiszus F. Central neuromuscular dysfunc-
tion of the deltoid muscle in patients with chronic rotator cuff tears.  
J Orthop Traumatol. 2009;10(3):135-141.

46. Pfahler M, Haraida S, Schulz C, et al. Age-related changes of the glenoid 
labrum in normal shoulders. J Shoulder Elbow Surg. 2003;12(1):40-52.

47. Nho SJ, Shindle MK, Adler RS, Warren RF, Altchek DW, Macgillivray JD. 
Prospective analysis of arthroscopic rotator cuff repair: subgroup analy-
sis. J Shoulder Elbow Surg. 2009;18(5):697-704.

48. Harris JD, Pedroza A, Jones GL; MOON (Multicenter Orthopedic 
Outcomes Network) Shoulder Group. Predictors of pain and function in 
patients with symptomatic, atraumatic full-thickness rotator cuff tears: a 
time-zero analysis of a prospective patient cohort enrolled in a structured 
physical therapy program. Am J Sports Med. 2012;40(2):359-366.

49. Hibberd EE, Oyama S, Spang JT, Prentice W, Myers JB. Effect of a 
6-week strengthening program on shoulder and scapular-stabilizer 
strength and scapular kinematics in division I collegiate swimmers.  
J Sport Rehabil. 2012;21(3):253-265.

50. Hurd WJ, Kaufman KR. Glenohumeral rotational motion and strength and 
baseball pitching biomechanics. J Athl Train. 2012;47(3):247-256.

51. Malicky DM, Soslowsky LJ, Blasier RB, Shyr Y. Anterior glenohumeral 
stabilization factors: progressive effects in a biomechanical model.  
J Orthop Res. 1996;14(2):282-288.

52. Soslowsky LJ, Malicky DM, Blasier RB. Active and passive factors in 
inferior glenohumeral stabilization: a biomechanical model. J Shoulder 
Elbow Surg. 1997;6(4):371-379.

AJO 
DO NOT COPY




