J Appl Physiol 108: 1711–1718, 2010.
First published April 15, 2010; doi:10.1152/japplphysiol.01175.2009.

Effects of region and sex on the mechanical properties of the glenohumeral
capsule during uniaxial extension
Carrie A. Voycheck,1 Eric J. Rainis,1 Patrick J. McMahon,1 Jeffrey A. Weiss,2 and Richard E. Debski1
1

Musculoskeletal Research Center, Department of Bioengineering, Swanson School of Engineering, University of Pittsburgh,
Pittsburgh, Pennsylvania; and 2Musculoskeletal Research Laboratories, Department of Bioengineering, and Scientific
Computing and Imaging Institute, University of Utah, Salt Lake City, Utah
Submitted 16 October 2009; accepted in final form 9 April 2010

shoulder

is the most commonly dislocated
major joint in the human body, and ⬃80% of these dislocations
occur in the anterior direction (10). Dislocations occur across
all ages and both sexes; however, treatment options that have
been developed in an attempt to restore normal joint function
do not account for these variables. After surgical repair, return
to normal joint function continues to be a problem (3, 37) with
unsatisfactory results in 20 –25% of patients. Furthermore, up
to 23% of patients may need additional surgical repair (23).
These repair techniques, which involve plicating and/or shifting excessively stretched capsular tissue in an attempt to
restore normal joint stability, are subjective and ignore comTHE GLENOHUMERAL JOINT
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monly defined regional boundaries of the capsule as well as
other patient-specific information such as sex.
The glenohumeral capsule is a complex sheet of tissue
composed of several regions [superior glenohumeral ligament,
middle glenohumeral ligament, anterior and posterior bands of
the inferior glenohumeral ligament (AB-IGHL and PG-IGHL,
respectively), axillary pouch, and posterior capsule] that function collectively to stabilize the joint in extreme ranges of
motion (Fig. 1) (15, 41). The thickness of the capsule can vary
by 1 mm between regions and over 2 mm between subjects (1,
4, 49). The axillary pouch and posterior capsule are the two
largest regions, and both stabilize the joint in different positions. The axillary pouch stabilizes the joint during external
rotation and is commonly injured during anterior dislocation
(24, 26, 32, 33, 48). The posterior capsule stabilizes the joint
during internal rotation (42) and is responsible for the decreased internal rotation in throwing athletes (2, 18, 55). The
collagen fibers of both regions do not exhibit a preferred
orientation (1, 13).
Previous studies (1, 4, 39, 40, 46) have generated conflicting
results regarding the relative structural and material properties
of these regions. If differences in material properties exist
between regions, plicating or shifting across regions may not
adequately restore normal joint function, and surgeons may
need to consider region-specific repair techniques after dislocation. In addition, the possibility of differences in the material
properties of the capsule as a result of sex may also have
implications for surgical repair techniques. It has been suggested that increased joint translations, stiffness, and range of
motion exist in women compared with men (Fig. 2); however,
contradictory data have been reported (5–7, 11, 12, 28, 34, 44).
This suggests that the material properties of the glenohumeral
capsule between sexes should be examined. Differences in
these properties may indicate that different amounts of tissue
should be plicated based on patient sex as the overall joint
function between sexes has been shown to be different. Therefore, the objectives of this study were to determine the effects
of region (axillary pouch and posterior capsule) and sex on the
material properties of the glenohumeral capsule.
METHODS

A combined experimental-computational protocol was used to
determine the material coefficients of the axillary pouch and posterior
regions of the glenohumeral capsule in response to uniaxial extension
(47). A tensile deformation was applied to each tissue sample while
the clamp reaction force and clamp displacement were recorded. The
tissue was subsequently rotated 90° in the clamps, and the loading
protocol was repeated. These experimental data were then used in an
inverse finite-element optimization routine to simulate the experimental conditions, optimizing the material coefficients of an isotropic
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Surgical repair of the glenohumeral capsule after dislocation ignores
regional boundaries of the capsule and is not sex specific. However,
each region of the capsule functions to stabilize the joint in different
positions, and differences in joint laxity between men and women
have been found. The objectives of this research were to determine the
effects of region (axillary pouch and posterior capsule) and sex on the
material properties of the glenohumeral capsule. Boundary conditions
derived from experiments were used to create finite-element models
that applied tensile deformations to tissue samples from the capsule.
The material coefficients of a hyperelastic constitutive model were
determined via inverse finite-element optimization, which minimized
the difference between the experimental and finite-element modelpredicted load-elongation curve. These coefficients were then used to
create stress-stretch curves representing the material properties of the
capsule regions for each sex in response to uniaxial extension. For the
axillary pouch, the C1 (men: 0.28 ⫾ 0.39 MPa and women: 0.23 ⫾
0.12 MPa) and C2 (men: 8.2 ⫾ 4.1 and women: 7.7 ⫾ 3.0) material
coefficients differed between men and women by only 0.05 MPa and
0.5, respectively. Similarly, the posterior capsule coefficients differed
by 0.15 MPa (male: 0.49 ⫾ 0.26 MPa and female: 0.34 ⫾ 0.20 MPa)
and 0.6 (male: 7.8 ⫾ 2.9 and female: 7.2 ⫾ 3.0), respectively. No
differences could be detected in the material coefficients between
regions or sexes. As a result, surgeons may not need to consider
region- and sex-specific surgical repair techniques. Furthermore, finite-element models of the glenohumeral joint may not need regionor sex-specific material coefficients when using this constitutive
model.

1712

EFFECTS OF REGION AND SEX ON THE PROPERTIES OF THE GLENOHUMERAL CAPSULE

Fig. 1. Anterior (A) and posterior (B) view of the
glenohumeral capsule. The following structures are
shown: the posterior capsule (1), the posterior band
of the inferior glenohumeral ligament (2), the axillay
pouch (3), and the anterior band of the inferior
glenohumeral ligament (4).

(41). Tissue samples from the axillary pouch and posterior region of
the glenohumeral capsule were obtained using a cutting guide and
scalpel to form square sheets (25 ⫻ 25 mm).
Tissue samples were kept hydrated using physiological saline
solution throughout the entire testing protocol. The superior margin of
the AB-IGHL was used as an anatomic reference for the transverse
(perpendicular to the longitudinal axis of the AB-IGHL) and longitudinal (parallel to the longitudinal axis of the AB-IGHL) loading
directions during mechanical testing.
Two loading conditions were used in this protocol: 1) tensile
deformation applied in the direction parallel to the longitudinal axes
of the AB-IGHL (longitudinal) and 2) tensile deformation applied in
the direction perpendicular to the longitudinal axes of the AB-IGHL
(transverse). The testing order was randomized.
For each tensile deformation (Fig. 3), a preload of 0.5 N was
applied to the tissue sample using a materials testing machine (Elf
3200, Enduratec, Eden Prairie, MN). Reaction force was measured
with a load cell (Honeywell, Morristown, NJ, accuracy: ⫾0.1 N and
resolution: ⫾0.05 N). Once the tissue sample was preloaded, the
initial width, length, and thickness of the tissue samples were obtained
using a ruler (width and length) and digital calipers (thickness). The
tissue sample was then preconditioned via 10 cycles of elongation to
1.5 mm (⬃10% of width) at a rate of 10 mm/min.
Directly after preconditioning, a displacement of 2.25 mm (⬃15%
of width) was applied at a rate of 10 mm/min. This elongated the
tissue well into the linear region of the stress-strain curve but did not
result in tissue damage, as indicated by repeatable curves after the

Fig. 2. Lateral views of male (A) and female (B) glenohumeral joints demonstrating the possibility of sex differences in the overall range of motion.

Fig. 3. Mechanical testing setup for tensile elongations showing the load cell
and clamp relationships.
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hyperelastic constitutive model until the sum-of-squares difference
between the load-elongation curves from experimental measurements
and computational predictions was minimized. The optimized coefficients were then used to generate stress-stretch curves representing the
response of each region to uniaxial extension for each sex.
Material testing. Two previous studies performed in our laboratory
have quantified the bidirectional material properties of the axillary
pouch (40) and posterior capsule (39). Based on the tangent modulus
of the axillary pouch and posterior regions, a variation of 40 – 86%
was expected, and an effect size of 1.3 was computed. Assuming
equal-sized groups and significance set at ␣ ⫽ 0.05, a total of 10
samples/group was required to achieve power of ⬎80%. Fresh-frozen
cadaveric shoulders (20 total; 10 from women and 10 from men) were
stored at ⫺20°C and thawed for 24 h at room temperature before
being tested. The protocol was approved by the University of Pittsburgh Committee for Oversight of Research Involving the Dead
(CORID no. 131; the local ethics committee for the use of cadaveric
tissue). The average age of the donors was 53 ⫾ 9 yr (women: 51 ⫾
7 yr and men: 55 ⫾ 10 yr). The shoulders were then dissected free of
all skin and musculature. Each joint was examined using radiographs
and dissection and determined to be free of pathology, osteoarthritis,
and any visible signs of previous injury. The axillary pouch and
posterior region of the glenohumeral capsule were identified by
determining the margins of the AB-IGHL and PB-IGHL, whose
locations were determined by applying distraction and external or
internal rotation, respectively, to the joint. These joint positions were
chosen as they are the positions in which the bands are most visible
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where Ĩ1 and Ĩ2 are the deviatoric invariants of the right Cauchy-Green
deformation tensor C, 1/2K[ln(J)]2 governs the dilatational response
of the tissue (where J is the volume ratio), and C1 and C2 are the

material coefficients that were determined using the inverse finite-element optimization routine, where C1 scales the magnitude of the stressstretch curve and C2 governs the magnitude and nonlinearity of the
stress-stretch curve. This strain energy is convex and exhibits physically
reasonable behavior under tension, compression, and shear (53, 54).
An image obtained using a high-speed video camera (model 1000m,
Adimec, Stoneham, MA, resolution: 1,000 ⫻ 1,000 pixels) from each
loading condition with the tissue sample in the reference strain configuration, or preloaded state, was used to create a finite-element mesh by
adjusting nodal points of the mesh until they were aligned with the edges
of the tissue samples. Initial estimates for the material coefficients of
C1 ⫽ 0.1 MPa and C2 ⫽ 10 were used consistently for the parameter
optimization. All finite-element calculations were performed using the
nonlinear, implicitly integrated code NIKE3D (30).
The inverse finite-element optimization routine used a sequential
quadratic programming method (E04UNF, Numerical Algorithms
Group, Oxford, UK). The NAG routine minimized a smooth objective
function subject to a set of constraints on the following variables:
F(C1, C2) ⫽

T11 ⫽

J Appl Physiol • VOL

m

兺 兵yi ⫺ f i(C1, C2)其2
2 i⫽1

(2)

where F(C1,C2) is the objective function, y is the experimental clamp
reaction force, f(C1,C2) is the clamp reaction force from the finiteelement simulation, i represents a particular clamp displacement level,
and m is the number of discrete clamp displacement levels. Eleven
points were used in the present study, based on previous work
performed on the medial collateral ligament (19). Both material
coefficients were constrained to be ⬎0 to ensure physically reasonable
behavior and strong ellipticity but ⬍5 MPa (C1) or ⬍50 (C2) (31).
Our research group has shown that the material coefficients of the
constitutive model from one tensile deformation are capable of predicting the response of the tissue to a tensile deformation in the
perpendicular direction (46, 47). No differences could be detected in
the material coefficients between the transverse and longitudinal
tensile deformations for tissue samples from the axillary pouch and
posterior capsule. Therefore, the material symmetry of both capsule
regions was then represented as isotropic. Furthermore, the material
coefficients of this constitutive model have been used to represent the
capsule properties in three-dimensional finite-element models of the
glenohumeral joint successfully (16, 38). Experimentally obtained
capsule strains were compared with those predicted by the finiteelement models for validation.
The material coefficients from both tensile deformations (longitudinal and transverse) for the present study were averaged to give one
set of material coefficients that best described the overall response of
each region. The average coefficients were then used to generate
stress-stretch curves for uniaxial extension based on region and sex
(male and female stress-stretch curves for uniaxial extension for each
tissue sample). The stress-stretch relationship was derived from the
appropriate deformation gradient tensor. For uniaxial extension and
assuming incompressibility, the deformation gradient (F) and Cauchy
stress (T) were as follows:

F⫽

Fig. 4. Flowchart of the inverse finite-element (FE) methodology used to
determine the material coefficients for the isotropic hyperelastic constitutive
model. L-E curve, length-elongation curve; Exp, exponential.
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where  is stretch. The stress-stretch curves were discretized into 11
points and averaged across all tissue samples. Stress-stretch curves
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application of this elongation. However, tissue samples from two
female specimens failed during the transverse tensile deformation of
the posterior capsule. These two tissue samples were not replaced.
One of these samples was much smaller compared with the other
tissue samples from female specimens: the width of the sample was
55% smaller than the average width of all other female samples.
Therefore, the tissue sample could not support the applied loads after
being trimmed for rotation in the clamps. The thickness of the second
tissue sample that failed was more than twice the average thickness of
all other female samples. Even though there were no signs of previous
injury based on gross appearance, the increased thickness could be
indicative of a previous injury. Therefore, only 18 specimens (8 from
women and 10 from men) were included in the analysis of the
posterior capsule. Extensive preliminary testing was preformed to
establish this testing protocol, which has been successfully used in the
past (47). Tissue samples were elongated multiple times after a
30-min recovery period, which resulted in repeatable load-elongation
curves. Therefore, the protocol does not result in damage of normal
tissue samples.
Tissue samples were allowed to recover for 30 min, at the initial
clamp-to-clamp distance, between the two loading conditions. After
the recovery period, the tissue sample was removed from both clamps,
and the tissue that was previously held within the clamps was
carefully dissected away via scalpel transection. The opposite edges of
the tissue sample were wrapped in gauze, soaked in saline, and placed
in the custom clamps. The tensile deformation protocol was then
repeated. The clamp reaction force, tissue sample elongation, and
tissue sample geometry were recorded from each tensile deformation.
Parameter optimization. The reaction forces, elongations, and tissue sample geometry (width, thickness, and length) from both experimental loading conditions were used as boundary conditions to
determine the material coefficients for an isotropic hyperelastic strain
energy function via an inverse finite-element optimization technique
(Fig. 4) (53). The strain energy (W) was based on the form originally
used by Veronda and Westmann (52) but with an uncoupled dilatational and deviatoric response (54), as follows:
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Table 1. Tissue sample geometry for each region of the
capsule under tensile elongation

Axillary pouch
Women
Men
Posterior region
Women
Men

Width, mm

Thickness, mm

Cross-Sectional
Area, mm2

17.3 ⫾ 1.8
18.3 ⫾ 2.1

1.95 ⫾ 0.28
2.08 ⫾ 0.49

34.1 ⫾ 7.7
38.3 ⫾ 11.1

17.9 ⫾ 2.1
17.4 ⫾ 1.3

1.29 ⫾ 0.30
1.10 ⫾ 0.38

22.9 ⫾ 5.7
18.9 ⫾ 5.9

Values are means ⫾ SD.

RESULTS

Tissue sample geometry. Statistically significant differences
were found in the tissue sample geometry between capsular
regions but not between sexes (Table 1). The thickness and
cross-sectional area of the posterior capsule were significantly
less than the axillary pouch (P ⬍ 0.001). No differences were
found in the tissue sample geometry (width, thickness, and
cross-sectional area) between sexes within each region. The
specimen-to-specimen variation was always greater for the
male tissue samples compared with the female tissue samples
except for the width in the posterior capsule. In the axillary
pouch, the variability in thickness and cross-sectional area
were 74% and 44% greater in men compared with women,
respectively. Similarly, for the posterior capsule, men exhibited 26% and 5% greater variability in thickness and crosssectional area, respectively.
Effects of region on material properties. The majority of the
three comparisons (material coefficients, stress-stretch curves,
and material coefficients representing the average stress-stretch
curves) could not find differences in the material properties of
the axillary pouch and posterior capsule; however, statistically
significant differences were found between the 11 discretized
points of the stress-stretch curves between regions. There were
no significant differences between the material properties of
the axillary pouch and posterior capsule based on the optimized
material coefficients of the isotropic constitutive model (Table 2).
No statistically significant differences were found between
regions (p ⫽ 0.07 for C1 and 0.42 for C2) of the capsule, and
the average coefficients differed by 0.17 MPa and 0.47, respectively, between regions. In the axillary pouch, the range of both
coefficients (C1: 0.08 –1.35 MPa and C2: 2.67–13.4) was
greater than in the posterior region (C1: 0.15– 0.87 MPa and
C2: 4.25–13.6) of the capsule, indicating greater specimen-tospecimen variation.

Table 2. Material coefficients for the axillary pouch and posterior region
C1, MPa

Axillary pouch
Average
Range
Posterior region
Average
Range

C2

Women

Men

Combined

Women

Men

Combined

0.23 ⫾ 0.12
0.09–0.48

0.28 ⫾ 0.39
0.08–1.35

0.25 ⫾ 0.28
0.08–1.35

7.7 ⫾ 3.0
4.1–11.8

8.2 ⫾ 4.1
2.7–13.4

7.97 ⫾ 3.5
2.67–13.4

0.34 ⫾ 0.20
0.15–0.64

0.49 ⫾ 0.26
0.17–0.87

0.42 ⫾ 0.24
0.15–0.87

7.2 ⫾ 3.0
4.3–13.6

7.8 ⫾ 2.9
4.3–13.0

7.50 ⫾ 2.9
4.25–13.6

Values for averages are means ⫾ SD. C1 and C2 are material coefficients.
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were created for each region (axillary pouch and posterior capsule)
and then further subdivided into two additional curves based on sex.
Thus, a total of six average stress-stretch curves were generated.
Both statistical differences and clinically significant differences
were examined in this study. Statistical differences compared the
material coefficients and stress values of the stress-stretch curves
using specific statistical tests with significance set at ␣ ⫽ 0.05. A
sensitivity analysis was performed to provide a measure for clinically
significant differences in the material coefficients of the average
stress-stretch curves. Based on the analysis, clinically significant
differences were 0.3 MPa for C1 and 3.0 for C2. These differences
resulted in a change in the material properties of the tissue, as
indicated by a squared correlation coefficient of ⬍0.9 when two
stress-stretch curves were compared (46, 47).
The tissue sample geometry and material coefficients of the
constitutive model for each tissue sample were not normally
distributed; therefore, nonparametric statistics were performed.
The tissue sample geometry of each region was compared using a
Wilcoxon signed-rank test. To determine the effect of region on the
material properties of the glenohumeral capsule, three comparisons
were made. A single statistical comparison of the material coefficients may not be enough to reveal differences in the material
properties as the constitutive model is nonlinear and the material
coefficients are not linearly independent. Therefore, averaging the
individual material coefficients does not yield the same stressstretch response as averaging the individual stress-stretch curves
and determining a set of average material coefficients. To thoroughly address our objective, differences in the material properties
were examined in three distinct ways. The first two comparisons
were statistical. The third test was for clinical significance and was
based on the sensitivity analysis. First, the optimized material
coefficients were compared using a Wilcoxon signed-rank test.
Next, the stress values of the stress-stretch curves at each of the 11
discretized points were compared using a Freidman test with
individual Wilcoxon post hoc tests. Finally, the average stressstretch curves were fit to the stress-stretch relationship for uniaxial
extension (Eq. 4) using the nonlinear Levenberg-Marquardt algorithm to obtain a set of material coefficients representing the
average stress-stretch curves for each region. These material coefficients representing the average stress-stretch curves were then

compared for clinical significance based on the results of the
sensitivity analysis.
The tissue sample geometry was compared between sexes using
a Mann-Whitney test. To determine the effect of sex on the
material properties of the axillary pouch and posterior capsule,
three comparisons were made within each region. First, a MannWhitney test was used to compare the individual material coefficients; then, a Kruskal-Wallis test was used to compare the stress
values at each of the 11 discretized points representing the average
stress-stretch curves. Finally, the material coefficients of the average stress-stretch curves were compared using the results of the
sensitivity analysis (0.30 MPa for C1 and 3.0 for C2) for clinical
significance.
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Only one comparison yielded statistically significant differences: the comparison between the 11 discretized points of the
stress-stretch curves between regions (Fig. 5). The stress in the
posterior capsule was 84% greater than that in the axillary
pouch at a maximum stretch of  ⫽ 1.15. However, despite
these statistical differences, no clinically significant differences
were found between the material coefficients representing the
average stress-stretch curves for each region (Table 3). The value
of the C1 coefficient was 0.18 MPa greater in the posterior capsule
than in the axillary pouch. However, the value of the C2 coefficient was greater in the axillary pouch than in the posterior
capsule by 0.8. Again, based on the criteria from our sensitivity
analysis, differences of ⬎0.3 MPa for C1 and ⬎3.0 for C2 were
considered significant (46, 47). Therefore, no differences in the
material coefficients representing the average stress-stretch curves
of each region were found.
Effects of sex on material properties. All three comparisons
of the material properties of each capsule region between sexes
yielded no significant differences. Within each region, no
statistically significant differences in the optimized material
coefficients were found between sexes (axillary pouch: P ⫽
0.24 for C1 and 0.94 for C2 and posterior capsule: P ⫽ 0.18 for
C1 and 0.66 for C2; Table 2). In the axillary pouch, the C1
coefficients differed by 0.05 MPa; however, the variability was
212% greater in the tissue samples from men (range: 0.08 –
1.35 MPa) compared with those from women (range: 0.09 –
0.48 MPa). The C2 coefficient was 37% greater in men than in
women by 0.5. Again, the male tissue samples demonstrated a
greater variability (range: 2.7–13.4) than tissue samples from
females (range: 4.1–11.8). The posterior capsule exhibited
similar results. The C1 coefficient was 0.15 MPa greater in men
than in women, and the variation was 27% greater in men
(range: 0.17– 0.87 MPa) compared with women (range: 0.15–
0.64 MPa). For the C2 coefficient, a difference of 0.6 existed
between sexes, and the variance was almost equal (2% greater
in women).
No statistically significant differences were found between
sexes for either region when the stress values at each of the 11
discretized points of the stress-stretch curves for uniaxial
extension were compared (Fig. 6).

In this study, a combined experimental-computational methodology was used to determine the effects of region and sex on
the material properties of the axillary pouch and posterior
region of the glenohumeral capsule. A hyperelastic isotropic
constitutive model was used to describe the material response
of each tissue sample to tensile deformations in two perpendicular directions. The effects of region and sex were evaluated
by comparing 1) material coefficients for each tissue sample,
2) average stress-stretch curves, and 3) material coefficients
representing the average stress-stretch curves.
Studies (9, 21, 22, 27, 35, 50, 51) examining arthroscopic
plication procedures have reported anywhere from 2 to 12%
recurrence; in addition, 8 –9% of patients felt that they had

Fig. 5. Stress-stretch curves for the axillary pouch and posterior region under
uniaxial extension. Values are means ⫾ SD. *Statistical significance between
regions.

Fig. 6. Stress-stretch curves for the axillary pouch and posterior region under
uniaxial extension for each sex. Values are means ⫾ SD.

Axillary Pouch

C1, MPa
C2

Posterior Region

Women

Men

Combined

Women

Men

Combined

0.17
9.4

0.14
9.3

0.16
9.3

0.29
8.0

0.37
8.9

0.34
8.5

Finally, no significant differences were found between the
material coefficients representing the average stress-stretch
curves for the axillary pouch or posterior capsule between
sexes (Table 3). The value of the C1 material coefficient
describing the response of the axillary pouch to uniaxial
extension was 0.03 MPa greater in women than in men.
Similarly, the C2 coefficient was only 0.1 higher in women
compared with men. For the posterior capsule, differences in
both the C1 and C2 material coefficients, between sexes,
describing the response of the posterior capsule to uniaxial
extension were 0.08 MPa and 0.9, respectively. Both capsule
regions exhibited differences in the material coefficients between sexes that were ⬍0.3 MPa for C1 and ⬍3.0 for C2.
Therefore, no significant differences were found in the material
coefficients representing the average stress-stretch curves between sexes.
DISCUSSION
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Table 3. Material coefficients representing the average
stress-stretch curves for uniaxial extension
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axillary pouch and 57% and 39%, respectively, for the posterior capsule. Similar variability has been reported in material
coefficients for other ligaments. For example, the variability of
model parameters in the medial collateral ligament, anterior
cruciate ligament, posterior cruciate ligament, and patellar
tendon has been reported to range from 16% to 102%, 18% to
60%, 28% to 130%, and 19% to 104%, respectively (8, 20, 43,
45, 53).
The cadaveric specimens used in this study were from an
older age group, which may not be entirely representative of
the younger, athletic population commonly experiencing
glenohumeral dislocation. Previous work has shown that the
mechanical properties of capsular tissue decrease with age
(29). Thus, the combined effect of age and sex on the
material properties of the axillary pouch and posterior
capsule should also be evaluated to determine if age-specific
rehabilitation and repair techniques are necessary. For example, in older patients, surgeons may need to plicate the
capsule less to restore structural properties appropriate for
that particular age group.
Three comparisons of the material properties of the glenohumeral capsule were made between regions and sex. Post hoc
power analyses were then performed on the material coefficients and the 11 stress values on the stress-stretch curves
between region and sex due to the loss of 2 tissue samples. The
comparisons between each region were found to have sufficient
power (⬎80% for material coefficients and stress-stretch
curves). The power of the comparisons between each sex was
⬍80% for the material coefficients and stress-stretch curves of
both capsule regions. However, a third comparison was made
between the material coefficients representing the average
stress-stretch curves based on our sensitivity analysis, and still
no differences were detected. Therefore, despite the power of
the comparisons between each sex, our results adequately
provided insight into the effect of sex on the material properties
of the glenohumeral capsule.
Determining the coefficients of a constitutive model is an
advantage over only collecting experimental measurements
since the response of the tissue sample can then be predicted
for loading conditions that were not examined experimentally.
Specifically, the coefficients can be input into finite-element
models of the glenohumeral joint, as done previously by our
research group (14, 16, 17, 38), and the response of the tissue
to complex loading conditions can be examined. However,
more robust constitutive models may elucidate other findings,
for example, structural constitutive models could provide insight into the differences in the contributions of the ground
substance and collagen fibers to the stress-strain response of
the tissue between regions and/or sexes. Based on our results,
region- or sex-specific techniques are unlikely to improve the
current methods of plicating and shifting the capsule to restore
normal joint stability. Further studies comparing the structural
properties of the capsule between sexes as well as contributions
from muscles and bony geometry to joint stability will provide
additional insight for the improvement of treatment strategies.
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poor outcomes, and 11% of patient have been reported to have
poor joint function after surgery. Furthermore, 11–20% of
patients did not return to their preoperative activity levels due
to complications (21, 51). Therefore, these procedures result in
inadequate outcomes, and current repair techniques can be
improved. However, the majority of comparisons between the
material coefficients from the axillary pouch and posterior
capsule performed in this study suggest that these regions do
not have different material properties. Significant differences
were not found when the material coefficients for the individual tissue samples or the material coefficients representing the
average stress-stretch curves were compared. These results
support current repair techniques, which ignore regional boundaries of the capsule during plication. As no differences in the
material properties of the capsule exist between regions, it is
unlikely that plicating along regional boundaries would improve patient outcome. Therefore, other factors potentially
leading to the poor patient outcome should be examined. These
results further imply that in models of the glenohumeral joint,
the axillary pouch and posterior capsule could be represented
using the same material coefficients when using this isotropic
hyperelastic constitutive model.
The results of this study further suggest that the material
properties of the axillary pouch and posterior region of the
glenohumeral capsule may not be dependent upon sex when
characterized by an isotropic hyperelastic constitutive
model. Therefore, when implementing this constitutive model in
finite-element models of the glenohumeral joint, sex-specific
material coefficients are not necessary. Furthermore, current
surgical repair techniques do not need to alter their capsular
plication or shift procedures to account for differences in sex.
No statistically significant or clinically relevant differences were found during the sex analyses. Therefore, even
though differences in overall joint function (5–7, 11, 12, 28,
34, 44) and tensile properties of other ligaments and tendons
(28) have been shown between sexes, sex-specific repair
procedures may not improve clinical outcome when only the
behavior of the tissue is considered. The tensile properties
of the glenohumeral capsule cannot be directly compared
with most previous studies (1, 36, 39, 40, 49), since in the
present study we did not perform failure tests and used the
isotropic hyperelastic constitutive model to describe the behavior of
the tissue samples.
The differences in tissue sample thickness and structural
properties between sexes have not been reported; however, the
differences between regions found here are consistent with
other findings reported in the literature. For example, a previous study (25) reported the posterior capsule (1.0 ⫾ 0.4 mm)
to be significantly thinner than the anterior (1.8 ⫾ 0.3 mm) and
inferior (1.5 ⫾ 0.3 mm) capsule. The same study (25) also
reported that the tensile strength and modulus of elasticity were
significantly greater in the posterior capsule compared with the
anterior and inferior capsule regions. Although the results of
this study were not statistically significant, the stress in the
posterior capsule was 84% greater than that in the axillary
pouch at a maximum stretch of  ⫽ 1.15. Therefore, regionand sex-specific repair techniques may still be needed to
restore structural properties based on differences in tissue
thickness.
In this study, the variability in the material coefficients of C1
and C2 was found to be 112% and 44%, respectively, for the

EFFECTS OF REGION AND SEX ON THE PROPERTIES OF THE GLENOHUMERAL CAPSULE
GRANTS
This work was funded by National Institute of Arthritis and Musculoskeletal and Skin Diseases Grants R01-AR050218 and R01-AR047369.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
REFERENCES

J Appl Physiol • VOL

23. Hovelius L, Augustini BG, Fredin H, Johansson O, Norlin R, Thorling
J. Primary anterior dislocation of the shoulder in young patients. A
ten-year prospective study. J Bone Joint Surg Am 78: 1677–1684, 1996.
24. Hovelius L, Eriksson K, Fredin H, Hagberg G, Hussenius A, Lind B,
Thorling J, Weckstreom J. Recurrences after initial dislocation of the
shoulder. Results of a prospective study of treatment. J Bone Joint Surg
Am Vol 65: 343–349, 1983.
25. Itoi E, Grabowski JJ, Morrey BF, An KN. Capsular properties of the
shoulder. Tohoku J Exp Med 171: 203–210, 1993.
26. Kaltsas DS. Comparative study of the properties of the shoulder joint
capsule with those of other joint capsules. Clin Orthop Relat Res: 20 –26,
1983.
27. Kim DH, Millett PJ, Warner JJ, Jobe FW. Shoulder injuries in golf. Am
J Sports Med 32: 1324 –1330, 2004.
28. Kubo K, Kanehisa H, Fukunaga T. Gender differences in the viscoelastic properties of tendon structures. Eur J Appl Physiol 88: 520 –526, 2003.
29. Lee TQ, Dettling J, Sandusky MD, McMahon PJ. Age related biomechanical properties of the glenoid-anterior band of the inferior glenohumeral ligament-humerus complex. Clin Biomech (Bristol, Avon) 14: 471–
476, 1999.
30. Maker BN, Ferencz RM, Hallquist JO. NIKE3D: a Nonlinear, Implicit,
Three-Dimensional Finite Element Code for Solid and Structural Mechanics. Lawrence, KS: Livermore National Laboratory, 1990.
31. Marsden JE, Hughes TJ. Mathematical Foundations of Elasticity. Mineola, NY: Dover, 1994.
32. Matsen FA 3rd, Thomas SC, Rockwood CA, Wirth MA. Glenohumeral
instability. In: The Shoulder, edited by Rockwood CA, Matsen FA 3rd,
Wirth MA, Harryman DT 2nd. Philadelphia, PA: Saunders, 1998, p.
611–755.
33. Matsen FA, Fu FH, Hawkins RJ. The Shoulder: a Balance of Mobility
and Stability (Symposium). Rosemont, IL: American Academy of Orthopaedic Surgeons, 1993, p. xviii and 653.
34. McFarland EG, Campbell G, McDowell J. Posterior shoulder laxity in
asymptomatic athletes. Am J Sports Med 24: 468 –471, 1996.
35. McIntyre LF, Caspari RB, Savoie FH, 3rd. The arthroscopic treatment
of multidirectional shoulder instability: two-year results of a multiple
suture technique. Arthroscopy 13: 418 –425, 1997.
36. McMahon PJ, Tibone JE, Cawley PW, Hamilton C, Fechter JD,
Elattrache NS, Lee TQ. The anterior band of the inferior glenohumeral
ligament: biomechanical properties from tensile testing in the position of
apprehension. J Shoulder Elbow Surg 7: 467–471, 1998.
37. Montgomery WH, 3rd, Jobe FW. Functional outcomes in athletes after
modified anterior capsulolabral reconstruction. Am J Sports Med 22:
352–358, 1994.
38. Moore SM, Ellis B, Weiss JA, McMahon PJ, Debski RE. The glenohumeral capsule should be evaluated as a sheet of fibrous tissue: a
validated finite element model. Ann Biomed Eng 38: 66 –76, 2010.
39. Moore SM, McMahon PJ, Azemi E, Debski RE. Bi-directional mechanical properties of the posterior region of the glenohumeral capsule. J
Biomech 38: 1365–1369, 2005.
40. Moore SM, McMahon PJ, Debski RE. Bi-directional mechanical properties of the axillary pouch of the glenohumeral capsule: implications for
surgical repair. J Biomech Eng 126: 284 –288, 2004.
41. O’Brien SJ, Arnoczsky SP, Warren RF, Rozbruch SR. Developmental
anatomy of the shoulder and anatomy of the glenohumeral joint. In: The
Shoulder, edited by Matsen FA 3rd, Rockwood CA. Philadelphia, PA:
Saunders, 1990, p 1–33.
42. Ovesen J, Nielsen S. Stability of the shoulder joint. Cadaver study of
stabilizing structures. Acta Orthop Scand 56: 149 –151, 1985.
43. Pioletti DP, Rakotomanana LR, Benvenuti JF, Leyvraz PF. Viscoelastic constitutive law in large deformations: application to human knee
ligaments and tendons. J Biomech 31: 753–757, 1998.
44. Pollard CD, Braun B, Hamill J. Influence of gender, estrogen and
exercise on anterior knee laxity. Clin Biomech (Bristol, Avon) 21: 1060 –
1066, 2006.
45. Quapp KM, Weiss JA. Material characterization of human medial collateral ligament. J Biomech Eng 120: 757–763, 1998.
46. Rainis EJ. Characterizing the mechanical properties of the glenohumeral
capsule: implications for finite element modeling. In: Bioengineering.
Pittsburgh, PA: Univ. of Pittsburgh, 2006, p. 146.
47. Rainis EJ, Maas SA, Henninger HB, McMahon PJ, Weiss JA, Debski
RE. Material properties of the axillary pouch of the glenohumeral capsule:
is isotropic material symmetry appropriate? J Biomech Eng 131: 031007,
2009.

108 • JUNE 2010 •

www.jap.org

Downloaded from jap.physiology.org on June 13, 2010

1. Bey MJ, Hunter SA, Kilambi N, Butler DL, Lindenfeld TN. Structural
and mechanical properties of the glenohumeral joint posterior capsule. J
Shoulder Elbow Surg 14: 201–206, 2005.
2. Bigliani LU, Codd TP, Connor PM, Levine WN, Littlefield MA,
Hershon SJ. Shoulder motion and laxity in the professional baseball
player. Am J Sports Med 25: 609 –613, 1997.
3. Bigliani LU, Kurzweil PR, Schwartzbach CC, Wolfe IN, Flatow EL.
Inferior capsular shift procedure for anterior-inferior shoulder instability in
athletes. Am J Sports Med 22: 578 –584, 1994.
4. Bigliani LU, Pollock RG, Soslowsky LJ, Flatow EL, Pawluk RJ, Mow
VC. Tensile properties of the inferior glenohumeral ligament. J Orthop
Res 10: 187–197, 1992.
5. Borsa PA, Sauers EL, Herling DE. Glenohumeral stiffness response
between men and women for anterior, posterior, and inferior translation. J
Athl Train 37: 240 –245, 2002.
6. Borsa PA, Sauers EL, Herling DE. Patterns of glenohumeral joint laxity
and stiffness in healthy men and women. Med Sci Sports Exerc 32:
1685–1690, 2000.
7. Brown GA, Tan JL, Kirkley A. The lax shoulder in females. Issues,
answers, but many more questions. Clin Orthop Relat Res: 110 –122,
2000.
8. Butler DL, Sheh MY, Stouffer DC, Samaranayake VA, Levy MS.
Surface strain variation in human patellar tendon and knee cruciate
ligaments. J Biomech Eng 112: 38 –45, 1990.
9. Caprise PA Jr, Sekiya JK. Open and arthroscopic treatment of multidirectional instability of the shoulder. Arthroscopy 22: 1126 –1131, 2006.
10. Cave E, Burke J, Boyd R. Trauma Management. Chicago, IL: Year Book
Medical, 1974, p. 437.
11. Chandrashekar N, Mansouri H, Slauterbeck J, Hashemi J. Sex-based
differences in the tensile properties of the human anterior cruciate ligament. J Biomech 39: 2943–2950, 2006.
12. Charlton WP, Coslett-Charlton LM, Ciccotti MG. Correlation of estradiol in pregnancy and anterior cruciate ligament laxity. Clin Orthop
Relat Res: 165–170, 2001.
13. Debski RE, Moore SM, Mercer JL, Sacks MS, McMahon PJ. The
collagen fibers of the anteroinferior capsulolabrum have multiaxial orientation to resist shoulder dislocation. J Shoulder Elbow Surg 12: 247–252,
2003.
14. Debski RE, Weiss JA, Newman WJ, Moore SM, McMahon PJ. Stress
and strain in the anterior band of the inferior glenohumeral ligament
during a simulated clinical examination. J Shoulder Elbow Surg 14:
24S–31S, 2005.
15. DePalma AF, Callery G, Bennett GA. Variational anatomy and degenerative lesions of the shoulder joint. Am Acad Ortho Surg Instruct Course
Lecture Series 6: 225–281, 1949.
16. Drury NJ. Evaluating the anterior stability provided by the glenohumeral
capsule: a finite element approach. In: Bioengineering. Pittsburgh, PA:
Univ. of Pittsburgh, 2008, p. 253.
17. Ellis BJ, Debski RE, Moore SM, McMahon PJ, Weiss JA. Methodology and sensitivity studies for finite element modeling of the inferior
glenohumeral ligament complex. J Biomech 40: 603–612, 2007.
18. Fitzpatrick MJ, Tibone JE, Grossman M, McGarry MH, Lee TQ.
Development of cadaveric models of a thrower’s shoulder. J Shoulder
Elbow Surg 14: 49S–57S, 2005.
19. Gardiner JC, Weiss JA. Simple shear testing of parallel-fibered planar
soft tissues. J Biomech 123: 1–5, 2001.
20. Gardiner JC, Weiss JA. Subject-specific finite element analysis of the
human medial collateral ligament during valgus knee loading. J Orthop
Res 21: 1098 –1106, 2003.
21. Gartsman GM, Roddey TS, Hammerman SM. Arthroscopic treatment
of anterior-inferior glenohumeral instability. Two to five-year follow-up. J
Bone Joint Surg Am 82-A: 991–1003, 2000.
22. Gartsman GM, Roddey TS, Hammerman SM. Arthroscopic treatment
of bidirectional glenohumeral instability: two- to five-year follow-up. J
Shoulder Elbow Surg 10: 28 –36, 2001.

1717

1718

EFFECTS OF REGION AND SEX ON THE PROPERTIES OF THE GLENOHUMERAL CAPSULE

48. Rowe CR, Zarins B, Ciullo JV. Recurrent anterior dislocation of the
shoulder after surgical repair. Apparent causes of failure and treatment. J
Bone Joint Surg Am 66: 159 –168, 1984.
49. Ticker JB, Bigliani LU, Soslowsky LJ, Pawluk RJ, Flatow EL, Mow
VC. Inferior glenohumeral ligament: geometric and strain-rate dependent
properties. J Shoulder Elbow Surg 5: 269 –279, 1996.
50. Tonino PM, Gerber C, Itoi E, Porcellini G, Sonnabend D, Walch G.
Complex shoulder disorders: evaluation and treatment. J Am Acad Orthop
Surg 17: 125–136, 2009.
51. Treacy SH, Savoie FH, 3rd, Field LD. Arthroscopic treatment of
multidirectional instability. J Shoulder Elbow Surg 8: 345–350, 1999.

52. Veronda DR, Westmann RA. Mechanical characterization of skin-finite
deformations. J Biomech 3: 111–124, 1970.
53. Weiss JA, Gardiner JC, Bonifasi-Lista C. Ligament material behavior is
nonlinear, viscoelastic and rate-independent under shear loading. J Biomech 35: 943–950, 2002.
54. Weiss JA, Maker BN, Govindjee S. Finite element implementation of
incompressible, transversely isotropic hyperelasticity. Comp Meth Appl
Mech Eng 135: 107–128, 1996.
55. Wilk KE, Meister K, Andrews JR. Current concepts in the rehabilitation of the overhead throwing athlete. Am J Sports Med 30: 136 –
151, 2002.

Downloaded from jap.physiology.org on June 13, 2010

J Appl Physiol • VOL

108 • JUNE 2010 •

www.jap.org

