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Summary

Populations considered for shoulder analysis are often composed of various ratios of
men and women. It is consequently hypothesized that gender has no significant effect
on the joint kinematic. However the literature reports, for the shoulder, differences in
the range of motion between genders. The specific influence of gender on the scapula-
thoracic kinematics has not been studied yet. The dominant shoulder of two populations
of men and women composed of 11 subjects each were evaluated in three dimensions
for three distinct motions: flexion in the sagittal plane, abduction in the frontal plane
and gleno-humeral internal/external rotation with the arm abducted at 90°. Posture,
kinematics and range of motion were studied separately. For flexion and abduction and
with regard to the scapular kinematic, external rotation were significantly larger for
women than men. The differences were of at least 5° at 120° of humeral elevation.
Upward rotations were identical. Women also showed larger average active humero-
thoracic range of motion. The mean differences were of 13°, 7°, 12° and 5° for
abduction, flexion, internal rotation and external rotation, respectively. No difference
was observed between the scapular resting positions of both populations. The observed
differences concerning both the scapular and humeral patterns would indicate that the
shoulder behavior of men and women should not be expected to be similar.
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Introduction

The scapulo-thoracic motion has been less studied than other joints because of the
difficulty to accurately assess its motion. One common and noninvasive method is to
use skin markers in association with an optoelectronic system. However the scapula
greatly slides under the skin (Matsui et al., 2006) and make the interpretation of the
measurements difficult. However, thanks to continuous efforts to standardize motion
analysis protocol (Kontaxis et al., 2009; Wu et al., 2005), data reduction (Alexander and
Andriacchi, 2001; Jacq et al., 2010; Roux et al., 2002), and error estimation studies
(Karduna et al., 2001; Lempereur et al., 2010; Matsui et al., 2006; Schwartz et al.,
2011), optoelectronic systems are now recognized as a valid tool to study scapula
motion.

Studies in the literature provide the scapular motion of healthy subjects for several
motions (McClure et al., 2001; VanAndel et al., 2008) and configurations (motion speed
(Fayad et al., 2006), active vs. passive (Price et al., 2000)). It has also been shown that
some characteristics such as age, gender and shoulder dominance (Barnes et al., 2001;
Dayanidhi et al., 2005; Matsuki et al., 2011) induce variations in the shoulder motion.
The specific effect of gender on shoulder motion is however not well documented yet.
Barnes et al. (Barnes et al., 2001) studied the effect of gender on the soulder range of
motion and measured a significantly greater range of motion for female subjects.
However, the effect of gender on the scapular pattern has, to our knowledge, not been
studied yet. It is important to know its influence in the case of a rehabilitation process or
a preventive approach. Moreover, there is no common attitude in the literature regarding
the gender composition of tested populations. In studies concerning either healthy or
pathological subjects, it is regularly assumed that gender has no significant effect on
scapular motion as the populations are composed of various ratios of men and women
(Borstad, 2006; Ludewig et al., 2009; Yano et al., 2010). However some other studies
select either equally mixed population (Ebaugh et al., 2005; McClure et al., 2006;
McCully et al., 2005), which might be a good way to eliminate potential gender effect,
or gender homogeneous population (Boone and Azen, 1979; Borstad and Ludewig,
2002; Price et al., 2000). In studies dealing with sport, this latter approach (Myers,
2005; Myklebust et al., 2011) or gender comparison (Owens et al., 2009; Reeser et al.,
2010) is much more common, probably because gender has a recognized effect on
performance. It is however not an universal rule either (Tucker et al., 2010).

Knowledge of the normal behavior of the scapula is of paramount importance in order
to assess clinical pathologies, physiological adaptations, treatment or rehabilitation
program effects. The aim of the present study is therefore to evaluate the effect of
gender on the shoulder motion for healthy sedentary subjects.
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Methods

Participants

The study included 11 men (age: 22.4 + 2.5 years; height: 1.80 £ 0.05 m; weight: 73 £ 6
kg; BMI: 22.6 + 2.2 kg.m™) and 11 women (age: 22.2 +1.8 years; height: 1.69 + 0.07 m;
weight: 60 + 7 kg; BMI: 21.0+1.5 kg.m™). 8 men and 9 women were right-handed.
None of the subjects have ever practiced, per week, more than 2 hours of a sport
involving the upper limbs, suffered of kyphosis, scoliosis, had inequality of the lower
limbs, and been subject to upper limbs or thoracic lesions and/or surgery. In addition,
clinical tests (Rockwood et al., 2004) were performed by the same examiner to confirm
that the volunteers do not suffer from any sub-coraco-acromial conflict (Neer, Hawkins
and Yokum tests) and/or tendinous pathologies (Jobe, Patte, Palm up, Lift off tests). The
subjects did not complain of any kind of shoulder pain. Each participant was informed
of the details of the study and provided signed consent. The study was approved by the
local medical ethics committee.

Instrumentation

The 3-dimensional position and orientation of the subjects’ thorax and dominant
scapula, humerus and forearm were tracked using four Codamotion CX1 units
(Charnwood Dynamics, Rothley, UK) at a sampling rate of 100 Hz. Eighteen active
markers were used to follow the bony segments motion. Four markers on the thorax
were placed with respect to the International Society of Biomechanics (ISB)
recommendations (Wu et al., 2005). Six markers were placed on the upper posterior
face of the scapula as proposed by Bourne (Bourne et al., 2011) (patch 4). Finally four
markers were placed on the middle of the arm and four more on the forearm.
Concerning the arm cluster, special care was made to avoid the deltoid muscle area.

Experimental procedure

The volunteers were in a standing position throughout the acquisitions. The bony
landmarks listed by the ISB (Wu et al., 2005) were digitalized if no active marker were
already present in order to express the results in the ISB anatomical based reference
frames. Palpation was repeated three times to reduce intra-manipulator error (Schwartz
et al., 2011a). The gleno-humeral head center was evaluated functionally using the
method proposed by Gamage (Gamage and Lasenby, 2002).

The position at rest of the scapula was obtained during a static acquisition. The subjects
were standing still with the hands along the body (neutral rotation of the humerus)
(Groot, 1997). The subjects then performed 3 motions with their dominant side:
elevation and lowering of the arm in the frontal plane (abduction plane) with the arm
externally rotated, elevation and lowering of the arm in the sagittal plane (flexion plane)
and gleno-humeral (GH) internal/external rotation in the sagittal plane with the arm
abducted at 90° and the elbow kept flexed at 90°. Arm 90° abduction was visually
verified by the experimenter during the acquisitions. For each motion, the subjects
moved actively their arm up to the maximal range of motion and five repetitions of each
motion were collected.
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The volunteers had time to practice and get familiar with the motions before the
acquisitions occurred. Subjects were instructed to perform active elevation or rotation at
a self-selected but relatively slow speed (Fayad et al., 2006). They were also asked to
avoid thoracic compensation when maximal amplitude was reached.

Data reduction and analysis

Scapular orientation was expressed relatively to the thorax using YXZ Cardan
decomposition (Wu et al., 2005). Humerus orientation, for the flexion and the
abduction, was expressed relatively to the thorax using YXZ Cardan decomposition
(Senk and Chéze, 2006) in order to avoid gimbal lock (Cappozzo et al., 2005)
(mathematical indetermination when expressing the rotation angles). Ludewig et al.
(Ludewig et al., 2002) reported that humeral internal/rotation is not well described for
the GH internal/external rotation when using sensors placed on the arm. They measured
errors of up to 15.6° for internal rotations. Therefore we estimated the arm
internal/external rotation as the angle defined by the forearm and the horizontal axis in
the sagittal plane. As no motion occurred at the elbow joint during GH internal/external
rotation, soft tissue artifacts were kept as small as possible. The scapular orientation was
then expressed relatively to the humeral elevation/rotation.

Our goal was to study separately the influence of the initial position of the scapula and
its kinematic. Therefore, scapular orientation and humeral elevation/rotation were set to
0° for the starting position of each motion. In more details these positions were the arm
along the body in a neutral position, the arm along the body and externally rotated of
90° and the arm abducted by 90° for the elevation/lowering of the arm in the sagittal
plane, the elevation/lowering of the arm in the frontal plane and the internal/external
rotation motion respectively. The more traditional presentation of the kinematic (i.e.
without removing the stating position values) will also be presented as an illustration in
order to give the reader the possibility to evaluate our methodology.

The obtained data were averaged first for each subject over the 5 repeated trials in order
to limit motoric noise (Groot, 1997) and then over each population for every degree
increment of humeral elevation/rotation. Both elevation and lowering of the arm were
performed by the subjects. As Borstad et al. (Borstad and Ludewig, 2002) measured
small but statistically significant differences between these two phases, both were kept
and merged for analysis. Because all volunteers did not achieve the same range of
motion, scapular kinematic results are only expressed up to the lowest maximal range
achieved in both populations for the GH internal/external rotation of the shoulder. As
the accuracy of measurements based on skin markers decrease rapidly after 120° of
humeral elevation (Karduna et al., 2001), the other 2 motions (elevation and lowering of
the arm in the frontal and sagittal plane) are given from 0° to 120° of humerus elevation.

Three main results are provided in this paper for each population: scapular position at
rest, scapular kinematics for the three motions and finally the humero-thoracic range of
motion also for the three motions.
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Statistical analysis

Descriptive statistics (mean and standard deviation [SD]) of the scapular kinematic were
calculated for each step of 1°. Descriptive statistics of the scapular resting position as
well as the humeral range of motion (ROM) were also evaluated. For the statistical
analysis, the level of significance was set at p < 0.05. Unpaired two-sample t-tests were
used to compare the scapular resting position, the incremental data of the scapular
angles and the humero-thoracic range of motion between the male and female
populations. Data processing and plotting were realized using open-source scientific
python tools (Hunter, 2007; Jones et al., 2001; Perez and Granger, 2007). The size of
the groups was chosen to detect 5° differences with a power of 70%.
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Results

No significant differences were found for the scapular position at rest between the male
and female populations (Figure 1). However women present larger upward rotation
(4.5£5.5° vs. 0.5+ 6.5°) and internal rotation (34+12° vs. 29+7°) than men. Similar
anterior tilts were measured (8+4.5° and 9+3.5°).
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Figure 1 — Scapular orientation at rest (mean and standard deviation) for male (crossed
diagonal hatching) and female (diagonal hatching) populations.

Several significant differences are observed between the scapular motion between male
and female populations in this study when the influence of the initial position is
removed (Figure 2). All occur for the external/internal rotation of the scapula. During
the active motion of the arm in the frontal and sagittal planes, the scapula goes more
externally in the female population. In terms of amplitude, the difference between the 2
populations is equal to 6-7° at 120° of humeral elevation. It is also worth noting that no
significant differences are observed concerning the scapula kinematic during the GH
internal/external rotation with the arm abducted at 90°.

When the influence of the initial position is kept (Figure 3), the main observation
concerns the more posterior tilt of the scapula in the male population for all three
motions. In the sagittal plane and during the internal/external rotation, we also observe
that the scapula in the male population has a larger upward rotation.
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Figure 2 — Scapular rotations (mean and standard deviation) with respect to humeral
elevation/rotation relatively to the thorax (by columns) with the initial postural offset
removed: upward/downward rotation, external/internal rotation, posterior/anterior tilt -
for three motions (by rows): motion of the arm in the frontal plane, motion of the arm in
the sagittal plane and internal/external rotation at 90° of abduction for male (squares)
and female (circles) populations. Significant differences (p < 0.05) between the two
populations at a specific humeral elevation/rotation are marked by an empty triangle
along the x-axis.
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Figure 3 - Scapular rotations (mean and standard deviation) with respect to humeral
elevation/rotation relatively to the thorax (by columns) with the initial postural offset
kept: upward/downward rotation, external/internal rotation, posterior/anterior tilt - for
three motions (by rows): motion of the arm in the frontal plane, motion of the arm in the
sagittal plane and internal/external rotation at 90° of abduction for male (squares) and
female (circles) populations. Significant differences (p < 0.05) between the two
populations at a specific humeral elevation/rotation are marked by an empty triangle
along the x-axis.
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Female subjects have greater arm active range of motion (Figure 4) for all studied
motions and significant differences are observed for the maximal abduction (p=0.017)
and the maximal internal rotation (p=0.017). Mean maximal abduction for men is equal
to 152+12° against 165+10° for women. Mean men maximal sagittal flexion is equal to
150£10° while mean women maximal flexion is higher and equal to 157+6°.
Concerning internal rotation, men achieve a mean value of 69+11° against 81+10° for
women. Finally, the mean maximal external rotation of men, equal to 84+12°, is again
lower than women who achieve 89+8° of rotation.
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Figure 4 — Humero-thoracic range of motion (mean and standard deviation) for male
(crossed diagonal hatching) and female (diagonal hatching) populations. Significant
differences (p < 0.05) between the two populations are marked by an empty triangle
above the results.
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Discussion

The aim of the present paper was to compare the 3D shoulder motion of healthy male
and female populations. The comparison was based on the active range of motion of the
shoulder as well as the posture (resting position) and the kinematics of the scapula.

Several studies in the literature provide estimations of the range of motion of the
shoulder. These results are summarized in Table 1. Most studies have used goniometers.
This tool has the advantage to be easy to use. However, inter-observer reproducibility
might not be as good as 3D measurements and more importantly it could be difficult to
assess for the thoracic motion participation, which usually happens at maximal shoulder
excursion. This might explain why most studies using this technique report larger
ranges of motion than in this paper However, in our study, the scapula motion was not
restrained and was able to move anteriorly, which may explain some differences for the
internal/external rotation motion.

For all active motions, women present a larger humero-thoracic range of motion.
Previous studies have already showed that, among other parameters, women tend to be
more lax (Remvig et al., 2007; Silman et al., 1987). On a large cohort of students
entering military academy, Vairo et al. (Vairo et al., 2012) measured significant
differences between maximal flexion in the male and female populations. For
external/internal rotations, Vairo et al. (Vairo et al., 2012) found no significant
differences between male and female but still measured higher range of motion for the
female population. Similarly, Barnes et al. (Barnes et al., 2001) found larger range of
motion for women than men. Passive elements (tightness of the shoulder capsule,
coraco-humeral and gleno-humeral ligaments) limit the gleno-humeral joint rotation in
extreme motions. Joint larger mobility may be linked to increased ligamentous laxity in
the female population (Remvig et al., 2007). Scapulo-humeral stabilization is also
performed by active elements (including the muscles of the rotator cuff). Male larger
muscles strength (Danneskiold-Samsge et al., 2009; Stoll et al., 2000) and mass around
the shoulder are also believed to decrease joint laxity when considering sedentary
subjects.

In the present study, the scapula at rest has globally a limited upward rotation, is
internally rotated and presents a small anterior tilt. Even if no previous study has
compared specifically male and female populations, prior results have been presented
for mixed populations. Borstad et al. (Borstad, 2006) studied the resting position of the
scapula for populations having long and short pectoralis minor muscle resting length.
The scapula was more internally and posteriorly rotated than in our study. However it is
not clear how anatomical axes were defined. Ludewig et al. (Ludewig et al., 2009) and
Watson et al. (Watson et al., 2005) found an upward rotation of the scapula similar to
our results. The scapula in the female population was measured to be 4° more upward
and 5° more internally rotated. However, the resting positions of male and female
populations are not found to be significantly different. This result might be due to a lack
of power of the study.
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The estimation of the kinematic of the scapula using skin markers is particularly
difficult because of the large relative motion of the skin and the bone (Matsui et al.,
2006). It is the main limitation of such analyzes. However validation studies tend to
demonstrate that scapular motion can be accurately estimated for humeral elevation
inferior to 120° for elevation in the sagittal plane (Karduna et al., 2001; Lempereur et
al., 2010). Our own measurements in the sagittal and frontal plane are therefore only
presented up to 120° of humeral flexion. Other authors report that bone motion is
usually underestimated with skin-fixed sensors/markers (Meskers et al., 2007). Using
bone pins, Ludewig et al. (Ludewig et al., 2009) measured larger upward rotation (40°
vs. 32°) and posterior tilt (18° vs. 6°-11°) than our measurements for an humeral
elevation in the frontal plane. It has also been previously emphasized that measurements
are very sensitive to markers placement (Bourne et al., 2011). Following the
recommendations of Bourne et al. (Bourne et al., 2011), we used the scapular markers
configuration which seems to be overall (for the 3 scapular rotations) the most accurate.
Comparison of measurements across studies is difficult because of differences in the
protocols, measurement techniques, and population characteristics differences. However
thanks to standardization efforts realized in the biomechanics community (Wu et al.,
2005), recent studies are now easier to compare. Results of previous studies for different
men/women ratios are summarized in Table 2.

Differences observed in the scapular pattern between male and female populations have
not been reported before. In this study, the scapula was found to be significantly more
externally rotated in the female population for the active motion of the arm in both the
frontal and sagittal planes. Several studies have observed morphological and motor
control strategies differences between genders. Several anatomical differences (Krobot
et al., 2009) were described. These differences include global anthropometrical
variations (segment lengths, masses) (Winter, 2009) and more local variations such as
the shapes of the acromion (Paraskevas et al., 2008), the glenoid (Merrill et al., 2009)
and the chest (Bellemare et al., 2003). These variations imply modified muscle arms for
several important muscles of the shoulder (deltoid, trapezius) and inertial properties of
the bone segments. This could possibly lead to altered muscle recruitments and scapular
motions. The muscles recruitment has been hypothesized to be a compromise between
the postural positioning error, the optimal stabilization of the joint (Myers and Lephart,
2000) (which result in muscles co-activation) and a limited energy consumption
(Gribble et al., 2003). Experimental measurements of shoulder muscles activations have
shown differences between healthy men and women (Anders et al., 2004); men show
superior muscles activations in the main force direction. Finally, the male larger
muscles strength (Danneskiold-Samsge et al., 2009; Stoll et al., 2000) may also lead to
scapular motion modifications. Men anterior muscles (pectoralis minor and major) are
usually more developed and shortened. It could explain the less external rotation
observed in the male population. Likewise, the fact that women showed less posterior
tilt during active motion of the arm in the frontal and sagittal planes could entail a
superior contact between the acromial surface and the superior rotator cuff. This
position of the scapula during active motion may result from shortened pectoralis minor
and less scapular muscles recruitment.

The differences of the kinematic between men and women are probably the
consequence of various parameters. Musculoskeletal modeling (Damsgaard et al., 2006;

10
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Delp et al., 2007; Sandholm et al., 2011) may facilitate the investigation of the origin of
these differences. Indeed, musculoskeletal modeling is a mechanical description of (at
least) bony segments, joints and muscles. It would therefore be possible to study
independently each parameter of interest, which is usually impossible in-vivo because
the inter-subject variability never affects one single parameter at a time.
Electromyographic measurements as well as isokinetic measurements would give
additional insights and understanding of the activation strategies underlying the scapular
kinematic and the scapular muscle strength influence.

In the present study no guides were used to secure the motion of the subjects in the
various planes. We took several precautions to ensure the reliability of our tests: (i) the
motions were in anatomical planes (sagittal, frontal), (ii) two testers were always
present during the tests: while the first one was in charge of the technical part of the
acquisition, the second one checked visually that the motions were done correctly, (iii)
the subjects practiced the motions before the measurements , (iv) the subjects performed
the motions at their self chosen speed and (v) for each subject and each motion, 5
repetitions were measured and then averaged in order to limit motoric noise. However
the absence of guide may still have increased the variability of the measures. It is
especially true for the gleno-humeral internal/external rotation with the arm abducted at
90°. The absence of differences between sexes in this specific motion may be explained
by this limitation.

11
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Conclusion

The scapular motion of male and female population has not been compared before in the
literature. Their motion was however indirectly hypothesized to be similar. The present
study demonstrates that the kinematic and the range of motion of the shoulder should be
expected to be different between men and women. Such results were only reported
concerning the gleno-humeral joint but not concerning the scapula-thoracic one.
Clinically speaking, knowledge of gender specificities could help further studies to
identify symptomatic kinematic patterns. We would also advise that special care is
given to the gender composition of populations during research studies.

12
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Table 1 - Humeral range of motion measured by various authors

Proportion .
. Active
. of men in the Range of
Author Instrumentation . shoulder SO
population : motion (°)
motion
(%)
Boone et al., Abd 170°
1979 (Boone Goniometer 100 % Flex 1580
and Azen, 1979)
Female: 187.6°
Abd Male: 180.1°
Barnes et al. Flex Fem?lg: 1:7366?
2001 (Barneset  Goniometer % _ e L8y
al., 2001) GH int Male: 41.2°
Female: 104.9°
GH ext Male: 101.2°
McClully et al., Custom-made GH int 73°
2005 (McCully splint 50 % GH ext 107°
et al., 2005) P
McCLure et al., Flex 163,5°
2006 (McClure Goniometer 53 % GH int 70°
et al., 2006) GH ext 112°
Female: 168.1°
Vairo et al., Flex Male: 165.2°
2012 (Vairo et Goniometer %) GH int F,f,l”;fg%i%?
al., 2012) Female: 100.1°
GH ext Male: 98.6°
Female: 165°
Abd Male: 152°
. Flex Femalg: 153°
Oursuudy ~ OPIrEorone 0 _ Mae: 150
GH int Male: 69°
Female: 89°
GH ext Male: 84°
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Table 2 - Amplitude of scapular rotations measured by various authors. In the frontal
and sagittal planes, the arm elevation ranges from 0° to 120°, and for the GH shoulder
external/internal rotation, the shoulder rotation ranges from 70° of extern rotation to 50°
of internal rotation (unless stated otherwise).

Proportion
of men in Active Scapular rotation
Author Instrumentation the shoulder P )
population motion
(%)
31° upward rotation
McCl i Sag_low 10° posterior tilt
cllure € ; B 0° external rotation
0
al. 2001 Bone pins 63 % _ 17° downward rotation
GH ext/int rot  15° anterior tilt
14° internal rotation
40° upward rotation
Sag_elev 2° anterior tilt
. o I 1
McClure et  Electromagnetic £3 GH nexi Tt 0" external rotation
al. 2006 system 0 Invextro 15° upward rotation
unknown max 14° posterior tilt
internal to 80 16° external rotation
external rotation
Mean of 40° upward rotation
Front_elev and  18° posterior tilt
Ludewiq et . Front low 0° external rotation
I 2089 Bone pins 60 % S of
al. Mean o 36° upward rotation
Sag_elevand  20° posterior tilt
Sag low 0° external rotation
B 30° upward rotation
Front 10° posterior tilt
0° external rotation
H 30° upward rotation
Our study Optoelectronic 100% Sag 2 postorior fit
- Men - system 8° internal rotation
4° downward rotation
GH rot 8° anterior tilt
4° external rotation
31° upward rotation
Front 7° posterior tilt
5° external rotation
i 31° upward rotation
Our study Optoelectronic 100% Sag - postorior i
- Women - system 0° internal rotation
3° downward rotation
GH rot 8° anterior tilt

0° external rotation

Abbreviations: Arm elevation in the frontal plane (Front_elev) — Arm lowering in the frontal plane (Front_low) —
Arm elevation in the sagittal plane (Sag_elev) — Arm lowering in the sagittal plane (Sag_low) — GH internal to
external rotation (GH int/ext rot) — GH external to internal rotation (GH ext/int rot). If no phase is specified, the
results correspond to the mean of both phases.
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