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Abstract

It is currently unknown in which ways activity of the ab- and adductor shoulder muscles affects shoulder biomechanics (scapular

kinematics and glenohumeral translation), and whether these changes are relevant for alterations of the subacromial space width.

The objective of this experimental in vivo study was thus to test the hypotheses that potential changes of the subacromial space

width (during antagonistic muscle activity) are caused by alterations of scapular kinematics and/or glenohumeral translation.

The shoulders of 12 healthy subjects were investigated with an open MRI-system at 30�, 60�, 90�, 120� and 150� of arm elevation.

A force of 15N was applied to the distal humerus, once causing isometric contraction of the abductors and once contraction of the

adductors. The scapulo-humeral rhythm, scapular tilting and glenohumeral translation were calculated from the MR image data for

both abducting and adducting muscle activity.

Adducting muscle activity led to significant increase of the subacromial space width in all arm positions. The scapulo-humeral

rhythm (2.2–2.5) and scapular tilting (2–4�) remained relatively constant during elevation, no significant difference was found

between abducting and adducting muscle activity. The position of the humerus relative to the glenoid was, however, significantly

(po0.05) different (inferior and anterior) for adducting versus abducting muscle activity in midrange elevation (60–120�).

These data show that the subacromial space can be effectively widened by adducting muscle activity, by affecting the position of

the humerus relative to the glenoid. This effect may be employed for conservative treatment of the impingement syndrome.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

A reduction of subacromial space width represents a
relevant factor in the pathogenesis of the impingement
syndrome (Michener et al., 2003; Neer, 1972). There-
fore, the general aim of conservative or surgical therapy
has been to enlarge this space (Morrison et al., 1997;
Soyer et al., 2003). Several factors have been identified
that reduce the width of the space below the acromion,
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such as acromion morphology (i.e. hooked acromion)
(Bigliani et al., 1991), scapular morphology (Anetzber-
ger and Putz, 1996), protraction of the shoulder girdle
(Solem-Bertoft et al., 1993), elevation of the arm
(Flatow et al., 1994; Graichen et al., 1999a), alteration
of the scapulo-humeral rhythm (Graichen et al., 2001;
Paletta et al., 1997), and others. These factors have also
partly been shown to conincide with the presence of
clinical symptoms of impingement syndrome (Bigliani
et al., 1991; Flatow et al., 1994; Graichen et al., 2001).

Retraction of the shoulder girdle, in contrast, has
been shown to cause a widening of the subacromial
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space (Solem-Bertoft et al., 1993). Some of the
physiotherapeutic approaches for treating the impinge-
ment syndrome are therefore based on the assumption
that strengthening of the adductor muscles may be
beneficial to enlarge the subacromial joint space
(Morrison et al., 1997; Werner et al., 2002). We have
previously shown that abducting muscle activity causes
a reduction of the subacromial joint space (Graichen
et al., 1998, 1999a) and centering of the humeral head
relative to the glenoid (Graichen et al., 2000b). It is,
however, currently unclear whether such potential
alterations of the subacromial space are caused by
downward translation of the humeral head, or by
alterations of scapular position. Theoretically, an
increased tilt of the scapula or a decreased scapulo-
humeral rhythm may affect the acromiohumeral dis-
tance, albeit the position of the humeral head relative to
the glenoid remains constant.

In this study we employ state-of-the-art open MR
imaging and 3D postprocessing technology (Graichen
et al., 1998, 2000a, b) to address these questions directly
in vivo. We test the specific hypotheses that (1)
adducting muscle activity causes an increase of scapular
tilting and a decrease of the scapulo-humeral rhythm,
which indirectly causes an enlargement of the subacro-
mial space, and that (2) adducting muscle activity causes
a downward translation of the humeral head relative to
the humerus and thus also widens the subacromial space
width directly.
2. Material and methods

2.1. Open MR imaging

The shoulders of 12 healthy volunteers (21–33 years)
were analyzed. The volunteers had no history of
musculo-skeletal disorders, shoulder pain or injury.
MR imaging was performed with an open MR system
(0.2 T; Magnetom Open; Siemens; Germany) and a T1-
weighted 3D gradient recalled echo sequence (TR 16.1,
TE 7.0ms, FA 30�). Image acquisition was performed in
an oblique coronal orientation (slice thickness
1.875mm) perpendicular to the glenoid cavity. The in-
plane resolution was 0.86mm and the acquisition time
4026min. The images demonstrated no morphologic
alterations in relevant anatomical structures in the 12
volunteers.

The spine of the volunteers was placed precisely in the
longitudinal axis of the scanner, this being controlled by
a localizer image. To minimize the influence of the
supine position on the scapula kinematics the volunteers
were positioned on a pad. The pad was adapted
individually to each patient (von Eisenhart-Rothe et al.,
2002), and permitted free movement of the scapula
without interference with the scanner table. The arm
was placed in the scapular plane and image acquisition
was performed at 5 different elevation angles between
30� and 150�, with neutral rotation of the arm. For
reproducible alignment of the shoulder and the arm
elevation angle, a special positioning device was used
(Graichen et al., 2000a). Beside the elevation angle the
rotation angle could also be controlled. Constant
isometric muscle activity was achieved by applying first
an ADducting force of 15N, and second an ABducting
force of 15N to the distal humerus. To prevent
movement artifacts and to ensure that the humerus
was maintained in a constant position during image
acquisition, a board was installed on both sides of the
positioning device, with which the arm remained in close
contact during image acquisition. In a previous study
(Graichen et al., 1999b) we have shown with surface
electromyographic electrodes that the muscles displayed
continuous activity during the 4min acquisition time at
all degrees of abduction (Graichen et al., 1999b).
Written consent was obtained of all volunteers and
patients prior to MR examination, and all parts of the
study had been approved by the local ethics committee.

2.2. Digital image processing and statistical analysis

The image data were transferred to a parallel
computing system (Octane Duo, Silicon Graphics Inc.,
Mountain View, CA). After semi-automated segmenta-
tion of the humerus and the scapula (including the
articular cartilage of the glenoid and the humeral head)
(Haubner et al., 1997), trilinear interpolation and 3D
reconstruction was performed as described previously
(Englmeier et al., 1994).

For quantitatively characterizing scapular kinematics,
the scapulo-humeral rhythm and scapular tilt were
calculated. To determine the scapulo-humeral rhythm,
we seperated the articular surface of the glenoid cavity
from the scapular body, calculated the center of mass of
the glenoid cavity in three dimensions, and performed a
principal axis decomposition of the inertia tensor of the
segmented structures as described previously (Graichen
et al., 2000a). Determination of the principal axis of the
humerus was performed by the same method. The arm
abduction angle (angle between longitudinal axis of the
humerus and the spine), the glenohumeral angle (angle
between the humerus and the glenoid), and the scapulo-
thoracic angle (angle between glenoid and spine) were
then calculated (Fig. 1). Finally, the scapulo-humeral
rhythm [SHR] (ratio of glenohumeral angle and
scapulo-thoracic angle) was analyzed for each arm
position according to the method described by Poppen
and Walker (1976).

In the frontal plane, the angle between the scapular
body and the coronal plane was calculated. This angle is
addressed as scapular tilting it describes the amount of
‘‘lifting off’’ of the scapula versus the rib cage. This



ARTICLE IN PRESS

(A)

(B)

Fig. 1. Characterization of 3D scapular kinematics by (A) determining

the scapulo-humeral rhythm and (B) scapular tilting.
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Fig. 2. Mean changes of scapular kinematics and humeral head

translation with SD at 30�, 60�, 90�, 120� and 150� of elevation with

abduction and adduction muscle activity. Gray bar indicates influence

of abducting muscle activity, black bar influence of adducting muscle

activity. (A) Scapulo-humeral-rhythm. (B) Scapular tilting. No

significant differences were observed between muscle activities in

opposite directions.
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angle is used as a measure for retraction and protrac-
tion. (Fig. 1).

The glenoid-based coordinate system was used to
determine the position of the humeral head and the
amount and direction of glenohumeral translation
between different arm positions in both the anterior–
posterior and superior–inferior direction. (Graichen
et al., 2000b; von Eisenhart-Rothe et al., 2000). The
data obtained at 30� of abduction were used as reference
for quantifying the individual translational movements
of the humerus in each patient.
Statistical comparison between adducting and abduct-
ing muscle activity in the different elevation angles was
performed using a ANOVA post-hoc-test (Bonferroni/
Dunn adjustment) setting the maximal accepted error
level to po0.05. In view of the multiple tests,
significance levels were set to po0.0125 to indicate
significance at the 5% global error level, and to
po0.0025 to indicate significance at the 1% global
error level.
3. Results

3.1. Subacromial space width

In all arm positions, adducting muscle activity led to a
significant increase of the minimal acromio–humeral
distance compared with abducting muscle activity.

3.2. Scapular kinematics

Under adducting muscle activity, a constant scapulo-
humeral rhythm of 2.3–2.8 was observed during the
entire range of arm elevation (Fig. 2A). During
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abducting muscle activity, values ranged from 2.2 to 2.7
between 60� and 150�. Only at 30�, the scapulo-humeral
rhythm was somewhat higher (3.1) (Fig. 2A). Statistical
comparison showed no significant difference between
ab- and adduction muscle activity and between the
different elevation angles with regard to the scapulo-
humeral rhythm. Constant values for scapular tilting
were found (2–4�) under both muscle activites with
no significant difference between abducting and adduct-
ing muscle activity and between various arm positions
(Fig. 2B).

3.3. Glenohumeral translation

During abducting muscle activity, a significant super-
ior translation (0.6–1.8mm; po0.05) was observed
between 30� and 120� of arm elevation in comparison
with adducting muscle activity (Fig. 3A). From 120� to
150� of elevation, however, the humeral head translated
inferiorly by 0.972.1mm. During adducting muscle
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Fig. 3. (A) Superior/inferior movement of the humeral head relative to

the center of the glenoid. Negative values indicate superior movement

of the humeral head. Humeral head shows significant inferior position

through adduction muscle activity in 90� and 120� of elevation.
�po0.05 in single test; ��po0.05 at global level [o0.0125 in single

test]; ���p o0.01 at global level [o0.0025 in single test]; (B) Anterior/

posterior movement of the humeral head relative to the center of the

glenoid. Negative values indicate posterior movement of the humeral

head. Humeral head shows significant anterior position under the

influence of adducting muscle activity at 60�, 90� and 120� of

elevation. �po0.05 in single test; ��p o 0.05 at global level [o 0.0125

in single test]; ���po0.01 at global level [o0.0025 in single test].
activity the position of the humeral head position
(relative to the glenoid) was almost constant between
0.2 and 0.3mm (Fig. 3A). Only at 60� of abduction, the
position of the humeral head was 1.00mm superior to
the center of the glenoid. Comparing ab- and adducting
muscle activity displayed a significantly more inferior
position of the humeral head between 90� and 120�

(po0.05) (Fig. 3A).
In anterior/posterior direction, the humeral head was

positioned posterior to the center of the glenoid (1.3–
2.3mm) at all elevation angles under abducting muscle
activity (Fig. 3B). There was no significant difference in
humeral head postion between various arm positions.
Under adducting muscle activity, the head was posi-
tioned anteriorly, with values of 0.2–1.4mm at lower
elevation angles. At 120� of elevation, the humeral head
was almost centered while at 150� it was positioned
posteriorly (0.9mm) under adducting muscle force (Fig.
3B). Between 90� and 150� of elevation, a significant
posterior translation of the humeral head was observed
relative to abducting muscle activity. Comparing ab-
and adducting muscle activity displayed a significant
anterior (60�, 90� and 120�; po0.0025) position of the
humeral head under the influence of adducting muscle
activity (Fig. 3B).
4. Discussion

In this study we have analyzed the effect of adducting
and abducting muscle activity on the subacromial space
width during elevation of the arm. Moreover, the study
was designed to clarify whether potential changes in
subacromial space width are caused by alterations of
scapular kinematics and/or humeral head position. We
hypothesized that both scapular kinematics and gleno-
humeral head position were associated with subacromial
joint space width. Whereas the position of the humeral
head relative to the glenoid directly determines the width
between the humeral head and acromion, the rotation
and tilt of the scapula determines the specific position of
the acromion and may thus affect the acromiohumeral
distance, independent of the humeral head position
relative to the glenoid. Since the thoracoscapular
muscles determine the position of the scapula, it is
conceivable that different muscle activites (ab- and
adductor contraction) alter the position of the scapula
and thus have an indirect effect on the width of the
subacromial joint space.

By applying state-of-the-art 3D MR imaging and
postprocessing technology we were able to demonstrate,
that adducting muscle activity widens the subacromial
space width relative to abducting muscle activity.
Contrary to our hypothesis, however, only the inferior
and anterior translation of the humeral head versus the
glenoid during adductor muscle activity was responsible
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for this increase, whilst scapular kinematics was not
different between ab- and adducting muscle activity.

The minimal distance between the humeral head and
the acromion represents an established quantitative
parameter of subacromial joint space width. Studies with
conventional radiography have shown that values of
>6mm are normal under physiological conditions
(Golding, 1962; Petersson and Redlund-Johnell, 1984;
Weiner and Macnab, 1970). The limitation of radio-
graphy, however, is its projectional nature. Potential
artefacts result from the superpositioning of various
anatomical structures onto a two-dimensional film.
Recent studies with open MR imaging techniques have
demonstrated that the acromiohumeral distance is
dependent on the arm elevation angle. A decrease of 2–
3mm has been observed from 30 to 90� of elevation
(Graichen et al., 1999a). This corresponds with the
clinical finding that in patients with impingement
syndrome the pain is most pronounced between 60�

and 120� of elevation. Flatow et al. (1994) have shown
under in vitro conditions that narrowing between the
humeral head and the acromion occurs in these positions.

Abducting muscle activity has been identified to
reduce subacromial space width in vitro and in vivo
(Graichen et al., 1998, 1999a; Perry, 1988; Wuelker et al.,
1995). However, it has remained unclear whether
changes of the subacromial space width are primarily
caused by humeral head translation or/and by altera-
tions of the scapular kinematics. The limitations of
radiographic studies (Paletta et al., 1997; Poppen and
Walker, 1976) in characterizing glenohumeral transla-
tion and scapular kinematics were overcome by using a
three-dimensional imaging and postprocessing techni-
que (Graichen et al., 1998). This technology allowed us
to determine all spatial parameters (subacromial space
width, glenohumeral position, scapular kinematics)
simultaneously.

A limitation of the open MRI technique is the
relatively long acquisition time. A minimal imaging
time of 2–5min is required for acquiring 3D data sets
with complete anatomical coverage of all relevant
structures. It must be considered that the results of this
quasi static assessment of the joint might differ from
those obtained under dynamic circumstances. For
performing dynamic studies, single 2D images can be
obtained at time intervals of around 1 s. However, as for
radiography single 2D images suffer from limited
reproducibility and do not permit to adequately address
the questions examined in our current study.

Here we show that the increase of the subacromial
space width during adducting muscle activity is caused
by inferior and also by anterior translation of the
humeral head relative to the glenoid. This confirms that
a 3D analysis is required to capture glenohumeral joint
biomechanics during normal neuromuscular activity. A
significant inferior and anterior translation was found
for adducting muscle activity and all arm positions,
except for 30� of elevation.

While alterations of scapula kinematics are often
observed for various clinical pathologies of the shoulder
(Graichen et al., 2001; Ozaki, 1989; Warner et al., 1992),
we found no differences of scapular rotation and tilt
between adducting and abducting muscle activity under
physiologic conditions. Moreover, the standard devia-
tion between the individuals was very small, suggesting
that scapular kinematics in healthy shoulders is very
constant and displays little intersubject variability. This
applied to both the scapulo-humeral rhythm as well as
to scapula tilting.

In conclusion we show here, for the first time in vivo,
that the physiological increase of subacromial space
width under adducting muscle activity at various
elevation angles is caused by inferior and anterior
translation of the humeral head relative to the glenoid.
Scapular kinematics, in contrast, was not altered by
muscle forces in opposite directions. These relationships
indicate that it may indeed be possible to treat patients
with impingement syndrome conservatively, by
strengthening the adductor muscles.
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