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mined with an electromagnetic motion-tracking system. Both
measurements were performed at 3 elevation positions (08, 458,
and 608 of abduction). We used a 3-factor mixed model for data
analysis.
Results: After fatigue, the acromiohumeral distance increased when the upper extremity was actively positioned at
458 (D ¼ 0.78 6 0.24 mm, P ¼ .002) or 608 (D ¼ 0.58 6 0.23 mm,
P ¼ .02) of abduction. Scapular position changed after fatigue to
a more externally rotated position at 458 (D ¼ 4.978 6 1.138, P ,
.001) and 608 (D ¼ 4.618 6 1.908, P ¼ .001) of abduction, a more
upwardly rotated position at 458 (D ¼ 6.108 6 1.308, P , .001)
and 608 (D ¼ 7.208 6 1.658, P , .001) of abduction, and a more
posteriorly tilted position at 08, 458, and 608 of abduction (D ¼
1.988 6 0.418, P , .001).
Conclusions: After a fatiguing protocol, we found changes
in acromiohumeral distance and scapular position that corresponded with an impingement-sparing situation.
Key Words: shoulder, subacromial impingement syndrome,
injury prevention, ultrasonography

Key Points



After a fatiguing protocol, acromiohumeral distance increased, and scapular position was more upwardly and
externally rotated and posteriorly tilted when the upper extremity was actively held at 458 or 608 of abduction.
The changes in acromiohumeral distance and scapular position corresponded with a protective, impingementsparing situation that could be explained by the scapula compensating for glenohumeral shoulder-muscle fatigue.

O

verhead sports activities place large-magnitude
loads on the upper extremity through repetition of
high-velocity overhead motion while continuously
alternating between acceleration and deceleration.1 Not
surprisingly, overhead athletes often present with pathologic shoulder conditions. Disorders of the rotator cuff are
frequently the source of pain.2,3 Subacromial impingement
plays an important role in the development of pathologic
rotator cuff conditions4; it occurs when the space is
inadequate for clearance of the rotator cuff tendons during
elevation.5 Multiple theories exist as to why overhead
athletes develop impingement-related concerns.6–8
Overhead athletes present with several adaptations that,
in turn, are linked to narrowing of the subacromial space,
such as glenohumeral internal-rotation deﬁcit (GIRD) and
scapular dyskinesis. Fatigue of the shoulder muscles due to
repetitive and prolonged overhead sports activity also has
been postulated to contribute to impingement.9 Given that
the shoulder musculature plays such an important role in

producing and controlling shoulder motion, impairment of
these muscles could alter scapular kinematics and inﬂuence
the size of the subacromial space.
No consensus exists in the literature about whether
scapular upward rotation increases10–13 or decreases14,15 and
what happens to external rotation and posterior tilt of the
scapula after shoulder fatigue.10–15 Based on these ﬁndings,
clinicians can only indirectly deduce the effect of shouldermuscle fatigue in overhead athletes on the actual size of the
subacromial space. No researchers have measured acromiohumeral distance (AHD) before and after shoulder
fatigue. Moreover, many investigators10,11,14,16 have used
fatiguing protocols that do not resemble overhead sports
activity, such as external rotation, horizontal abduction, and
elevation exercises. Therefore, the purpose of our study was
to assess the effect of a fatigue protocol resembling
overhead sports activity on AHD in overhead athletes
through direct measurement of this space with ultrasound.
In addition, we studied changes in 3-dimensional scapular
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Context: Muscle fatigue due to repetitive and prolonged
overhead sports activity is considered an important factor
contributing to impingement-related rotator cuff pathologic
conditions in overhead athletes. The evidence on scapular and
glenohumeral kinematic changes after fatigue is contradicting
and prohibits conclusions about how shoulder muscle fatigue
affects acromiohumeral distance.
Objective: To investigate the effect of a fatigue protocol
resembling overhead sports activity on acromiohumeral distance and 3-dimensional scapular position in overhead athletes.
Design: Cross-sectional study.
Setting: Institutional laboratory.
Patients or Other Participants: A total of 29 healthy
recreational overhead athletes (14 men, 15 women; age ¼
22.23 6 2.82 years, height ¼ 178.3 6 7.8 cm, mass ¼ 71.6 6
9.5 kg).
Intervention(s): The athletes were tested before and after a
shoulder muscle-fatiguing protocol.
Main Outcome Measure(s): Acromiohumeral distance was
measured using ultrasound, and scapular position was deter-

position to explore the relationship between these rotations
and AHD.
METHODS
Participants

Data Collection

Athletes completed a questionnaire to provide information about demographics (sex, age, height, mass), their
sports activities (which sport, hours of participation per
week, and years of experience in this sport), and their
histories of shoulder pain. Each participant underwent a
clinical examination, including active movements and
impingement tests (Hawkins, Neer, and Jobe tests).19 This
examination was performed by the main investigator
(A.M.), who had 4 years of clinical experience as a
physiotherapist treating patients with shoulder conditions.
If a test was painful, the athlete was excluded from the
investigation.
To evaluate GIRD, internal-rotation range of motion was
measured with an Acumar digital inclinometer (model
ACU360; Lafayette Instrument Co, Lafayette, IN) before
the investigation started. During this measurement, the
participant was supine with the shoulder abducted to 908
and internally rotated until the coracoid process started
moving anteriorly.20 One investigator (A.M.) checked
movement of the coracoid process through palpation, and
another investigator (F.D.) measured range of motion. In a
previous study,21 test-retest reliability of this measurement
was 0.93 (standard error of the mean ¼ 1.68).
We performed baseline AHD measurements in both
shoulders, representing the prefatigue condition. Baseline
measurements of 3-dimensional scapular kinematics were
performed only on the dominant side, which was deﬁned as
the side that the participant used for overhead throwing
during sport activity. Next, the dominant side was fatigued,
whereas the nondominant side was not. Once the
participant completed the fatigue protocol, all measurements were repeated to represent the postfatigue condition.
The fatigued shoulder was tested ﬁrst to limit the time to
measurements and minimize muscle recovery. For the same
reason, the fatiguing protocol was performed adjacent to
282
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A total of 29 healthy overhead athletes (14 men, 15
women; age ¼ 22.23 6 2.82 years, height ¼ 178.3 6 7.8
cm, mass ¼ 71.6 6 9.5 kg, body mass index ¼ 22.47 6
2.06, time participating in overhead sports activity ¼ 6.5 6
3.2 h/wk, and experience in sport ¼ 9.17 6 3.60 years)
were recruited from recreational sports associations:
volleyball (n ¼ 20), tennis (n ¼ 2), water polo (n ¼ 3),
squash (n ¼ 3), and badminton (n ¼ 1). To be included in the
study, participants had to be between 18 and 30 years of age
and perform overhead sports activity for at least 2 hours
each week. We excluded individuals if they had experienced shoulder pain during the 6 months before the study
for which they consulted a medical doctor. Given the
possible inﬂuence of GIRD on scapular and glenohumeral
kinematics, we excluded athletes with .208 asymmetry
compared with the contralateral side.7,17,18 All participants
provided written informed consent, and the Ethical
Committee of Ghent University Hospital approved the
study.

the measurement device, and participants were instructed
on quickly resuming the correct positions.
One investigator (A.M.), who specialized in shoulder
ultrasonography, obtained sonographic images with a
Colormaster 128 EXT-IZ device (Telemed UAB, Vilnius,
Lithuania) and used a 5- to 10-MHz linear transducer
(model HL9.0/40/128Z; Telemed UAB). The position of
participants was standardized and corrected before the
start of ultrasound scanning. Participants were seated
upright without back support and with their feet ﬂat on the
ground. During AHD scanning at 08 of shoulder
abduction, participants were instructed to keep their upper
extremities relaxed alongside their bodies with the ulnar
side of their hands supported on their thighs and thumbs
pointing upward. For measurement of AHD at 458 and 608
of shoulder abduction, participants were instructed to
actively keep their upper extremities in the desired
position with the elbow ﬂexed to 908 and the hand in
neutral position with the thumb pointing upward. To
ensure that the exact amount of abduction was maintained
during measurements, a belt that was ﬁxed to the chair and
hanging around the participants’ forearms was adjusted to
this position, and participants were instructed to keep this
belt straight without pulling at it (Figure 1).22 The amount
of abduction was veriﬁed with the digital inclinometer.
The transducer was positioned in the coronal plane
parallel with the long axis of the humerus where the
AHD was smallest.22 We collected 3-dimensional scapular
kinematics at 30 Hz with the 3SPACE FASTRAK
(Polhemus, Colchester, VT). This electromagnetic motion-tracking system has been used by other researchers
investigating shoulder-girdle motion.11–13,23,24 The manufacturer has reported accuracy of 0.158 root mean square
for orientation and 0.76 mm root mean square for
position.25 It consists of a transmitter that emits the
signal, 3 receivers, and a digitizing stylus, which are
connected to an electronic unit. The transmitter was
placed in a ﬁxed position relative to the chair on which
each participant was seated during the measurements. We
chose this position because it was just posterior to the
scapular sensor, and the upper extremity remained in the
hemisphere during abduction. The receivers were attached
to the bony landmarks with adhesive tape (Figure 2). The
thoracic receiver was placed on the sternum just inferior to
the sternal notch, the humeral receiver was placed on the
arm just distal to the deltoid attachment on the humerus,
and the scapular receiver was placed on the ﬂat surface of
the acromion. All metal and electric devices were
removed from the investigation room. With the participant
in a seated position, bony landmarks were palpated and
digitized with the stylus (xiphoid process, most ventral
point on the sternoclavicular joint, most dorsal point on
the sternoclavicular joint, scapular spine triangle, inferior
angle of the scapula, acromial angle of the scapula, most
ventral point of the coracoid process, most caudal point on
the lateral epicondyle, most caudal point on the medial
epicondyle, most caudal-lateral point on the radial styloid,
most caudal-medial point on the ulnar styloid).26 Given
ethical considerations, the surface method was preferred
over the method with sensors ﬁxed to pins embedded in
the bone. We considered the limitations of the surface
method and took precautions to limit error. The low body
mass index of our participants (22.47 6 2.06) excluded

potential confounding factors associated with a large
amount of soft tissue, and abduction positions were
restricted to much less than 1208, which is considered
the limit for reliable motion tracking.27

Changes in scapular external rotation, upward rotation,
and posterior tilt were quantiﬁed before and after muscle
fatigue. Kinematic data were collected during each of the 3
static abduction positions of the shoulder (08, 458, and 608
of abduction) that corresponded with the positions in which
ultrasonographic measurements were performed. Each
position was held isometrically for 5 seconds, and 3 trials
were conducted.
Fatiguing Protocol

Figure 2. A, Receiver locations during 3-dimensional scapular
position measurements. B, Coordinate axes for the local scapular
reference frame.

To fatigue the dominant shoulder, we chose a protocol to
elicit muscle fatigue that resembled overhead sport activity
fatigue. The athletes had to move the upper extremity
repeatedly from external to internal rotation with the
shoulder abducted to 908 while holding a medium XCOTRAINER device (XCO Sports Company BV, Leidschendam, The Netherlands; Figure 3). Resistance from the
XCO-TRAINER increased the acceleration and deceleration forces so that they were similar to an overhead
throwing motion. Participants knelt with the hip of the
nondominant side ﬂexed to 908 and the foot ﬂat on the
ground. This position was chosen to limit the contribution
of lower extremity force during the throwing motion. No
deviation of the upper extremity from the frontal plane was
allowed. Speed was controlled with a metronome (model
MT 50 Quarzmetronoom; Wittner GmbH & Co KG, Isny/
Allgäu, Germany) set at a frequency of 144 Hz. Fatigue
was deﬁned based on both subjective and objective criteria.
A Borg rating of perceived exertion scale was used to
register subjective experiences of fatigue.28 This scale is a
valid measure of local upper extremity exertion.29 We
considered the participants to be fatigued when they
reported an exertion level exceeding 14 of 20.30 A rating
of 15 on the rating of perceived exertion scale corresponds
with ‘‘hard/heavy work or strain and fatigue on muscles.’’28
We objectively evaluated correct performance of the
movement; no slowing down, no lowering of the upper
extremity or deviation from the frontal plane, and no
diminishing of total range of motion were allowed. When
the investigator (A.M.) observed low-quality movement,
she encouraged the athlete to correct the performance.
Inability to do so because of muscle fatigue was the
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Figure 1. A, Participant position and probe placement during sonographic acromiohumeral distance measurements. B, Measurement of
the subacromial space on ultrasonographic image.

objective criterion to end the trial. The athletes were not
aware of the criteria used to discontinue the fatigue
protocol.
Data Analysis

We saved all images on the sonographic unit for later
AHD measurements. Echowave II software (version 1.36;
Telemed UAB) was used for measuring distances. We
deﬁned AHD as the tangential distance from the most
lateral part of the acromion to the humeral head (Figure 1).
Raw kinematic data of the FASTRAK were converted to
anatomically deﬁned rotations with a custom-written
MATLAB program (The Mathworks, Inc, Natick, MA)
and displayed with Visual 3D (C-Motion, Inc, Rockville,
MD). The 3 scapular rotations were deﬁned with an Euler
axis sequence (external rotation, upward rotation, and
posterior tilting).26 Means were calculated over 5 seconds,
and those data again were averaged over the 3 trials.
Statistical Analysis

To determine the inﬂuence of fatiguing the dominant
shoulder on AHD in both shoulders, a 3-factor mixedmodel analysis was used with the factors of side (dominant,
nondominant), time (prefatigue, postfatigue), and position
(08, 458, 608). To investigate the inﬂuence of dominant-

shoulder fatigue on scapular kinematics, we used a 2-factor
mixed-model analysis with the factors of time and position.
Type of sports and hours of participation per week were
included in both models as covariates. Post hoc analyses
were adjusted with the Bonferroni correction. We used IBM
SPSS software (version 19; IBM Corp, Armonk, NY) for
statistical analysis. All P values were 2 tailed and
considered different when less than .05.
RESULTS

Sex was distributed evenly (female to male ¼ 15:14). The
average duration of the fatigue protocol was 6 minutes, 33
seconds (minimum ¼ 3 minutes, 19 seconds; maximum ¼
12 minutes, 55 seconds).
Results of sonographic AHD measurements on the
dominant and nondominant sides and before and after
fatiguing the dominant side are presented in the Table and
Figure 4. Analysis of AHD showed an interaction effect of
time 3 side 3 position (P ¼ .048). Post hoc tests indicated
that the AHD did not change postfatigue at 08 of abduction
(D ¼ 0.24 6 0.16 mm, P ¼ .15; 95% conﬁdence interval
[CI] ¼ 0.09, 0.57 mm). On the dominant side, the AHD
was larger postfatigue at 458 of abduction with an increase
of 0.78 6 0.24 mm (P ¼ .002; 95% CI ¼ 0.31, 1.28 mm)
and at 608 of abduction with an increase of 0.58 6 0.23 mm
(P ¼ .02; 95% CI ¼ 0.10, 1.06 mm). Post hoc tests

Table. Sonographic Acromiohumeral Distance Measurements (mm) on the Dominant and Nondominant Sides and Before and After
Fatiguing the Dominant Side
Side
Dominant

Nondominant

Mean (Standard Error)
Abduction Position
08
458
608
a

Mean (Standard Error)

Prefatigue

Postfatigue

P Value for Difference

Prefatigue

Postfatigue

P Value for Difference

11.92 (0.25)
10.81 (0.34)
10.21 (0.39)

12.15 (0.25)
11.61 (0.34)
10.79 (0.39)

.15
.002a
.02a

11.90 (0.30)
10.24 (0.39)
9.95 (0.36)

11.93 (0.30)
10.03 (0.39)
10.13 (0.37)

.85
.43
.53

Indicates a difference between prefatigue and postfatigue measurements.
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Figure 3. Fatigue protocol. The athlete moved repeatedly from A, external rotation, to B, internal rotation, to C, external rotation with the
shoulder abducted to 908 while holding the XCO-TRAINER (XCO Sports Company BV, Leidschendam, The Netherlands).
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Figure 4. Sonographic acromiohumeral distance measurements
on the, A, dominant and, B, nondominant sides and before and after
fatiguing the dominant side. The x axis displays the position of
abduction at which the measurement was taken. The y axis
displays the acromiohumeral distance in millimeters. Error bars
indicate 95% conﬁdence intervals. a Indicates the difference
between prefatigue and postfatigue conditions.

demonstrated no change of the AHD at any abduction
position on the nondominant side, which was not fatigued
(P . .05). We found no inﬂuence of type of sport or hours
of participation per week.
Change in position of the dominant scapula around the 3
axes prefatigue and postfatigue is presented in Figure 5. We
found a main effect of time for scapular position around the
z axis (anterior-posterior tilt) with an overall change of
1.988 6 0.418 postfatigue (P , .001; 95% CI ¼ 1.168,
2.798), meaning that the scapula was in a more posteriorly
tilted position postfatigue. We noted an interaction effect of
time 3 position for scapular position around the x axis
(upward-downward rotation). Post hoc tests showed that the
scapula was in the same position prefatigue and postfatigue
at 08 of abduction (D ¼ 1.358 6 1.078, P ¼ .22; 95% CI ¼
0.918, 3.628) but more upwardly rotated at 458 (D ¼ 6.108
6 1.308, P , .001; 95% CI ¼ 3.368, 8.858) and 608 (D ¼
7.208 6 1.658, P , .001; 95% CI ¼ 3.728, 10.698) of
abduction. Comparing the position of the scapula around
the y axis (external-internal rotation) prefatigue and
postfatigue revealed an interaction effect of time 3 position
(P , .001). Again, we observed no change of the dominant
scapular position at 08 of abduction (D ¼ 1.588 6 0.818, P ¼
.07; 95% CI ¼3.308, 0.138), but at 458 (D ¼ 4.978 6 1.138,
P , .001; 95% CI ¼ 2.588, 7.368) and 608 (D ¼ 4.618 6

Figure 5. Dominant-side scapular rotation prefatigue and postfatigue. A, Downward/upward rotation, B, Anterior/posterior tilt, C,

Internal/external rotation. The x axis displays the position of
abduction at which the measurement was taken. The y axis
represents scapular rotation. Error bars indicate 95% conﬁdence
intervals. a Indicates difference between prefatigue and postfatigue
conditions.
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1.908, P ¼ .001; 95% CI ¼ 2.108, 7.128) of abduction, the
scapula was in a more externally rotated position
postfatigue. We found no inﬂuence of type of sport or
hours of participation per week.
DISCUSSION
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Limitations

Our study had some limitations. First, AHD measurements were performed at low-elevation angles, so no
information is available on what happens at angles greater
than 608. The reason is that it was impossible to display the
rotator cuff in the AHD at higher angles using ultrasonography.22 Ultrasonography was preferable because of its low
cost, safety, and feasibility of examining the athletes in a
seated position, which allowed free movement of the
scapula. Graichen et al33 showed that the minimal AHD
passes through the supraspinatus tendon at 308 and 608 of
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Based on the literature, it is not clear how muscle fatigue
due to overhead sport activity affects the AHD. We wanted
to measure the AHD directly by using ultrasonography
before and after a protocol to elicit muscle fatigue that
resembled overhead sport activity fatigue. At the same
time, we wanted to determine scapular position changes. By
doing this, we could link a change in AHD to changes in
scapular position.
Contrary to what is believed intuitively in clinical
practice, we found that the AHD increased postfatigue in
the shoulder of healthy overhead athletes when the upper
extremity was held actively in the 458 and 608 elevated
positions. No change occurred in a relaxed position with the
extremity at 08 of abduction. This coincides with the
alterations in 3-dimensional scapular position seen postfatigue. The scapula was more posteriorly tilted and
upwardly and externally rotated position when the upper
extremity was elevated to 458 and 608. These positions are
believed to result in an increased AHD, which suggests that
the increased AHD results from the scapular position
changes.31,32
We are the ﬁrst to directly measure the AHD before and
after overhead muscle fatigue. Other researchers have
investigated the inﬂuence of muscle fatigue on 3-dimensional scapular position. To put these results in the correct
perspective, a distinction must be made based on fatigue
protocol type.
In 4 studies10,12–14 that we found, the authors investigated
changes in scapular kinematics after a fatiguing, repetitive
elevation task, also called a global fatigue task. Ebaugh et
al12 found increased external rotation and upward rotation
along with decreased posterior tilt. McQuade et al13,14
showed less scapular motion in 1 study14 and more scapular
motion after elevation fatigue in another study.13 Results of
the former study,14 however, are limited by the very small
sample size (N ¼ 4). More recently, Chopp et al10 also noted
increased scapular upward and external rotation and
posterior tilt. These results, in general, are similar to the
impingement-sparing changes that we found after fatigue.
Ebaugh et al12 suggested that, after global shoulder-muscle
fatigue, more compensatory scapular motion is needed to
reach the requested angle of elevation, and changes in
scapular kinematics must be seen as a compensatory
strategy.
In addition to elevation fatigue, other researchers have
investigated the inﬂuence of external-rotation fatigue, also
called local shoulder fatigue. In 2 studies,11,15 investigators
found less external rotation and posterior tilt of the scapula
postfatigue. Upward rotation of the scapula increased after
external-rotation fatigue in a study by Ebaugh et al11 but
decreased in a study by Tsai et al.15 Chopp et al10 showed
no change in scapular motion after the local fatigue task.
The contradictory results of these studies must be seen in
light of methodologic differences, such as the use of static
positions versus dynamic elevation for measuring scapular
position and different criteria used to determine fatigue.

The only study we found in which the authors examined
fatigue in overhead athletes and the study that is most
comparable with ours was conducted by Joshi et al.9 Their
participants performed a prone external-rotation fatiguing
protocol at 908 of abduction, and the researchers found
more upward rotation after the protocol during a diagonal
upward movement from horizontal adduction-internal
rotation to horizontal abduction-external rotation. No
change was noted in external rotation and posterior tilt of
the scapula.
Whereas these results are in line with ours, an important
difference exists between the fatigue protocols used. By
using prone external rotation at 908 of abduction, only the
posterior shoulder muscles were fatigued in the study by
Joshi et al.9 Our protocol fatigued both muscle groups
through high-velocity concentric and eccentric contractions, similar to the way in which shoulder muscles work
during overhead sport activity. We found no other studies
in which the authors examined 3-dimensional scapular
position changes after functional fatiguing protocols
resembling overhead sport fatigue.
We did not measure muscle activity during the fatiguing
protocol. However, the protocol may have elicited greater
fatigue of the glenohumeral than the scapulothoracic
muscles, which could explain why our athletes compensated with more scapular motion into an impingement-sparing
direction. This possibility coincides with the increased
AHD found during actively held abduction and suggests
that humeral-head position in the dominant shoulders of our
athletes either did not change or did not change enough in
the superior direction to decrease the AHD. The rotator cuff
muscles might not have been more fatigued than the deltoid
muscle after the fatigue protocol we used.
The amount of change in scapular position postfatigue
that we found was small for posterior tilt (overall 1.988 6
0.418), large for external rotation (4.978 6 1.138 at 458 of
abduction and 4.618 6 1.908 at 608 of abduction), and very
large for upward rotation (6.108 6 1.308 at 458 of abduction
and 7.208 6 1.658 at 608 of abduction) compared with the
studies discussed. A difference of more than 38 generally is
considered the minimal clinically important change.10–12
The clinical importance of the AHD increase (0.78 6 0.24
mm at 458 and 0.58 6 0.23 mm at 608 of abduction)
postfatigue can be questioned. However, even a small
change in AHD could decrease pressure in the subacromial
space. Furthermore, the absence of almost any change on
the nondominant side (D ¼ 0.01 6 0.17 mm), which was
not fatigued between premeasurement and postmeasurement and therefore acted as a control, strengthens the
credibility of the results.

CONCLUSIONS

Muscle fatigue due to repetitive and prolonged overhead
sport activity is considered an important contributing factor
to impingement-related pathologic rotator cuff conditions
in overhead athletes. We investigated the effect of a fatigue
protocol resembling overhead sport activity on the
ultrasonographic AHD and 3-dimensional scapular position
in overhead athletes. After a fatiguing protocol, AHD
increased and the scapula was in a more upwardly and
externally rotated and posteriorly tilted position when the
upper extremity was actively held at 458 or 608 of
abduction. This position corresponds with a protective,
impingement-sparing situation and could be explained by
the scapula compensating for glenohumeral shouldermuscle fatigue.
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abduction, in contrast to the minimal distance at 908 of
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This supports the relevance of lower elevation angles in
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impingement also might play a role.
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extremity positions. Moreover, the correlation between
sport adaptations at the shoulder and AHD needs to be
elucidated. Silva et al34 found more narrowing of AHD in
tennis players with scapular dyskinesis. Researchers should
determine the effect of rotator cuff or scapular muscle
imbalance35,36 and glenohumeral internal-rotation deﬁcit17,18,37 on AHD to clarify their roles in impingementrelated rotator cuff conditions.
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