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Context: The sensorimotor system controls the balance be-
tween upper extremity stability and mobility during athletic per-
formance. Research indicates that fatigue hampers sensori-
motor system function; however, few investigators have studied
functional fatigue or multijoint, multiplanar measures.

Objective: To examine the effect of functional fatigue on up-
per extremity position reproduction in overhead throwing ath-
letes.

Design: Single-session, repeated-measures design.
Setting: University musculoskeletal laboratory.
Patients or Other Participants: Sixteen healthy collegiate

baseball players (age � 21.0 � 1.6 years, height � 175.8 �
10.2 cm, mass � 82.8 � 4.3 kg).

Intervention(s): Subjects threw a baseball from a single
knee with maximum velocity (every 5 seconds) and rated their
level of upper extremity exertion after every 20 throws. Subjects
stopped after reporting above level 14 on the Borg scale and
began posttests immediately.

Main Outcome Measure(s): We measured active multijoint
reproduction of 2 positions: arm cock and ball release. Depen-
dent variables were absolute and variable error for 10 joint mo-
tions: scapulothoracic internal-external rotation, upward rota-
tion, and posterior tilt; glenohumeral internal-external rotation,
horizontal abduction-adduction, and flexion-extension; elbow
pronation-supination and flexion-extension; and wrist ulnar-ra-

dial deviation and flexion-extension. We calculated acuity for
each joint and the entire upper extremity using 3-dimensional
variable error.

Results: Fatigue occurred after an average of 62 � 28
throws and increased 3-dimensional variable error scores (ie,
decreased acuity) of the entire upper extremity and all joints in
both positions (P � .05) except for the wrist in arm cock. Fa-
tigue increased errors (ranging from 0.6� to 2.3�) at arm cock
for scapulothoracic internal-external rotation, upward rotation,
and posterior tilt; glenohumeral internal-external rotation and
flexion-extension; elbow flexion-extension; and wrist ulnar-ra-
dial deviation and at ball release for scapulothoracic internal-
external rotation and upward rotation, glenohumeral horizontal
abduction-adduction, elbow pronation-supination, and wrist ul-
nar-radial deviation and flexion-extension (P � .05).

Conclusions: Functional fatigue affects the acuity of the en-
tire upper extremity, each individual joint, and multiple joint mo-
tions in overhead throwers. Clinicians should consider the del-
eterious effects of upper extremity fatigue when designing injury
prevention and rehabilitation programs and should incorporate
multijoint and multiplanar endurance exercises. Compromised
neuromuscular control of the scapulohumeral relationship may
hold pathologic implications for this population as well.

Key Words: proprioception, multijoint position reproduction,
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Key Points

• After a bout of repeated throws, fatigue decreased sensorimotor system acuity over the upper extremity and at the
scapulothoracic, glenohumeral, elbow, and wrist joints.

• Fatigue diminished position sense at the scapulothoracic and glenohumeral joints in planes of motion that may have
implications for the labral, subacromial, and internal impingement conditions common in throwers.

• Rehabilitation and conditioning programs for throwers should include multijoint, multiplanar exercises that address sen-
sorimotor system control and endurance.

The overhead throw is a complex sequence of proximal
to distal force and moment interrelations, with the goal
of transferring energy from the lower extremity and

trunk up and through the upper extremity.1 Competitive throw-
ers experience forces approaching 100% body weight at the
elbow and even greater force at the shoulder.2,3 The upper
extremity must effectively control and transfer these forces to
sustain performance and avoid injury. Maintaining proper
throwing form helps to efficiently disperse such forces.3 The
sensorimotor system (SMS) is responsible for providing the
awareness, coordination, and feedback to maintain such form
and stability, thereby serving as a major component of injury-
free athletic performance.4 Evidence indicates that joint injury
compromises SMS function.5,6 The compromised structural

and dynamic stability seen with such injuries may render the
involved joint even more unstable.7 These events are described
in the cyclic paradigm of functional stability,8 which indicates
that joint injury or laxity leads to proprioceptive deficits, func-
tional instability, further injury, and compromised structural
stability. Fatigue seems to hamper upper extremity SMS func-
tion in ways similar to joint injury.6,9–13 In overhead throwing
athletes, SMS deficits may result in the inability to appreciate
and maintain the ideal mechanics that should accompany pro-
longed throwing.14 Such breakdowns in throwing mechanics
result in undue stress to the upper extremity2,3,14 and may
contribute to the high rates of upper extremity injuries suffered
by National Collegiate Athletic Association baseball players.15

The relationships among injuries, fatigue, and the SMS are



Journal of Athletic Training 91

Figure 1. Model of functional stability, integrating the role of fatigue into the paradigm.

illustrated in a model of functional stability (Figure 1) derived
from the current literature.8 This model indicates that injury
or fatigue may affect the SMS both directly and indirectly,
hampering neuromuscular control and leading to functional in-
stability. Through this model, researchers and clinicians can
appreciate the effects of fatigue and can begin to identify areas
in which interventions may be appropriate. However, this
model is derived from the results of research that may not
apply to overhead athletes. To validate a model that applies to
overhead throwers, we must use more functional research
methods. To do so, we must address several variables in com-
monly used measures that may threaten external validity and
significantly alter results, including body support, movement
restrictions during testing, and the nature of the fatigue pro-
tocol.

The external body support and movement restrictions re-
quired by some testing instruments may affect SMS acuity.
Subjects are often tested while strapped to the equipment, in
either a seated10 or a supine5,6,16 position, with motion re-
stricted at both adjacent joints.5,10,16 Such measures, while iso-
lating specific joints and single motions for observation, may
not represent SMS function during complex multijoint, mul-
tidimensional tasks. Three-dimensional, multijoint measures
may provide additional insights.

A functional measure of SMS acuity in overhead throwers
should include an unsupported body, unconstrained multijoint
motion, and actively identified and reproduced practical test
positions. We chose to use previously described methods em-
ploying active, unconstrained, functional methods.13,17,18 Ad-
ditionally, to gain a more comprehensive representation of
SMS function over the entire upper extremity, we measured
reposition acuity simultaneously in multiple planes of motion
at the scapulothoracic, glenohumeral, elbow, and wrist joints.

Traditional observations of the effects of fatigue on SMS
function isolate single-plane and single-joint motions to induce
fatigue and measure acuity.6,11 Such methods do not allow the
natural strategy of reorganizing muscle activity to prolong per-

formance.9,19 We chose to use a previously described uncon-
strained functional throwing fatigue protocol.13

Research investigating the specific effects of fatigue induced
using a functional multijoint activity is lacking. Therefore, the
purposes of our investigation were to observe the effects of
functional fatigue in overhead throwers on active position re-
production acuity of the following: (1) the overall upper ex-
tremity, (2) each joint (scapulothoracic, glenohumeral, elbow,
and wrist), and (3) each plane of motion within the individual
joints. We believed that fatigue would decrease SMS acuity in
multiple joints and planes. Measuring the effects on acuity of
the upper extremity as a functional unit as well as on individ-
ual joints allows us to observe whether overall acuity is main-
tained despite deficits at one or more joints. This model will
also afford comparisons among the individual joints and
planes of motion, indicating which joints were more affected
by fatigue. These observations may provide insight into path-
omechanics and may hold implications for rehabilitation strat-
egies in overhead throwing athletes.

METHODS

Subjects

Subjects were 16 male, overhead-throwing athletes (age �
21.0 � 1.6 years, height � 175.8 � 10.2 cm, mass � 82.8
� 4.3 kg). All subjects volunteered and participated in the
study within 1 year of competing in National Collegiate Ath-
letic Association baseball. Subjects reported 2.3 � 1.2 years
of experience in National Collegiate Athletic Association base-
ball and 15 � 1.4 total years of baseball experience. Subjects
were 14 right-handed and 2 left-handed throwers, including 6
pitchers, 5 infielders, and 5 outfielders. All testing took place
during the November-December off-season. All participants
were healthy and presented with no history of upper extremity
injury or surgery or central nervous system disorder. We ex-
plained the test protocol, and each participant signed an in-
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Figure 2. An overhead throwing athlete reproducing his arm cocked
position during the active multijoint position reproduction test.

formed consent form. The university’s Institutional Review
Board for the Social and Behavioral Sciences approved this
study.

Procedures
All subjects reported to the University Musculoskeletal Re-

search Laboratory for testing. We used a single-session re-
peated-measures design. The dependent variables were 50
measures of position sense acuity. For each test position (2),
we calculated 25 acuity scores, including absolute and variable
error for each joint motion (10) and 3-dimensional variable
error (3DVE) for each upper extremity joint (4) and for the
entire extremity (1). The independent variable was condition
at 2 levels (prefatigue and postfatigue). We used a Flock of
Birds electromagnetic tracking device (Ascension Technology,
Burlington, VT) with MotionMonitor software (Innovative
Sports Training, Chicago, IL) to test active multijoint position
reproduction acuity. We collected data at 100 Hz and used a
fourth-order zero-phase-shift Butterworth filter (20-Hz cutoff)
to smooth positional and angular data. To assure accuracy of
sensor data, we tested subjects within the validated (metal-
mapped) collection field. Using double-backed and Coverroll
tape (Beiersdorf Inc, Norwalk, CT), we applied 3 sensors to
each subject at the sternal notch, at the dominant side at the
posterior acromial angle of the scapula, and at the dorsal as-
pect of the third metacarpal. Elastic rubber cuffs (2 in [5.08
cm] in width) sprayed with Tuf-Skin (Cramer Products Inc,
Gardner, KS) held additional sensors to the distal lateral hu-
merus and the distal posterior aspect of the radius. We used
the elastic cuffs to stabilize cords from distal sensors to help
limit sensory feedback from the cords.

After the instrumentation process, we asked subjects to warm
up normally, including throwing and stretching until they were
comfortable throwing at their maximum velocity. Using a wood-
en stylus to identify landmarks, we then digitized subjects, cre-
ating local and then anatomically relevant coordinate systems for
the thorax and each involved segment. We followed the Inter-
national Society of Biomechanics’ standard protocol20 for iden-
tifying and determining upper extremity coordinate systems and
Euler rotation sequences. This method is a valid21 and reliable17

measure of scapular and humeral motion.

Active Multijoint Position Reproduction Measure
We used the previously described active multijoint position

reproduction test17 to assess subjects’ ability to recreate 2 up-
per extremity positions. Subjects knelt in a single-knee stance
for the test as well as for the throwing protocol to assure a
standard and appropriate distance (within the collection field)
between subjects and the transmitter and continuity between
the test and throwing position. We defined the positions as
follows: kneeling with the nondominant hip flexed to 90�, foot
placed flat on the ground in front of the subject, and the knee
on the side of the throwing shoulder on the ground.17 We
instructed subjects to maintain 90� angles at both knees.

We tested subjects’ ability to reproduce their arm cocked
(Figure 2) and ball release positions (Figure 3) individually.
We chose these 2 specific positions because they are critical
to the throwing motion, with large-magnitude forces experi-
enced by the shoulder and elbow.3 Neuromuscular control and
stability is, therefore, critical at these 2 vulnerable positions in
order to avoid injury. We described the arm cocked position
as ‘‘the position at which forward acceleration of your arm
would begin’’ and the ball release position as ‘‘the position at

which you release the ball, your release point.’’ To control for
any biasing of test sequence, we counterbalanced the order of
the 2 test positions. During this identification of the initial
target trial, investigators instructed subjects that they were to
‘‘recreate this position’’ during the 3 trials to follow. We gave
these specific instructions to avoid creating bias toward any
one segment or joint angle and to ensure each subject’s con-
scious appreciation of the target position. We blindfolded sub-
jects and prompted them to actively go through the throwing
motion, to pause for approximately 1 second, and then to press
the trigger in the nonthrowing hand when they believed they
had recreated the position. We used the trigger (a single frame)
during this initial trial to identify the target position of each
upper extremity joint and angle for each axis of rotation for
the 3 repositioning trials to follow. Subjects identified each
position 4 times (a target and 3 repositioning trials). They re-
mained blindfolded between trials, each of which began within
5 seconds of the previous trial. The time between identification
of a target position and completion of all repositioning trials
did not exceed 20 seconds. We did not provide results or any
feedback regarding acuity of individual trials at any time.

Functional Fatigue Protocol
Before beginning the fatigue protocol, we provided subjects

with written and verbal instructions for using the Borg Rating
of Perceived Exertion scale.22 Subjects used the scale ratings
of 6 to 20 to indicate the level of ‘‘local’’ exertion or fatigue
in the throwing arm during the throwing protocol. This scale
is a valid measure of local upper extremity exertion.23,24
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Figure 3. An overhead throwing athlete reproducing his ball release position during the active multijoint position reproduction test.

The functional fatigue protocol consisted of a single bout
of throwing baseballs (Rawlings Sporting Goods Co, Inc, St
Louis, MO; circumference � 9 in [22.86 cm], mass � 5 oz
[0.14 kg]) at a 17-in [43.18-cm] target located 20 feet (6.10
m) away. To expedite fatigue of the upper extremity and to
maintain continuity between the test and throwing positions,
subjects threw from the single-knee stance position. We asked
subjects to throw with maximum velocity and accuracy when
prompted by the tester (every 5 seconds). Investigators used a
radar gun (JUGS Pitching Machine Company, Tualatin, OR),
following the manufacturer’s guidelines, to measure ball ve-
locity. The radar gun has a manufacturer-reported accuracy of
�0.5 mph (�0.22 m/s). We allowed subjects 3 to 5 throws to
become familiar with the procedures and to establish a goal
velocity. We considered the maximum of these throws to be
the subject’s goal velocity. To encourage continuous effort dur-
ing the throwing program, we warned participants if the ve-
locity fell below 90% of the goal. After every 20 throws, we
asked subjects to rate their fatigue level. We considered sub-
jects fatigued, ending the throwing protocol, when they re-
ported an exertion level exceeding 14 or after 160 throws. A
rating of 15 on the Rating of Perceived Exertion scale corre-
sponds with ‘‘hard/heavy work or strain and fatigue on mus-
cles.’’22 We did not inform subjects of the level of fatigue used
as a threshold.

Immediately after the throwing protocol, we retested partic-
ipants in the same manner as for the prefatigue measures. We
began testing within 1 minute after the fatigue protocol and
completed the posttest for both positions within 3 minutes.

Data Reduction and Statistical Analysis

We exported angular and position data from the Motion-
Monitor into Microsoft Excel (version 2000; Microsoft Corp,
Redmond, WA) to calculate error scores. We calculated vari-
able error and absolute error differences (in degrees) between
the target and repositioned joint angles in each plane of motion
available within each joint.25,26 Variable error represents con-
sistency or variability in repositioning trials, and absolute error

represents overall accuracy. We calculated error in 3 planes at
the scapulothoracic (internal-external rotation, upward-down-
ward rotation, anterior-posterior tilt) and glenohumeral joints
(internal-external rotation, horizontal abduction-adduction [ie,
plane of elevation], flexion-extension) and in 2 planes at the
elbow (pronation-supination, flexion-extension) and wrist
joints (ulnar-radial deviation, flexion-extension).

We calculated separate 3DVE13,27 to represent acuity of the
entire upper extremity for each test position (arm cock and
ball release) and acuity at each joint. We used hand position
(ie, dispersion of endpoint position) in relation to the thorax
to measure overall upper extremity acuity (in millimeters) for
each position (arm cock and ball release).13,27 Errors in 3-
dimensional angular orientation were calculated for each joint
(scapulothoracic, glenohumeral, elbow, and wrist) using
3DVE. These scores assess deviation of end-position disper-
sions, with overall acuity 3DVE reflecting how well the entire
upper extremity achieved its goal and individual joint 3DVE
reflecting acuity at each joint.13,27

We performed statistical analyses using SPSS software (ver-
sion 10.0; SPSS Inc, Chicago, IL). Because 56% of the vari-
ables violated the assumption of normality and 22% violated
the assumption of homogeneity of variances, nonparametric
tests were appropriate. For each measure of acuity (variable
error, absolute error, and 3DVE) and each test position, we
used a Wilcoxon matched-pairs signed-rank test (nonparamet-
ric repeated-measures analysis of variance) to obtain Z scores
and the Dunn correction for multiple comparisons to observe
differences between prefatigue and postfatigue error scores.
We set the statistical significance for all comparisons at P �
.05 a priori. We calculated the effect size for fatigue using
standard calculations.28

RESULTS

Subjects reported a rating of upper extremity exertion ex-
ceeding 14 (the predetermined threshold) after an average of
62 � 28 throws. Subjects’ average target velocity was 60 �
5 miles/h (27.7 � 2.2 m/s). No subjects reached the 160-throw
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Figure 4. Prefatigue and postfatigue 3-dimensional variable error score means (degrees) for the scapulothoracic, glenohumeral, elbow,
and wrist joints in the arm cock position. *Indicates significant difference between scapulothoracic prefatigue and postfatigue error
scores (P � .05); †, significant difference between glenohumeral prefatigue and postfatigue error scores (P � .05); and ‡, significant
difference between elbow prefatigue and postfatigue error scores (P � .05).

limit, nor did any fail to maintain a throwing velocity within
90% of their target when prompted. Subjects were fatigued
after 140 (n � 1), 100 (n � 1), 80 (n � 2), 60 (n � 7), 40
(n � 4), and 20 (n � 1) throws.

The Effect of Fatigue on Overall Upper Extremity
Acuity

The first purpose of this study was to observe the effects of
fatigue on overall position reproduction of the upper extremity.
Fatigue significantly increased 3DVE error scores (decreased
endpoint reproduction acuity) of the arm cocked position (12.4
mm prefatigue to 24.1 mm postfatigue) (Z � 3.31, P � .001,
effect size � 1.71) and ball release position (20.8 mm pre-
fatigue to 41.7 mm postfatigue) (Z � 3.52, P � .001, effect
size � 2.79).

The Effect of Fatigue on Joint Acuity

The second purpose of this study was to observe the effects
of fatigue on joint position sense acuity of upper extremity joints.
Fatigue significantly increased 3DVE (decreased acuity) in the
arm cocked position for the scapulothoracic, glenohumeral, and
elbow joints (P � .05) (Figures 4 and 5). The only joint not
significantly affected by fatigue was the wrist (Z � 1.03, P �
.15, � � .15). For reproduction of the ball release position, fa-
tigue significantly increased 3DVE for each joint (P � .05).

The Effect of Fatigue on Acuity for Individual
Planes of Motion

To observe the effects of fatigue on acuity in each individual
plane of motion within the 4 joints, we compared prefatigue
and postfatigue acuity error scores (Tables 1 and 2). Fatigue
significantly increased variability for the arm cocked position
in all planes of scapulothoracic motion, glenohumeral internal-
external rotation, elbow flexion-extension, and wrist deviation
(P � .05) (Table 1). For the ball release position, fatigue sig-
nificantly increased variability in scapulothoracic upward-
downward rotation and wrist deviation (P � .05) (Table 2).
Fatigue significantly decreased accuracy for the arm cocked
position in scapulothoracic internal-external rotation and an-
terior-posterior tilt and glenohumeral flexion-extension and in-
ternal-external rotation (P � .05) (Table 3). For the ball release
position, fatigue significantly decreased accuracy in scapulo-
thoracic internal-external rotation, glenohumeral horizontal ab-
duction-adduction, elbow pronation-supination, and wrist flex-
ion-extension (P � .05) (Table 4).

DISCUSSION

The first purpose of this study was to observe the effects of
functional fatigue on overall acuity of the upper extremity in
reproducing the arm cocked and ball release positions. Fatigue
decreased overall endpoint acuity and had a large effect on
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Figure 5. Prefatigue and postfatigue 3-dimensional variable error score means (degrees) for the scapulothoracic, glenohumeral, elbow,
and wrist joints in the ball release position. *Indicates significant difference between scapulothoracic prefatigue and postfatigue error
scores (P � .05); †, significant difference between glenohumeral prefatigue and postfatigue error scores (P � .05); ‡, significant differ-
ence between elbow prefatigue and postfatigue error scores (P � .05); and §, significant difference between wrist prefatigue and postf-
atigue error scores (P � .05).

replication of both positions, which may support the theory
that muscle mechanoreceptors contribute to position sense to-
ward the end range of motion.26,29 The endpoint error scores
we observed are similar to those previously reported17 and
indicate that errors accrued over multiple joints and planes.
The magnitude of such errors indicates that any interactions
among joints or planes of motion could not compensate for
deficits elsewhere to maintain overall acuity. Testing methods
that focus on single-joint motions do not allow such obser-
vations. Unless the bulk of errors arise from a single upper
extremity joint, such myopic measures may not represent the
entire upper extremity.

To enhance our appreciation, we must assess all joint(s) con-
tributing to the task. Therefore, the second purpose of our
study was to examine the effects of fatigue on acuity for the
scapulothoracic, glenohumeral, elbow, and wrist joints simul-
taneously. Our observation that fatigue affected endpoint acu-
ity leads us to question whether fatigue affected each joint
similarly. In the arm cocked position, fatigue decreased acuity
of the scapulothoracic, glenohumeral, and elbow joints. Al-
though fatigue had a greater effect on the glenohumeral joint
than the scapulothoracic and elbow joints, we observed large
effect sizes for all 3 joints (effect sizes � 7.42, 3.08, and 2.64,
respectively). In the ball release position, fatigue had a large
effect on each of the 4 joints. Because this position is in the
midrange of motion for multiple glenohumeral and wrist mo-

tions, this observation supports the theory that positions in the
midrange of joint motion rely heavily on afferent information
arising from muscle mechanoreceptors.26 Fatigue may have
affected the acuity of all 4 joints by desensitizing the muscular
receptors on which they rely. Our observation that fatigue de-
creased the acuity of multiple upper extremity joints indicates
that endurance and SMS control exercises should not focus
exclusively on single joints. Clinicians designing rehabilitation
and prevention programs should therefore address the upper
extremity as a functional unit.

Although our observations that fatigue diminished position
sense over multiple joints are unique, we can investigate fur-
ther and identify the planes of motion affected within each
joint. By comparing the effects among planes of motion, we
may gain further insight into some common conditions. Of
particular interest in this regard are the deficits we observed
in the arm cocked position. In overhead throwers, this position
is implicated as a factor contributing to injuries, including sub-
acromial30,31 and posterior30–32 impingement, as well as to
tears of the glenoid labrum.31,33 In the arm cocked position,
throwers experience 250 N of superior shear force,3 which
attempts to drive the humerus into the acromial arch. Failure
to maintain sufficient space between the acromial arch and
humeral head leads to subacromial impingement.34 This space
is maintained by controlling humeral orientation in relation to
the scapula, with inadequate scapular upward rotation or pos-
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Table 1. Prefatigue and Postfatigue Variable Error Scores in the Arm Cocked Position (Mean � SD)

Joint Plane of Motion

Variable Error

Prefatigue Postfatigue Effect Size P Value

Scapulothoracic Internal-external rotation 1.18 � 0.73 1.81 � 0.75* 0.86 .008*
Upward-downward rotation 0.83 � 0.43 1.40 � 0.74* 1.34 .004*
Anterior-posterior tilt 1.36 � 0.58 2.16 � 1.21* 1.37 .015*

Glenohumeral Horizontal abduction-adduction 1.57 � 1.04 1.87 � 1.18 0.29 .235
Flexion-extension 1.59 � 1.05 1.86 � 1.05 0.26 .359
Internal-external rotation 1.45 � 0.77 2.43 � 1.18* 1.27 .006*

Elbow Flexion-extension 2.73 � 1.45 3.86 � 1.32* 0.78 .025*
Pronation-supination 2.75 � 1.18 3.97 � 2.14 1.03 .054

Wrist Flexion-extension 2.56 � 1.07 2.98 � 1.17 0.39 .204
Ulnar-radial deviation 2.15 � 1.36 2.93 � 1.21* 0.58 .028*

*Significant difference between prefatigue and postfatigue error scores (P � .05).

Table 2. Prefatigue and Postfatigue Variable Error Scores in the Ball Release Position (Mean � SD)

Joint Plane of Motion

Variable Error

Prefatigue Postfatigue Effect Size P Value

Scapulothoracic Internal-external rotation 2.22 � 1.04 2.59 � 0.88 0.35 .128
Upward-downward rotation 1.16 � 0.70 1.79 � 1.13* 0.91 .028*
Anterior-posterior tilt 2.25 � 1.20 2.11 � 0.92 0.11 .479

Glenohumeral Horizontal abduction-adduction 2.53 � 1.29 2.54 � 1.02 0.01 .418
Flexion-extension 2.26 � 0.94 2.73 � 1.80 0.50 .251
Internal-external rotation 2.57 � 1.42 3.40 � 2.23 0.58 .219

Elbow Flexion-extension 3.30 � 1.58 3.39 � 0.97 0.06 .500
Pronation-supination 3.42 � 2.38 4.07 � 2.27 0.27 .117

Wrist Flexion-extension 3.08 � 1.28 3.44 � 1.61 0.29 .285
Ulnar-radial deviation 2.82 � 1.95 4.02 � 2.42* 0.62 .049*

*Significant difference between prefatigue and postfatigue error scores (P � .05).

Table 3. Prefatigue and Postfatigue Absolute Error Scores in the Arm Cocked Position (Mean � SD)

Joint Plane of Motion

Absolute Error

Prefatigue Postfatigue Effect Size P Value

Scapulothoracic Internal-external rotation 1.99 � 0.87 2.99 � 1.22* 1.15 .003*
Upward-downward rotation 1.77 � 0.95 2.15 � 0.85 0.40 .128
Anterior-posterior tilt 1.68 � 0.79 3.14 � 0.91* 1.84 .001*

Glenohumeral Horizontal abduction-adduction 2.50 � 1.28 3.11 � 1.63 0.48 .176
Flexion-extension 2.64 � 1.16 3.40 � 1.90* 0.65 .039*
Internal-external rotation 2.30 � 0.96 4.64 � 2.42* 2.45 .002*

Elbow Flexion-extension 4.83 � 2.44 5.44 � 2.42 0.25 .321
Pronation-supination 5.66 � 2.69 6.45 � 3.54 0.30 .251

Wrist Flexion-extension 5.06 � 2.43 4.45 � 2.13 0.25 .176
Ulnar-radial deviation 4.26 � 2.33 4.43 � 1.82 0.07 .479

*Significant difference between prefatigue and postfatigue error scores (P � .05).

Table 4. Prefatigue and Postfatigue Absolute Error Scores in the Ball Release Position (Mean � SD)

Joint Plane of Motion

Absolute Error

Prefatigue Postfatigue Effect Size P Value

Scapulothoracic Internal-external rotation 2.99 � 0.92 4.23 � 2.65* 1.34 .044*
Upward-downward rotation 1.95 � 0.87 2.61 � 1.21 0.75 .107
Anterior-posterior tilt 2.80 � 0.84 3.22 � 1.15 0.51 .163

Glenohumeral Horizontal abduction-adduction 2.85 � 1.18 4.64 � 2.22* 1.51 .011*
Flexion-extension 3.43 � 2.14 4.07 � 2.19 0.30 .285
Internal-external rotation 3.28 � 1.61 4.65 � 2.33 0.85 .067

Elbow Flexion-extension 5.56 � 2.51 5.48 � 3.51 0.03 .267
Pronation-supination 3.89 � 2.00 6.06 � 3.13* 1.08 .017*

Wrist Flexion-extension 4.56 � 1.49 6.05 � 2.42* 1.00 .044*
Ulnar-radial deviation 3.95 � 2.48 4.65 � 1.94 0.28 .060

*Significant difference between prefatigue and postfatigue error scores (P � .05).
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terior tilt increasing the risk of subacromial impingement.34

We observed significant SMS acuity deficits in each of these
planes of motion after fatigue, perhaps providing further in-
sight into the development of subacromial impingement.

An inability to maintain the relationship between the scap-
ula and humerus in the horizontal plane during arm cocking
may hold implications for other common conditions. During
throwing, anterior shear force at the shoulder in excess of 350
N3,35 challenges glenohumeral stability in the horizontal plane.
Failure to control these forces provides a mechanism for pos-
terior internal impingement when the posterior glenoid labrum
contacts the underside of the rotator cuff, which may lead to
fraying.31 Additionally, Kuhn et al33 observed that the arm
cocked position places the labrum in a precarious orientation
that allows it to be torn from the glenoid with less force than
when it is in the ball release position. It is clear that during
arm cocking, the glenohumeral joint is in a vulnerable posi-
tion, making dynamic stability critical. Our results indicate,
however, that fatigue decreased SMS acuity of the scapulotho-
racic and glenohumeral joints, directly affecting the orientation
of the humerus to the glenoid. Fatigue had a large effect on
the acuity of both glenohumeral rotation and flexion in the
arm cocked position. Additionally, fatigue significantly de-
creased the acuity of scapular motion in all 3 planes, thereby
affecting the ability to control the position of the glenoid.

At the elbow joint, fatigue had a large effect on variability
in flexion in the arm cocked position. When coupled with past
findings, this observation may further our understanding of
medial collateral ligament injuries. During the overhead throw,
the elbow experiences more than 300 N of medial shear force
in the arm cocked position.3 We also understand that the mag-
nitude of this force increases significantly with decreased el-
bow flexion.36 Without adequate acuity of elbow flexion, over-
head throwers may not control the magnitude of medial shear
force, thereby placing the medial collateral ligament at risk.

In the ball release position we observed significantly de-
creased accuracy in the horizontal plane at the scapulothoracic
(internal rotation) and glenohumeral (horizontal abduction-ad-
duction) joints. The inability to maintain the relationship be-
tween the scapula and humerus in the horizontal plane in a
similar arm position is associated with subacromial impinge-
ment.37 Interestingly, the failure to maintain this same rela-
tionship in the horizontal plane at ball release is a common
sign of fatigue in overhead throwers. This breakdown in
throwing mechanics may coincide with decreased performance
and is described by experienced coaches as a wide arm path38

or a slow arm.39

Although our general observation that fatigue affects posi-
tion sense is not unique, we observed decreased neuromus-
cular control after fatigue at multiple joints and planes of mo-
tion of the upper extremity. We can integrate these findings
into the model of overuse functional stability (Figure 1). How-
ever, the mechanisms by which fatigue affects SMS function
are largely theoretical. Authors have proposed that changes at
the central40 or mechanoreceptor41,42 level may be responsible
for such deficits. Although limited, many theories suggest that
fatigue desensitizes muscle spindles as a result of altered stiff-
ness, temperature, and chemical environment.26,41–43 Nonin-
vasive measures, however, are unable to differentiate between
afferent or efferent mechanisms. Therefore, the deficits we ob-
served after fatigue represent the combined effects through
both afferent and efferent mechanisms.

Limitations

Our results are limited to healthy, male National Collegiate
Athletic Association baseball players with no history of upper
extremity injury or surgery. We tested athletes during the off-
season, but the rigors of a demanding in-season schedule may
affect results. As with any standardized fatigue protocol, our
functional fatigue protocol may not represent actual experi-
ence. Subjects threw every 5 seconds at maximal effort from
a single-knee position to expedite the onset of fatigue. Our
active multijoint position reproduction measure reflects spe-
cific afferent and efferent components of the SMS; however,
it does not differentiate between the two, nor does it assess
additional submodalities of the system.

Future Research

Future SMS researchers should consider using multijoint, 3-
dimensional measures as well as functional fatigue protocols
to (1) compare throwers with injured shoulders with uninjured
controls and (2) examine the relationship between SMS acuity
and the development of throwing-related injuries. Investigators
should evaluate the effect of interventions, such as therapeutic
or injury-prevention protocols and surgery, on similar mea-
sures of SMS acuity. Future research is necessary to observe
the rate at which joint position sense recovers after fatigue.
Examining differences in acuity among populations (age, sex,
and activity level) would also add to our understanding of
SMS function.

CONCLUSIONS

The purpose of our study was to observe the effects of fa-
tigue on SMS acuity in overhead throwers with functional
measures. We used a functional fatigue protocol and measured
multijoint reposition acuity of 2 self-selected, unconstrained
upper extremity positions. Fatigue decreased overall upper ex-
tremity acuity in both positions we tested. Fatigue also affected
the reposition acuity of the scapulothoracic, glenohumeral, el-
bow, and wrist joints individually. We observed decreased ac-
curacy and increased variability after fatigue in multiple planes
of motion in these upper extremity joints. These results indi-
cate that fatigue affects proximal and distal joints over several
planes of motion during unconstrained active repositioning
tasks. Therefore, in their rehabilitative or preventive efforts to
enhance endurance and SMS control, clinicians should address
the entire upper extremity using multijoint multiplanar exer-
cises. Additionally, clinicians may consider incorporating ex-
ercises that emphasize a functional range of motion or multiple
upper extremity positions. In general, our findings indicate that
fatigue affects the upper extremity at more joints and planes
than are observed using traditional insular single-plane mea-
sures. We suggest adopting more functional research methods
to achieve more readily applicable results.
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