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ABSTRACT: Our knowledge of the role of muscle activation on proprioception is incomplete. Previous work has either focused on comparing
active and passive motions or manipulated both muscle activation and joint angles simultaneously. We conducted an experiment at the
shoulder in which subjects’ trunks were tilted backwards to decouple joint angle from joint torque. Twenty three healthy subjects underwent
testing in an unconstrained joint position sense task. Kinematics were measured with a magnetic tracking device. The joint position
sense task consisted of subjects moving their arms to a predetermined orientation in space with the help of visual feedback from the
magnetic tracking device presented to the subjects through a head-mounted display. Subjects were then asked to reproduce the presented
joint position in the absence of visual feedback. The protocol was performed under two tilts: upright and trunk tilted back 45°. This allowed
for a comparison of joint position sense at different joint angles (at the same resistive torque) and at different resistive torques (at the
same joint angles). When comparing these two tilts, we found that matching based on elevation angle demonstrated no significant difference,
while matching based on torques did find differences. These results implicate elevation angle at the shoulder as playing a more
important role in modulating joint position sense than joint torque.© 2008 Orthopaedic Research Society. Published by Wiley Periodicals,

Inc. J Orthop Res
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Muscle forces at the shoulder play a predominant
role in maintaining joint stability during motion."?
Muscle activation is partly regulated through a feedback
mechanism receiving information from muscle and joint
receptors and consequently producing a variation of a
specific motor program.® These receptors were identified
by Sherrington* as the proprioceptive-field and defined
as the field in which receptors are stimulated by the
organism itself. Sherrington went on to describe how an
external stimulus causes an action to occur, and this
action stimulates the proprioceptors, which can initiate
their own reflex. This work paved the way for research
involving proprioception, the term used to describe
“afferent information arising from internal peripheral
areas of the body that contribute to postural control, joint
stability, and several conscious sensations.”

The afferent information from joint receptors, along
with signals from the muscle spindles and Golgi tendon
organs, account for joint position sense (JPS), or the
ability of an individual to know where a limb is located in
space.? JPS consists of two parts: static position sense, or
the perception of a stationary joint angle, and dynamic
position sense, or the ability to identify the position of a
joint during a movement.>® In contrast, kinesthesia is
defined as the ability to sense movement and is typically
assessed as the detection of joint motion.”

Evidence exists in the literature that an increase
in muscle activation results in an improvement in
joint proprioception. This relation has been demon-
strated by comparing active and passive motion for the
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knee,®? elbow, wrist,'? finger,'! and shoulder.
Improved proprioception leads to an increase in reflex
activity and may enhance joint stability through
co-activation of the musculature surrounding a joint.'®
This effect is especially important at the shoulder, where
the ligaments and bony structures offer somewhat less
stability than at other joints. Minimal passive support
coupled with a large range of motion at the shoulder may
result in a greater need for accurate proprioception to
maintain stability as compared to other joints. A better
understanding of the role played by muscle activation in
JPS may help refine rehabilitation techniques aimed at
improving joint proprioception after injury.''”

A previous study from our laboratory appears to be the
first to demonstrate a graded response in JPS at different
levels of muscle activation.'® In that study, an improve-
ment in accuracy during an unconstrained active JPS
task was observed with an increase in muscle activation
(as gauged by an increase in resistive torque due to
gravity). However, a limitation of the study was that
changes in muscle activation were accompanied by
changes in joint angle since gravity provided the external
resistance. Therefore, the changes in JPS could have been
due to either factor. The present study was designed to
overcome this limitation. By manipulating the trunk
angle, we propose a model in which we can directly
compare JPS at different joint angles (at the same
resistive torque) and at different resistive torques
(at the same joint angles). Previous work in our lab
demonstrated an effect of elevation angle (where torque is
changing) and no effect of plane of elevation (where torque
is not changing) on JPS accuracy. We therefore hypothe-
sized that JPS accuracy is primarily affected by changesin
resistive torque, rather than by changes in joint angle.
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METHODS

Subjects

Twenty-two healthy individuals (13 males, 10 females; mean
age=21.7 years+4.8; mean body mass=70.6+10.4 kg)
agreed to participate. In general, subjects were healthy college
students. Prior to testing, all subjects signed an informed
consent form approved by the university’s Institutional
Review Board. Subjects were excluded if they had any history
of shoulder injury or surgery. No subject had any known
neurological condition that might have adversely affected
proprioception.

Instrumentation

Kinematic data were collected with a magnetic tracking device
(Fastrak, Polhemus, Colchester, VT). The Polhemus unit
consists of a transmitter, three receivers, and a digitizer. The
transmitter emits an electromagnetic field that is sensed by
the receivers and digitizer. The strength and orientation of
these signals are used to determine the relative position and
orientation of the receivers in space. To track the movement of
the humerus with respect to the thorax during testing,
receivers were placed on the sternum, about 1.5 cm inferior
to the jugular notch'® and on the humerus just above
the lateral epicondyle via a custom-molded cuff made from
splinting material (Polyform, Sammons Preston Rolyan,
Bolingbrook, IL). Additionally, a receiver was fastened to the
scapula with a previously validated tracking jig?° for digitiza-
tion purposes, but was removed prior to testing. Following
attachment of the receivers, bony landmarks were digitized on
the thorax and humerus to establish anatomical coordinate
systems in accordance with the standard proposed by the
International Society of Biomechanics.?! Euler angles were
used to represent sequence-dependant humeral rotations with
respect to the thorax, consisting of the plane of elevation and
degree of elevation, as described by An et al.?

Proprioception was tested at the shoulder while minimizing
other sensory input. To occlude visual clues, each subject
wore a head-mounted display (i-glasses, I-O Display Systems,
Sacramento, CA). The unit was retrofitted with felt attached to
the top, bottom, and sides, which eliminated external light
sources. The display allowed for presentation of kinematic
output from the computer to the subject during testing while
suppressing extraneous visual cues related to the position and
movement of the shoulder joint (Fig. 1).

A chair was designed to allow the torso to be tilted backward
from the upright sitting position to a reclined position of 45°
(Fig. 1). The chair provided support at the lower back and along
the spine, but minimized cutaneous input to the scapula and
shoulder region. The chair was also outfitted with an adjustable
headrest so the subject received similar cutaneous input while
upright and in the tilted position. Cutaneous input was present
across the lower back and up the spine. While the activation of
the neck muscles might have differed between the two tilts, we
utilized a headrest to support the head while the subjects were
tilted back, so no excess muscle activation was necessary to
counter-balance the torque due to the weight of the head.

Protocol

All testing was performed on the dominant upper extremity
and in a single session. Since “warming up” before exercise has
been shown to affect proprioception,?® each subject completed
a standardized warm-up prior to testing to ensure a constant
starting point for all subjects.'® This consisted of Codman’s
pendulum exercises (rotations and sagittal plane motion)
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Figure 1. Demonstration of the two experimental tilts in which
the target was 90° of humeral elevation with respect to gravity for
the (A) upright and (B) tilted back 45°.

followed by stretches consisting of holding a static external
and then internal rotation position, both with the shoulder
abducted to approximately 90°, for two sets of 15 s each. Upon
completion of the warm-up, subjects removed their shirts
(females wore sports bras) and any jewelry or accessories that
could affect JPS through tactile cues during testing. Bony
landmarks were digitized, and then subjects were transferred
to the test-specific chair. Subjects were thoroughly instructed
as to the testing protocol, and practice trials were completed
until the subject felt comfortable with the protocol. Subjects
were then fitted with the head-mounted display and further
practice trials were completed so that subjects would become
comfortable with its use.

The initial chair position was randomly chosen as upright or
tilted. Seven target positions were presented to the subjects in
a randomized order according to a balanced Latin square
design,?* with 15 s separating each trial. After successfully
completing all seven trials, subjects were given a 1-min break,
and then the same seven positions were repeated in a different
randomized order. The subjects were then given a 5-min break
during which time the chair was adjusted to the other position
(upright or tilted). Testing at the same seven target positions
(twice) was then performed at the new tilting angle.

Each trial began with the subject’s dominant arm at the side
resting against the chair, and all arm motion was accomplished
with the elbow in full extension. The nondominant arm was
either at the subject’s side or in the subject’s lap, depending on
individual comfort. In the head-mounted display, the subject
was presented with the output from custom-written software
(Labview, National Instruments, Austin, TX), which served to



guide and instruct the subject throughout the protocol. A gray-
colored screen with a black outlined box in the center appeared
first. At one side was a vertical red bar, and a horizontal red bar
was present at the top or bottom. The red bars were presented to
guide the subject’s arm movement toward the box at the center
of the screen. More specifically, a red bar on the right side
indicated the subject must move the arm toward the right, ared
bar at the top indicated a necessary move toward the top, etc.
When the subject’s shoulder position varied no more than
5° from the target position in both plane and elevation angles,
the red bars disappeared and were replaced with a red dot on
the screen depicting the current shoulder position. The subject
then continued to guide the arm to the appropriate target plane
and elevation angle, which was achieved by moving the red dot
into the box. Once this was accomplished, the entire screen
went blank, and the subject was required to maintain the
position for 5 s while focusing on the shoulder joint. Then a voice
command initiated from the program instructed the subject to
“relax,” at which time the subject returned the arm to the
starting position. After 3 s and with the screen remaining blank,
the subject was instructed to “return” the arm back to the
position that was previously presented. When the subject
believed that the arm and shoulder were in the same position,
the subject depressed a trigger button held in the contralateral
hand. An audible “beep” then sounded, and the subject returned
to the starting position.

The target positions consisted of 30, 45, 60, 75, 90, 105, and
120° of humerothoracic elevation. The selection of target angles
allowed for comparisons of the effect of torque and angle at
different tilts. Since tilting occurred in the sagittal plane,
ideally, the plane of elevation should have also occurred in
this plane. However, to ensure minimal contact with any part
of the subjects’ thighs, all targets occurred in a plane that was
10° lateral to the sagittal plane (i.e., to the right for right-
handed subjects and to the left for left-handed subjects). When
the trunk was tilted backwards, calculations indicated an
insignificant difference in external shoulder torque (~1%)
between arm elevation in the sagittal plane compared to the
tested plane.

Data Analysis
Kinematic data were converted into humeral plane and
elevation angles using transformation matrices between the
coordinate systems of the thorax and humerus. These plane
and elevation angles were then converted into a 3D vector
originating at the center of the humeral head and ending at the
midpoint between the medial and lateral humeral epicondyles.
The angle between the presented and reproduced vector
represented the magnitude of the repositioning error.!®
Statistical analyses were performed using SPSS, version 15
(SPSS, Chicago, IL). To determine the significance of tilt on
repositioning error scores, a two-way, repeated measures
ANOVA was conducted with two within-subject factors (tilt
and target angles). Due to the nature of the assigned target
angles, four target positions for each tilt were matched so as to
require the same torque (humeral angle with respect to gravity)
at the shoulder to achieve that position at each tilt (Table 1).
An additional two-way repeated measures ANOVA was
performed with two within-subject factors (tilt and joint
torque). This analysis was performed to determine whether a
significant difference in error scores was present between
target angles that corresponded to the same torque at different
tilts and different elevation angles. For both analyses, if there
was a significant effect of the tilt angle and a significant
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Table 1.
Trials®

Target Elevation Angles for Upright and Tilted

Humerus with Respect to
Thorax (degrees)

Humerus with Respect

to Gravity (degrees) Upright Tilted

30 30

45 45

60 60

75 75 30

90 90 45
105 105 60
120 120 75
135 90
150 105
165 120

“Note the angles that match based on the elevation angle of the
humerus with respect to the gravity.

interaction between the two factors, follow-up paired ¢-tests
were run. The alpha level was set at 0.05. However, to account
for multiple comparisons, a Bonferroni—Holm correction was
utilized.

RESULTS

Despite our efforts to avoid the arm bumping into the
thigh, about half of the trials at 30° of elevation in the
upright tilt resulted in contact. Therefore, only data
from the remaining six angles were included. The two-
way ANOVA with matching joint angles revealed no
main effect of tilt on the magnitude of the repositioning
error (p =0.494) and a significant interaction between
tilt and joint angle (p<0.05) (Fig. 2A). Follow-up
paired ¢-tests demonstrated that for all joint angles, no
significant difference existed between tilts (p > 0.05).
The two-way ANOVA with matching joint torques
revealed a main effect of tilt on the magnitude of the
repositioning error (p =0.002) and no significant inter-
action between tilt and joint angle (p =0.970) (Fig. 2B).

DISCUSSION

Shoulder proprioception testing has traditionally been
performed under constrained and passive conditions,
but recent unconstrained active repositioning models
have appeared in the literature.?>?® Here we revisited
our own developed JPS model'® to further analyze the
effect of torque and joint angle on repositioning errors.
The tilting chair allowed for comparison of repositioning
error at the same elevation angles reached by imple-
menting different levels of torque and the error
associated with different elevation angles but equal
torque (Table 1).

Our goal was to determine whether the increase in
JPS accuracy previously noted with increasing humeral
elevation'® was due to changing joint angles or joint
torques. Results demonstrated no significant difference
when the two tilts were compared on the basis of joint
angle, but a significant effect occurred when they were

JOURNAL OF ORTHOPAEDIC RESEARCH



4 CHAPMAN ET AL.
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Figure 2. Vector error mean (+ SEM) for upright and tilted
trials, matched based on (A) joint angles and (B) torque.

matched on joint torque. In a parallel study, we found
that by increasing joint torque with the addition of
weights, an increase in JPS accuracy occurred.?” How-
ever, the magnitude of that effect was much smaller than
what we observed in our elevation study.'® One theory
that would fit the data from all three experiments is that
effects exist for both joint angle (present study) and joint
torque,?” but the effect of angle is much stronger. In the
present study, for five of the six angles (Fig. 2A), the tilt
with the higher joint torque exhibited a low mean error
(tilting at 45 and 60° and upright at 90, 105, and 120°).
Testing more subjects might have resulted in significant
differences due to tilting of the trunk.

The magnitude of the difference observed in the
current study is about 2° (Fig. 2B). The clinical relevance
of this small difference is debatable, but it represents
an error increase of about 35%. Also, the magnitude is
similar to changes in shoulder proprioception due to
fatigue.?8~30

It is likely that humans incorporate both muscle
activation (related to torque) and some intrinsic coor-
dinate system based on muscle length, joint receptor
activation, and skin deformation. Studies from our lab'®
and others®' ™ have been presented supporting the
muscle activation model. Conversely, Darling and
Miller®* reported that subjects replicated arm positions
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with respect to the trunk with more accuracy than arm
positions with respect to gravity, and concluded that
perhaps some intrinsic coordinate system exists that the
brain can integrate when visual cues are absent. That
the body may preferentially use one input more than
another, or in combination with another, as opposed to
selecting which afferent system to utilize at a given time
seems intuitive. Our study shows that shoulder JPS is
maintained even when visual cues are absent and the
vestibular input is altered.

Darling and Miller®* also manipulated trunk orienta-
tion to change the relationship between joint angles and
torques at the shoulder. However trunk orientation was
changed between the positioning and repositioning
motions. Similarly, other investigators manipulated
the orientation of the arm to change the relationship
between joint angles and torques at the elbow.35~3°
However, in all these studies, humeral orientation was
different between the positioning and matching motions
(regardless of whether a bilateral or unilateral experi-
ment was performed). To our knowledge, only Gooey
et al.** manipulated the arm angle between trials, and
they found a decrease in the magnitude, but an increase
in the variability of errors when the arm was elevated.
However, the effect of gravity is difficult to determine as
the presented angles were not reported.

For upright tilting in the present study, a general
trend of decreasing errors occurred as joint angle
increased, consistent with other studies that found JPS
is heightened at the end range of motion.**~*3 However,
we found the highest accuracy at 90° of elevation. This
difference could be attributed to several factors. The
subjects in our study performed the repositioning task
while seated in a chair that provided head and back
support. The effect of torso and head support may be
insignificant, but the presence of tactile cues increases
perception of movement** and may override joint
receptors in motion detection.*® This cutaneous input
was curtailed by providing only enough skin contact to
support the torso and head adequately while leaving the
scapula and surrounding areas free to move without
cutaneous feedback. Nonetheless, skin stretched at a
large distance from a joint still elicits a sensation of
movement at that joint.*® Elevation close to the sagittal
plane (as opposed to the scapular plane in our previous
work) may have caused a larger stretch on the posterior
capsular tissues resulting in increased anterior trans-
lation.*” Both effects could have served to increase
afferent feedback from the shoulder.

A primary assumption in our model, that similar
resistive torques at different arm positions correspond to
similar muscle activation patterns, is overly simplistic.
We are essentially using resistive torque as a surrogate
measurement of muscle force. Other factors argue
against this assumption, such as differences in clavicular
and scapular kinematics,*®*° muscle moment arms,?*5?
and inter-muscle recruitment patterns.’®°® However,
we believe that our study represents the next step
towards understanding mechanisms that control



shoulder JPS. For the present study, motions were
performed with no external load on the arm (other than
the resistive torque due to the weight of the upper
extremity). This is common for JPS studies, but caution
should be taken when applying these results to larger
resistive loads.

The vestibular input in our study is altered in that the
visual input of body orientation is occluded, but the
subjects do receive visual input as to the relation of their
arm to the target on the computer screen. In this
situation, the vestibular and visual inputs are not
in conflict, so we would argue that the vestibular
system normalizes the body sense to the tilted position
during those trials in which the subjects are tilted.’*
Furthermore, Paloski, et al.>® reported “that healthy
subjects can adequately compensate for different head
orientations with respect to gravity by maintaining
postural stability during static and low frequency
dynamic head tilts, in the absence of vision and accurate
somatosensory inputs.” Another study concludes that
whole-body proprioception is integrated with the vesti-
bular system to generate a reference of self-motion in the
absence of visual feedback, which supports the argument
that an alteration in head position does not change
proprioceptive feedback at the shoulder.5¢ Additionally,
the anatomy of the vestibular system is defined as
sensing linear and rotational accelerations, but when the
head is stationary, the system adapts to gravity and
references the body accordingly.?’

In summary, when comparing upright and tilted back
45°, matching based on shoulder elevation angle demon-
strated no significant difference, while matching based
on torques did find differences. This result would appear
to implicate elevation angle as more important in joint
position sense than joint torque, but we cannot rule out
an effect of torque that was overshadowed in the present
study. The results of our work may lend insight into
the understanding of the mechanisms underlying
joint stability maintenance and may have important
implications for rehabilitation. Improved shoulder JPS
under conditions of either increased muscle activation or
joint angles may represent a strategy for avoiding
injury and maintaining coordinated movement patterns
while performing functional activities involving consi-
derable muscular demands, such as those involving
high forces, since these are the activities in which
joint injuries are most likely to occur. The extent to
which we can better understand how JPS improves
under conditions of increased external torque may help
guide clinicians in selecting functional rehabilitation
exercises with external loads or in positions of increased
external torque to promote joint stability during
movement.
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