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The Shoulder and Elbow Joints and Right and Left Sides
Demonstrate Similar Joint Position Sense
Jacqlyn King, Elizabeth Harding, Andrew Karduna
Department of Human Physiology, University of Oregon, Eugene.

ABSTRACT. Proper orientation of the shoulder and elbow is nec-
essary for accurate and precise positioning of the hand. The authors’
goal was to compare these joints with an active joint position sense
task, while also taking into account the effects of joint flexion angle
and arm dominance. Fifteen healthy subjects were asked to replicate
presented joint angles with a single degree of freedom active posi-
tioning protocol. There were no significant differences in angular
joint position sense errors with respect to joint (shoulder vs. elbow)
and side (left vs. right). However, when considering linear position-
ing, errors were lower for the elbow, due to a shorter lever arm.
Also, as flexion angles increased toward 90◦, there was a consistent
pattern of lower errors for both joints.
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Proprioception is vital for producing discrete and coordi-
nated movements. This has been demonstrated through

studies of complete or partial proprioceptive disruption due
to deafferentation (Heilman, Mack, Rothi, & Watson, 1987;
Sainburg, Poizner, & Ghez, 1993), intra-articular lidocaine
injection (Jerosch, Castro, Halm, & Drescher, 1993), ten-
don vibration (McCloskey, Cross, Honner, & Potter, 1983;
Proske & Gandevia, 2012) and cutaneous stretching (Thedon,
Mandrick, Foissac, Mottet, & Perrey, 2011). There are many
inputs that contribute to the sense of proprioception, includ-
ing the centrally generated efference copy (Sommer & Wurtz,
2002) and afferent signals from peripheral mechanoreceptors
embedded in musculotendinous (Wise, Gregory, & Proske,
1998), articular (Solomonow et al., 1996), and cutaneous
(Wu, Ekedahl, & Hallin, 1998) tissues. However, the res-
olution with which the central nervous system (CNS) can
ensemble these converging signals to detect joint motion
and position is largely unknown, except in very broad terms.
Specifically for the upper extremity, high proprioceptive acu-
ity at the shoulder and elbow is necessary for accurate posi-
tioning of the hand in space. Comparisons of proprioceptive
acuity between these adjacent joints, as well as side-to-side
differences, may lead to a better understanding of how the
CNS uses this information to control hand motion.

With respect to adjacent joints, there is conflicting ev-
idence regarding how proprioceptive acuity at the shoul-
der compares with that at the elbow. In a landmark study,
Goldscheider (1889) reported that proprioceptive acuity is
better at the shoulder when using a threshold for detecting
passive motion experimental model. However, using a sim-
ilar model, Hall and McCloskey (1983) demonstrated that
the shoulder and elbow detect passive joint motion similarly
in terms of angular displacement across a wide range of ve-
locities. The work of Scott and Loeb (1994) also supports
the finding that the shoulder and elbow have similar proprio-
ceptive capabilities, by first showing that these joints have a

similar number of muscle spindles and then using these data
in a computational model demonstrating equivalent propri-
oceptive capabilities at the two joints. A number of addi-
tional studies have concluded equal angular errors occur at
the shoulder and elbow joints following qualitative compar-
isons (Ramsay & Riddoch, 2001; van Beers, Sittig, & Denier
van der Gon, 1998). However, in contrast to these findings,
some subsequent investigations have found either lower pro-
prioceptive errors at the shoulder (Adamovich, Berkinblit,
Fookson, & Poizner, 1998; Clark, Larwood, Davis, & Deffen-
bacher, 1995; Tripp, Uhl, Mattacola, Srinivasan, & Shapiro,
2006) or at the elbow (Sturnieks, Wright, & Fitzpatrick,
2007). Therefore, it remains to be determined whether the
shoulder demonstrates greater proprioceptive acuity than the
elbow.

A number of studies comparing contralateral joints, or
motor lateralization, have used a hand repositioning task (in-
volving both shoulder and elbow motion), with all of them
demonstrating no differences in accuracy between the dom-
inant and nondominant sides (Carson, Elliott, Goodman, &
Dickinson, 1990; Chapman, Heath, Westwood, & Roy, 2001;
Imanaka, Abernethy, Yamauchi, Funase, & Nishihira, 1995;
Roy & MacKenzie, 1978). Additionally, several studies have
also demonstrated no effect of lateralization with isolated
motions of the shoulder (Jerosch, Thorwesten, Steinbeck,
& Reer, 1996; Ramsay & Riddoch, 2001; Voight, Hardin,
Blackburn, Tippett, & Canner, 1996; Zuckerman, Gallagher,
Lehman, Kraushaar, & Choueka, 1999) or elbow (Khabie
et al., 1998). However, in a series of recent studies, Goble
and colleagues demonstrated an advantage for the nondom-
inant elbow, specifically when the task involved interhemi-
spheric transfer (Goble & Brown, 2007, 2008; Goble, Lewis,
& Brown, 2006; Goble, Noble, & Brown, 2009).

None of the previously mentioned studies assessed the
ability of a subject to actively reposition a single joint in
space. While passive studies are perhaps a more pure assess-
ment of afferent input, active protocol are more ecologically
valid, as it is not often that a limb is positioned passively
during activities of daily living. Additionally, contralateral
matching tasks make it difficult to compare sides and mul-
tijoint studies restrict direct comparisons between adjacent
joints. We have developed a protocol that allows a subject
to actively position a single joint in space without vision of
their own upper extremity and without any passive assistance
(Suprak, Osternig, van Donkelaar, & Karduna, 2006, 2007).
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With this protocol, we found that the accuracy achieved with
the shoulder increased as targets approached 90◦ of elevation
(Suprak et al., 2006). We proposed to use this protocol to
further our understanding of upper extremity proprioception
by addressing three basic hypotheses. First, based on a recent
study conducted by one of the authors that demonstrated sim-
ilar errors in a reaching task (Karduna & Sainburg, 2012), we
hypothesized that the shoulder and elbow would demonstrate
similar angular errors during an active joint position sense
task. Second, based on the previously mentioned study of
Scott and Loeb (1994), we hypothesized that there would be
no differences in active joint position sense errors between
the dominant and nondominant sides. Third, we hypothesized
that as targets approach 90◦ of flexion for both the shoulder
and elbow, there would be a decrease in joint position sense
errors, as have been demonstrated in previous studies of the
shoulder (Hung & Darling, 2012; Suprak et al., 2006).

Method

Subjects

Participants were 15 healthy individuals (9 women, 6 men)
with a mean age of 25 ± 5 years, a mean height of 170 ±
14 cm, and a mean body mass of 70 ± 21 kg. Prior to testing,
all subjects signed an informed consent form approved by
the Institutional Review Board at the University of Oregon.
Our initial screening process involved recruiting subjects
who used their right hand to throw a ball. From this pool,
only subjects with score of greater than 50 on the Edinburgh
Handedness Survey were included (Oldfield, 1971). Exclu-
sion criteria included a history of injury to either shoulder
or elbow and regular participation in an overhead throwing
activity.

Instrumentation

Kinematic data were collected with the Polhemus Fastrak
magnetic tracking system (Colchester, VT). The unit con-
sists of a transmitter, two sensors, and a digitizer. The first
sensor was placed on the border of the contralateral tho-
racic cage mounted to a custom Orthoplast device and elastic
strap. The second sensor was placed on the dorsal side of
the distal forearm with elastic tape. Bony landmarks were
digitized in order to establish anatomical coordinate systems
for the thorax, humerus, and forearm. Coordinate systems
corresponded to the standards proposed by the International
Society of Biomechanics Committee (Wu et al., 2005). The
thoracic anatomical coordinate system was established from
C7, T8, the sternal notch, and the xiphoid process. The fore-
arm coordinate system was established using the medial and
lateral humeral epicondyles and the styloid process of the
ulna. A sensor was not placed on the humerus because of the
potential for large errors due to skin motion artifact for both
shoulder and elbow motions. Instead, three virtual markers
were generated in the calibration procedure: (a) the humeral
head center with respect to the thorax sensor, (b) the elbow

joint center (midpoint between the medial and lateral epi-
condyle) with respect to the forearm sensor, and (c) ulnar
styloid process with respect to the forearm sensor. While the
elbow joint center and ulnar styloid process were determined
through digitization, the humeral head center was defined as
the point that moves the least when the shoulder was moved
through a series of short arc motions with the elbow in full
extension (Karduna, McClure, Michener, & Sennett, 2001).
During motion trials, these three local points were converted
into the transmitter coordinate system and then used to de-
fine an anatomical humeral coordinate system. We previously
validated this approach for the study of isolated shoulder and
elbow motions (Lin & Karduna, 2012). Kinematic data were
represented using standard Euler angle sequences. For the
shoulder, this was (a) plane of elevation, (b) amount of el-
evation, and (c) external rotation. For the elbow, this was
(a) flexion, (b) supination, and (c) carrying angle (Wu et al.,
2005). We also determined the three dimensional coordinates
of the hand (defined by the coordinates of the ulnar styloid
process) in relation to the thorax.

During the digitization and testing procedures, subjects sat
on an ergonomically designed kneeling chair (Jobri, Konawa,
OK) to control for posture and to allow subjects to lower their
upper extremity without contacting their thigh (Figure 1).
Subjects were fitted with a head mounted display (Z800,
eMagine, Bellevue, WA), which allowed for the presentation
of target angles and real-time joint angles from the subject
on a two-dimensional display during testing (see subsequent
details). The head mounted display helped reduce extraneous
visual cues.

Protocol

All testing was performed in a single session. In order
to provide a constant muscle preconditioning state, subject
completed a standardized warm-up on the limb of interest
prior to testing. The warm-up consisted of Codman’s pen-
dulum exercises (rotations and sagittal plane motion), elbow
flexion, elbow extension, shoulder flexion and shoulder ex-
tension using a 0.9 kg mass (Suprak et al., 2006). Upon
completion of the warm-up, subjects removed any metal ob-
jects or jewelry that could have interfered with the Polhemus
magnetic tracking system.

Testing involved a four-condition protocol: right elbow,
right shoulder, left elbow, and left shoulder. The order
of testing (right vs. left and elbow vs. shoulder) was
randomized. However, both joints of one limb were tested
before repeating the warm-up and digitization process for the
contralateral limb. Target angles were selected at 50◦, 70◦,
and 90◦ of either shoulder or elbow flexion in the sagittal
plane. Each target was presented four times, resulting in
twelve trials per condition. The order of these trials was ran-
domized within each condition. There was a five second rest
interval between each trial. The subject was presented with
a countdown timer notifying them when the next trial would
begin or an image from a story. The purpose of the images
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Shoulder and Elbow Position Sense

FIGURE 1. Schematic representation of experimental
setup. This is an example of a shoulder positioning trial.
Note that the sensors are not represented in this figure. (Color
figure available online).

was to keep the subject engaged in the task. Subjects were
allowed as many practice trials as they wanted until they
were familiarized with the protocol (typically 3–6 trials).

For each trial, subjects were directed to the target angles
via custom written LabView software (Version 9.5, National
Instruments, Austin, TX). At the beginning of the trial, the
subject’s upper extremity was relaxed at their side. A black
screen displayed two fixed, horizontal white lines represent-
ing a boundary of ±1◦ from the predetermined target po-
sition. While these lines represented different target angles
for different trials, the visual presentation was identical for
all trials (i.e., two white lines in the middle of the field of
view). There was also a single dynamic horizontal red line
that provided real-time feedback of the subject’s joint angle
(either elbow or shoulder, depending on the condition). The
subject flexed his or her arm or forearm with the thumb up
until the red line was positioned between the two white lines.
Shoulder flexion was achieved with an extended elbow while
elbow flexion was achieved with the humerus at the subject’s
side. After the subject had maintained the joint in the target

position for one second, the display turned completely black
and remained so for the rest of the trial, which removed all
visual feedback. Subjects held the target position (they had
previously been instructed to use this time to memorize the
location of their hand in space). After 3 s, a verbal cue from
the computer prompted subjects to relax and return to the rest
position (upper extremity at the side). After three seconds at
this potion, subjects were prompted with another verbal cue
to return to the target position. The subjects indicated when
they believed they had reached the target by pushing a button
on a wireless presenter remote with their contralateral hand
(Libra P5, Ione, Fremont, CA). It is important to point out
that subjects were not provided with any feedback regarding
the accuracy of their repositioning, so knowledge of results
could not be used to reduce errors in subsequent trials.

Error Scores

We calculated joint angle accuracy (angular constant error)
and precision (angular variable error) using equations pro-
posed by Schmidt and Lee (2005). The following conventions
were used for each trial (i): θp is the presented angle, θ r is
the repositioned angle, θ e is the error (θ r – θp), and n is the
number of trials performed.

Angular Constant Error = θm =
(

1

n

) n∑
i=1

(θe)

Angular Variable Error =
√√√√(

1

n

) n∑
i=1

(θe − θm)2

We calculated two-dimensional endpoint accuracy (linear
constant error) in the sagittal plane using a method proposed
by Hancock et al. (1995) and endpoint precision (linear vari-
able error) using an analogous formula. The following con-
vention was used for the anteroposterior (x) and superoinfe-
rior (y) directions for each trial (i), xp and yp are the presented
coordinates, xr and yr are the repositioned endpoint coordi-
nates, xe (= xr – xp) and ye (= yr – yp), are the errors and n
is the number of trials performed.

Linear Constant Error =
√(

x2
m + y2

m

)

where: (xm, ym) =
[(

1

n

) n∑
i=1

(xe),

(
1

n

) n∑
i=1

(ye)

]

Linear Variable Error =
√(

x2
V E + y2

V E

)
where: (xm, ym)

=
⎡
⎣

√√√√(
1

n

) n∑
i=1

(xe − xm)2,

√√√√(
1

n

) n∑
i=1

(ye − ym)2

⎤
⎦
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Statistical Analysis

SPSS version 20.0 was used for statistical analysis. We
performed a total of four three-way repeated measures anal-
yses of variance, with angular constant error, angular variable
error, linear constant error, and linear variable error as the de-
pendent variables. The three independent variables were side
(dominant and nondominant), joint (shoulder and elbow) and
target (50◦, 70◦, and 90◦). Family wise type I error was set
with an alpha level of .05. Pairwise comparisons were per-
formed where significant interactions and main effects were
found using a Bonferroni correction (α = .05). We followed
conventional analysis of variance logic and did not look at
two-way interactions if a three-way interaction was found.
Where no three-way or two-way interactions were found, we
examined main effects.

Results

Angular Constant Error

Results of the three-way ANOVA revealed that none of
the interactions were significant: side by joint by target (p =
.55), side by joint (p = .60), side by target (p = .35),
and joint by target (p = .07). There was no main effect
of side (p = .32) or joint (p = .32). The main effect of
target (p < 0.001) was significant, with a follow-up contrast
demonstrating a significant (p = .003) linear reduction in
error as angle increased (Figure 2A). Given the trend toward
a significant interaction between joint and target, follow-up
one way ANOVAs (collapsed across side) were run to verify
that there was a significant effect of target for both joints.
As with the original analysis, there was a significant effect
of target for both the shoulder (p = .02) and elbow (p <

.001), with follow-up contrasts revealing a significant linear
reduction in error as flexion angle increased for both the
shoulder (p = .03) and elbow (p < .001).

Given that both the shoulder and elbow demonstrated the
same significant trend of a decrease in error as the target angle
increased, we examined whether these changes in error with
target angle were more dramatic for one joint. To accomplish
this, the slope of the error vs. target angle plot was calculated
for each subject (again, collapsed across side). When com-
pared with a paired t test, the elbow demonstrated a slope
(–0.14 ◦/◦), which was twice as large as that of the shoulder
(–0.07 ◦/◦; p = .04). This trend can be observed by looking at
the average changes in errors with target angle in Figure 2A.

Angular Variable Error

None of the interactions were significant: side by joint by
target (p = .55), side by joint (p = .21), side by target (p =
.46), and joint by target (p = .66). There was no main effect
of side (p = .16) or target (p = .70). However, the main effect
of joint (p = .001) was significant with smaller errors at the

FIGURE 2. (A) Angular constant errors and (B) angular
variable errors for the shoulder and elbow (M ± SEM). Data
were collapsed across sides. (Color figure available online).

shoulder (M = 2.6◦, SD = 1.2◦) than the elbow (M = 4.0◦,
SD = 1.7◦; Figure 2B).

Linear Constant Error

Results of the three-way ANOVA demonstrated that none
of the interactions were significant: side by joint by target
( p = .19), side by joint ( p = .94), side by target ( p = .99),
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Shoulder and Elbow Position Sense

and joint by target ( p = .17). There was also no main effect
of side ( p = .81). The main effect of joint was significant
( p = .008) with smaller errors for the elbow (M = 28 mm, SD
= 19 mm) than for the shoulder (M = 40 mm, SD = 24 mm).
The main effect of target ( p = .001) was also significant, with
a follow-up linear contrast demonstrating a significant ( p =
.005) linear reduction in error as angle increased (Figure 3A).
Note that this is the opposite direction as with the linear pre-
cision analysis, where the errors were smaller for the elbow.

Linear Variable Error

None of the interactions were significant: side by joint by
target ( p = .41), side by joint ( p = .33), side by target ( p =
.09), and joint by target ( p = .92). The main effects of side
( p = .19) and target ( p = .84) were not significant. How-
ever, the main effect of joint ( p = .003) was significant with
smaller errors at the elbow (M = 17 mm, SD = 6 mm) than
the shoulder (M = 23 mm, SD = 10 mm; Figure 3B). Note
that this is the opposite direction as with the angular variable
errors, where the errors were smaller for the shoulder.

Discussion

The goal of this study was to help provide a better under-
standing of active joint position sense ability for the upper ex-
tremity. Specifically, we hypothesized that the shoulder and
elbow would demonstrate similar errors, that there would be
no differences in errors between the dominant and nondom-
inant sides and finally, that as joint angles approached 90◦

of flexion, there would be a decrease in joint position sense
errors. In general, these hypotheses were supported by the
results. We found no significant differences in angular joint
position sense errors with respect to joint (shoulder vs. elbow)
and side (left vs. right). When considering linear positioning,
however, errors were higher for the shoulder. Also, there was
a consistent pattern of lower errors at higher flexion angles.

Shoulder Versus Elbow

There are vast differences in joint and muscle anatomy
between the shoulder and elbow complexes, including mus-
cle mass, number of diarthrodial joints, degrees of freedom,
stabilizing structures, lever arm between joint centers and
the hand, and inertial resistance. However, there are similar-
ities with respect to neurological factors. The shoulder and
elbow have been shown to have a similar number of muscle
spindles (Scott & Loeb, 1994). Additionally, Penfield and
Rassmussen (1952) proposed that the representations of
shoulder and elbow joint movements in motor cortex are
similar in size. This was confirmed by Kocak et al. (2009), in
which similar activation volumes in the precentral gyri were
observed during active shoulder and elbow flexion move-
ments. Therefore, given that the angular accuracies of the
joint complexes are not significantly different, it may be that
the CNS is more attuned to neurological factors than biome-
chanical constraints.

FIGURE 3. (A) Linear constant errors and (B) linear vari-
able errors for the shoulder and elbow (M ± SEM). Data
were collapsed across sides. (Color figure available online).

These results support our hypothesis and are consistent
with previous single joint assessments, including the exper-
imental work of Hall and McCloskey (1983) and Ramsay
and Riddoch (2001), as well as the theoretical assessment of
Scott and Loeb (1994). The discrepancy between the present
study and other studies that have demonstrated propriocep-
tive differences between the shoulder and elbow joints can be
explained in terms of inconsistent preconditioning between
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the joints (Sturnieks et al., 2007) and vague methodologies
(Clark et al., 1995). In a recent study, a comparison between
the accuracy of reaching to a prescribed target also demon-
strated no differences in angular accuracy between the shoul-
der and elbow (Karduna & Sainburg, 2012). Taken together,
these studies provide evidence that the CNS is finely tuned to
maximize the accuracy of the shoulder and elbow, at least in
terms of single joint motion. It is important to note, that given
a shorter distance from the elbow joint center to the hand,
the error in positioning the hand in two-dimensional space
(endpoint accuracy) was lower than that for the shoulder.

To our knowledge, only Tripp et al. (2006) have compared
variable errors in a joint repositioning task, finding higher
errors for the elbow when compared to the shoulder during a
throwing task in overhead athletes. Despite the fact that this
was for a completely different task, which included a mul-
tijoint protocol, these results are consistent with the results
from the present study. However, when analyzed in terms of
end point position, this trend was reversed, with higher errors
at the shoulder when compared with the elbow. Higher linear
constant and variable errors for the shoulder would suggest
that that deficiencies in shoulder joint proprioception are
more likely to contribute to errors in end point positioning
of the hand. However, Nguyen and Dingwell (2012) found
that during a simulated arm movement, adding noise to the
elbow resulted in a greater disturbance to endpoint position-
ing than adding noise to the shoulder. Follow-up multijoint
experiments on subjects would be needed to determine which
prediction is correct.

Dominance

As we hypothesized, there was no significant difference
between the dominant and nondominant sides for any of the
dependent variables in the present study. This is consistent
with previous studies of the upper extremity using an ipsi-
lateral remembered protocol (Carson et al., 1990; Chapman
et al., 2001; Imanaka et al., 1995; Jerosch et al., 1996; Khabie
et al., 1998; Roy & MacKenzie, 1978; Voight et al., 1996;
Zuckerman et al., 1999). Although Goble and colleagues
argued that there is a proprioceptive advantage for the non-
dominant limb, for both right-handed (Goble & Brown, 2008)
and left-handed individuals (Goble et al., 2009). Given that
these asymmetries are largely noted during a contralateral
remembered protocol, Adamo and Martin (2009) suggested
that these differences are not due to accuracy differences,
but rather to differences in gain between the sides. Specif-
ically, they provide evidence for a side-to-side difference
in the relationship between the actual and perceived limb
displacement.

Sainburg and colleagues have demonstrated clear differ-
ences in the coordinated movement of each limb, as ev-
idenced by differences in initial movement direction and
trajectory, the timing and amplitude of muscle torques, fi-
nal position accuracy in the absence of vision, as well
as adaptation to external loads (Duff & Sainburg, 2007;

Przybyla, Coelho, Akpinar, Kirazci, & Sainburg, 2013; Sain-
burg, 2002; Tomlinson & Sainburg, 2012). So while there
appears to be asymmetries in the neural control of the dom-
inant and nondominant upper extremities, our data suggest
these differences cannot be explained by differences in either
the accuracy or variability of proprioception.

Target Angle

Previous work from our lab has demonstrated that as an-
gular targets approach 90◦ of elevation, joint repositioning
errors decrease at the shoulder in an active, unconstrained ex-
perimental model (Suprak et al., 2006). This trend was also
observed for both healthy subjects and patients with anterior
shoulder instability in a recent study by Hung and Darling
(2012). The present study adds several new facets to this
observation. Firstly, this trend does not extend to variable er-
rors. Both the elbow and shoulder variable errors appear to be
independent of target angle. Second, this trend is not only ob-
served in the shoulder, as has been previously demonstrated,
but it is also observed for the elbow, as we hypothesized. In
fact, the slope of the angular accuracy-target angle curve is
twice as steep for the elbow (Figure 2A).

There are numerous input parameters that change as the
shoulder or elbow approaches 90◦ of flexion, roughly divided
into peripheral and central influences. On the peripheral side,
there is an increase in feedback from the Golgi tendon or-
gans (Kistemaker, Van Soest, Wong, Kurtzer, & Gribble,
2013), an alteration in muscle spindle feedback due to alpha-
gamma coactivation (Wise, Gregory, & Proske, 1999) and a
change in the capsuloligamentous and cutaneous feedback
(Collins, Refshauge, Todd, & Gandevia, 2005). On the cen-
tral side, there is an increase in the sense of effort, or effer-
ence copy (Medina, Jax, Brown, & Coslett, 2010), reliance
on a gravitational reference frame (Darling & Hondzinski,
1999; Darling & Miller, 1995), and a different cortical rep-
resentation of hand position and orientation (Wang, Chan,
Heldman, & Moran, 2010). While all of these factors may
help subjects accurately repositions their limbs, there is little
evidence of how the central nervous system integrates the
ensemble of multisensory inputs it receives to help control
voluntary movements. In fact, it may be that some of these
inputs might actually decrease accuracy at higher flexion an-
gles. More physiological based studies need to be performed
to determine the mechanisms controlling this response.

Limitations

There are a few limitations that must be acknowledged.
The present protocol was restricted to the motion of a sin-
gle joint, which does not allow for the interactions between
joints that is typically seen in activities of daily living. As
mentioned previously, this facilitated direct comparison be-
tween joints. If future studies focus on arm dominance and
the effects of joint excursion, then multijoint protocols can
be utilized. Additionally, we did not assess angles above 90◦

of flexion, which might have helped our understanding of
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Shoulder and Elbow Position Sense

the mechanisms behind the trends with target angles that
were observed. Finally, given that we intentionally skewed
our subject pool by only including subjects with an Edin-
burgh score of 50 or greater, we were not able to perform
a more comprehensive analysis of the relationship between
the degree of handedness and joint position sense. In order
to perform that type of analysis, subjects would need to be
recruited over the full Edinburgh scale (–100 to 100).

Conclusions

The CNS appears to have adapted to vast anatomical vari-
ations between the shoulder and elbow, resulting in no sig-
nificant differences in angular joint position sense errors be-
tween the joints, as well as a similar pattern of lower errors
at higher flexion angles for both joints. Additionally, despite
previously reported asymmetries in the neural control of the
dominant and nondominant upper extremities, there were no
significant side-to-side differences in joint position sense.
Taken together, these results suggest that joint position sense
patterns may be an invariant parameter of the CNS. Further
studies involving other joints of the body would be necessary
to test this hypothesis.
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