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Background. The importance of assessing proprioceptive function for rehabili-
tation after neurological or orthopedic injury has long been recognized. Yet, neither
the validity nor the accuracy of the available tests is firmly established. Testing
typically involves repeated matching of a given joint position with the same or
opposite limb where the difference between the 2 positions indicates proprioceptive
acuity.

Objectives. The aim of this study was to compare position sense acuity between
ipsilateral and contralateral matching methods against a psychophysical threshold
method to establish the accuracy and relationships between these models.

Design. A repeated-measures design was used.

Method. Assessment of forearm position sense for a 10-degree reference position
in 27 young adults who were healthy.

Results. Psychophysical thresholds were revealed to be the most precise and least
variable acuity measure. The mean (�SD) threshold (1.05°�0.47°) was significantly
lower than mean position errors obtained by both joint position matching tasks
(ipsilateral: 1.51°�0.64°; contralateral: 1.84°�0.73°)—a 44% to 75% difference in
measurement accuracy. Individual participant position errors correlated poorly with
respective thresholds, indicating a lack of concurrent validity. Position errors for both
matching methods correlated only mildly with each other.

Limitations. The data represent performance of a healthy, young adult cohort.
Differences between methods will likely be more pronounced in aging and clinical
populations.

Conclusions. Threshold testing and joint position matching methods examine
different physiological aspects of proprioceptive function. Because threshold testing
is based on passive motion, it most closely reflects afferent sensory feedback pro-
cessing (ie, proprioception). Matching methods require active motion and are con-
sequently influenced by additional sensorimotor processes. Factors such as working
memory and transmission between brain hemispheres also influence joint matching
task outcomes.
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Mechanoreceptors of the
joints, muscles, tendons, and
skin provide information

about muscle length, contractile
speed, muscle tension, and joint
position. They form the basis for pro-
prioception, giving rise to the pas-
sive motion, active motion, and limb
position senses and the sense of
heaviness.1

Numerous neurological and orthope-
dic conditions, such as Parkinson dis-
ease,2–4 focal dystonia,5,6 peripheral
sensory neuropathies,7,8 or injuries
to ligaments, joint capsules, and mus-
cles, are associated with propriocep-
tive impairment.9–11 Furthermore,
proprioceptive feedback is consid-
ered an important training signal for
the neural reorganization underlying
the recovery of behavioral func-
tion.12–14 Although the importance
of proprioception for motor control
and motor rehabilitation is widely
recognized, there is no universally
accepted method that allows for an
objective and precise evaluation of
proprioceptive function—namely,
the assessment of proprioceptive
sensitivity (ie, the intensity of the
smallest detectable stimulus) and
acuity (ie, the smallest perceived dif-
ference between 2 detectable
stimuli).

In clinical practice, proprioceptive
evaluation most often involves some
form of limb position sense testing,
requiring the patient to match the
joint position of homologous limbs
without vision. The examiner pas-
sively moves the patient’s limb to a
target position, which the patient
either matches with the contralateral
limb or, after the examiner moves
the ipsilateral limb back to its start-
ing position, actively moves the ipsi-
lateral limb to the remembered posi-
tion. The visually observed mismatch
in position serves as a measure of
proprioceptive precision. These clin-
ical examinations constitute a coarse
measure of proprioceptive function

and are ill-suited to provide the nec-
essary level of accuracy needed to
evaluate rehabilitation protocols.
Thus, researchers have designed spe-
cialized equipment for testing joint
position sense in a more controlled
and precise manner. Typically, this
equipment allows for bilateral move-
ment of the upper or lower limbs
and utilizes a joint position matching
paradigm where position sense is
assessed by measuring positional
error between the reference and the
matching movement.11,15,16

Alternatively, psychophysical thresh-
old hunting methods have been
established that yield 2 types of
thresholds: the detection threshold,
which is the smallest perceivable
change in position, and the discrim-
ination threshold, which is the just-
noticeable difference between 2 per-
ceived positions.17 The detection
threshold is considered a measure of
sensitivity, and the discrimination
threshold represents a measure of
acuity. In contrast to joint matching
methods that rely on active motion
of the test person, threshold hunting
paradigms often use specialized
equipment that passively moves a
person’s limb in a highly controlled
manner.18–22

A number of studies investigated
the reliability and accuracy of joint
position matching as well as passive
motion paradigms. From these stud-
ies emerged that test-retest relia-
bility for position matching methods
is highly variable, with one study
demonstrating excellent reliability
(r�.88–.92) for wrist position sense
testing,23 whereas others showed
moderate to poor reliability (r�.18–
.64) for shoulder and knee joint
position sense evaluation.24,25 In
contrast, procedures relying on mea-
suring position sense during passive
motion were shown to be valid and
very reliable for the ankle, hip, and
elbow joints.18,19,26,27

In summary, although joint position
matching paradigms are routinely
used in clinical examinations and are
widely applied in many studies to
obtain a measure of proprioceptive
function, there is a paucity of data on
the accuracy and validity of these
measures. In addition, studies that
reported proprioceptive thresholds
often focused on detection rather
than discrimination, whereas the
joint position matching tasks usually
reflect an error in discrimination.
That is, these measures are not
directly comparable. Finally, many
studies18,19,24–27 relied on averaging
over relatively few trials (�12) to
arrive at a detection threshold, a
notion that does influence accuracy,
and compared movements with dif-
ferent amplitudes. This study sought
to expand on this previous research
by: (1) determining the accuracy of
joint position matching tests using a
defined movement amplitude as ref-
erence, (2) comparing these results
with an appropriate psychophysical
discrimination threshold to under-
stand the differences induced by pas-
sive versus active motion, and (3)
establishing a measure of validity by
analyzing how well joint position
matching methods relate to a psy-
chophysical test of proprioceptive
acuity.

Method
Participants
Twenty-seven young adults (mean
age�SD�25.7�4.1 years; 26 right-
handed, 1 left-handed) who had no
known injuries or pathologies
involving the upper limb partici-
pated in the study. Handedness of all
participants was assessed using the
Edinburgh Handedness Inventory.28

Instruments
A passive motion apparatus was used
to test the position sense acuity in
the psychophysical evaluation
method (Fig. 1A). Participants
placed their forearm on an alumi-
num splint that was moved passively
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by a DC 5-phase stepping motor
(precision: 5,466 steps per
1°�0.00018°/step; Nyden Inc, San
Jose, California). The splint was pad-
ded with 16-cm-thick foam to atten-
uate possible vibration effects of the
DC motor. Control of the apparatus
was realized through customized
software routines coded in MATLAB
technical programming language
(The MathWorks, Natick, Massa-
chusetts).

A bimanual manipulandum consist-
ing of 2 horizontal levers acting as
movable armrests was used for the
ipsilateral and contralateral limb
position matching methods. Partici-
pants placed each forearm on one of
the armrests and aligned the joint
axis of their elbow to the armrest’s
axis of rotation (Fig. 2A). The angular
position of the armrests was moni-
tored by embedded potentiometers
attached to their respective axles
(spatial resolution�0.008°). The 2
armrests could be moved relative to
each other. The distance between
armrests was adjusted to shoulder
width for each participant in such a
way that shoulder abduction angle
was comfortable (�20°) and very
similar between shoulders and
across participants.

Procedure
In all participants, position sense
acuity was measured by 3 methods
(psychophysical threshold, con-
tralateral and ipsilateral matching).
The order of the tasks was counter-
balanced across participants using a
Latin square design. To control for
the effects of hand dominance and
hemispheric lateralization on propri-
oceptive acuity, the dominant arm
was tested for all participants. Dur-
ing testing, the participants’ vision
was blocked with a pair of opaque
glasses.

Psychophysical threshold method.
During the psychophysical evalua-
tion, participants sat in an upright

Figure 1.
(A) Setup for psychophysical threshold method. The passive motion apparatus flexed or
extended the forearm in the horizontal plane at a constant speed of 2°/s. (B) Exemplar
data of one participant showing difference between the standard and comparison
movement amplitude. Note how the stimulus difference size converged toward the
participant’s threshold. (C) Based on the response data, a cumulative Gaussian function
was fitted. The difference value at the 75% correct response level marked the just-
noticeable difference (JND) threshold.
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position and placed their arm on the
splint of the passive motion appara-
tus. Participants wore headphones
that played pink noise to mask any
possible auditory cues. Starting posi-
tion was an arm position in which
the elbow was at approximately 90
degrees of flexion. The passive
motion apparatus then flexed the
forearm in the horizontal plane at a
constant velocity of 2°/s. The ratio-
nale for choosing 2°/s was to move
the arm slowly and deliberately so
that the participant had ample time
to begin to concentrate on the final
displacement. At the same time, it
was fast enough to reach the target

amplitude at a sufficiently short time
period (maximum movement time
�5 seconds), avoiding memory
issues (ie, the amplitude comparison
within a trial becomes compromised
because the participant already for-
got the amplitude of the first move-
ment). Each trial involved sensing 2
forearm positions: a standard posi-
tion (80° flexion), resulting in a
10-degree movement amplitude
from the start, and a comparison
position �10 degrees from the start.
After each trial, participants were
asked, “Which of these 2 positions
was closer to the body?” They had to
indicate the first movement or the

second movement (forced choice).
Based on these responses, an adap-
tive QUEST algorithm29 selected the
comparison stimulus position for the
subsequent trial. The comparison
position varied between 4 and 10
degrees (86°–80° flexion) across tri-
als. The adaptive algorithm ensured
that the difference between the stan-
dard and the comparison stimuli con-
verged almost monotonically to the
threshold.

The order of the standard and com-
parison positions switched randomly
between trials. The armrest moved at
a constant angular velocity of 2°/s for
both the standard and comparison
movements of all the trials for all
participants. The task involved a
minimum of 40 trials. If convergence
was not clearly seen, we added 20
more trials. This procedure ensured
that the threshold data were not
compromised by a lack of data (ie,
the participant had a lower physio-
logical threshold, but we failed to
measure it because we had stopped
testing too early). The participants
were given rest periods of 1 to 2
minutes for every 12 to 15 trials to
ensure an active focus on the task.

Ipsilateral matching method.
Participants rested their dominant
forearm on the movable splint of a
bimanual manipulandum while
being seated in an upright position
(Fig. 2A). They were instructed to
hold the handgrip in a relaxed man-
ner. The armrest had a stopper to
ensure the same starting position for
all the trials (90° flexion; ie, the same
as for the psychophysical method).
In each trial, the examiner moved
the splint on each participant’s dom-
inant side by 10 degrees from the
starting position toward the body.
The experimenter verbally informed
the participants when the desired
target position was reached. Their
forearm was then passively moved
back to the starting position. Next,
the participants actively moved their

Figure 2.
(A) The bimanual manipulandum used ipsilateral and contralateral matching of forearm
position. High precision potentiometers (resolution: 8/1,000°) encoded the position of
each arm. (B) Exemplar data of one participant showing the recorded position errors for
each trial of ipsilateral and contralateral joint position matching tasks. IPE�ipsilateral
position error, CPE�contralateral position error.
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forearm to the remembered target
position. They were instructed to
stop their movement and provide
verbal notification when they felt
they had reached the same forearm
position as the reference target. The
participants held the position for
about 2 seconds to allow for collect-
ing a solid sample of angular data
through the potentiometer. A total of
20 trials were administered. The par-
ticipants were allowed practice trials
before the start of the task to under-
stand the procedure. During the
whole task, all participants wore a
pair of opaque glasses that blocked
the vision of the arm position.

Contralateral matching method.
In the contralateral matching
method, both forearms of a partici-
pant rested on the movable splints of
a bimanual manipulandum. Starting
position and number of trials were
the same as during ipsilateral testing
(90° of elbow flexion; 20 trials). The
closeness of each arm to the trunk
was controlled. The bimanual
manipulandum allowed us to “body
scale” the distance of the 2 arm
splints relative to the trunk by mov-
ing them horizontally to each other.
This procedure effectively meant
that the abduction angle for both
arms was similar and constant within
and across participants. In each trial,
the examiner moved the partici-
pant’s nondominant arm to the tar-
get position of 10 degrees from the
start position in the horizontal plane
toward the body. While holding the
position of the nondominant arm,
the participant then actively moved
the dominant arm to match the tar-
get position of the nondominant
arm. The angular displacements on
both sides were recorded. As in the
ipsilateral matching method, partici-
pants were allowed a few practice
trials until they were comfortable
with the procedure.

Measurements
Psychophysical threshold. Fig-
ure 1B shows exemplar data of one
participant, indicating how the angu-
lar difference between the 2 stimuli
converged during psychophysical
testing. Based on the participants’
verbal responses for every trial, the
percentage of correct responses was
computed. These response rates
were then fitted as a function of stim-
ulus intensity using a cumulative
Gaussian function (Fig. 1C). Based
on the fitted function, the stimulus
difference value at the 75% correct
response rate was defined as the
participant’s discrimination or
just-noticeable difference (JND)
threshold.

Joint position error during match-
ing. For both matching methods,
an arm position error was computed
for each trial. The recorded angular
positions recorded for both the posi-
tions (target and matched) were
used to compute the absolute angu-
lar difference between these 2 val-
ues, indicating a joint position error
for either the ipsilateral or contralat-
eral matching.

Data Analysis
The position error values obtained
through the ipsilateral and contralat-
eral matching procedure and the
JND threshold were analyzed using
custom-written scripts based on R
statistical programming language (R
Foundation for Statistical Comput-
ing, Vienna, Austria).30 The density
distribution function of each mea-
sure and the respective means and
standard deviations were computed.
A univariate, type III, repeated-
measures analysis of variance
(ANOVA) of ipsilateral position
error, contralateral position error,
and threshold was performed to
determine mean differences among
methods. Subsequent correlation
and linear regression analyses were
performed to determine the strength

of relationship among these 3 mea-
sures of position sense.

Results
Outlier Analysis
Three participants had mean data
that were 1.5 times outside the inter-
quartile range and above 2 standard
deviations of the respective means in
one of the joint position matching
tests. Following Frigge and col-
leagues,31 these participants were
classified as outliers, and all of their
data were excluded from further
analysis.

Contrasting the Position Sense
Acuity Measures
Based on our sample data, the prob-
ability density functions of each of
the 3 position sense measures were
derived (Fig. 3A). The threshold data
had a tall and narrow distribution
shifted to the left compared with the
position errors obtained through the
joint position matching tests, indicat-
ing a lower mean and variability of
the threshold data. The differences
among position sense test methods
were confirmed by a repeated-
measures one-way ANOVA, which
yielded a highly significant effect for
test method (F2,46�10.8; P�.001).
The results of a Mauchly test for
sphericity validated the use of the
ANOVA, indicating that the assump-
tion of equality of variances had not
been violated (P�.66). Subsequent
Tukey honestly significant difference
post hoc tests revealed that the mean
(�SD) JND threshold (1.05°�0.47°)
was significantly different from the
mean ipsilateral position error
(1.51°�0.64°; P�.01) and contralat-
eral position error (1.84°�0.73°;
P�.001). The position error means
were not significantly different from
each other (P�.57) (Fig. 4).

To obtain a better understanding of
these differences, we analyzed the
individual participant performance
for each test. This analysis did not
show a consistent trend that 1 of the
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2 matching methods yielded lower
threshold values. However, it
revealed that 75% of all participants
exhibited position errors in either
test that were above their respective
threshold (Fig. 3B), indicating that
threshold testing was associated
with lower position sense
measurements.

Relationships Between Position
Error and JND Threshold
In order to examine the relationships
between position errors and JND
thresholds, we performed respective
correlation analyses. Pearson prod-

uct moment correlations between
the JND thresholds and position
errors were poor (ipsilateral:
r��.004; contralateral: r��.13)
and failed to reach statistical signifi-
cance. The corresponding linear
regression analysis confirmed that
the position error values of both
matching tests are poor predictors of
the respective JND threshold (ipsilat-
eral-JND: r2�.00002, P�.98; con-
tralateral-JND: r2�.007, P�.7). The
correlation between the ipsilateral
and contralateral position error val-
ues was mild (r�.35, P�.09).

Discussion
Clinical researchers have long advo-
cated the need for precise assess-
ment tools for proprioceptive func-
tion in patients that overcome the
limitations of current testing proto-
cols.11,16,24 This study investigated
the accuracy of 3 methods for testing
joint position sense acuity. Its main
findings were as follows. First, the
psychophysical threshold method
yielded the most precise and least
variable measure of position sense
acuity. Mean position errors
obtained by the 3 joint position
matching tasks were substantially
larger (Fig. 4). Second, individual
participant position errors corre-
lated poorly with respective thresh-
olds, indicating a lack of concurrent
validity of these measures. Third,
error values of both matching meth-
ods correlated only mildly with each
other, indicating that both methods
are not interchangeable but may
measure different aspects of proprio-
ceptive function.

When trying to understand the dif-
ferences among these 3 measures of
position sense acuity and the impli-
cations of these results for the clini-
cal assessment of proprioceptive
function for diagnosis and rehabilita-
tion, one needs to consider the phys-
iological and methodological factors
that may have influenced the out-
come measures.

Influence of Active Versus Passive
Movement on Position Sense
Testing
One defining difference between the
threshold method and the joint posi-
tion matching methods is that
threshold hunting relies on passive
motion, whereas the matching meth-
ods both involved active motion
when the test person matched a
given joint position. The threshold
method mainly reflects the process-
ing of external feedback (ie, the
peripheral transmission of proprio-
ceptive signals and a cortical activa-

Figure 3.
(A) Probability density distributions for all 3 position sense acuity measures. Note how
the distribution of the threshold data is shifted to the left of the 2 curves representing
the matching error distributions. (B) Acuity measures of the 3 methods by individual
participants. Data are sorted in ascending order with respect to their just-noticeable
difference (JND) threshold values. Note that JND threshold was consistently lower for
the majority of participants. IPE�ipsilateral position error, CPE�contralateral position
error.
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tion of regions in the contralateral
somatosensory cortex).32 In con-
trast, matching methods reflect the
processing of external sensory feed-
back plus an array of underlying sen-
sorimotor processes (ie, because the
active motion required to match a
target position produces a second
sensory source, called internal or
predicted sensory feedback).33,34

This information is derived from a
copy of the motor commands that
give rise to the voluntary movement
(the so-called efference copy or
motor command corollary dis-
charge). Both internal and external
feedback are then combined in a
process of sensorimotor integration
involving the activation of the
somatosensory cortices, the primary
motor and premotor cortical
regions, and the subcortical regions
(such as the ipsilateral cerebellum
and contralateral putamen).35

In addition, active motion is neces-
sarily subject to movement variabil-
ity. Consequently, the limits of
movement precision impose limits
on measurable sensory precision. In
summary, the observed differences
between the joint position matching
task and the threshold method may
partly have been due to the fact that
the underlying joint displacements
were achieved by different types of
motion (Table). The superior accu-
racy obtained under passive motion
implies that researchers or clinicians
who desire an exact measure of pro-
prioception should rely on tests
using passive motion because sens-
ing joint position after active motion
is necessarily influenced or con-
founded by processes of sensorimo-
tor integration and motor control.
This explanation does not imply that
joint position testing under active
movement conditions is meaning-
less. It implies that additional aspects
of proprioceptive processing closer
to motor control also will be tested.

Involvement of 1 or 2 Brain
Hemispheres
Surprisingly, not even the 2 joint
position matching methods relying
on active motion showed close cor-
respondence. At first glance, this
finding does not reflect well on the
validity of these methods. Again, one
needs to consider whether the 2
methods actually test different
aspects of position sense. Using the
ipsilateral limb or the contralateral
limb to assess position sense acuity
implies the utilization of different
brain hemispheres to accomplish the
task. Although ipsilateral testing
mostly reflects the activation of the
contralateral brain hemisphere,36

contralateral testing is a bimanual

task requiring bilateral activation of
frontoparietal cortical networks32,35

and the exchange of proprioceptive
information across the cerebral
hemispheres. Previous studies have
shown that transcallosal projections,
especially those crossing the poste-
rior portions of the corpus callo-
sum,37 convey corollary motor sig-
nals and somatosensory feedback
signals across the hemispheres in
bimanual tasks.38,39

If the callosal projections are com-
promised due to either injury or
agenesis, the spatiotemporal param-
eters of bimanual movements
become impaired, and localization of
the contralateral limb degrades.40–42

Table.
Overview of the Characteristics of the Evaluated Joint Position Sense Testing
Methods

Method
Type of
Motion

Working
Memory

Required?

Interhemispheric
Transfer/Integration

Required?
Can Test

for:

Contralateral matching Active No Yes Acuity

Ipsilateral matching Active Yes No Acuity

Psychophysical threshold Passive Yes No Acuity, sensitivity

Figure 4.
Mean positional error for each matching method in comparison with the mean thresh-
old. Error bars indicate standard deviation. Mean ipsilateral position error (IPE) was 44%
larger and mean contralateral position error (CPE) was 75% larger than the mean
threshold. JND�just noticeable difference. * P�.01; †P�.001.
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Given that the contralateral match-
ing task requires the sensing of limb
position at one side and reproduc-
tion of this position at the other side,
and knowing that the transfer of the
underlying proprioceptive and tac-
tile information relies on intact trans-
callosal projections, it becomes plau-
sible that injury of these projections
will lead to position and localization
errors.38,42 Thus, a comparison of
ipsilateral and contralateral position
error may constitute an indirect mea-
sure of the integrity of the interhemi-
spheric connections that warrants
closer examination.

Different Demands on Working
Memory
The psychophysical method and the
ipsilateral joint position matching
method present 2 joint positions at 2
different points in time. In order to
compare the 2 positions, the tested
person needs to keep the first posi-
tion in working memory. In contrast,
the contralateral matching method
requires the concurrent evaluation
of 2 joint positions. Thus, the results
of the 2 methods—ipsilateral joint
position matching method and psy-
chophysical method—are poten-
tially influenced by differences in
working memory or memory-based
feedback43 (Table). In our sample of
young individuals who were healthy,
the additional demand on memory-
based proprioceptive feedback had
an impact on acuity measures. The
threshold and ipsilateral matching
method revealed lower acuity values
compared with the contralateral
method. However, it has been
shown that ipsilateral joint position
matching is affected by lower work-
ing memory capabilities in older
adults.44 When testing patients with
disease states known to impair work-
ing memory and processing and the
utilization of somatosensory informa-
tion such as stroke, the contralateral
matching method may be quite
appropriate,23 although no data on a
direct comparison of joint acuity

measures of ipsilateral and contralat-
eral methods involving patients with
stroke are available.

Differences in Device Technology
Could differences in the spatial reso-
lution of the 2 testing devices
account for the differences in the
measured accuracy? This result is
highly unlikely given that the resolu-
tion of the encoders in the manipu-
landum was 0.008 degrees and the
spatial resolution of the passive
motion apparatus was 0.00018
degrees. Thus, the reported mean
differences are not explained by a
lack of precision of the instrumenta-
tion where the proprioceptive preci-
sion difference fell within the mea-
surement error of the systems.

Summary and
Recommendations
There is great interest in and need
for a reliable, valid, and easy-to-
administer test of proprioceptive
function for diagnosis and rehabilita-
tion.15,16 Unfortunately, there is little
consensus about the best method to
use; the results from numerous meth-
odological studies are mixed and pro-
vide little guidance.15,18,19,24–27,45 This
lack of clarity is partly due to the fact
that measures of proprioceptive sensi-
tivity are compared with measures of
acuity derived by another method, or
motion sense is compared with posi-
tion sense. That is, the measures are
not directly comparable but are
expressing different aspects of propri-
oceptive function. In order to control
for such issues, this study examined
only measures of position sense acuity
derived by 3 methods. The results
show that even under those controlled
conditions, the methods may yield
varying measures of precision and
show little correlation to each other.
We contend that these differences in
acuity are not necessarily a sign of a
methodological weakness of a partic-
ular method but are due to several
physiological factors inherent to each

method that affect the outcome mea-
sure (Table).

Researchers in rehabilitation, neurol-
ogy, and orthopedics have advo-
cated the need for new measure-
ment protocols for proprioception
that overcome the limitations of cur-
rent testing protocols.16 Our findings
imply that researchers and clinicians
interested in assessing propriocep-
tive function by measuring position
sense acuity need to be cognizant
about the benefits and limitations of
each method. If the main emphasis is
to obtain the “purest” possible mea-
sure of proprioceptive function, a
method using passively induced joint
motion will be superior. If, in addi-
tion, the intactness of sensorimotor
integration processes is of interest,
methods requiring active motion are
appropriate. The difference between
active and passive motion acuity may
provide an indirect measure of those
sensorimotor contributions. Similarly,
comparing ipsilateral and contralateral
acuity measures may be informative
about how well somatosensory infor-
mation can be exchanged across brain
hemispheres.
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