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Abstract Along with afferent information, centrally gen-
erated motor command signals may play a role in joint
position sense. Isometric muscle contractions can produce a
perception of joint displacement in the same direction as
the joint would move if unrestrained. Contradictory find-
ings of perceived joint displacement in the opposite direc-
tion have been reported. As this only occurs if muscle
spindle discharge in the contracting muscle is initially low,
it may reflect increased muscle spindle firing from fusimo-
tor activation, rather than central motor command signals.
Methodological differences including the muscle contrac-
tion task and use of muscle conditioning could underlie the
opposing findings. Hence, we tested perceived joint posi-
tion during two contraction tasks (‘hold force’ and ‘hold
position”) at the same joint (wrist) and controlled muscle
spindle discharge with thixotropic muscle conditioning. We
expected that prior conditioning of the contracting muscle
would eliminate any effect of increased fusimotor activa-
tion, but not of central motor commands. Muscle condition-
ing altered perceived wrist position as expected. Further,
during muscle contractions, subjects reported wrist posi-
tions displaced ~12° in the direction of contraction, despite
no change in wrist position. This was similar for ‘hold
force’ and ‘hold position’ tasks and occurred despite prior
conditioning of the agonist muscle. However, conditioning
of the antagonist muscle did reduce the effect of voluntary
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contraction on position sense. The errors in position sense
cannot be explained by fusimotor activation. We propose
that central signals combine with afferent signals to deter-
mine limb position and that multiple sources of information
are weighted according to their reliability.
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Proprioception

Introduction

The sense of limb position is vital to our ability to accu-
rately control the movement of our limbs in space. The
traditional view is that the sense of limb position is
derived from afferent information in which muscle spindle
endings are attributed the major role (McCloskey 1978;
Gandevia 1996; Proske 2006) with skin stretch receptors
and slowly adapting joint receptors providing supplemen-
tary information (Ferrell et al. 1987; Collins et al. 2005;
Weerakkody et al. 2007). Evidence for muscle spindles as
limb position sensors includes the presence of position
and movement illusions induced by muscle vibration
(Goodwin et al. 1972; Roll and Vedel 1982), which is
known to be a strong stimulus for muscle spindles (Brown
et al. 1967; Burke et al. 1976; Gregory et al. 1988; Cordo
et al. 1993; Bergenheim et al. 2000).

Two groups of recent studies have shown that voluntary
contractions affect position sense. Gandevia et al. (2006)
reported that when the arm was paralysed and anaesthetised
by ischaemia, a steady effort about the wrist created the per-
ception of displacement in the direction of the attempted
contraction. That is, when subjects pushed into flexion they
perceived their paralysed wrist to be more flexed than dur-
ing rest, and this effect was large (~15°). The same effect
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occurs with isometric contraction of the wrist muscles with
the motor and afferent pathways intact, although this effect
is smaller in magnitude (Smith et al. 2009). These results
suggest a role for motor command signals in the perception
of limb position. In contrast, Ansems et al. (2006) exploited
the thixotropic properties of muscle (Proske et al. 1993) to
set an initially high spindle firing rate in either the elbow
flexor or extensor muscles. They reported that perception of
joint position is only affected by muscle contraction if the
muscle spindles in the agonist muscle have low firing rates
before the contraction. Moreover, when judgements of limb
position were altered, perceived displacement was in the
opposite direction to the contraction, so that when subjects
contracted the elbow flexors they perceived the elbow to be
more extended (Walsh et al. 2004; Allen and Proske 2006;
Walsh et al. 2006). Ansems and colleagues’ results are con-
sistent with the effect of the muscle contraction on position
sense being due to an increase in muscle spindle firing rates
produced by co-activation of fusimotor drive with descend-
ing drive to the alpha motoneurones.

Thus, two sets of studies show that muscle contraction
has an effect on limb position sense. However, one set sup-
ports the role of central motor command signals in position
sense during muscle contraction, while the other set sug-
gests an effect due to changes in muscle spindle firing
caused by the fusimotor activation that accompanies mus-
cle contractions. We postulated that these different findings
were due to the different loading tasks used. One task was a
‘hold force’ task in which subjects pushed isometrically
against a fixed object and were given force feedback to
maintain the level of contraction (Gandevia et al. 2006;
Smith et al. 2009). The other was a ‘hold position’ task in
which subjects were instructed to maintain the position of
their arm and the contraction level was controlled because
they supported a weight (Ansems etal. 2006). Altered
reflex responses and motor unit firing suggest that muscle
spindle inputs contribute to motor output more during hold
position than hold force tasks (Akazawa et al. 1983; Maluf
et al. 2007; Baudry et al. 2009). As H-reflexes and long-
latency stretch reflexes are altered in these tasks, muscle
spindle input is likely to be processed differently at both the
spinal and cortical levels (Doemges and Rack 1992; Maluf
et al. 2007). However, it is not known whether the altered
motor actions of muscle spindles are associated with
changes in the perception of limb position. In addition, if
motor cortical neurones or motoneurones are more facili-
tated by muscle spindle input, then less voluntary descend-
ing drive should be required to produce the same motor
output. We hypothesised that, in the hold position task, the
balance between the higher spindle discharge caused by
fusimotor activation and voluntary motor output was
altered when compared with the hold force task so that the
spindle discharge was perceived as signalling that the con-
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tracting muscle was lengthened. We set out to test this
hypothesis by having subjects do both a hold force and hold
position task at the same joint in the same experiment under
controlled conditions.

Due to the thixotropic properties of intrafusal muscle
fibres, the contraction history of the muscle can alter the
effect of subsequent contraction on perceived limb position
(Ansems et al. 2006). Therefore, in the current study, we
used prior conditioning contractions to control the contrac-
tion history of the muscle. This allowed us to set the firing
rates of the muscle spindles in either the wrist flexor or
wrist extensor muscles to a high firing rate, which meant
we would then be able to predict changes in muscle spindle
firing with muscle contraction. The study was designed to
test whether voluntary contraction about the same joint in
the same experiment resulted in different effects on per-
ceived limb position in hold position and hold force tasks.
We expected that prior contraction of the muscle at a short
length would eliminate any effect that increased muscle
spindle firing induced by fusimotor co-activation had on
position sense. Effects due to a central motor command sig-
nal would be unchanged.

Some of these findings have been presented as an
abstract (Walsh et al. 2008).

Methods

Eight subjects (5 male) aged 23-37 participated in this
experiment. All subjects gave informed consent and the
experimental procedures were carried out in accordance
with the Declaration of Helsinki and with the approval of
the University of New South Wales Human Research Eth-
ics Committee. Subjects were unaware of the experimental
hypotheses.

Subjects had their right forearm strapped down and their
hand fixed in a manipulandum with the fingers extended
and the dorsal surface of the hand aligned with the vertical
plane. This manipulandum was connected to a rotating plat-
form via a load cell (XTran 250N, Applied Measurements,
Australia) and this arrangement restricted movement of the
wrist to flexion and extension only (Fig. 1). The signal from
the load cell was amplified and low-pass filtered with a
1 kHz cut-off. The manipulandum was marked with gradua-
tions in degrees so that wrist angle could be accurately set,
and reproduced, by the experimenter. An angle of 0° was
defined as when the hand and fingers were collinear with
the forearm, with angles into flexion defined as negative
and into extension as positive. A pointer placed above the
wrist and with its axis collinear with the flexion-extension
axis of the wrist, allowed subjects to signal the perceived
angle of the wrist using their left hand. The scale was
graduated in degrees and could only be seen by the
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Fig. 1 A diagram of the experimental setup. Left panel shows the sub-
ject’s right hand held in the manipulandum on the rotating platform.
The right panel shows how the subject’s arm was covered with the dial
used to indicate wrist angle. The axis of the dial was co-linear with the
axis of the wrist and rotating platform. The wrist flexors or extensors
were conditioned with a muscle contraction then the wrist was moved
to the test angle and loaded into flexion or extension. Subjects either
supported a weight (hold position) or made an isometric contraction
(hold force) with the platform clamped into position. At the same time,
they made a judgement of their wrist angle and indicated it with the
pointer using their left hand

experimenter. The subject’s arm was covered below the
elbow to block the subject’s vision. Prior to experimental
trials, the subjects performed maximal voluntary contrac-
tions (MVCs) into flexion and extension with the wrist
clamped at 0°. Subjects then performed a series of trials in
which they signalled the angle of their wrist under one of
the three conditions detailed below. EMG was monitored
using surface electrodes over the flexor and extensor carpi
radialis muscles (band filtered at 16-1,000 Hz; CED 1902
amplifiers) in order to ensure that the muscle conditioning
was applied. It was important in these experiments that we
knew that subjects were contracting the correct muscles and
following instructions to stay relaxed. EMG, torque at the
wrist and wrist angle were sampled at 100 Hz and recorded
using a CED 1401 data acquisition system (Cambridge
Electronic Design, Cambridge, UK).

Conditioning contractions of either the wrist flexor or
wrist extensor muscles were used at the start of each trial.
We did this to manipulate the ongoing firing rate of muscle
spindle endings (Proske et al. 1993). For flexion condition-
ing, the wrist was fixed into 20° of flexion, the subject then
performed a contraction that was 4 s long with the wrist
flexors, at 30% of the force measured during their MVC.
Visual feedback of the force was provided on an oscillo-
scope. Extension conditioning was done in the same way,
with the wrist fixed at 20° of extension. One of these mus-
cle conditioning procedures was used before every trial
throughout the experiment.

After each conditioning contraction, the experimenter
moved the wrist into a test position while wrist extensor
and wrist flexor EMG were monitored to ensure that these
muscle groups were relaxed. Occasional trials had to be
repeated due to poor relaxation, typically only 2-3 per sub-
ject. Based on pilot studies, the following three experimen-
tal conditions were combined and studied in one testing
session.

Condition one: position signalled at rest

The purpose of this condition was to confirm that the mus-
cle conditioning was working as expected and to provide a
baseline for the comparison of the loaded conditions. After
muscle conditioning, the manipulandum was moved and
then clamped at either 10° wrist flexion or 10° wrist exten-
sion (0° is a straight wrist) (Fig. 2a). While the right arm
remained relaxed, subjects used the pointer to indicate their
perceived wrist angle. The instruction was “show me where
your wrist is.” This task was performed three times at both
10° wrist flexion and 10° wrist extension, after both types
of muscle conditioning. This gave a total of 12 trials for this
condition.
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Fig. 2 Stylised examples of trials for the three experimental condi-
tions. The two boxes mark the conditioning phase (left in each panel)
and the judgement phase (right in each panel). The arrows indicate the
direction of wrist flexion. a An example of a ‘rest’ trial. The wrist
extensor muscle was conditioned but there was no contraction while
wrist angle was judged. b An example of a hold force trial. In this task
the subject contracted during the judgement of wrist angle, but wrist
position was fixed by clamping the manipulandum. This panel is an
example of a trial when the same muscle was conditioned and loaded
(i.e. agonist conditioning). ¢ In the hold position task the subject also
contracted during the judgement phase. Here both the position and
force were unsteady, as the subject had to control the load and hold it
in position. This is an example of a trial in which the muscles that were
conditioned and the muscles that were loaded were different (i.e. antag-
onist conditioning)
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Condition two: position signalled during a ‘hold force’
contraction

After the same muscle conditioning as above, the wrist was
moved passively and clamped into either 10° flexion or 10°
extension. Using visual feedback of force, subjects were
required to produce either a wrist flexion force or a wrist
extension force using isometric contractions of 30% MVC
for the relevant muscle group. While maintaining this con-
traction, the subject indicated the perceived wrist angle
using the pointer (Fig. 2b). Subjects usually took 2-3 s to
stabilise the contraction before they signalled wrist posi-
tion. If subjects took more than 5 s the trial was aborted and
restarted. The condition involved a total of 24 trials. Three
trials were performed at both test angles after both muscle
conditioning types, and during both wrist flexion and wrist
extension (4 different tasks at two test angles). With this
hold force task, we expected to confirm that perceived wrist
position was displaced in the direction of effort (Smith et al.
2009) and that this was not affected by manipulation of
muscle spindle firing rates with muscle conditioning.

Condition three: position signalled during a ‘hold position’
contraction

After muscle conditioning, the wrist was moved into the
test position (10° wrist flexion or wrist extension) but was
not clamped (Fig. 2c). Instead, the subject was given visual
feedback of wrist angle on an oscilloscope and was
instructed to maintain their wrist angle. The wrist was then
loaded in the direction of wrist flexion or wrist extension by
applying a weight. The weight was chosen to produce a
force equal to that in the isometric task (30% MVC). Sub-
jects were required to maintain an isotonic contraction and,
at the same time, indicate perceived wrist angle with the
pointer. Again the instruction was “show me where your
wrist is.” As for condition two, subjects performed three tri-
als at each of the eight different task combinations resulting
in another 24 trials. Visual feedback of wrist angle was
only available once the weight was applied to the wrist and
provided no information on absolute wrist angle. This was
achieved by applying a DC offset to the feedback signal so
that it always had the same baseline when the subject saw
it. Trials in which subjects did not maintain wrist angle
accurately were aborted and repeated. With this hold posi-
tion task, we expected that, as previously shown at the
elbow, perceived wrist position would be displaced in the
direction opposite to the effort and that this would be abol-
ished by prior conditioning of the contracting muscle.

The combined trials for each of the three conditions
(total of 60) were presented in a random order. They were
presented in blocks of 20 with 5 min rests between blocks
to avoid loss of attention or muscle fatigue. At no time was
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the subject removed from the apparatus or allowed to see
their arm.

Data and statistical analysis

The errors made by subjects were calculated as the differ-
ence between their actual wrist angle and the angle they
indicated with the pointer. Data from the two test angles
were pooled after a paired ¢ test showed that there was not a
significant difference between these two groups of data.
Within each type of muscle conditioning the mean position
error during the rest task was subtracted from the mean
position error for each loading task. This is the subtraction
of a large number from a small one, and so has the visual
effect of reversing the direction of the muscle conditioning
effect in Fig. 4. This reversal indicates the reduced effect of
the prior conditioning during muscle contraction. The sta-
tistical analysis for the hold force and hold position data
consisted of three-way repeated measures ANOVAS testing
the factors of task (hold force/hold position), direction of
loading (flexor muscles/extensor muscles) and type of mus-
cle conditioning (flexion conditioning/extension condition-
ing) as well as all of the interactions. Analysis of the rest
condition was carried out with a paired ¢ test. The EMG
was compared across tasks (hold force/hold position) with a
t test and there was no significant difference. For all tests
the threshold for statistical significance was set at p < 0.05
and all data are presented as the mean + SEM.

Results

The perceived position of the wrist was compared under
three conditions: during muscle relaxation, in a ‘hold force’
contraction and ‘hold position’ contraction. The subjects
were able to maintain the target force during the hold force
task and did so to within 20% of the target force (£6%
MVC). During the hold position task, subjects were typi-
cally good at maintaining wrist angle given visual feed-
back. They were able to do this within ~1°.

After conditioning of wrist extensor muscles with a vol-
untary contraction at short length, subjects at rest perceived
the wrist to be more flexed than it actually was. With condi-
tioning of the wrist flexor muscles, there was a trend
towards perception of a more extended wrist angle. Pooled
data for eight subjects is shown in Fig. 3. Perceived wrist
angle was significantly different after extension and flexion
conditioning (13.3° £ 1.5° into flexion and 1.8° £ 1.5° into
extension, respectively, ¢, = 10.00, p < 0.0005). This differ-
ence is consistent with a contribution from the muscle spin-
dles in the conditioned muscle to the perception of joint
position. During the hold force trials, the difference
between extension and flexion muscle conditioning was on
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Fig. 3 Errors in indication of wrist angle during rest and during hold
force contraction after muscle conditioning. The means (£SEM) of
eight subjects for indicated wrist position after muscle conditioning
during rest and during hold force contractions. Either the subject’s
wrist flexor muscles (closed circles) or wrist extensor muscles (open
circles) were conditioned with a prior contraction. The wrist was then
moved to the test position and wrist position was signalled with a
pointer, either at rest, or during a hold force contraction into flexion or
extension. The effect of the muscle conditioning was consistent with
increase firing rates in the conditioned muscles. The effect of the mus-
cle conditioning was less during a contraction than during rest. Asterisk
indicates a statistically significant difference (p < 0.05) and the arrows
indicate the direction of the errors

average 5.9° +6.5° (F;;=27.95, p<0.005), which was
smaller than during rest (15.1° & 3.0°).

Figure 4 displays pooled data for both tasks (hold force
and hold position). Each data point is the mean position
error for that type of muscle conditioning and loading task,
minus the mean error for that type of muscle conditioning
during rest. Thus Fig. 4 displays the component of the posi-
tion error that is associated with the muscle contraction.
These results show an effect of the direction of the load
(F17=16.24, p<0.05), such that when subjects contracted
the wrist flexors and judged position they perceived the
wrist to be more flexed than when they contracted the wrist
extensors. This difference between a contraction of the
wrist flexors and a contraction of the wrist extensor muscles
was ~12°. There was no difference in the size and duration
of this effect between hold force and hold position contrac-
tions.
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Fig. 4 Errors in indication of wrist angle for the group of subjects.
Means (£SEM) of eight subjects for the two loading conditions shown
as differences from the resting conditions. Trials with extension condi-
tioning are shown as the difference from rest trials with extension con-
ditioning. Trials with flexion conditioning are shown as the difference
from the rest trials with flexion conditioning. The hold force task re-
quired subjects to indicate wrist angle while they pushed into flexion
or extension (/eff) against an immoveable surface and the hold position
task required subjects to indicate wrist angle during contraction into
flexion or extension (right) to support a weight. When subjects made
either hold force or hold position contractions into flexion, they per-
ceived their wrist to be more flexed than when they made extension
contractions. Open circles indicate data obtained when the wrist exten-
sor muscles were conditioned with a brief contraction at a short muscle
length before the trial and closed circles indicate data when the wrist
flexor muscles were conditioned with a brief contraction at short
length. Asterisk indicates a statistically significant difference (p < 0.05)
and the arrows indicate the direction of the errors

In Fig. 5, instead of grouping trials depending upon
whether the flexors or extensors were conditioned, data are
grouped depending on whether the conditioned muscle was
the agonist or antagonist compared to the muscle used in
the hold force and hold position tasks. Figure 5 shows that
when the agonist muscle was conditioned, subjects per-
ceived a change of the position of the wrist in the direction
of the muscle contraction. There was no difference in this
effect between flexion or extension conditioning. However,
when the antagonist muscle was conditioned there was little
or no change in perceived wrist angle associated with mus-
cle contraction. The difference in perceived wrist angle
between prior conditioning of the muscle contracting in the
task (agonist) or the antagonist muscle was ~9°, which was
significant (F, ; = 27.95, p < 0.005).
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Fig. 5 Error in indication of wrist angle for the group of subjects when
the data are separated into trials in which there was conditioning of the
agonist or antagonist muscles. The mean (:=SEM) of eight subjects for
the two loading conditions of hold force (/eff) and hold position (right).
Errors have been plotted in reference to the agonist or antagonist direc-
tion for both the direction of the errors and the muscle conditioning.
Open circles indicate data obtained when the antagonist muscles were
conditioned with a brief contraction at short muscle length before each
trial and the closed circles indicate data obtained when the agonist
muscle was conditioned at short length. Asterisk indicates a significant
difference (p < 0.05) between agonist and antagonist conditioning

Discussion

When subjects performed a contraction with the wrist mus-
cles they perceived the angle of the wrist to be displaced in
the same direction as the contraction although the actual
wrist angle did not change. Voluntary flexor or extensor
contractions were made prior to trials to control the con-
traction history of the muscle. Thixotropic muscle condi-
tioning manipulates muscle spindle firing rates (Morgan
et al. 1984; Wilson et al. 1995) and also produced illusions
of altered wrist position.

We hypothesised that for the ‘hold position’ task higher
spindle discharge rates with contraction would be perceived
as signalling that the contracting muscle was lengthened.
This is not what occurred. We did not find any differences
in subjects’ perception of wrist position between the two
loading tasks ‘hold force’ and ‘hold position’ (Fig. 4).
However, there was a novel interaction of the muscle con-
ditioning and the muscle contraction (Fig. 5), but not in the
way we expected. If the interaction were due to the effects
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of fusimotor drive on spindle firing then we would expect
that the muscle contraction would have no effect on per-
ceived wrist position when the agonist muscle was condi-
tioned, as found by Ansems et al. (2006). However, the
interaction we observed was that conditioning the antago-
nist muscles reduced or removed the effect of the muscle
contraction on position sense, whereas after conditioning
the agonist muscle, muscle contraction resulted in per-
ceived displacement of the wrist in the same direction as
the contraction.

One interpretation of our results, which could be sug-
gested by the data in Fig. 3, is that contraction of the mus-
cle to perform the task removes any effect of the thixotropic
conditioning of the muscle when the intrafusal muscle
fibres are activated by fusimotor drive. This would imply
that an accurate perception of wrist position is signalled by
muscle spindles in the contracting muscle and that some
central process subtracts the increases in spindle firing rates
resulting from fusimotor drive. However, if cancellation of
thixotropic conditioning was the sole mechanism for per-
ceived wrist displacement associated with muscle contrac-
tion, then we would see no effect when an ‘unconditioned
muscle’ was contracted. Although it is not possible to test a
muscle with no contraction history (i.e. unconditioned), it is
possible to produce neutral conditions where wrist position
is perceived as midway between those produced by wrist
flexor or wrist extensor conditioning. In Smith et al. (2009)
prior to each test “the wrist was rapidly moved backwards
and forwards over a range of angles from 30 to 90°” to min-
imise thixotropy. After this neutral muscle conditioning,
with both wrist flexor muscle spindles and wrist extensor
muscle spindles in a state of low firing, muscle contraction
resulted in perceived displacement of the wrist in the direc-
tion of contraction. Therefore, muscle contraction influ-
ences perceived limb position independently of changes in
muscle spindle firing produced by fusimotor drive.

Some proprioceptive judgements require a combina-
tion of afferent and efferent signals (Gandevia and
McCloskey 1978). Another possible explanation for the
differential effect on perceived wrist position of antagonist
or agonist conditioning combined with contraction is that
the brain is weighting the signals available to it. In order
to determine the position of a joint, the brain has access to
muscles spindles on both (or more) sides of the joint,
motor commands from any muscles that are contracting as
well as information from skin and joint receptors. None of
these signals is a perfect indicator of position and all can
be affected by outside sources of noise. In some condi-
tions, multisensory cues are weighted according to their
reliability so that the integrated perception is statistically
optimal (Ernst and Banks 2002; Alais and Burr 2004;
Helbig and Ernst 2007). Here, the brain may give less
weight to signals that it knows are contaminated, for
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example muscle spindles in a contracting muscle, when it
combines all of the sensory information available into a
perception of limb position.

In summary, this study has shown that despite any mech-
anistic difference in motor control behaviour between hold
force and hold position loading tasks (Mottram et al. 2005;
Rudroff et al. 2005; Maluf et al. 2007), when subjects indi-
cated their joint angles the perception was the same for both
types of task. Our hypothesis that the different loading tasks
would cause different effects of muscle contraction on
perceived limb position was disproved and the reason for
discrepancies between the findings of previous studies
remains unclear. One possible reason is the different
methods used to indicate joint angle (a bilateral match, e.g.
Ansems et al. 2006; an indication with a pointer Gandevia
et al. 2006; Smith et al. 2009). The sense of limb position is
complex, with many sources of information interacting to
produce perception. An interaction between the perception
of the position of both arms and the internal body image
could result in the suppression or removal of the influence
of motor commands when a matching task is performed, as
opposed to the indicating task we have performed here. The
question needs further investigation. In addition to the dem-
onstration that perception of arm position does not depend
on the type of loading, we have also shown a novel interac-
tion between thixotropic muscle conditioning and muscle
contraction during perception of limb position. We interpret
our findings as consistent with a role of motor command
signals in position sense and with the brain weighting the
multiple sources of information available to it to create a
perception.
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