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ABSTRACT  
 

Each of us holds a unique and specific view of our own body. This arises from sensations, 

such as the sense of limb position and interoception (awareness of internal sensations of 

the body), allowing us to make conscious appraisals about our bodies. For instance, when 

we feel hungry, where our mouth is relative to our hands, and how to get food from the 

plate into the mouth with our fingers.  

 

Little is known in regards to how the brain processes sensory information in order to build a 

coherent central representation of the body. Muscle spindles, considered the main receptor 

in signalling position and movement sense, are one contributor to the body representation. 

The aim of the thesis was to explore the mechanisms of position sense and, more broadly, 

to investigate the sensory information involved in generating the central representation of 

the body.  

 

The findings in this thesis provided evidence to support the view that the brain is concerned 

with the signal difference coming from muscle spindles of antagonist muscles. Further, the 

brain likely compares this difference between limbs when matching the position of two 

limbs to determine their relative position (Chapter two, three). The studies utilise a history-

dependent property of muscle fibres, thixotropy, to produce a directional bias in perceived 

limb position, referred to as position error. 

 

In Chapters four and five, position sense was examined using a two-arm matching task and a 

single-arm pointing task. It was found that manipulating muscle spindle signals through 

thixotropic muscle conditioning and vibration did not elicit the same effect on position 

sense between tasks. Hence, the existence of two distinct position senses was proposed. 

One sense was concerned with the position of a body party relative to the other, while the 

other sense was used to determine the location of a body part in extrapersonal space.  

 

Position sense tasks were also performed by individuals with chronic pain to examine the 

role of spindle signals in proprioception (Chapter seven) and body representation (Chapter 
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six, eight). While it was shown that position sense appeared unaltered in chronic pain, the 

participants, who reported severe body image distortions, were more likely to have poor 

interoceptive awareness compared to those with no or minor distortions. This suggests that 

pain-related disturbance in body image was associated with awareness of the internal 

sensations of the body. 

 

Taken together, this thesis supports the existence of multiple body representations that 

derive and weigh information from various sensory sources to generate the sense of the 

body.   
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CHAPTER 1: GENERAL INTRODUCTION AND THESIS OVERVIEW  
 

1.1 Position Sense and Body Representation 
To make purposeful movements, the body must distinguish the self from the external 

environment. The five classical senses – sight, hearing, smell, taste and touch – enable us to 

perceive the world around us. But other sensory modalities exist to specifically monitor the 

physiological condition of the body, interoception, as well as actions generated by the body 

itself, proprioception. 

 

Collectively, proprioception refers to sensations of force, effort, movement and position. 

Afferent information arising from our muscles, as they are stretched, provides us with 

information about limb position and movement. The brain uses this information, along with 

other sensory inputs (i.e. vision, touch, hearing, interoception) to create and maintain a 

central representation of the body (Proske & Gandevia, 2012).  

 

At the periphery, the muscle spindles are considered the primary receptors responsible for 

signalling limb position and movement sense. Historically, their role was identified by 

vibrating a muscle, eliciting an illusion of a lengthening muscle (Goodwin et al., 1972) during 

a two arm tracking task. Importantly, no illusions were observed when vibration was applied 

at the joints.  

 

In more recent times, the thixotropic properties of the muscle have also been exploited to 

investigate the role of muscle spindles in position sense (Gregory et al., 1988; Proske et al., 

1993). That is, changing the muscle’s history of contraction or stretch subsequently raises or 

lowers the spindle discharge rate, leading to predictable changes in perceived limb position 

that is consistent with spindle discharge.  

 

Based on the premise that muscle vibration and thixotropic conditioning influence position 

sense, the current thesis explores the contribution of limb position sense in generating an 

up-to-date representation of the body.  
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1.2 Aims of the Research  
The aim of this thesis was to explore the mechanisms of position sense through the use of 

thixotropic muscle conditioning, and more broadly, to investigate the sensory information 

involved in generating the central representation of the body. 

 

The aim of this thesis was addressed by investigating three questions:  

 Firstly, our initial investigations asked how does the brain use muscle spindle 

information to determine the alignment of the two arms in a forearm position 

matching task (Chapter two, three)?  

 

 Secondly, do muscle spindle signals contribute to positional information in the same 

way when the task is to indicate the position of a single arm that is hidden from view 

(Chapter four, five)?  

 

 Finally, position sense (Chapter seven) and interoception (Chapter eight) were 

examined in individuals with chronic pain, to explore how this information 

contributes to the generation of the central body representation.  

 

1.3 An Overview of the Thesis Format 
The present thesis is a thesis by publication, which differs from conventional thesis 

formatting and narrative. This thesis consists of six published papers, along with one 

manuscript currently under review. All papers have been researched and written during the 

course of the PhD candidature, as per Monash University requirements for Thesis by 

Publication. Since each chapter was essentially a stand-alone publication, there is some 

unavoidable repetition between chapters; for example, repetition of methods and 

discussion of the overlapping literature. Each chapter does, however, address unique issues 

and/or findings from the studies and narrative reviews conducted.   

 

The thesis is divided into three main sections. The first section provided an overview of 

muscle thixotropy and its influence on position sense (Chapters two, three). In the second 

part, the thesis moves away from the muscle spindles as the main source of positional 

http://www.monash.edu/graduate-research/supervisors-and-examiners/examiners/publication
http://www.monash.edu/graduate-research/supervisors-and-examiners/examiners/publication
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information (Chapters four, five). Finally, the thesis investigated thixotropic muscle 

conditioning (Chapter seven) and central body representation (Chapters six, eight) in 

individuals with chronic pain. 

 

Explanatory notes precede all papers for any necessary clarification and to provide a link 

between chapters. The thesis concludes with an integrative discussion presenting the 

studies into a broader context. The general discussion also explores the significance of the 

studies conducted and provides suggestions for future research directions.  
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SECTION ONE: PERIPHERAL MECHANISMS OF POSITION SENSE  
 

CHAPTER 2: PROPRIOCEPTIVE DRIFT AND RECEPTOR ADAPTATION  
 

Tsay, A.,  Savage, G.,  Allen, T. J. & Proske, U. (2014). "Limb position sense, proprioceptive 

drift and muscle thixotropy at the human elbow joint." J Physiol 592(Pt 12): 2679-2694. 

 

2.1 Explanatory Notes 
Most of the observations in this thesis were uncovered by utilising a history-dependent 

property of skeletal muscles, thixotropy, which is exhibited by both intrafusal and extrafusal 

muscle fibres. A recent review and synthesis of the literature on the mechanisms involved in 

thixotropy can be found in Appendix 1, entitled Muscle thixotropy as a tool in the study of 

proprioception (Proske et al., 2014).  

 

For muscle spindles, the background firing rate is dependent on the preceding contraction 

and length changes of the intrafusal muscle fibres (Proske et al., 1993). Thixotropic 

behaviour occurs with the formation of stable cross-bridges between actin and myosin 

when the muscle relaxes after a contraction. Shortening the muscle introduces slack in the 

sensory ending of spindles, lowering the rate of spindle discharge. Because the length of the 

muscle is signalled by muscle spindle activity, it was proposed that manipulating spindle 

sensitivity with a contraction or  stretch can lead to reproducible errors in perceived limb 

position (Proske et al., 2014). 

 

The following published paper investigated the signalling behaviour of muscle spindles in 

position sense. It was proposed that the decline in muscle spindle discharge due to receptor 

adaptation influenced the perceived position of a limb over time. This has direct 

implications for the proprioceptive drift phenomenon, which was thought to be primarily 

due to central mechanisms (Wann & Ibrahim, 1992; Brown et al., 2003).    
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2.2 Declaration for Thesis Chapter Two 
 
Declaration by candidate 
 
In the case of Chapter two, the nature and extent of my contribution to the work was the 
following: 

Nature of contribution Extent of 
contribution (%) 

The candidate conducted the experiments, statistical analysis 

and construction of figures. The candidate was extensively 

involved in the editing of the manuscript.  

 

In terms of intellectual contribution, the candidate developed 

the protocol used in experiments five and six – slackening the 

elbow antagonist muscles by adding a stretch after an initial 

muscle conditioning contraction. The candidate also made 

significant contributions in the reply to reviewers when the 

manuscript was under review.    

 

60% 

 
The following co-authors contributed to the work. If co-authors are students at Monash 
University, the extent of their contribution in percentage terms must be stated: 

Name Nature of contribution Extent of contribution 
(%) for student co-
authors only 

Gemma 

Savage  

Conducted initial pilot experiments as part of 

her honours project. 

20% 

Trevor Allen Discussion of literature, experimental design, 

editing paper.  

 

Uwe Proske Discussion of literature, experimental design, 

writing the manuscript.  

 

 
The undersigned hereby certify that the above declaration correctly reflects the nature and 
extent of the candidate’s and co-authors’ contributions to this work*.  
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Candidate’s 
Signature 

 

Date 

25/08/16 

 
Main 
Supervisor’s 
Signature 

 

Date 

25/08/16 

 
 

*Note: Where the responsible author is not the candidate’s main supervisor, the main 
supervisor should consult with the responsible author to agree on the respective 
contributions of the authors. 
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Limb position sense, proprioceptive drift and muscle
thixotropy at the human elbow joint
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Key points

� When a blindfolded subject holds his or her arm at a particular angle, its reported position
shifts over time; this is known as proprioceptive drift.

� Here, we show that in relation to position sense at the elbow, the direction of perceived shifts
is consistent with adaptation in discharge levels of sensory receptors in elbow muscles.

� Raising or lowering receptor discharge levels by similar amounts in opposing muscles at the
elbow using muscle conditioning abolishes proprioceptive drift, but large position errors may
result.

� The present experiments provide an explanation for proprioceptive drift and indicate that, in
a forearm position-matching task, the brain is not concerned with actual discharge levels from
arm muscles, but with their difference.

Abstract These experiments on the human forearm are based on the hypothesis that drift in the
perceived position of a limb over time can be explained by receptor adaptation. Limb position
sense was measured in 39 blindfolded subjects using a forearm-matching task. A property of
muscle, its thixotropy, a contraction history-dependent passive stiffness, was exploited to place
muscle receptors of elbow muscles in a defined state. After the arm had been held flexed and
elbow flexors contracted, we observed time-dependent changes in the perceived position of the
reference arm by an average of 2.8° in the direction of elbow flexion over 30 s (Experiment 1). The
direction of the drift reversed after the arm had been extended and elbow extensors contracted,
with a mean shift of 3.5° over 30 s in the direction of elbow extension (Experiment 2). The
time-dependent changes could be abolished by conditioning elbow flexors and extensors in the
reference arm at the test angle, although this led to large position errors during matching (±10°),
depending on how the indicator arm had been conditioned (Experiments 3 and 4). When slack
was introduced in the elbow muscles of both arms, by shortening muscles after the conditioning
contraction, matching errors became small and there was no drift in position sense (Experiments
5 and 6). These experiments argue for a receptor-based mechanism for proprioceptive drift and
suggest that to align the two forearms, the brain monitors the difference between the afferent
signals from the two arms.

(Resubmitted 4 December 2013; accepted after revision 19 March 2014; first published online 24 March 2014)
Corresponding author U. Proske: Department of Physiology, PO Box 13F, Monash University, Clayton, Vic 3800,
Australia. Email: uwe.proske@monash.edu

Abbreviation EMG, electromyography.

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society DOI: 10.1113/jphysiol.2013.269365
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Introduction

It is now generally accepted that muscle spindles are the
principal proprioceptors concerned with the senses of limb
position and movement, and that skin receptors play a
minor contributory role (Proske & Gandevia, 2012). With
reference to muscle spindles, including both the primary
and secondary endings (McCloskey, 1973), it is believed
that when a muscle is stretched, the maintained increase in
discharge rate is interpreted by the brain as a longer muscle,
and thus a more flexed or extended joint. An interesting
point made by Matthews (1988) is that for most sensory
receptors an increase in discharge rate is perceived as an
increase in stimulus intensity; in muscle spindles it implies
an increase in muscle length.

It is a common experience that when we touch an
object and maintain contact with it for a period of
time, the touch sensation gradually fades as a result
of adaptation processes, including receptor adaptation.
Muscle spindles also exhibit receptor adaptation. The
adaptation mechanisms may be both mechanical and ionic
in origin (Matthews, 1972, p270). Whereas adaptation
in other sensory receptors results in the perception of
a weaker stimulus, in muscle spindles, based on the
considerations outlined above, it can be interpreted as the
muscle becoming shorter. Thus, the adaptation of spindle
discharge in elbow flexor muscles would be perceived as
indicating a more flexed elbow and that in elbow extensors
would be perceived as indicating a more extended elbow.
This point is the subject of the present study.

When a limb is held steady in a particular posture for a
period, the change in its perceived position over time, in
the absence of vision, is referred to as ‘proprioceptive drift’
(Wann & Ibrahim, 1992; Desmurget et al. 2000; Brown
et al. 2003). In a simple position-matching experiment
(Paillard & Brouchon, 1968), subjects were required to
move a vertical slide with one hand to match the position
of the other hand. If a delay between the placement of
the reference hand and the matching of its position by
the other hand was introduced, time-dependent errors
emerged in the form of proprioceptive drift. Wann &
Ibrahim (1992) considered the possibility that proprio-
ceptive drift was a consequence of the slowly adapting
properties of limb proprioceptors, but rejected this
explanation on the grounds that vision and proprioception
were only partially effective in resetting the perceived limb
position. Desmurget et al. (2000) claimed that in the search
for an explanation of proprioceptive drift two factors had
been overlooked: the influence of motor outflow, and
the ability to memorize position. When the reference
hand was moved to its position, at zero delay it had
available not only a static proprioceptive signal, but also
information related to the magnitude of the performed
displacement. This latter cue would be expected to fade,
leading to the perceived proprioceptive drift. In support

of their view, Desmurget et al. (2000) showed that, in
the absence of vision, if one hand was moved to a
target position following an indirect, randomly varying
movement, the accuracy of the localization of its position
by the other hand was unaltered over a measurement
period of 20 s. Thus, this study suggested that proprio-
ceptive drift was a consequence of a fading memory of the
initial displacement.

More recently, Brown et al. (2003) asked subjects to
carry out a series of repetitive movements without vision.
The starting location was observed to visibly drift with
time, but movement distance and direction remained
unaffected. These authors concluded that after a prolonged
period without vision, proprioceptive information was
used differently by separate position and movement
controllers. Drift occurred because the two controllers
were differentially sensitive to small position errors. The
movement controller tracked intrinsic limb posture (from
a body map), whereas the position controller tracked
extrinsic hand location.

The term ‘proprioceptive drift’ has also been used in
relation to the rubber hand illusion (Botvinick & Cohen,
1998). By using touch in combination with vision, a rubber
hand can be successfully incorporated into one’s own body
representation. The accompanying relocation of the felt
position of the unseen hand towards the rubber hand has
been referred to as proprioceptive drift (Kammers et al.
2009). In the present study, we restrict the meaning of the
term to perceived changes in the position of a limb over
time which, we propose, result from alterations in afferent
activity in muscles acting at the joint under study. An
illusory change in the ownership of a body part, generated
by a sensory conflict situation, is something quite different
and presumably operates entirely centrally.

In summary, none of the studies referred to above
suggest that proprioceptive drift is a direct consequence of
a declining afferent discharge by muscle proprioceptors. In
the present study, we provide evidence that a component
of proprioceptive drift can be attributed to receptor
adaptation. The supporting evidence is derived from the
finding that, at a given limb position, the direction of drift
can be manipulated and can be changed according to how
the muscles acting at the joint have been conditioned.

The present study is concerned with position sense at
the elbow. Position sense is defined here as the ability to
perceive the position of a limb in the absence of vision.
Position sense at the elbow is signalled predominantly by
afferents of muscle spindles in elbow flexors and extensors
(Goodwin et al. 1972). It is believed that the level of back-
ground activity in spindles provides the positional signal
(Clark et al. 1985). Position sense can be measured in a
forearm-matching task, in which the experimenter places
one arm of the subject at a predetermined angle and
the blindfolded subject is required to match its position
with his or her other arm. It is the muscle undergoing
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stretch during placement of the reference arm at the test
angle that provides the positional information used to
match its position (Gilhodes et al. 1986; Ribot-Ciscar &
Roll, 1998). Because the evidence in this task suggests
that afferent activity from both arms contributes to the
perceived position of the reference arm (Lackner, 1984;
Lackner & Taublieb, 1984; Allen et al. 2007; White &
Proske, 2009; Izumizaki et al. 2010), some experimenters
prefer to measure position sense only in one arm and
thus require the subject to indicate the position of the
hidden arm with a pointer (Walsh et al. 2013). Here,
we have chosen a two-arm matching task to measure
position sense. We have done so because matching and
pointing tasks do not measure exactly the same thing and
we wanted to relate findings from the present study to
previous observations made using a matching task.

In the present work, we used the technique of
conditioning forearm muscles with contractions and
length changes to systematically alter their afferent activity.
The technique relies on a property of muscle called
‘thixotropy’, a contraction history-dependent, passive
stiffness (Lakie et al. 1984). Changing the thixotropic state
of elbow muscles by conditioning alters the responses of
muscle spindles and therefore can alter position sense at
the forearm (Gregory et al. 1988).

Muscle thixotropy is a consequence of longterm stable
cross-bridges (Hill, 1968) between the myofilaments of
both extrafusal and intrafusal muscle fibres (Proske et al.
1993). When a muscle is conditioned with a voluntary
contraction at a particular length, fusimotor neurones are
coactivated together with skeletomotor neurones (Vallbo,
1971, 1974), leading intrafusal fibres to contract. At the
end of the contraction, stable cross-bridges will form,
leaving the intrafusal fibres taut and imposing their
resting tension on the spindle sensory ending. As a result,
spindle background discharge rises and spindles become
stretch-sensitive. If an intrafusal contraction takes place in
a stretched muscle and the muscle is then shortened, the
stiffness imposed on the intrafusal fibres by their stable
cross-bridges prevents them from shortening as well and
they fall slack. Slack spindles have low resting discharge
rates and low sensitivities to movements (Proske et al.
1992; Scott et al. 1994). Thus the ability to manipulate
spindle responsiveness between two extremes, a sensitized
state and a state of low sensitivity, can be used as a tool
in the study of position sense. Although the thixotropic
behaviour of muscle spindles has been studied largely
in animal experiments (Proske et al. 1993), there is
evidence from human spindles (Jahnke et al. 1989; Burke
& Gandevia, 1995; Wilson et al. 1995) consistent with such
behaviour.

In recent experiments concerned with the effects of
exercise on forearm position sense (Tsay et al. 2012), we
observed position errors in control measurements before
the exercise had started, despite the fact that both arms

had been conditioned identically. At the time we suspected
that the time delay between the placement of the reference
arm and the matching of its position was responsible and
thus that the errors were caused by receptor adaptation in
proprioceptors of the reference arm. In the present study,
we put this idea to the test.

We hypothesized that at least one component of
proprioceptive drift is caused by adaptation of receptor
discharge. By adaptation, we mean the progressive slowing
of muscle spindle discharge following a conditioning
contraction used to remove any pre-existing slack in
muscle and its spindles. Without the contraction, because
of the presence of slack, spindle discharge levels are
too low for significant adaptation to take place. We
propose that these adaptive changes occur at the level of
background discharge, signalling limb position, and do
not reflect the signal generated by the movement from
the conditioning length to the test length. Finally, by
combining a conditioning contraction with a stretch, we
deliberately introduced slack in spindles to lower their
background discharge.

Methods

A total of six experiments were carried out. Experiments
1 and 2 used 12 subjects; the other experiments each
used nine subjects. One cohort of subjects participated
in both Experiments 1 and 2, and another participated
in both Experiments 5 and 6. This made for a total
of 39 subjects, of whom 22 were male and 17 were
female. The mean ± S.E.M. age of the subjects was
24.5 ± 1.3 years. Subjects gave informed written consent
prior to participating in an experiment. The work was
approved by the Monash University Human Research
Ethics Committee. The ethical aspects of the experiments
conformed to the Declaration of Helsinki.

All position matching was performed in the vertical
plane. Blindfolded subjects sat at a table and placed both
forearms on the lightweight paddles of a custom-built
apparatus for measuring forearm position sense (Allen &
Proske, 2006). The forearms were strapped to the paddles
by Velcro straps of 5 cm in width placed just below the
crease of the wrist with the palms facing upward. The
tension of the strapping was verified as equal before the
experiment was started in order to minimize potential
differences in skin sensation between the two arms. The
upper arms rested on horizontal supports, which allowed
subjects to relax their shoulder muscles during matching
trials. One arm was designated the reference arm (the
arm placed at the target angle by the experimenter) and
the other was the indicator arm (the arm moved by the
subject to match the position of the reference arm).

Forearm angle was measured using potentiometers
(25 k�; Spectra Symbol Corp., Salt Lake City, UT,
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USA) located at the hinges of each paddle. The hinges
were co-linear with the elbow joint. The potentiometers
provided a continuous voltage output proportional to the
angle of each paddle, in which a reading of 0° referred to
the forearm in a horizontal position and a reading of 90°
referred to it in a vertical position. The calibration of the
potentiometers was checked before each experiment.

Muscle activity in the reference arm was measured
using surface electromyography (EMG). A pair of Ag/AgCl
electrodes with an adhesive base and solid gel contact
points (3M Health Care, London, ON, Canada) were
placed approximately 2.5 cm apart over the surface of the
biceps brachii and triceps brachii. A grounding electrode
was placed on the collar bone. EMG output was connected
to an audio amplifier for biofeedback. Position signals
were acquired at 20 Hz and EMG signals at 1000 Hz
using a MacLab 4/s data acquisition module running
Chart software (ADInstruments Pty Ltd, Castle Hill, NSW,
Australia) on a Macintosh computer.

Position errors between the two arms were calculated
using the formula:

position error (◦)=reference angle (◦)−indicator angle (◦).

According to the convention used, when the indicator
arm was placed in a more extended position than the
reference arm, errors were given a positive value. When
the indicator arm was placed in a more flexed position,
errors were assigned a negative value.

Of the 39 subjects, 32 were right-handed. Reference
and indicator arms were randomly assigned to reduce
any biases caused by matching with a dominant or
non-dominant arm (Goble et al. 2006). The reference
arm was the dominant arm in 18 subjects and
the non-dominant arm in 21 subjects. During a trial the
paddle strapped to the reference arm was moved by the
experimenter to the test angle and the blindfolded subject
was asked to match its perceived position with his or her
indicator arm. The test angle chosen was approximately
45°. The actual angle achieved in each trial depended on
placement by the experimenter and ranged from 40° to
50°. The variation in target angle from trial to trial meant
that the subject was unable to use timing or movement
cues to guess the actual test angle. During the movement
of the reference arm to the test angle, subjects were asked to
remain relaxed. This was monitored using auditory feed-
back of EMG in the reference arm. In each experimental
trial, conditions were randomized.

Throughout these experiments, once the reference
arm had been placed at the test angle, its position was
maintained by the subject voluntarily. All matching with
the indicator arm was also performed voluntarily by the
subject. Subjects were therefore required to generate mild
contractions sufficient to support the arms against gravity
and to move the indicator arm into the matching position.

These conditions were chosen to keep the matching
process close to the type of activity the subjects might carry
out in everyday life. During the matching process, subjects
were asked not to rush and to move the indicator arm into
position carefully and deliberately. Once the reference arm
was in position at the test angle, moving the indicator from
its starting position into the matching position took about
5 s. At the end of each trial the arms were brought back
to their resting positions one at a time in order to make
it difficult for subjects to obtain cues about the test angle
from the time it took to return the arms to their initial
positions.

Muscle conditioning

It was necessary at the start of each position-matching
trial to put the elbow muscles of both the reference
and indicator arms into a defined thixotropic state. This
is called muscle conditioning. Typically the muscle is
conditioned with a half-maximum voluntary contraction
(Gregory et al. 1998). In Experiment 1, elbow flexors in
both arms were contracted with the arms held flexed.
Flexion conditioning altered the mechanical state of elbow
flexors in both arms, leaving them taut and leaving elbow
extensors slack during the matches (flexor taut, Fig. 1A).
In Experiment 2, elbow extensors in both arms were
contracted with the arms held extended; this is extension
conditioning. Here, during matching the elbow flexors in
both arms lay slack and the extensors were taut (extensor
taut, Fig. 1B).

In Experiments 3 and 4, we wanted to measure position
sense under conditions in which the proprioceptive bias
imposed on the reference arm by flexion conditioning
(Experiment 1) or extension conditioning (Experiment 2)
was no longer present. In order to do this, the reference
arm was conditioned in a way that left both elbow flexors
and extensors in a sensitized state during matching (both
taut, Fig. 1C). Conditioning used isometric contractions
of elbow flexors and extensors at the test angle. Any
adaptation in one antagonist would be offset by similar
adaptation in the opposite direction in the other and
therefore the signal difference from them would not be
expected to change with time.

In Experiments 5 and 6, we wanted to measure position
sense under conditions in which the sensitivity of muscle
receptors in both reference and indicator muscles had
been reduced by conditioning (both slack, Fig. 1D). To
desensitize proprioceptors in a muscle, the muscle must
be stretched and held at the stretched length for several
seconds to allow stable cross-bridges to reassemble at
that length (Morgan et al. 1984). If the muscle is then
shortened, the muscle fibres, stiffened by the presence of
the stable bridges, will fall slack, rather than shorten. A
slack intrafusal fibre does not exert any tension on the
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Figure 1. Mechanical state of elbow muscles after conditioning
All conditioning of arm muscles and subsequent position matching was performed in the vertical plane. A, in the
flexor taut condition, elbow flexors were contracted with the arm held at 90°. After the contraction, subjects were
asked to relax while the arm was moved by the experimenter into extension to the test angle (40–50°). In the
process elbow flexors were stretched, leaving them taut, and elbow extensors were shortened, leaving them slack.
The slack state is indicated by the rippling. The direction of movement of the arm to the test angle is indicated
by the arrow. B, in the extensor taut condition, elbow extensors were contracted with the arm held at 0°. After
the contraction the relaxed arm was moved by the experimenter into flexion to the test angle. In the process
elbow extensors were stretched, leaving them taut, and elbow flexors were shortened, leaving them slack. The
direction of movement to the test angle is shown by the arrow. C, in the both taut condition, the arm was moved
to the test angle and held fixed in position while elbow flexors and then elbow extensors underwent conditioning
isometric contractions (Experiment 3). The contractions removed any pre-existing slack in both muscle groups.
The conditioning was repeated, but beginning with an extension contraction (Experiment 4). The position of the
indicator arm during the conditioning contraction is shown in grey. D, in the both slack condition, for Experiment
5, after contraction of flexors at 90°, the arm was moved into extension (arrow), stretching flexors, shortening and
slackening extensor muscles. Once the arm was fully extended, (0°), it was held there for 6 s before being moved
into flexion to the test angle (arrow). The movement shortened and therefore slackened flexors so that both flexors
and extensors were slack. The same result could be achieved by beginning with an extensor contraction at 0° and
moving the arm to 90° for 6 s before placing it at the test angle (Experiment 6).
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sensory ending of the spindle and thus both spindle resting
activity and stretch responsiveness are reduced.

Experiments 1 and 2: time-dependent changes in
position sense after flexion or extension conditioning
in both arms

Position sense was measured using four lengths of delay
(1 s, 5 s, 10 s and 30 s) between the placement of the
reference arm at the test angle and the matching of its
position by the indicator. Subjects carried out six trials at
each interval of delay. For each subject, the order of the
trial conditions (i.e. the delay intervals) was randomized
from trial to trial. For trials involving a time delay of 1 s,
subjects were asked to begin moving the indicator arm into
a matching position as soon as they felt the experimenter
starting to move the reference arm from its conditioning
position towards the test angle. About 1 s elapsed between
the placement of the reference arm at the test angle and
the subject’s matching of its position with the indicator
arm. In the 5 s delay condition, subjects were asked not to
move the indicator arm until the reference arm had been
placed at the test angle. Moving the indicator arm from its
starting position to the matching position and declaring a
match took 5 s. In the 10 s delay condition, subjects were
asked to wait for 5 s before moving the indicator arm into
the matching position. In the 30 s delay condition, subjects
were asked to wait for 25 s before moving the indicator
arm.

In Experiment 1 flexion conditioning was used. Here,
both arms were moved to 90°, the paddles locked
in position and the subject was asked to generate a
2 s, approximately half-maximum, isometric contraction
with the elbow flexors by attempting to flex the elbows
towards the body. The conditioning procedure took about
5 s. Once the arms had relaxed, the metal struts were
removed and the reference arm was immediately moved
into extension to the test angle (40–50°). The blindfolded
subject then matched its position with his or her indicator
arm. In Experiment 2, both arms were moved into full
extension (0°) and the subject was asked to push the
arms down on the supports to generate a half-maximum
contraction in the elbow extensors. Once the subject had
relaxed, the reference arm was moved in the direction of
flexion to the test angle and its position was matched.

Experiments 3 and 4: time-dependent changes in
position sense after co-contraction of reference
muscles

In Experiment 3, the blindfolded subject’s reference arm
was moved to the test angle (45° from the horizontal). The
subject was asked to generate a half-maximum contraction
in extensor muscles by pushing the arm away from the

body. During the contraction the arm was rigidly fixed at
the test angle by a pair of metal struts bolted to the frame
of the apparatus. The subject was then asked to generate
a half-maximum flexion contraction, the arm again being
held fixed at the test angle. Thus, the reference arm had
now undergone isometric flexion and extension contra-
ctions at the test angle, leaving spindles in both muscle
groups in a sensitized state. The indicator, by contrast, had
only been flexion-conditioned before the subject moved
it into a matching position. The nature of the matching
procedure did not make it possible to condition indicator
muscles at the test angle.

In Experiment 4, the same procedure was repeated,
but this time the subject was asked to begin with an iso-
metric flexion contraction of the reference arm, followed
by an isometric extension contraction. After arm muscles
had relaxed, the extension-conditioned indicator arm was
moved into a matching position.

In both Experiments 3 and 4, after the conditioning
procedure had been completed, position sense was
measured at three intervals of delay (5 s, 10 s and 30 s). It
was not possible to include a 1 s delay as the conditioning
took several seconds to complete. Subjects carried out a
series of six trials at each delay interval.

Experiments 5 and 6: time-dependent changes in
position sense after stretching of reference and
indicator elbow muscles

To desensitize muscle receptors, in Experiment 5
both arms of the blindfolded subject were initially
flexion-conditioned, as before, by holding them at 90° and
contracting them isometrically in the direction of flexion
using a half-maximum contraction. The contraction
removed any pre-existing slack in elbow flexors in both
arms. At 90° the elbow extensors were stretched; stable
cross-bridges in extensor muscles would be expected to
form at that stretched length. After the flexor contraction,
both arms were moved into full extension (0°). In the
process, the flexors were now stretched to a long length and
the extensors were shortened. The arm was held at 0° for 6 s
to allow cross-bridges in flexors that had been detached by
the stretch to reassemble at the longer length (Morgan et al.
1984). We believe there was no comparable reassemblage
of cross-bridges in the extensors because their bridges had
formed at 90° and the shortening movement to 0° simply
meant that they fell slack. The experimenter then moved
the reference arm from 0°, in the direction of flexion, to
the test angle, and the subject moved the indicator arm
into flexion to a matching position. In the process, elbow
flexor muscles in both arms were shortened and fell slack.
The movement into flexion represented a stretch from 0°
to 40–50°, which, we believe, was too small a stretch of
extensor muscles to reset their cross-bridges as these had
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formed at 90°. All the stretch did was to take up some, but
not all, of the slack in the extensors. If there is any slack at
all in a muscle, spindle background rates will remain low.
Thus, now both flexor and extensor spindle rates in both
arms were low because the muscles lay slack.

The conditioning procedure for Experiment 6 was
essentially the same, except that it began with the
contraction of elbow extensors in both arms while the
arms were held extended (0°). Then both arms were flexed
to 90° and held there for 6 s before the reference arm was
extended to 40–50° and the indicator arm was moved into
a matching position.

In both Experiments 5 and 6, after the conditioning
procedure had been completed, position sense was
measured at three intervals of delay (5 s, 10 s and 30 s). A
shortest delay of 5 s rather than of 1 s was chosen to allow
for a direct comparison between these data and data from
Experiments 3 and 4. Subjects carried out a series of six
trials at each delay interval.

Statistical analysis

A repeated-measures ANOVA was used to test for the
effects of time delay on position errors. If significance was
found, a post hoc least significant differences (LSD) test was
used to determine which of the matching trial types were
significantly different from one another. Pooled data from
each group of experiments are shown as means± S.E.M.

Results

Time-dependent changes in position sense after
flexion or extension conditioning of both arms

The aims of these experiments were to confirm the
suggestion that when an arm sits at a test angle for a period
of time, time-dependent changes in position sense occur
(Paillard & Brouchon, 1968; Wann & Ibrahim, 1992) and
to test the hypothesis that the direction of these changes
is consistent with adaptation of the discharge of muscle
spindles.

Experiment 1: conditioning reference elbow flexors.
In the first experiment, time-dependent changes in
position sense were studied after both arms were
flexion-conditioned with the arms held at 90°. As soon
as the subject had relaxed, the reference arm was moved
to the test angle (40–50°) by the experimenter and the
subject followed the movement with the indicator arm to
adopt a matching position as soon as the reference arm
had stopped moving. This was the 1 s delay condition. In
the 5 s, 10 s and 30 s delays, the movement of the indicator
arm was delayed.

Data for a single subject are shown in Fig. 2 (filled
circles). With a 1 s delay between the placement of the
reference arm and the matching of its position, the single
subject made an error of −3.4° When a delay of 5 s
was introduced between the placement of the reference
arm and the matching of its position, the subject made
an error of −10.8°. This error reduced to −8.5° at 10 s
and increased further to −13.0° at 30 s. This trend in
the single subject was reflected in pooled data from 12
subjects (Fig. 3). With a 1 s delay, the mean ± S.E.M.
error was −1.3 ± 1.5°. The error into flexion increased
to −2.9 ± 1.5° with a 5 s delay, was −2.8 ± 1.7° with a
10 s delay and increased to −4.1 ± 1.5° with a 30 s delay.
A repeated-measures ANOVA showed a significant effect
of time delay (F(3,33) = 3.1, P < 0.05). A post hoc LSD test
showed a significant difference in outcomes between the
1 s and 30 s delays, as well as between the 5 s and 30 s
delays. Therefore, systematic changes with time occurred
in the perceived position of the reference arm. The errors
increased in the direction of elbow flexion, consistent with
previous reports (Wann & Ibrahim, 1992). In other words,
over time, subjects believed that their reference arm was
in a progressively more flexed position than it really was.

Experiment 2: conditioning reference elbow extensors.
The working hypothesis for Experiment 1 was that
conditioning of elbow flexors with the arms held flexed
(flexor taut, Fig. 1A) led to time-dependent changes in
matching errors in the direction of flexion as a result of
adaptation processes in the discharges of the reference
flexor spindles. To test the adaptation hypothesis, we
repeated the experiment, but raised discharges in the
spindles of extensor muscles (extensor taut, Fig. 1B).
Adaptation of discharge in elbow extensors should lead
to time-dependent changes in matching errors in the
direction of extension.

Figure 2 shows data for extension conditioning (open
circles) in the same single subject previously tested with
flexion conditioning. The trends in position error after
the two forms of conditioning clearly lie in opposite
directions. In extension conditioning, when the indicator
was matched as soon as the reference had reached its test
angle (the 1 s delay condition), the single subject matched
with a mean error of +2.6°. After a 5 s delay between
placement and matching, the error increased to +6.4°.
When the delay was increased to 10 s, the error decreased
slightly to+5.9°, but then increased further to+7.3°with
a delay of 30 s. Similar trends were apparent in the pooled
data. With a 1 s delay, the mean error was−0.5± 1.3°. The
mean error increased to +2.3 ± 1.9° with a 5 s delay, to
+2.7± 2.1° with a 10 s delay and to 3.0± 2.1° with a 30 s
delay. A repeated-measures ANOVA showed a significant
effect of time delay (F(3,33)= 6.7, P < 0.05). A post hoc LSD
test showed a significant difference between the 1 s and all
other time delays.
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Figure 2. Single-subject data for changes with time in position errors at the elbow joint after flexion
or extension conditioning of elbow muscles
The filled circles and continuous line show mean position errors after flexion conditioning. The open circles and
dashed line show mean position errors after extension conditioning. Grey symbols show individual matching trials.
At the start of each flexion conditioning trial the elbow flexors of both arms were contracted with the arms held
flexed (90°). The reference arm was then moved into extension to the test angle and its position matched by the
indicator arm, immediately (1 s), and after 5 s, 10 s and 30 s (Experiment 1). In extension conditioning trials, elbow
extensors of both arms were contracted with the arm held extended (0°) and the position of the reference arm
was then matched at the test angle by the indicator arm at the same four time delays as in flexion conditioning
(Experiment 2). Position errors are plotted against time. Errors into flexion are shown as negative and errors into
extension as positive. Dotted line indicates zero error.
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Figure 3. Pooled data for changes with time in position errors at the elbow joint after flexion or
extension conditioning of elbow muscles
Data refer to 12 subjects. The filled circles and continuous line show position errors after flexion conditioning. The
open circles and dashed line show position errors after extension conditioning. Position errors are plotted against
time. Errors into flexion are shown as negative and errors into extension as positive. Data are means ± S.E.M.
∗Significant differences between bracketed values (P < 0.05). Dotted line indicates zero error.
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These two sets of observations provide experimental
support for the hypothesis that when conditioning is
restricted to a single muscle group, be it elbow flexors or
extensors, time-dependent errors in position sense occur
in a direction consistent with adaptation of the discharge
in the conditioned muscles.

Time-dependent changes in position sense after
co-contraction of reference antagonists

In this experiment, the aim was to condition reference
muscles in such a way that both flexor and extensor
spindles were left in a sensitized state (both taut, Fig. 1C).
We would expect adaptation to occur over time in spindles
of both antagonists. If spindle adaptation followed a
similar time course, the fall in reference flexor spindle
discharges, leading the arm to be perceived as becoming
more flexed, would be offset by the fall in reference
extensor discharges, leading the arm to be perceived as
more extended. Thus, the hypothesis for this experiment
was that there would be no time-dependent changes in
position sense.

Experiment 3: flexion conditioning of the indicator arm.
In this experiment, carried out in nine subjects, both
flexors and extensors of the reference arm were contracted
at the test angle. At the same time, the indicator arm was
flexion-conditioned. In these experiments, because the
reference arm had to be conditioned before the indicator,
it was not possible to have a 1 s delay and the shortest
matching interval was 5 s.

Pooled data are shown in the lower panel of Fig. 4. When
the delay between the placement of the reference arm and
the matching of its position was 5 s, subjects matched the
position of the reference arm by placing the indicator arm
at −9.8 ± 2.3°. In other words, subjects thought their
reference arm was more flexed than it really was by nearly
10°. When a 10 s delay was introduced, the matching error
increased slightly to −10.3 ± 2.0°. With a 30 s delay, the
error was −10.8 ± 2.2°. These differences in error were
small and not significant. The errors at all time delays were
significantly different from zero error (P < 0.05).

Experiment 4: extension conditioning of the indicator
arm. Here, the conditions of Experiment 3 were repeated,
but, following the co-conditioning of reference elbow
muscles at the test angle, the indicator arm was
extension-conditioned. The pooled data for the nine sub-
jects are shown in the upper panel of Fig. 4. With a
5 s delay between conditioning and matching, the mean
error in position was +9.6 ± 2.0°. That is, subjects felt
their arm positions were accurately aligned, when in fact
the indicator was nearly 10° more extended than the
reference arm. The error increased slightly to 9.8 ± 1.9°

with a 10 s interval and 10.6 ± 2.0° with a 30 s interval.
These differences in error with time were small and not
significant. The errors at all time delays were significantly
different from zero error (P < 0.05).

The results of Experiments 3 and 4 support our working
hypothesis in that after co-conditioning of reference
muscles there was no longer any evidence for a shift in
the perceived position of the arm with time because the
influences from the two antagonists impacted in opposite
directions and so annulled one another. The presence of
large bias errors, in the direction of flexion or extension,
was interpreted as attributable to the indicator arm, in
which the elbow muscles had been conditioned to generate
a strong flexor or extensor signal.

Time-dependent changes in position sense after
stretch of elbow muscles

The question of why initial bias errors occurred during a
normal matching trial remained. For example, why was
there an error of −2.3° with a 1 s delay in Experiment 1?
Given that the two arms had been conditioned identically,
why did average matching errors not fall to zero?
Our proposed explanation is that once the conditioned
reference arm had been placed at the test angle, its spindles
were likely to maintain a level of background activity
proportional to the length of the muscle at that angle.
However, during the movement of the indicator arm to the
matching position, its spindles would respond to both the
length change and the rate of length change, which would
raise their discharge rates well above those in the reference
muscles. Therefore, the indicator arm was perceived as
more extended than the reference arm. As a result, the
subject stopped moving the indicator arm before he or
she achieved an accurate match. The same argument can
be applied to extension conditioning, but here the errors
would occur in the opposite direction.

To test this idea, we tried to lower spindle discharge
rates in flexors and extensors in both arms using
conditioning techniques. If spindle rates could be lowered,
any difference between the static signal from the reference
arm and the static plus dynamic signal from the indicator
arm would be smaller and should therefore lead to smaller
bias errors. In order to achieve lower rates, attempts were
made to introduce slack into elbow muscles in both arms
(both slack, Fig. 1D).

Experiment 5: introducing slack after flexion
conditioning. The experiment was begun with flexion
conditioning of both arms. After subjects had relaxed,
both arms were moved by the experimenter to full
extension (0°) and held there for 6 s. Then the reference
arm was moved to the test angle (40–50°) and its position
was matched by the indicator arm.
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Data for a group of nine subjects using flexion
conditioning are shown in Fig. 5. At 5 s after the reference
arm had been placed at the test angle, its position was
matched by the indicator arm with a mean error of
+0.5± 1.1° in the direction of extension. The error at 10 s
was +0.8 ± 0.9° and that at 30 s was +0.1 ± 1.1°. Mean
errors therefore lay close to zero and statistical analysis
showed no significant effect of time delay on position
error. Therefore, there was no evidence of adaptation over
the 30 s of measurement. In addition, the errors at all time
delays did not differ significantly from zero error.

Experiment 6: introducing slack after extension
conditioning. This time, the experiment began with
extension conditioning of both arms at 0°. After subjects
had relaxed, both arms were moved to 90° and held there
for 6 s before the reference arm was extended to the test
angle (40–50°) and its position matched by the indicator
arm. Mean values for the nine subjects are shown in Fig. 5.

When the placement of the reference arm was matched
by the indicator arm after a delay of 5 s, an error of
0.1± 1.3° into extension occurred. This error increased to
+0.4±1.2° at 10 s and−0.4±1.5° at 30 s. Again, statistical
analysis showed no significant effect of time delay on
position error and there was no evidence of adaptation

over the 30 s. Furthermore, none of the errors differed
significantly from zero error.

In Experiments 5 and 6, although mean errors from the
pooled data lay close to zero, individual subjects showed
degrees of variability in performance from trial to trial
similar to those seen in the other experiments. There was
no suggestion that the conditions of these experiments had
altered inter-trial variability. Furthermore, conditioning
eliminated any directional bias in the placement of the
indicator, allowing pooled means to lie close to zero.

Discussion

The findings of this study contribute two new observations
to the study of limb position sense in human sub-
jects. They provide evidence in support of the view that
receptor adaptation is responsible, at least in part, for
time-dependent errors in position sense, referred to pre-
viously as proprioceptive drift. Secondly, they confirm
reports that position sense derives from a difference in
signals from proprioceptors of the two antagonists acting
at the elbow joint. We extend this concept to include signals
from both arms. Our data are consistent with the view that
for position sense at the forearm, the difference in signals
from the two arms is computed and that when this reaches
a minimum value, the arms are assumed to be aligned.
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Figure 4. Position errors after isometric contractions of reference flexors and extensors at the test angle
The reference arm was moved to the test angle and held there, fixed in position. The filled circles and continuous
line show pooled means ± S.E.M. of position errors for nine subjects after the reference arm had undergone an
isometric extensor contraction followed by an isometric flexor contraction while elbow flexors of the indicator arm
were contracted with the arm held flexed (90°). The indicator arm was then moved to match the perceived position
of the reference arm at 5 s, 10 s and 30 s after the reference had reached the test position (Experiment 3). The open
circles and dashed line show the pooled means ± S.E.M. of position errors for nine subjects after the reference had
undergone an isometric flexor contraction and then an isometric extensor contraction while indicator extensors
were contracted with the arm held extended (0°). The indicator arm then matched the perceived position of the
reference arm after delays of 5 s, 10 s and 30 s (Experiment 4). The dotted line indicates zero error. Errors into
flexion are shown as negative and errors into extension as positive.
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In all the present experiments, subjects held their
reference arms at the test angle, unsupported. We do not
believe that the motor commands and muscle contraction
required to hold the arm in place were responsible for
any position errors in their own right. Our previous work
(Ansems et al. 2006; Allen et al. 2010; Walsh et al. 2013)
has shown that position errors measured in a relaxed
supported arm do not differ significantly from errors
measured when arm muscles contract to support a load.
Furthermore, it could be argued that in situations in which
the muscle and its spindles were meant to lie slack, the
contractions required to hold the reference arm and to
move the indicator arm into a matching position risked
removing the slack. The elbow flexor torque required
to hold an arm at 45° has been estimated at 5% of
maximum (Winter et al. 2005). Contractions of that
strength are insufficient to reset the muscle’s conditioned
state (Gregory et al. 1998).

The present experiments are based on the thixotropic
behaviour of muscle spindles. Although our inter-
pretations are consistent with observations made in
human spindles (Jahnke et al. 1989; Burke & Gandevia,
1995; Wilson et al. 1995) and animal spindles (Morgan
et al. 1984; Gregory et al. 1988), the approach is, by
necessity, indirect, although the consistency of the findings
and their predictability, based on theory, support our view.

Time-dependent changes in position sense after
flexion or extension conditioning of both arms
(Experiments 1 and 2)

These experiments were based on the hypothesis that
the time-dependent changes in position sense previously
reported (Paillard & Brouchon, 1968; Wann & Ibrahim,
1992; Brown et al. 2003) resulted from adaptation
processes at the level of muscle receptors. It was proposed
that by conditioning a muscle with a contraction, high
levels of resting discharge would be generated in spindles
and discharge rates would fall over time as a result of
adaptation. Indeed, time-dependent changes in position
sense did occur and the direction of the changes depended
on which muscle group had been conditioned (Figs 2
and 3). Such a directional change in the distribution
of the errors argues in support of a peripheral signal
for the origin of proprioceptive drift and makes an
explanation based entirely on central mechanisms less
likely.

Evidence for adaptation was sought over four periods
of delay. It could be argued that in the first condition,
of 1 s interval measurements, subjects were carrying out
not a position-matching task, but a movement-tracking
task. This raises the possibility that the subsequent
time-dependent changes in position errors did not reflect
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Figure 5. Position errors after conditioning to introduce slack in both reference and indicator muscles
The filled circles and continuous line show pooled means ± S.E.M. of position errors in nine subjects after elbow
flexors of both arms had first undergone contractions with the arms held flexed (90°). Both arms were then moved
into full extension (0°) and held there for 6 s before the reference arm was moved to the test position and its
position matched by the indicator arm. Matching was performed at 5 s, 10 s and 30 s after the reference arm had
reached the test angle (Experiment 5). The open circles and dashed line show pooled means ± S.E.M. of position
errors of nine subjects after elbow extensors of both arms had first undergone contractions with the arms held
extended (0°). Both arms were then moved into full flexion (90°) and held there for 6 s before the reference
arm was moved to the test angle and its position matched by the indicator arm after delays of 5 s, 10 s and
30 s (Experiment 6). The dotted line indicates zero error. Errors into flexion are shown as negative and errors into
extension as positive.
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receptor adaptation but the fading effects of a tracking
task. The difficulty with such an interpretation is that
it is not easy to distinguish between changes caused by
adaptation and those of a movement-tracking task. The
interval most likely to be influenced by the preceding
movement is the 1 s interval. If this is excluded from the
analysis of the time-dependent changes in error, the result
is no longer significant. Such an outcome is not surprising
because during the time course of adaptation of a typical
spindle discharge, most of the changes occur within the
first second after a stretch [Fig. 5B in Roll & Vedel (1982)].

In Fig. 3, notice that after flexion conditioning errors
differ significantly between the 1 s and 30 s delays, as well
as between the 5 s and 30 s delays. Significant changes
in error beyond the 1 s interval support our case for
receptor adaptation. The same is not true in extension
conditioning, in which the change in errors between the
5 s and 30 s intervals is not significant. This may be because
after extension conditioning subjects were required to hold
their arms at the test angle and this may have removed
some slack in elbow flexors and thus reduced the difference
in signals from flexors and extensors.

Perusal of the literature has not revealed any examples
of time-dependent changes in position errors following
a limb-tracking task. It has been reported that when
movement of one arm is suddenly stopped, the distance
it has moved is overestimated in the placement of the
other arm (Hollingworth, 1909). However, in the present
experiments, errors in the opposite direction occurred.
After flexion conditioning, when the movement of the
reference arm into extension was stopped, it led to
matching errors into flexion (Fig. 2).

In Experiment 1, it was postulated that when the
reference arm was moved to the test angle, the conditioned
elbow flexors were stretched by the movement, generating
a high level of spindle discharge. The same movement
would shorten the extensors, which would fall slack. We
assumed that the high rate of discharge in flexors would
adapt with time, leading to the perception over time of
the elbow as being more flexed. In an alternative inter-
pretation, the low level of activity in the slack elbow
extensors picks up with time, perhaps as a result of
spontaneous uptake of intrafusal slack, leading to the
sensation that the extensors are becoming longer (i.e.
the elbow is becoming more flexed). The time-dependent
changes in position error would remain in the same
direction, but the explanation would not be in terms of
receptor adaptation. In animal studies of conditioning
effects on discharges of identified muscle spindles, we
observed that after slack had been introduced, spindles
maintained a low and steady level of discharge for long
periods, unless the muscle was held at a rather long length,
when slack was removed spontaneously as a result of rising
passive tension (Gregory et al. 1986). At the test angle of
40–50°, passive tension in human elbow muscles is low

and thus the spontaneous removal of slack in spindles
is unlikely. Therefore, our preferred explanation for the
observations in Experiments 1 and 2 remains receptor
adaptation, although we cannot exclude a contribution
from changes in the activity of the antagonists. In any
case, the principal conclusion from these experiments, that
proprioceptive drift is attributable to a peripheral receptor
mechanism, remains the same.

Although we have argued in favour of receptor
adaptation as the principal mechanism for proprio-
ceptive drift, we do not, of course, exclude an additional
contribution from central sources. However, we believe
there is now an adequate peripheral mechanism available
to account for proprioceptive drift and, in the absence
of new evidence, it is unnecessary to invoke a central
mechanism as well.

According to current opinion, the brain does not
listen to individual spindles but to the population of
afferents transmitting from a muscle or group of muscles
(Bergenheim et al. 2000). In view of this, it is remarkable
how closely the drift in time of perceived limb position
follows the time course of adaptation estimated from
individual spindle discharges. Presumably the population
signal changes with a time course that differs little from
that of individual afferents. In addition, the process of
converting a change in afferent impulse stream into a
change in sensation of limb position must be relatively
direct, with little loss or distortion of information. Such
considerations are of interest within the context of
recent efforts to improve acceptance of prosthetic devices
by providing amputees with gradable, distally referred
sources of touch or movement information (Dhillon &
Horch, 2005).

As far as we know, the notion that proprioceptive drift
arises as a result of influences originating in the proprio-
ceptors has not been proposed previously. Here, we have
argued that the relevant afferent signal used to align the
forearms in a position-matching task is the antagonist
difference signal from each arm. The brain compares the
two arms and calculates an overall difference. When this
difference reaches a minimum value, the arms are assumed
to be aligned. It remains uncertain whether any of this
involves reference to a central map and it may not do
so. Certainly, when position sense is measured using a
pointing task rather than a matching task, there is no other
arm with which to compare and reference to a central map
will be necessary.

It has been proposed that there are at least two distinct
body representations in the brain: the body image, and the
body schema (De Vignemont, 2010). Their relationship to
a third representation, the body model, remains uncertain
(Longo & Haggard, 2010). The body schema could
conceivably be used as a central reference point for position
sense. It is dependent on ongoing proprioceptive input,
operates largely unconsciously and is concerned with body
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movements. It is known to change rapidly as a result
of a change in peripheral afferent input produced by a
progressive nerve block (Inui et al. 2011). It is therefore
conceivable that errors in position sense triggered by
muscle conditioning are the result of changes evoked by
afferents in the body schema.

Time-dependent changes in position sense after
co-contraction of reference muscles (Experiments 3
and 4)

These experiments were designed to provide controls for
the time-dependent changes observed in Experiments
1 and 2. In Experiments 1 and 2 only flexors or only
extensors of both arms were selectively conditioned by a
voluntary contraction. Adaptation of the spindle signal in
the reference arm led to shifts in the perceived position of
the arm in a direction that depended on which muscle
had been conditioned. If this interpretation is correct,
raising spindle rates in both antagonists of the reference
arm should lead to time-dependent changes which annul
one another because they occur in opposite directions.
The reference flexors and extensors were therefore both
conditioned at the test angle with isometric contractions.
This would leave spindles of both muscle groups in a
sensitized state. As the reference flexor signal fell from
adaptation, this would be accompanied by a similar fall in
extensor signal. Therefore, the difference in signals from
the reference arm was predicted to be close to zero. Such
low signals would not be expected to show time-dependent
changes.

This result was achieved and a reduction in time-
dependent errors was observed (Fig. 4). Selective
conditioning of one or other of the reference antagonists
led to time-dependent changes in position errors of 2.4°
and 3.4°, whereas conditioning of both groups reduced the
error to 1.0°. This small, non-significant change in error
with time, in the direction of flexion in Experiment 3 and
in the direction of extension in Experiment 4 (Fig. 4), was
probably a consequence of the sequence of conditioning
used (i.e. flexion first or extension first).

Experiments 3 and 4 revealed important new trends.
After flexion conditioning, all errors lay 10° in the
direction of flexion; thus, subjects believed their arms to
be accurately aligned when in fact they differed by roughly
10° (Fig. 4). This was a very different result from that of
Experiment 1. Here, we believe the source of error was the
indicator arm. Our working hypothesis was that the brain
calculates the difference between the flexor and extensor
signals of each arm and compares these two differences
to calculate the overall difference. After conditioning, the
indicator flexor signal is high, whereas the difference in
signals from the reference arm is low. As a result, as the
indicator arm moves into the matching position, in an

attempt to match the low reference signal, it stops early,
10° short of the actual position of the reference arm. This
means that the stretch of indicator flexors was kept to a
minimum. The same argument can be applied to the 10°
of error into extension seen after extension conditioning of
the indicator (Fig. 4). We therefore suspect that the brain
listens to the afferent streams from each arm and during a
position-matching task computes their difference. When
this difference reaches a minimum value, the arms are
assumed to be accurately aligned.

We do not believe the 10° of error in the direction
of flexion or extension was some kind of non-specific
effect resulting from indicator conditioning. In a new
experimental series (Proske et al., 2014), we explored the
point further. Experiment 3 was carried out in nine sub-
jects, using the 5 s time delay. The mean± S.E.M. position
error measured was−9.3± 2.2°. This essentially confirms
our previous result. The experiment was repeated, but
this time, before the match, slack was introduced into
indicator flexors by having the subject hold the arm
stretched for 6 s after conditioning, as in Experiment 5. The
matching error now fell to −1.4 ± 2.0°. The same cohort
of subjects then carried out Experiment 4. The observed
error was 7.4 ± 1.7°, again confirming earlier results.
Repeating the experiment after slack had been introduced
into extensors led the mean error to fall to −1.4 ± 1.5°.
Thus, the introduction of slack in indicator muscles caused
the difference between flexor and extensor signals in the
indicator to become smaller and this compared with the
reference difference signal, which was also small. As a
result, errors lay close to zero.

Experiments 3 and 4 led to three important conclusions.
Firstly, the brain does not determine position sense
from the afferent streams from individual muscles, but
computes the difference signal from the antagonists.
Experiments using muscle vibration, which is a rather
more artificial method of stimulating muscles than
conditioning with voluntary contractions, have led to
similar conclusions (Gilhodes et al. 1986; Ribot-Ciscar
& Roll, 1998). Secondly, these experiments highlight
the contribution made by the indicator arm in a
position-matching task at the forearm. Again, similar
conclusions have been reached by others (Lackner &
Taublieb, 1984; Allen et al. 2007; White & Proske, 2009;
Izumizaki et al. 2010). Finally, Experiments 3 and 4
demonstrate that proprioceptive drift in the reference
arm depends on the adaptation of discharge from one
muscle group when its discharge is higher than that of
its antagonist. Raising discharge rates in both antagonists
reduces the drift because the signal difference is now
smaller.

It is interesting that the errors made under the
conditions of Experiments 3 and 4 were each of about 10°,
although in opposite directions. In previous experiments,
in which the arms were conditioned differently, errors of a
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similar magnitude were observed (Allen et al. 2007; White
& Proske, 2009). It is somewhat unexpected that errors
larger than 10° have not previously been encountered.
Perhaps this represents the limit of a spindle-based system
for signalling disparities in forearm position. This makes
forearm position matching a short-range system with
limits of±10°.

Time-dependent changes in position sense after
stretching of elbow muscles (Experiments 5 and 6)

The main aim of these experiments was to eliminate the
initial offset errors after identical flexion or extension
conditioning of both arms (Experiments 1 and 2). We
hypothesized that the errors arose from the high spindle
signal from the indicator arm during its movement into
the matching position. The introduction of slack in the
muscles of both arms would lower the discharge rates
of muscle spindles and so reduce the error. Slack was
introduced by stretching arm muscles and then shortening
them (Morgan et al. 1984). As a consequence, spindle
discharges dropped to low levels (Proske et al. 1992; Scott
et al. 1994).

Lowering spindle discharges in both arms removed the
offset errors (Fig. 5). In addition, there was no adaptation
of discharge over the period of measurement because of the
low rates of discharge. Therefore, by slackening muscles
and their spindles, we were able to reduce position errors
to lie close to zero. This indicates that if the aim in an
arm-matching task is to keep position errors as small
as possible, slack must first be introduced in muscles of
both arms. In everyday activities, we do not systematically
condition our muscles. Presumably the thixotropic status
of muscles varies so that sometimes slack is present
and sometimes, particularly after a contraction, parts
of the muscles become sensitized. This means that over
time position errors are likely to be distributed over a
considerable range, underlining the inaccuracy of the
muscle proprioceptive system and the need for additional
inputs from vision and touch (Proske & Gandevia, 2012).
In addition, it emphasizes the importance of putting
muscle into a defined state for the study of position sense
in humans.

Conclusions

These experiments provide evidence for some of the
neural processes likely to underlie the process of forearm
matching. Firstly, evidence is provided in support of the
hypothesis that proprioceptive drift can be accounted for
by receptor adaptation. Secondly, the experiments provide
evidence that the brain is listening to the difference in the
discharges from the two antagonists of each arm. It does
not appear to matter whether the actual spindle rates from

each antagonist are high or low because, provided that
they are equal, the outcome is the same. It is the difference
in rates that matters. Finally, both arms play major and
probably equal roles in determining position sense at the
forearm and, if the discharges from the indicator are higher
than those from the reference, large errors in position
matching can result (Fig. 4).

In previous experiments, when large position errors
were generated by muscle conditioning, such as in
Experiments 3 and 4, when subjects were asked at the
end of the match whether they were satisfied with their
matches, they assured the investigator that they had
aligned their arms accurately (Proske & Gandevia, 2009).
This suggests that the brain was unaware of the large
mismatch between the two arms. It implies that once a
minimum difference in signals between the two arms has
been achieved, the brain assumes that the two arms are
accurately aligned. When a minimum difference signal
is significantly above or below zero, position errors result,
errors of which the subject remains unaware. This suggests
that the brain assumes similar thixotropic states for the
elbow muscles of both arms, which is likely to be correct
in most everyday situations. Only by experimentally
imposing differences in states in the two arms can the
flaws in this system be revealed.

Can these findings be applied to any other joint? For
example, are the neural mechanisms for aligning the lower
limbs much the same as those for aligning the forearms?
While we do not yet know the answer to this question,
some limited evidence is available from position matching
and pointing experiments at the wrist and forearm (Walsh
et al. 2013). The data suggest that the level of precision with
which an unseen limb can be indicated with a pointer is
similar for the elbow and wrist, but at the elbow this is
inherently less precise than a comparison of signals in a
two-limb matching task. Thus, at the elbow the neural
mechanism concerned with comparing signals from the
two arms has evolved a high level of accuracy that is higher
than at other joints, such as the wrist. We propose that this
is a short-range system (±10°) in which limits are defined
by the range of background discharges of spindles in the
two arms.

Our current working hypothesis is that in position
matching at the elbow, in the absence of vision, the initial
alignment of the arms makes use of a central reference
map. When the arms are sufficiently close to one another,
within a range of ±10°, a second mechanism comes into
play, which uses the difference signal coming from arm
proprioceptors. This second mechanism is more accurate
than a mechanism based on reference to a central map.
Why do we need such an accurate system? In everyday
tasks we commonly use a posture in which the arms are
held in front of the body, with the hands facing each other,
in order to use the two hands as a single instrument, to
make skilled cooperative movements and to fashion tools.
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Such skills in our ancestors are likely to have contributed
to our present-day dominance over other animals.
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CHAPTER 3: POSITION SENSE AND THE DIFFERENCE SIGNAL  
 

Tsay, A., Allen, T. J. & Proske, U. (2015). "Position sense at the human forearm after 

conditioning elbow muscles with isometric contractions." Exp Brain Res 233(9): 2635-2643. 

 

3.1 Explanatory Notes  
In Chapter two, it was proposed that the brain monitors the afferent signals from the 

antagonist pairs of the two arms, in order to align the forearms in a limb matching task. This 

hypothesis arose from the findings of experiment three and four (Tsay et al., 2014), where 

co-conditioning the elbow flexors and extensors of the reference arm generated large 

position errors (±10°), with the direction of the errors depending on how the indicator arm 

was conditioned beforehand.  

 

Chapter three (Tsay et al., 2015) provides further evidence that central processing of 

positional information, in a matching task, is concerned with the afferent signal difference 

between the antagonist muscles, as well as the difference between limbs. Here we report 

small position errors (1.4° in the direction of flexion) when antagonist muscles of the 

reference arm were both contracted at the test angle, leading to a similarly large increase in 

afferent activity from both muscle groups. In contrast, the indicator antagonist arm muscles 

were slackened by lengthening the muscles and then stretching them before the position 

matching trial. The aim of the study was to test if accurate alignment of the forearms would 

occur despite both arms having undergone two very different methods of conditioning.   
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coming from reference muscles was also small. It was con-
cluded that the brain is concerned with the signal difference 
from the antagonist pair of each arm and with the total sig-
nal difference between the two arms.
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Proprioception · Elbow muscles

Introduction

It has long been known that in a position-matching task at 
the forearm, signals from muscle spindles provide posi-
tional information. The most important piece of supporting 
evidence is that muscle vibration, a powerful stimulus for 
muscle spindles, generates illusions of arm movement and 
displacement (Goodwin et al. 1972). Vibration of elbow 
flexor muscles generates the illusion of arm extension; 
vibration of extensors generates the illusion of arm flexion. 
The generally accepted interpretation is that the increase 
in spindle discharge rates evoked by vibration is inter-
preted by the brain as a lengthening of the vibrated mus-
cle, leading to a perception of movement about the elbow 
joint. Interestingly, vibrating elbow flexors and extensors 
together at a similar frequency and amplitude generates no 
illusion, as measured in a two-arm matching task (Gilhodes 
et al. 1986).

We have been studying position sense using an arm-
matching task, but rather than using vibration to manipulate 
the sense we have exploited a property of passive muscle 
called thixotropy. This is a history dependence of muscle 
properties, which can alter passive tension and stiffness 
depending on what has been done to the muscle beforehand 
(Proske et al. 2014). Since the intrafusal fibres of muscle 
spindles exhibit thixotropic behaviour, it has been possible 

Abstract These experiments were designed to test the 
idea that, in a forearm position-matching task, it is the dif-
ference in afferent signals coming from the antagonist mus-
cles of the forearm that determines the perceived position 
of the arm. In one experiment, flexor and then extensor 
muscles of the reference arm were conditioned by isomet-
ric voluntary contractions while the arm was held at the 
test angle, approximately 45° from the horizontal. At the 
same time, indicator arm flexor muscles were contracted 
while the arm was flexed, or extensors were contracted 
while it was extended. After an indicator flexor contrac-
tion, during matching, subjects made large errors in the 
direction of flexion, by 9.3° relative to the reference arm 
and after an indicator extensor contraction by 7.4° in the 
direction of extension. In the second experiment, with ref-
erence muscles conditioned as before, slack was introduced 
in indicator muscles by a combination of muscle contrac-
tion and stretch. This was expected to lower levels of affer-
ent activity in indicator muscles. The subsequent matching 
experiment yielded much smaller errors than before, 1.4° 
in the direction of flexion. In both experiments, signal lev-
els coming from the reference arm remained the same and 
what changed was the level of indicator signal. The fact 
that matching errors were small when slack was introduced 
in indicator muscles supported the view that the signal 
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to produce systematic changes in spindle discharge levels 
using this property (Gregory et al. 1988). The level of spin-
dle background activity is believed to be responsible for 
generating the limb position signal (Clark et al. 1985), and 
it is likely that most of the positional signals are coming 
from the secondary endings of spindles (Matthews 1988). 
Since background activity levels in spindles can be altered, 
depending on the thixotropic state of the intrafusal fibres, 
it is possible to generate predictable errors in limb position 
sense with this method (Gregory et al. 1988; Tsay et al. 
2014).

The theory underlying the conditioning method is that 
after a contraction stable cross-bridges form between 
actin and myosin of sarcomeres (Hill 1968). After a flex-
ion contraction of elbow muscles, as the arm is extended 
to the test angle, these cross-bridges in intrafusal fibres 
of flexor spindles are stressed by the stretch. At the same 
time, elbow extensors are shortened by the movement 
and they fall slack (Proske et al. 2014). Flexor condition-
ing therefore leaves flexor spindles taut, with a high level 
of background activity and stretch sensitivity, while exten-
sor spindles exhibit a low level of background activity and 
low stretch sensitivity. The same argument can be applied 
after an extensor contraction. It leaves extensor spindles in 
a sensitised state and a low level of activity in flexors.

We recently devised a new method of muscle condition-
ing, with the aim of avoiding the usual dominance of flexor 
or extensor signals associated with flexion or extension 
conditioning, trying to achieve similar levels of activity in 
both antagonists (Tsay et al. 2014). In the new experiment, 
the reference arm was moved to the test angle and fixed in 
position while elbow flexors and then extensors underwent 
isometric contractions (co-contraction conditioning). Posi-
tion of the arm was indicated by the indicator arm, which 
had been either flexion or extension conditioned in the 
conventional way. Because both antagonists of the refer-
ence arm had undergone a contraction at the same length 
and this was not followed by any movement, both were in a 
near identical thixotropic state; there was no slack in either 
muscle and the afferent signals coming from both were 
likely to be similarly large. It was therefore unexpected that 
when position of the reference arm was indicated, large 
matching errors into flexion were observed when the indi-
cator had been flexion conditioned and large errors into 
extension were observed after extension conditioning of the 
indicator (Tsay et al. 2014, Figure 4).

To explain this result, our working hypothesis was that 
in determining the position of the forearm, the brain calcu-
lated a difference signal between inputs from elbow flexor 
and extensor spindles. When both inputs were of simi-
lar size, be it large or small, it meant the difference signal 
was always small, indicating that the arm had not moved 
in either the direction of flexion or extension. We saw the 

situation as similar to that during simultaneous vibration of 
the antagonists which abolished any kinaesthetic illusions 
(Gilhodes et al. 1986). If this interpretation was correct, 
then in the experiments of Tsay et al. (2014) subjects were 
trying to match a low reference signal with a high indicator 
flexor or extensor signal, leading to large matching errors.

In order to obtain supporting evidence for our proposal, 
we used a method to introduce slack in both antagonists of 
both arms by means of a conditioning contraction followed 
by stretch. This led matching errors to lie close to zero 
(Tsay et al. 2014, Figure 5). However, since in that experi-
ment slack had been introduced in muscles of both the ref-
erence and indicator arms, it remained uncertain whether 
the resulting errors close to zero were due to the condi-
tioned state of the reference arm or the indicator arm. What 
was required was an experiment in which the reference arm 
was always kept co-contraction conditioned while the con-
ditioned state was altered only for the indicator arm. The 
question was posed, with the reference arm co-contraction 
conditioned and therefore spindles of both reference antag-
onists sensitised, did the introduction of slack in indicator 
muscles, lowering their afferent discharge levels, reduce 
matching errors to zero? In the present report, we describe 
the outcome of such an experiment. It was concluded that 
isometric contractions of both reference antagonists lead 
the brain to interpret the difference signal coming from the 
arm as being low.

Methods

The experiment used nine subjects. The average age of sub-
jects was 24.1 (±1.2) years. Subjects gave informed, writ-
ten consent prior to undertaking an experiment. The work 
was approved by the Monash University Human Research 
Ethics Committee, and the ethical aspects of the experi-
ments conformed to the Declaration of Helsinki.

The apparatus

All position matching was done in the vertical plane. Blind-
folded subjects sat at a table and placed both forearms on 
lightweight paddles of a custom-built apparatus for measur-
ing forearm position sense (Allen and Proske 2006). The 
forearms were strapped to the paddles by Velcro straps 
placed just below the crease of the wrist and 5 cm in width, 
palms facing upward. Equal tension from the strapping was 
checked before proceeding with the experiment, to mini-
mise potential differences in skin sensation between the 
two arms. The upper arms rested on horizontal supports, 
allowing subjects to relax their shoulder muscles during 
matching trials. One arm was designated the reference arm 
(the arm placed at the target angle by the experimenter), 
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while the other arm was the indicator arm (the arm moved 
by the subject to match the position of the reference arm).

Forearm angle was measured using potentiometers 
(25 KΩ Spectra Symbol, Salt Lake City, USA) located at 
the hinges of each paddle. The hinges were co-linear with 
the elbow joint. The potentiometers provided a continu-
ous voltage output proportional to the angle of each pad-
dle, where 0° was when the forearm was horizontal and 90° 
when it was vertical. Calibration of the potentiometers was 
checked before each experiment.

Muscle activity of reference arm flexors and extensors 
was measured using surface electromyogram (EMG). A 
pair of Ag–AgCl electrodes with an adhesive base and solid 
gel contact points (3M Health Care, London, Ontario, Can-
ada) were placed approximately 2.5 cm apart over the sur-
face of the biceps brachii and triceps brachii. A grounding 
electrode was placed on the collar bone. EMG output was 
connected to an audio amplifier for biofeedback. Position 
signals were acquired at 20 Hz, EMG signals at 1000 Hz 
using MacLab 4/s data acquisition module running Chart 
software (AD Instruments, Castle Hill, NSW, Australia) on 
an Apple computer.

Measuring position sense

During each trial, the paddle strapped to the reference arm 
was moved by the experimenter to the test angle and the 
blindfolded subject was asked to match its perceived posi-
tion with their indicator arm. The test angle chosen was 
approximately 45° to the horizontal. The actual angle 
achieved in each trial depended on placement by the exper-
imenter and angles lay in the range 40°–50°. The variation 
in target angle from trial to trial meant that the subject was 
unable to use timing or movement cues to guess the actual 
test angle. During movement of the reference arm to the 
test angle, subjects were asked to remain relaxed. This was 
monitored with auditory feedback of EMG in the reference 
arm.

Throughout these experiments, once the reference arm 
had been placed at the test angle, the subject maintained 
its position voluntarily. All of the matching by the indica-
tor arm was done voluntarily by the subject. Subjects were 
therefore required to generate mild contractions sufficient 
to support the arms against gravity and for movement of 
the indicator into the matching position. These conditions 
were chosen to keep the matching process close to what 
subjects might do in everyday tasks. During the matching 
process, subjects were asked not to rush but to move their 
indicator arm into position, carefully but deliberately. Once 
the reference arm was in position at the test angle, mov-
ing the indicator from its starting position into the matching 
position took about 5 s. At the end of each trial, the arms 
were brought back to their resting position, one at a time, 

making it difficult for subjects to guess the test position of 
the reference arm from the time it took to move there.

Position errors between the two arms were calculated 
from the difference in angle between the reference arm and 
the indicator arm. The convention was used that when the 
indicator matched in a more extended position, relative to 
the reference, errors were given a positive value. When the 
indicator was placed in a more flexed position, errors were 
assigned a negative value.

Muscle conditioning

It was necessary at the start of each position-matching trial 
to put elbow muscles of both the reference and indicator 
arms into a defined thixotropic state. This is called muscle 
conditioning. Gregory et al. (1998) showed that it required 
a 10 % MVC contraction to fully reset the thixotropic state 
of a muscle using a voluntary contraction. To ensure sub-
jects exceeded this level of contraction, we instructed them 
to carry out a half-maximum flexion or extension effort, 
lasting 2–3 s. Audio biofeedback of the EMG signal during 
the contraction was also provided.

The aim of the present experiment was to measure posi-
tion sense under conditions where the proprioceptive bias 
imposed on muscles of the reference arm was always the 
same. To do that, the reference arm was conditioned in 
such a way that it left both elbow flexors and extensors in 
a sensitised state during matching (Fig. 1A–D, reference, 
co-contract). This conditioned state for the reference arm 
was used in both experiments 1 and 2. Conditioning used 
isometric contractions of elbow flexors and extensors at 
the test angle. To do that, the blindfolded subject’s refer-
ence arm was moved to the test angle (40°–50°). They were 
asked to generate a half-maximum contraction in extensor 
muscles by pushing the arm away from the body. During 
the contraction, the arm was rigidly fixed at the test angle 
by a pair of metal struts bolted to the frame of the appara-
tus. Subjects were then asked to generate a half-maximum 
flexion contraction, the arm again being held fixed at the 
test angle. So now the reference arm had undergone iso-
metric flexion and extension contractions at the test angle, 
leaving both muscle groups in a sensitised state. For such 
conditioning, the symmetries of the contractions in the 
antagonist pair did not matter, provided that each muscle 
had been fully reset.

Experiment 1

While the reference arm was being isometrically conditioned 
at the test angle, the indicator arm was either flexion condi-
tioned (in a flexed position) or extension conditioned (in an 
extended position). In the first series of five trials, the elbow 
flexors of the indicator arm were contracted with the arms 
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held flexed at 90° (Fig. 1A, indicator, flexion contract). After 
the blindfolded subject had relaxed from the conditioning 
contraction, they moved their indicator into a position match-
ing the perceived position of the reference arm. When they 
declared they had achieved a satisfactory match, a marker 
was placed on the angle trace, which was recorded continu-
ously during the matching procedure. Flexion conditioning 
altered the mechanical state of elbow flexors leaving them 
taut and leaving elbow extensors slack during the matches.

In the second series of five trials, elbow extensors of the 
indicator arm were contracted with the arm held extended 
to 0° (Fig. 1B, indicator, extension contract). Again, after 
the subject had relaxed, they moved their indicator arm to a 
matching position with the reference arm. Here, during match-
ing, the elbow flexors lay slack and the extensors were taut.

Experiment 2

In the first series of five trials of this experiment, muscles 
of the indicator arm of the blindfolded subject were initially 

flexion conditioned (in flexed position), as before. At 90°, 
the elbow extensors lay stretched and stable cross-bridges 
in extensor muscles would be expected to form at that 
stretched length. After the flexor contraction, the arm was 
moved into full extension (0°). In the process, the flexors 
were now stretched to a long length and the extensors were 
shortened. The arm was held at 0° for 6 s to allow cross-
bridges in flexors that had been detached by the stretch 
to reassemble at the longer length (Morgan et al. 1984). 
There was no comparable reassemblage of cross-bridges in 
the extensors because their bridges had formed at 90° and 
the shortening movement to 0° would expect them to fall 
slack. The subject then moved their indicator into flexion 
to a matching position (Fig. 1C, indicator, flexion contract-
extend). In the process, elbow flexor muscles were short-
ened and fell slack. The movement into flexion was from 
0° to 40°–50°, which, we believe, was too small a stretch 
of extensor muscles to reset their cross-bridges, since these 
had formed at 90°. All the stretch did was to take up some 
of the slack in the extensors, but not all of it. If there is any 
slack at all in a muscle, spindle background rates will con-
tinue to remain low. So now both flexor and extensor spin-
dle rates of the indicator arm were expectedly low because 
both antagonists lay slack while reference muscles lay taut.

In the second series of five trials, elbow muscles of the 
indicator arm were again slackened, but this time the pro-
cess began with elbow extensors being contracted while the 
arm was held extended (0°). Then, the arm was flexed to 

Fig. 1  Diagrammatic representations of mechanical state of arm 
muscles during conditioning. All matching of arm positions was done 
by blindfolded subjects, matching in the vertical plane, while sup-
porting their arms themselves. Conditioning procedures for the refer-
ence arm were the same for all four panels A, B, C and D. Here, the 
arm was moved by the experimenter to the test angle and held fixed 
in position while elbow flexors and then extensors underwent iso-
metric contractions. In A the indicator arm was flexion conditioned 
(flexion contract). To do that, its position started at 90° at the elbow, 
that is, with the forearm in a vertical position. The subject contracted 
elbow flexors by trying to pull the arm towards their body. Once they 
had relaxed from the contraction, they moved the arm to a matching 
position with the reference arm (dashed line). In B, the reference arm 
was conditioned, as above, the indicator arm extension conditioned 
(extension contract). Here, the arm was moved into full extension 
(0°), and the subject pressed it down on the supporting surface, in 
the process contracting their elbow extensors. Once they had relaxed, 
they were asked to move their arm to a matching position. In C, the 
reference arm was again conditioned as before. Conditioning of the 
indicator arm (flexion contract-extend) began with a flexion contrac-
tion at 90°. After the subject had relaxed, the arm was moved into full 
extension (0°) and left there for 6 s (large arrow). This resets flexor 
cross-bridges to the longer length. The subject then moved the arm 
to a matching position with the reference arm (small arrow). In D, 
the sequence of conditioning of the indicator was reversed. It began 
with a contraction of elbow extensors with the arm held extended 
(0°). Then, the arm was moved into full flexion (90° large arrow), 
held there for 6 s and finally moved into a matching position with the 
reference arm (small arrow)

◂
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90°, held there for 6 s and finally moved into a matching 
position with the reference arm (Fig. 1D, indicator, exten-
sion contract-flex).

In both experiments 1 and 2, after the conditioning pro-
cedures had been completed, position sense was measured. 
Subjects carried out a series of five trials under each of the 
four conditions.

Statistical analysis

A repeated-measures ANOVA was used to test for the 
effects of different conditioning trials on position errors. 
If significance was found, a post hoc (Bonferroni) test was 
used to determine which of the matching trial types were 
significantly different from each other. Pooled data from 
each group of experiments were shown as means ± stand-
ard errors of the mean (S.E.M.).

Results

Experiment 1

Data for a single subject for this experiment are shown in 
Fig. 2A, B. For both sets of trials, the right arm (reference) 
had been conditioned with a co-contraction. At the same 
time, for the trials in (A) elbow flexors of the indicator 
arm were flexion conditioned. The indicator arm was then 
moved by the subject into a matching position. Diagrams 
illustrating the conditioning sequences for reference and 
indicator arms are shown in Fig. 1A. The resulting position 
errors for the five trials all lay in the direction of flexion 
relative to the true position of the reference. For this sub-
ject, errors were scattered about a mean of −9.2° (±6.2°). 
That is, the subject considered that they had achieved a 
satisfactory match with the indicator arm lying too flexed 
by an average of 9.2°, relative to the position of the refer-
ence. The pooled data for the nine subjects (Fig. 3A) gave a 
mean error of −9.3° (±2.2° SEM). 

For the trials in (B), the reference arm had again been 
co-conditioned at the test angle, while the indicator arm 
was extension conditioned, rather than flexion conditioned 
(diagram in Fig. 1B). Here, all five matching errors lay in 
the direction of extension (Fig. 2B). That is, the subject 
believed that they had achieved a satisfactory match with 
the indicator arm held by an average of 8.2° (±2.6°) more 
extended than the actual position of the reference. The 
pooled data (Fig. 3B) yielded a mean of +7.4° (±1.7°).

The conclusion from this experiment was that position-
matching errors could be seen to shift over a range of 
nearly 17° simply by changing conditioning of the indica-
tor arm from flexion conditioning to extension condition-
ing (Tsay et al. 2014). Asking subjects about their matching 

accuracy during these trials, they assured the experimenter 
that on each occasion they had been able to achieve what 
they believed was a satisfactory match.

Experiment 2

In this experiment, conditioning of the reference arm 
was done in exactly the same way as in Experiment 1. 
Here, however, rather than simply flexion or extension 

Fig. 2  Position-matching errors by an individual subject. The dia-
grammatic representation of the conditioned state of muscles in both 
arms for these trials is shown in Fig. 1, where A, B, C and D cor-
respond to panels A, B, C and D in this figure. For all four panels, the 
muscles of the reference arm had both undergone isometric co-con-
tractions. In A, the indicator arm had been flexion conditioned (IND 
FLEX COND), while in B it had been extension conditioned (IND 
EXT COND). In C and D, the indicator arm was conditioned to intro-
duce slack (IND SLACK). The difference between C and D was that 
in C, the slackening process began with a flexor contraction, while in 
D, it began with an extensor contraction. Greyscale points, individual 
values for matches, point in bold, mean value. The convention has 
been used that overestimates by the indicator arm, in the direction of 
extension, have been assigned a positive value, underestimates, in the 
direction of flexion, a negative value. Dotted line indicates zero error
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conditioning the indicator, a method of conditioning was 
employed that generated slack in both indicator elbow 
flexor and extensor muscles (Tsay et al. 2014). The method 
is shown diagrammatically in Fig. 1C, D. For (C), condi-
tioning began with a flexor contraction with the arm held at 
flexed. The experimenter then fully extended the arm, held 
it in that position for 6 s before asking the subject to bring 
it back into a matching position with the reference arm.

The data for a single subject are shown in Fig. 2C. 
Matching errors lay scattered approximately uniformly 
about zero, with a mean error of +0.8° (±3.2°). The pooled 
values for the nine subjects (Fig. 3C) yielded a mean of 
−1.4° (±2.0°).

The experiment was repeated, but this time condi-
tioning of the indicator was begun with an extensor 
contraction with the arm held extended (Fig. 1D). The 
arm was then moved into full flexion, held there for 6 s 
before being moved by the subject into a matching posi-
tion with the reference arm. After conditioning, match-
ing errors again lay scattered about zero, giving a mean 
value of −0.7° (±3.0°) for the five trials (Fig. 2D). The 
mean value for the nine subjects (Fig. 3D) was −1.4° 

(±1.5°). The conclusion from this experiment was that 
introducing slack in indicator muscles and thereby low-
ering levels of proprioceptor discharges in both indica-
tor antagonists led to much smaller matching errors 
when the reference muscles had been conditioned with 
a co-contraction.

The pooled data from both experiments are shown 
together in Fig. 3. The condition of the indicator arm, 
shown as either ‘slack’ or ‘tight,’ relates to whether its arm 
muscles had been either flexion or extension conditioned, 
or slack had been introduced by flexion/extension condi-
tioning followed by stretch. Analysis using repeated-meas-
ures ANOVA confirmed that these errors were significantly 
different, F(2.9, 23.1) = 19.0, p = 0.000. Further Bonfer-
roni post hoc testing showed that when indicator muscles 
had been flexion conditioned, matching errors lay signifi-
cantly more into flexion when compared with extension 
conditioning of the indicator arm (p < 0.05). Introducing 
slack in indicator muscles led to significant falls in match-
ing errors from both the flexion conditioned value and the 
extension conditioned value (p < 0.05), errors which were 
no longer significantly different from zero.

Fig. 3  Position errors for nine subjects after four forms of condi-
tioning. Point A is a plot of matching errors (mean ± SEM) after the 
conditioning sequence shown in Fig. 1A. Position errors were meas-
ured after both elbow muscles of the reference arm had been condi-
tioned isometrically at the test angle and the indicator arm flexion 
conditioned (indicator arm tight, filled circle A). In Fig. 1B, the ref-
erence arm was again co-contract conditioned, and the indicator arm 
was extension conditioned (indicator arm tight, open square B). For 
point C and shown diagrammatically in Fig. 1C, the reference arm 

was again co-contract conditioned while the indicator had been flex-
ion conditioned and then moved into full extension before matching 
(indicator slack, filled circle C). For point D, the reference had again 
been co-contract conditioned, with the indicator extension condi-
tioned and then moved into full flexion before matching (indicator 
slack, open square D). Trends in the data were indicated by a solid 
line where the conditioning procedure began with flexion condition-
ing and by a dashed line where it began with extension conditioning. 
Dotted line zero error. Asterisks significant differences between points
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Discussion

The original experiments that provided evidence for a role 
for muscle spindles in position sense used a forearm match-
ing task and vibration of elbow muscles (Goodwin et al. 
1972). The technique brought by our group to the study 
of the role of muscle spindles in human position sense 
makes use of a property of passive muscle called thixotropy 
(Gregory et al. 1988). Based on observations in animal 
experiments, we were able to use thixotropic conditioning 
of muscles to selectively alter levels of spindle background 
activity (Gregory et al. 1991). In this way, we could gener-
ate consistent, predictable position errors in a limb-match-
ing task (Gregory et al. 1988; Allen et al. 2007; Tsay et al. 
2014).

In the past, we have conditioned both arms with volun-
tary flexor or extensor contractions while the arms were 
held either flexed or extended. Such conditioning always 
left each arm with one muscle taut and its spindles sensi-
tive and the antagonist slack, with spindles insensitive. 
More recently, we devised forms of conditioning that left 
both antagonists in a similar thixotropic state (Tsay et al. 
2014). We have done that in two ways, co-contracting 
both muscles (Reference arm, Fig. 1) or, alternatively, 
contraction followed by stretch to introduce slack (Indica-
tor arm, Fig. 1C, D). For conditioning the reference arm, 
it was placed at the test angle, held fixed in position, and 
one muscle group was contracted isometrically, then the 
other. Because there was no subsequent movement of the 
arm, both antagonists were in a similar, sensitised state. In 
the experiment where the reference arm had been condi-
tioned in this way, when its position was indicated by the 
other arm, which had been flexion or extension conditioned 
in the conventional way (Indicator arm, Fig. 1A, B) large 
matching errors resulted. The errors were in the direction 
of flexion after flexion conditioning and into extension 
after extension conditioning (Figs. 2, 3; see also Tsay et al. 
2014).

It had previously been shown that simultaneous vibra-
tion of forearm antagonists led to abolition of the illusion 
of movement and position experienced when only one of 
the muscle groups was vibrated (Gilhodes et al. 1986). 
The authors concluded that the illusory movement from 
vibration was ‘related to the difference in vibration fre-
quency applied to the two muscles’. The implication was 
that the brain was not listening to the streams of afferent 
signals coming from any one muscle group at a time, but 
to the antagonist difference signal. When both antagonists 
generated similar rates of discharge, be they low or high, 
the difference signal would be low and this was what the 
brain used to compare with the signals coming from the 
other arm. By co-contraction of reference arm muscles 
without any movement, both were in a similar, sensitised 

state, leading both to generate high levels of afferent dis-
charge. However, the difference signal was low. If now the 
other arm was flexion or extension conditioned, with affer-
ent activity coming predominantly from only one of the 
antagonist pair, in order to align the positions of the two 
arms the subject had to move their indicator in a direction 
which best matched the low activity coming from the refer-
ence arm. They did so by moving their indicator very little, 
keeping stretch of the conditioned muscle to a minimum. 
As a consequence, large matching errors resulted in the 
present experiments, 9.3° in the direction of flexion after 
flexion conditioning of the indicator and 7.4° into extension 
after extension conditioning (Fig. 3).

The first point to emerge from this result is that signals 
from both arms contribute to the matching process (Allen 
et al. 2007; White and Proske 2009; Izumizaki et al. 2010). 
The large matching errors resulted from disparate levels of 
signal coming from the two arms. It suggests that the brain 
is listening to signals coming from muscles of both arms 
to determine the degree of their alignment. Our working 
hypothesis is that the brain not only calculates the differ-
ence signal from the antagonist pair of each arm, but, in 
addition, the overall difference in signal coming from the 
two arms. In Experiment 1, the small difference signal 
coming from the reference arm was compared with a large 
difference signal coming from the indicator, and in their 
attempt to align their forearms, subjects made large match-
ing errors.

In the circumstances where large matching errors were 
made because of the state of the indicator arm (Figs. 2A, 
B, 3A, B), it is interesting that subjects appeared to be 
unaware of the errors. They were sometimes asked by the 
experimenter whether they were satisfied with the matching 
position they had adopted with their indicator arm and they 
invariably declared they felt that they had made a reason-
able match. It suggests that they remained unaware of the 
large matching errors they had made.

The second conditioning method, described in Experi-
ment 2 (indicator arm, Fig. 1C, D), deliberately introduced 
slack in elbow antagonists of the indicator arm, so that the 
signals from both muscle groups would be low, as would 
be their difference. To use the sequence illustrated for the 
indicator in Fig. 1C as an example, the initial flexion con-
ditioning left elbow flexors short and taut, the contraction 
removing any slack. At the same time, elbow extensors lay 
stretched and their stable cross-bridges reassembled at this 
stretched length. Moving the arm into extension stretched 
the elbow flexors and shortened the extensors. The 6-s wait-
ing period in the extended position allowed stable cross-
bridges in the flexors to reassemble at the longer length 
(Morgan et al. 1984). Finally, moving the arm into a match-
ing position shortened the flexors and they fell slack, while 
stretching the extensors a little, but not sufficiently for 
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all of their slack to be taken up. So now, at the test angle, 
signals coming from both flexors and extensors were low 
because of slack in both muscle groups. A similar situation 
applied to the conditioning shown in Fig. 1D, except that 
here the conditioning sequence was reversed, beginning 
with an extensor contraction with the arm held extended.

In the original experiment (Tsay et al. 2014), this con-
ditioning had been applied to both reference and indica-
tor arms. Therefore, since slack was present in muscles 
of both arms, both generated low levels of proprioceptive 
signals and that led to the expected result of a low match-
ing error. The point that remained uncertain was whether 
the same result of low matching errors could be achieved if 
reference muscles were left co-contraction conditioned and 
slack was introduced only in indicator muscles. This would 
leave reference muscles with high levels of afferent activity 
and indicator muscles with low levels. However, the signal 
difference hypothesis dictated that absolute discharge rates 
of muscle receptors were not what mattered, it was the dif-
ference signal from the antagonist pair that was used by the 
brain to align the two arms. This point was tested in the 
present experiments. The hypothesis was that the high rates 
of afferent activity in reference antagonists, as a difference 
signal, were comparable to the low rates coming from indi-
cator antagonists when these had slack introduced in them. 
That, indeed, was what was observed. Position errors lay 
close to zero when the position of a reference arm with co-
contraction conditioned elbow muscles was matched by 
an arm with slack introduced in its muscles (Fig. 3C, D). 
Similar conclusions were drawn by Gilhodes et al. (1986) 
who showed that simultaneous vibration of both antago-
nists of an arm prevented generation of a vibration illusion 
and it did not matter whether muscles were vibrated at 20 
or at 40 Hz, provided the frequency was the same for each 
antagonist.

In saying that the difference signal coming from an arm 
is close to zero, we do not mean to imply that at this point 
the arm is deprived of all proprioceptive afference. We are 
simply proposing that such a calculated difference is what 
is used by the brain to compare with the signal coming 
from the other arm to achieve arm alignment. The ‘null 
point’ mechanism (Proske et al. 2014) then aligns the two 
arms, based on achieving a minimum signal difference 
between them. If the nett signal coming from the other arm 
is larger, for example, as a result of it having been flexion 
or extension conditioned, the arm-matching error will be 
larger. If it has a similarly small signal coming from it, the 
matching error will be smaller. For large separations, of 
the arm, beyond an angular difference of 20°, we believe 
that another mechanism comes into play, one that involves 
a central map of the body. We hypothesise that there are 
two mechanisms for generating position sense. One is the 
mechanism we have been discussing, which compares 

differences in spindle signals from the two arms and 
another which does not necessarily involve muscle spindles 
(Proske 2015). Here, sensory information from the arm is 
referred to a central map of the body, the postural schema 
(Longo and Haggard 2010) to determine its position. This 
mechanism does not depend on a comparison between the 
arms, and each arm generates a position signal in its own 
right.

Concluding comments

We are beginning to learn some of the rules by which accu-
rate alignment of the forearms is achieved in a position-
matching task. First, both arms probably contribute equally 
to the task (Allen et al. 2007; White and Proske 2009; 
Izumizaki et al. 2010; Hakuta et al. 2014). Secondly, the 
brain calculates a difference signal from the afferent activ-
ity coming from the antagonist pair of each arm. It is inter-
esting that when the signals from the two arms are made 
deliberately different, as in the present study, by co-con-
traction of the reference and flexion or extension condition-
ing of the indicator, large errors result (Fig. 3A, B). In simi-
lar experiments of this kind (Allen et al. 2007; White and 
Proske 2009; Tsay et al. 2014), the observed errors were 
never more than about 10°. It suggests that the limits of the 
angular range for the matching process are ±10°, that is, a 
total of 20°, which represents about a quarter of the move-
ment range available to subjects (Allen et al. 2007). In the 
future, it would be interesting to explore matching perfor-
mance beyond the limits of this range and, at that point, to 
look for evidence of a change in the underlying mechanism.
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SECTION TWO: INVESTIGATING THE CENTRAL BODY 
REPRESENTATION  
 

CHAPTER 4: SENSORY ORIGINS OF HUMAN POSITION SENSE  
 

Tsay, A., Giummarra, M., Allen, T. J. & Proske, U. (2016). "The sensory origins of human 

position sense." J Physiol 594(4): 1037-1049.  

 

4.1 Explanatory Notes 
Section two of the thesis included a new task for assessing position sense: the pointing task. 

This task required subjects to declare the position of their arm by manoeuvring a pointer 

paddle to the perceived position of their reference arm, which was hidden behind a 

partition.  

 

The experiments presented in Chapter four came about after discrepancies were noticed 

when position sense was measured between the wrist and elbow joint, after contraction of 

the muscles (Gandevia et al., 2006; Smith et al., 2009; Walsh et al., 2013). In the earlier 

experiments, wrist position sense was measured using a pointing task, whereas matching 

tasks were conducted at the elbow. Walsh et al. (2013) subsequently confirmed that motor 

command signals play a role at the wrist but not at the elbow, by measuring elbow and wrist 

position sense using both matching and pointing tasks.  

 

Our interpretation of this result was that peripheral signals were the dominant source of 

positional information at the elbow joint. This raised the question: how can a mechanism 

dependent on muscle spindle signals from both arms generate positional information in a 

single-limb pointing task?  

 

The findings presented in this chapter were perhaps the most important publication in this 

thesis (Tsay et al., 2016) and generated its own Perspectives commentary in the Journal of 

Physiology by Rasman and Blouin (2016). 
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Key points

� Position sense at the human forearm can be measured in blindfolded subjects by matching
positions of the arms or by a subject pointing to the perceived position of an unseen arm.

� Effects on position sense tested were: elbow muscle conditioning with a voluntary contraction,
muscle vibration, loading the arm and elbow skin stretch.

� Conditioning contractions and vibration produced errors in a matching task, consistent with
the action of muscle spindles as position sensors. Position errors in a pointing task were not
consistent with the action of muscle spindles. Loading the arm or skin stretch had no effect in
either matching or pointing tasks.

� It is proposed that there are two kinds of position sense: (i) indicating positions of different
body parts relative to one another, using signals from muscle spindles; and (ii) indicating
position of the body in extrapersonal space, using signals from exteroceptors, vision, touch
and hearing.

Abstract Human limb position sense can be measured in two ways: in a blindfolded matching
task, position of one limb is indicated with the other limb. Alternatively, position of a limb, hidden
from view, is indicated with a pointer, moved by pressing a lever. These experiments examined
the sensory basis of position sense measured in these two ways. Position errors were measured in
14 subjects after elbow flexors or extensors had been conditioned with a half-maximum voluntary
contraction. In agreement with previous studies, in the matching trials, position errors were
distributed according to a pattern consistent with the action of muscle spindles as the position
sensors. In the pointing trials, all errors lay in the direction of extension of the true position of
the hidden arm and their distribution was inconsistent with influences arising in muscle spindles.
Vibration of elbow muscles produced an illusion of muscle lengthening during a matching task,
while during the pointing task no illusion was present. Finally, the matching–pointing error
difference was preserved, even when one arm was loaded with a weight or skin over the elbow
was stretched. It is proposed that there are two kinds of position sense. One is signalled by
muscle spindles, indicating position of one part of the body relative to another. A second provides
information about the position of the body in extrapersonal space and here we hypothesise that
exteroceptors, including vision, touch and hearing, acting via a central map of the body, provide
the spatial information.

(Resubmitted 27 August 2015; accepted after revision 19 October 2015; first published online 5 November 2015)
Corresponding author U. Proske: Department of Physiology, PO Box 13F, Monash University, Clayton, Victoria, 3800,
Australia. Email: uwe.proske@monash.edu

Abbreviations EC, extension conditioning; FC, flexion conditioning; MVC, maximum voluntary contraction; TVR,
tonic vibration reflex.
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Introduction

Proprioception is the group of sensations generated by the
body’s own actions. It includes the senses of limb position
and movement, the senses of force and heaviness, the sense
of effort and the sense of balance. The present account
concerns the sense of limb position. For a recent review,
see Proske & Gandevia (2012).

Up to the 1970s it was believed that joint receptors
provided the afferent signals for position sense. The
experiments of Goodwin et al. (1972) changed that view,
providing evidence for muscle spindles as the principal
kinaesthetic sensors. At the time of those experiments
it was already known from animal experiments that in
a passive muscle the muscle spindles were selectively
sensitive to vibration (Brown et al. 1967). Goodwin
et al. showed that vibration of human elbow muscles
produced illusions of movement and changed position
of the forearm. The interpretation was that the increase
in spindle activity produced by the vibration generated
a sensation of lengthening of the muscle, leading to an
illusion of movement about the elbow. The conditions
for this experiment required the subject to track with one
arm the perceived sensation generated in the other. So to
demonstrate the illusion it was necessary to carry out an
arm matching task. Since that time this experiment has
been repeated many times at a number of different joints
with essentially similar results (see recent review by Proske,
2015).

For a number of years the observations of Goodwin
et al. (1972) remained the principal evidence in support
of muscle spindles as proprioceptors. Subsequently
additional evidence was provided from a rather different
quarter. Passive muscle has a property, thixotropy,
which gives it a history-dependent, passive tension and
stiffness (see Proske et al. 2014). The intrafusal fibres
of muscle spindles exhibit thixotropy and the effects
of thixotropic changes in a muscle on the responses
of muscle spindles have been studied in animal pre-
parations (Proske et al. 1993). Effects of thixotropic
conditioning on muscle spindle discharges were shown
by Gregory et al. (1988) in an animal preparation, and
in a parallel series of experiments they demonstrated that
similar sequences of conditioning of human elbow muscles
generated predictable errors in a forearm matching
task.

The importance of thixotropy is that only skeletal
muscle and muscle spindles exhibit this property. So
effects on position sense from thixotropic conditioning
must be attributed to changes in discharges of muscle
spindles and not to skin or joint receptors. It is known
that conditioning can change the level of background
discharge in muscle spindles (Gregory et al. 1991).
Background activity is believed to provide the afferent

signal for limb position sense (Clark et al. 1985). Input
from primary endings of spindles contributes to both
position and movement sense, while secondary endings
contribute predominantly to position sense (Matthews,
1988).

The experiments on position sense by Gregory et al.
(1988) and many other experiments since then all have
in common that they use a limb matching task to
demonstrate position errors, in much the same way as
Goodwin et al. (1972) had done. The underlying idea is
that a blindfolded subject locates the position of one arm
by moving the other arm until the sensations of position
generated by the two arms feel the same. It is a sensation
matching task.

Intuitively, the obvious method of measuring the
position of an unseen body part is not by aligning it with
another body part, but by pointing to where we think
it is. So position sense could be measured by pointing
rather than by matching. Velay et al. (1989) were the
first to recognise the distinction between the two methods
of measurement. In order to explore possible differences
between them, they exposed subjects to 11 deg wedge
prisms and found that the shift in gaze produced by
repeated exposure to the prisms led to subsequent errors
only in blindfolded pointing tasks, not in matching tasks.
The authors proposed that pointing measured orientation
in space so that wearing the prisms led to displacement of
objects along the axis of gaze, producing an adaptive shift
that was responsible for the subsequent errors. Position
matching measured the relative angular positions of limb
segments in intrapersonal space that were left unaffected
by prism exposure.

We have been studying position sense for a number
of years (Proske et al. 2014). Up until now we have
mostly determined position sense using a limb matching
task. In recent matching experiments at the forearm,
using the muscle conditioning method, we concluded
that central processing of the positional information was
concerned with the afferent signal difference coming from
the antagonist muscle pair at the elbow of each arm and
with the total signal difference between the two arms (Tsay
et al. 2014, 2015).

The limb position matching method requires
information provided by afferent input from both arms
(Allen et al. 2007; White & Proske, 2009; Izumizaki et al.
2010; Hakuta et al. 2014). Since the evidence points to
muscle spindles as playing a dominant role in such tasks,
it raises the question, how can a mechanism dependent
on impulses in muscle spindles from both arms generate
positional information in a one-limb pointing task? This
question was addressed in the present experiments. The
hypothesis was tested that limb position, when measured
by moving a pointer, would not use the signals from muscle
spindles in the same way as in matching.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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Methods

Three experiments were carried out. In the first 14 sub-
jects were recruited, in the second 10 subjects and in
the third nine subjects, making for a total of 33 sub-
jects, 12 male and 21 female. The average age of sub-
jects was 23.9± 0.7 years. Subjects gave informed, written
consent prior to participating in the study, which was
approved by the Monash University Human Research
Ethics Committee. The ethical aspects of the experiments
conformed to the Declaration of Helsinki.

The apparatus

Position sense was measured in two ways (Fig. 1). For
the matching task the blindfolded subject sat at a table
and placed both forearms on the lightweight paddles of a
custom-built piece of apparatus like that used previously
for measuring forearm position sense (Allen & Proske,
2006). The forearms, palms facing upward, were strapped
to the paddles by Velcro straps 5 cm in width, placed
just below the crease of the wrist. In order to minimise
potential differences in skin sensation between the two
arms, equal tension from the strapping was checked before
proceeding with the experiment. One arm was designated
the reference arm (the arm placed at the target angle by
the experimenter), while the other arm was the indicator
arm (the arm moved by the subject to match the position
of the reference arm.)

In the pointing task the two arms were separated by
a screen, in such a way that the subject was unable to
see the reference arm. The reference arm was strapped
in, as before, and its position set by the experimenter. In
a pointing trial the subject moved a lever at the base of
the pointer paddle, pushing it downwards to move the
pointer upwards until it was perceived to be aligned with
the hidden reference paddle (Fig. 1).

Forearm and pointer angles were measured using
potentiometers located at the hinges of each paddle.
The hinges were co-linear with the elbow joint. The
potentiometers provided a continuous voltage output
proportional to the angle of each paddle, where
0 deg indicated that the forearm was horizontal and
90 deg indicated that it was vertical. Calibration of the
potentiometers was checked before commencement of an
experimental series with each subject.

Muscle activity of the reference arm was measured using
surface electromyogram (EMG). Here we did not analyse
the EMG signal as such, but simply used it as an indication
of whether or not the subject had remained relaxed as the
experimenter moved the reference arm to the test angle. A
pair of Ag–AgCl electrodes with an adhesive base and solid
gel contact points (3M Health Care, London, Ontario,
Canada) were placed approximately 2.5 cm apart over
the surface of the biceps brachii and triceps brachii. A

grounding electrode was placed on the collar bone. The
EMG signal was band-pass filtered (high pass, 1 kHz; low
pass, 0.3 Hz) and the output was connected to an audio
amplifier for biofeedback. Position, force and EMG signals
were acquired at 40 Hz using a MacLab 4/s data acquisition
module running Chart software (ADInstruments, Castle
Hill, NSW, Australia) on an Apple Macintosh computer.

The two paddles could be locked in position at 90 deg by
metal struts to which force transducers had been attached.
The force signal was amplified and displayed on the screen
of a computer. Real-time force levels could be displayed to
help subjects generate maximum voluntary contractions

referencePointing Task

Matching Task
A

B

pointer

reference

indicator

Figure 1. The position sense tasks
Position sense was measured in two ways. A, in the matching task,
blindfolded subjects’ arms were strapped to paddles, one arm
designated the reference, the other the indicator. Forearm position
was measured by potentiometers located at the hinges of the
paddles, which were co-linear with the elbow joint. The
experimenter placed the reference arm at a test angle and the
subject held it there while moving the indicator arm into a matching
position. B, in the pointing task the two arms were separated by a
screen (dashed line) which blocked the subject’s view of the
reference arm. The reference arm was strapped to a paddle, as
before, and was placed at the test angle by the experimenter. Once
the reference arm was in position, the subject pressed a lever with
the other hand to move the pointer paddle to align it with the
perceived position of the hidden reference arm.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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(MVCs). At the beginning of an experiment, subjects
were asked to generate an MVC of their elbow flexors by
flexing both arms towards the body while the supporting
paddles were locked in position at 90 deg. The value of
MVC was used as a guide for generating approximately
half-maximal MVCs for the muscle conditioning and for
calculation of 10% MVC values for the extra load in
Experiment 3.

Measuring position errors

Position errors between the two paddles were calculated
using the formula: position error = reference angle –
indicator angle, where all three are measured in degrees.
The convention was used that a positive error was an error
in the direction of extension relative to the position where
the two arms were accurately aligned. A negative error was
an error in the direction of flexion.

Reference and indicator arms were randomly assigned
for each set of trials to reduce any biases from matching
with a dominant or non-dominant arm (Goble et al. 2006).
During a matching trial the reference arm was placed by the
experimenter at an angle of 40–50 deg and the blindfolded
subject was asked to match its perceived position with their
indicator arm. In a pointing trial the reference arm was
positioned in the same way, but the subject indicated its
position by moving the pointer paddle to align it with the
hidden arm.

During movement of the reference arm subjects were
asked to remain relaxed. This was monitored with auditory
feedback of EMG. Throughout these experiments, once
the reference arm had been placed at the test angle, the sub-
ject maintained its position voluntarily. All of the matching
by the indicator arm was also done voluntarily by the
blindfolded subject. In both matching and pointing trials
subjects were therefore required to generate mild contra-
ctions sufficient to support the reference arm against
gravity and in the matching task for movement of the
indicator into the matching position. These conditions
were chosen to keep both matching and pointing processes
close to what subjects might do in everyday life.

Experiment 1: muscle conditioning

The thixotropic state of a muscle can significantly alter
the responses of muscle spindles and therefore exerts a
strong influence on the measurement of position sense
(Proske et al. 2014). In order to avoid thixotropy-related
misinterpretations it is necessary at the start of each
position matching trial to put elbow muscles of both the
reference and indicator arms into a defined state. This is
called muscle conditioning. In the pointing trial it was,
of course, only necessary to condition the reference arm.
In Experiment 1 two different forms of conditioning were
used. In the matching task, for flexion conditioning (FC),

both arms were moved to 90 deg and the blindfolded
subject was asked to generate a 2 s, approximately
half-maximum, isometric contraction with elbow flexors
of both arms by flexing the forearms towards the body.
Once the arms had relaxed, the reference was moved by
the experimenter into extension to the test angle and the
blindfolded subject attempted to match its position by
moving the indicator arm. For extension conditioning
(EC) the arms were moved into full extension (0 deg)
and subjects were asked to push down onto the paddles to
generate a half-maximum contraction in elbow extensors.
Once the subject had relaxed, the reference arm was moved
in the direction of flexion to the test angle and its position
was matched.

In the pointing task the conditioning procedures were
the same except that only the reference arm was flexion or
extension conditioned.

In an experimental trial one or both arms had
been either flexion or extension conditioned. For
flexion conditioning it left elbow flexors taut after the
conditioning contraction and when the reference arm
was moved from 90 deg to the test angle, the flexors
were stretched by the movement and therefore their
spindles were kept in a sensitised state. The same
movement slackened the extensors whose spindle activity
therefore fell to low levels. This meant that after flexion
conditioning the proprioceptive signal coming from the
reference arm was biased in favour of elbow flexors. After
extension conditioning the reverse was true, the signal
predominantly coming from elbow extensors.

Subjects carried out a series of five trials using each
conditioning sequence, making for a total of 10 trials. The
same sequence of trials was used in the pointing task, but
conditioning was applied only to the reference arm.

Experiment 2: muscle vibration

This experiment was carried out on an additional cohort
of 10 subjects. Muscle vibration elicits an illusion of
muscle stretch, producing a sensation of elbow extension
when biceps brachii is vibrated and elbow flexion when
triceps brachii is vibrated (Goodwin et al. 1972). Here the
question was posed, is there was any difference in size of
the vibration illusion if it was measured in a matching
or a pointing task? For these trials muscle conditioning
was again used, flexion or extension conditioning of both
arms in the matching task and of the reference arm in
the pointing task. Inspection of the earlier data indicated
that three trials for each condition, rather than five,
were sufficient to achieve a statistically reliable result.
Therefore in this experiment a total of 12 trials was carried
out in the matching task and 12 trials in the pointing
task, three trials for each of four conditions: flexion
conditioning only, flexion conditioning plus vibration,
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extension conditioning only and extension conditioning
plus vibration.

Past experiments have shown that conditioning
sensitises a muscles to vibration and this enhances the
vibration illusion (Gooey et al. 2000). So after matching
trials with both muscles flexion conditioned, matching was
repeated during vibration of elbow flexors. After matching
trials with muscles extension conditioned, vibration was
applied to elbow extensors. Similarly in the pointing task,
vibration was always applied to the muscle that had been
contraction conditioned.

A vibrator was strapped to the belly of biceps or triceps
brachii of the reference arm using elastic straps. The
vibrator consisted of a custom-built plastic cylinder which
housed a weight mounted eccentrically on the shaft of a
small electric motor. The vibrator was 3 cm in diameter
and 8 cm long. Vibration amplitude was approximately
1 mm and the frequency could be adjusted to lie near 70 Hz,
close to the optimum for generating the illusion (Tidoni
et al. 2015). Because of the small size of the vibrator, its
stimulus was relatively localised, acting predominantly on
biceps or triceps, depending on its placement. It is not
possible to be certain whether there was some spread of the
vibration, but the consistency of the illusions it generated
and, when present, the direction of any reflex contraction
supported the view that the stimulus was largely limited
to the muscle to which the vibrator had been attached.
In each trial the vibrator was turned on after muscles had
been conditioned and the reference arm had been placed at
the test angle. After 10 s of vibration subjects carried out a
match or pointed to the position of the hidden arm, while
vibration continued. The vibrator was turned off as soon
as the subject declared that a satisfactory match had been
achieved. In some subjects a tonic vibration reflex (TVR)
developed during the vibration. Subjects were asked to
focus their attention on the illusion of arm movement into
extension produced by the vibration and to try to ignore
any reflex contraction. They readily did this and unless
it was a strong contraction they were happy to ignore it.
If they developed a strong TVR they were excluded from
further measurements.

Experiment 3: loading the arm and skin stretch
at the elbow

The experiment, carried out on a cohort of nine subjects,
explored possible factors responsible for the difference
in the distribution of errors in forearm pointing and
matching tasks. In this experiment we first considered the
possibility that a signal of central origin associated with the
effort required to support the weight of the arm provided
positional information. To test that idea, the reference arm
was loaded with a weight corresponding to 10% MVC
attached to the end of the paddle. Matching and pointing
tasks were then carried out as in Experiment 1. The

subject had to maintain position of the arm at the test angle
while generating the extra force required to support the
load. For the sake of simplicity, in this experiment position
sense was measured only after flexion conditioning.

In a second task, for both matching and pointing,
the role of cutaneous input to position sense was tested.
The hypothesis was tested that afferent activity generated
by skin stretch during elbow flexion provided positional
information (Collins & Prochazka, 1996). To do that, skin
over the elbow joint of the reference arm was stretched in
a distal direction by means of a thread taped to skin of
the forearm with 3.5 cm wide sports tape. The thread
was attached at a point just distal to the elbow joint.
After muscle conditioning, the reference arm was placed
at the test angle and its position maintained by the sub-
ject. A force transducer (Attonic, Toyohashi, Aichi, Japan)
attached to the end of the thread monitored the force of the
stretch which was set at between 10 and 15 N. Subjects were
instructed to wait until they were told by the experimenter
to make a match. This ensured that in the reference arm
the required force of skin stretch had been reached by the
experimenter before each pointing or matching attempt.

Each subject carried out the loading and skin stretch
trials in blocks of five repetitions. The order of the blocks
was presented at random to each subject.

Statistical analysis

In each experiment trial conditions were randomised.
For Experiments 1 and 2, Student’s paired t test was used

to test for the effect of task and vibration, respectively, on
position errors. In Experiment 3, the effect of load and skin
stretch on matching and pointing errors was tested using
a repeated measures ANOVA. All group data are shown as
means± standard error of the mean (SEM).

Results

In the first experiment we compared position errors in
matching and pointing tasks after altering muscle afferent
activity in elbow muscles using muscle conditioning
techniques. In the second experiment we compared the
size of the illusion of muscle lengthening during muscle
vibration as measured in matching and pointing tasks. In
the third experiment the effects of loading the arm and of
stretch of skin over the elbow joint were tested in matching
and pointing tasks.

Experiment 1: muscle conditioning

Position errors measured in a matching task. Typical
results for a single subject in a forearm matching task
after flexion and after extension conditioning are shown
in Fig. 2A. In the five trials with flexion conditioning,
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the subject consistently matched with small errors in the
direction of flexion, with a mean error of −3.9 deg. After
extension conditioning the subject matched with errors
consistently in the direction of extension, with a mean
error of +6.7 deg. These trends were confirmed by the
group data for the 14 subjects (Fig. 2B). Mean matching
error after flexion conditioning was −0.3 ± 1.2 deg and
after extension conditioning it was +2.4 ± 1.7 deg. The
directions and sizes of the errors were similar to those
reported previously for matching tasks, using similar
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Figure 2. Position errors in a forearm matching task
Position errors are shown for a single subject (A) and the group of
14 subjects (B). Matching errors were measured after flexion
conditioning (FC) or extension conditioning (EC). Conditioning
consisted of a half-maximum voluntary contraction of both arms
with the arms held flexed or extended. The reference arm was then
moved to the test angle by the experimenter and the subject
matched its position with the other arm. For the single subject (A),
matching errors for each of the 5 trials are shown as grey circles, and
the mean is shown as a black circle. The group data (B) show mean
errors for the group (filled circles ±SEM) after the two forms of
conditioning. In this and subsequent figures the convention is used
that errors by the indicator arm in the direction of extension relative
to the position of the reference arm have been assigned a positive
value, errors in the direction of flexion a negative value. Dotted line
denotes zero error.

muscle conditioning (Tsay et al. 2014). The difference
between values observed here and obtained previously
after flexion conditioning was 2.6 deg and after extension
conditioning the difference was 0.1 deg. So the results in
the matching trials of the present study were in line with
expectations, based on previous observations.

Position errors measured in a pointing task. The
experiment described above was repeated, but condi-
tioning was restricted to only one arm, the unseen
reference arm. Its position was indicated by the subject
moving the pointer paddle (Fig. 1B). For the single sub-
ject, with five trials after flexion conditioning, the mean
error between the position of the reference arm and the
position of the pointer was +6.1 deg. After extension
conditioning the error was +4.9 deg (Fig. 3A). These
trends were reflected in the group data (Fig. 3B). The
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Figure 3. Position errors in a forearm pointing task
Position errors are shown for a single subject (A) and for the group
(B). For the single subject pointing errors in individual trials are
shown as grey circles, and the mean is shown as a black circle. For
the group, means (±SEM) are shown as filled circles. Error display as
for Fig. 2.
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mean error after flexion conditioning was+5.0± 0.9 deg,
and after extension conditioning +4.7 ± 0.8 deg. The
effect of task, matching versus pointing, was examined
using a paired t test, which was significant (t(27) = −3.1,
P= 0.005).

The important difference in outcomes between the
pointing and matching trials was the difference in the
pointing trials between the observed and predicted errors,
based on previous matching experiments (Tsay et al.
2014). For the pointing trials the observed errors differed
from expectation by 4.8 deg for flexion conditioning and
14.3 deg for extension conditioning. Such large differences
indicated that during pointing the errors did not conform
to predictions based on postulated changes in afferent
activity produced by muscle conditioning.

Experimenter-move versus self-move. As the results
unfolded, it became clear that muscle conditioning had
different effects on forearm position errors measured in
pointing and matching tasks. While errors measured in
the matching task were roughly in line with observations
made in the past, there was no obvious explanation for
the distribution of errors in the pointing tasks. It is known
that in forearm matching, signals from both arms make a
contribution (White & Proske, 2009; Hakuta et al. 2014;
Tsay et al. 2014; Tsuge et al. 2012). In the search for an
explanation of the pointing results, the possibility was
considered that the movement carried out by the arm
pressing the lever to align the indicator paddle (Fig. 1B)
influenced, in some way, the measured values.

To put this idea to the test, for 8 of the 14 subjects
pointing errors were measured both with the subjects
aligning the pointer themselves and with the alignment
carried out by the experimenter. Here the experimenter
adjusted the position of the pointer until the sub-
ject declared accurate alignment with the unseen arm.
Throughout the trial the subjects’ other arm rested on
their lap, unmoving.

Results for the eight subjects are shown in Fig. 4,
for both forms of conditioning. Notice that the general
trends of the data are in the same direction as for
pointing errors in Fig. 3, but they remain different
from the distribution of matching errors (Fig. 2). It
can be seen that when the pointer paddle was moved
by the experimenter, position errors lay further in the
direction of extension. For flexion conditioning mean
values were +4.3 ± 0.9 deg for self-moved versus
+8.6 ± 1.4 deg for experimenter-moved. For extension
conditioning, values were +5.0 ± 1.0 deg for self-moved
versus +8.2 ± 1.4 deg for experimenter-moved. A paired
t test showed a significant difference between self- and
experimenter-moved errors (t(15) = −3.3, P = 0.005).
It was concluded that there was a difference in pointing
errors when the pointer was moved by the experimenter,

compared with when it was moved by the subject. The
more general trend previously seen in pointing trials that
the errors all lay in the direction of extension remained
unchanged.

In the present experiments, the pooled matching trials
generated mean errors 1.4 deg different from errors
observed in previous matching experiments, while for
pointing trials the mean difference was 9.6 deg. It was clear
that position errors in a pointing task did not conform to
predictions based on previous observations.

There was an obvious trend that for pooled means all
of the pointing errors lay in the direction of extension
relative to the true position of the reference arm; none
lay in the direction of flexion. Secondly, the size of the
errors was roughly similar, about 5 deg. This implied
that conditioning was not having the expected effect and
similar errors were produced no matter what form of
conditioning was used. That is, it was possible that in a
forearm pointing task the central processes involved in
generating the sensation of limb position were relatively
insensitive to changes in spindle afferent input generated
by muscle conditioning. In order to test this idea, a
more powerful stimulus for muscle spindles than muscle
conditioning was necessary. To do that, elbow flexors and
extensors were vibrated and the sizes of the vibration
illusions were compared in matching and pointing tasks.

Experiment 2: muscle vibration

Muscle vibration at 70 Hz was applied to elbow flexors after
flexion conditioning and elbow extensors after extension
conditioning (Gooey et al. 2000). In the matching task
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Figure 4. Errors in a pointing task when the pointer is moved
by the subject or the experimenter
Mean pointing errors (±SEM) for a group of 8 subjects, using flexion
conditioning (FC) and extension conditioning (EC). Filled circles,
pointing errors when the subject moved the pointer themselves,
open circles, when the pointer was moved by the experimenter.
Analysis using a paired t test showed a significant difference
between self- and experimenter-moved pointing trials (P < 0.05).

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



1044 A. J. Tsay and others J Physiol 594.4

subjects were instructed to follow any perceived movement
of the vibrated reference arm with their indicator arm. In
the pointing task they were asked to point to where the
vibrated arm had appeared to move. The results are shown
in Fig. 5.

In the matching trials, after flexion conditioning of both
arms, without vibration, errors were −4.9 ± 1.1 deg.
When matching was done while the reference arm was
vibrated, errors fell to−0.6± 1.1 deg. That is, the expected
illusion of arm extension by 4.3 deg had been induced by
the vibration. When the experiment was repeated, but
this time only the reference arm was conditioned and
its position determined with the pointer, the error after
flexion conditioning, before vibration, was+5.0±1.3 deg.
In the presence of vibration of the reference arm the error
fell slightly to +3.7 ± 1.4 deg. This was a trend in a
direction opposite to that predicted since vibration should
have produced errors into extension, not flexion.

After extension conditioning, the mean matching error
before vibration was+1.0± 1.6 deg and during vibration
of elbow extensors it fell, in the expected direction
of flexion, to −5.3 ± 1.0 deg. That is, an illusion of
6.3 deg in the direction of flexion had been generated.
During pointing trials, the mean error in the absence of
vibration was+3.9± 1.4 deg, which changed only slightly
during vibration to +3.6 ± 2.4 deg. To summarise, in
the matching tasks elbow flexor vibration produced the
expected illusion of arm extension and elbow extensor
vibration produced the expected illusion of arm flexion.
These vibration-evoked errors were not present when
position sense was measured in a pointing task.

A paired t test was used to examine the effect of
vibration on flexion and extension conditioning for both
matching and pointing trials. A significant effect was found
in the matching trials (FC vs. FC + Vib, t(9) = −3.2,
P = 0.011; EC vs. EC + Vib, t(9) = 4.8, P = 0.001).
However, no effect of vibration was found in either
pointing conditions (FC vs. FC + Vib, t(9) = 0.75,
P = 0.47; EC vs. EC + Vib, t(9) = 0.12, P = 0.91). It was

concluded that in an experiment specifically designed to
powerfully stimulate muscle spindles to evoke the expected
kinaesthetic illusions, those illusions were present only in
the forearm position matching task but not the pointing
task.

Experiment 3: loading the arm and skin stretch
at the elbow

The question was posed, if muscle spindles are not
responsible for providing the position signal in pointing
tasks, how is position signalled? One possible source of
signal was the motor command generated by the sub-
jects to support their arm at the test angle. Another was
input from stretch-sensitive cutaneous receptors around
the elbow joint. These possibilities were explored in the
next experiment. For simplicity, this experiment used only
flexion conditioning of the arms.

The working hypothesis for the loading experiment
was that in the pointing task the effort required to
support the arm provided positional information and this
accounted for the difference in errors between matching
and pointing. We hypothesised that if the arm was loaded,
the extra effort required to maintain its position at the test
angle would lead to perception of a more flexed arm than
was really the case (Walsh et al. 2013). To test that idea, the
reference arm was loaded with a weight corresponding to
a muscle force of 10% MVC. We predicted pointing errors
after arm loading that would lie further in the direction of
flexion.

In the search for additional sources of sensory input that
might account for the difference in position errors during
pointing and matching, we considered the afferent signals
generated by stretch of skin over the elbow joint. To alter
this signal a thread was attached by tape to a point just
distal to the joint and pulled distally with a stretch force
of 10–15 N. Here the working hypothesis was that skin
stretch would raise the cutaneous afferent signal about the
elbow joint, leading to perception of a more flexed arm.
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Figure 5. Errors in matching and pointing tasks during
muscle vibration
Subjects carried out matching trials (filled circles ±SEM) or
pointing trials (open circles ±SEM) after flexion conditioning (FC),
or extension conditioning (EC) and then repeated them in the
presence of muscle vibration at 70 Hz. After FC the elbow flexors
were vibrated (FC + F.Vib), after EC the extensors were vibrated
(EC + E.Vib). Asterisk indicates significant difference between
conditions (P < 0.05).

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 594.4 Two kinds of position sense 1045

The results are shown in Fig. 6. For this cohort, in
the control matching task after flexion conditioning, sub-
jects matched quite accurately, with a mean error of
+0.9 ± 2.0 deg. The matching errors shifted further
into extension under 10% MVC load (1.4 ± 1.6 deg
and skin stretch (1.3 ± 1.7 deg. However, analysis
using a repeated measures ANOVA found no significant
differences between matching conditions (F(2, 16)= 0.71,
P= 0.507).

In the pointing task, position errors following flexion
conditioning were+12.8± 2.4 deg. Pointing errors under
10% MVC load were 10.9 ± 2.5 deg and 11.6 ± 1.9 deg
with skin stretch. Similar to the matching errors, a repeated
measures ANOVA found no significant effect between
conditions (F(2, 16)= 0.60, P= 0.560).

Discussion

We have presented evidence in support of the view that for
two simple, psychophysical tests of human limb position
sense, the afferent signals are different. More specifically,
we propose that the contribution from muscle spindles is
not the same in matching and pointing tasks.

Experiment 1: muscle conditioning

We used two techniques to test for a role for
muscle spindles in position sense. The first was
muscle conditioning. The present matching experiments
generated position errors after conditioning that
conformed to predictions based on known properties
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Figure 6. Errors in matching and pointing task during loading
and skin stretch
Matching errors (filled circles) and pointing errors (open circles) after
flexion conditioning of arm muscles (FC), after flexion conditioning
when the reference arm was loaded with a 10% MVC weight
(FC + 10% MVC) and after flexion conditioning, while skin over the
elbow was stretched in a distal direction (FC + Skin Stretch). No
effect of load or skin stretch was detected with either the pointing
or matching tasks (P < 0.05). Dotted line, zero error.

of muscle spindles and on the findings in previous
experiments (Proske et al. 2014). However, in the pointing
task all errors lay in the direction of extension, regardless
of the form of conditioning, a result that goes against
predictions. Flexion conditioning is predicted to raise
flexor spindle activity and lower extensor activity. The
stronger flexor signal would be interpreted by the brain as a
longer, more stretched flexor muscle, leading to perception
of a more extended forearm. Conversely, extension
conditioning would be expected to raise extensor spindle
activity and lower flexor activity, leading to perception of a
more flexed forearm. If spindles were involved in pointing,
position errors after flexion conditioning should have been
in the direction of extension; after extension conditioning
they should have been in the direction of flexion. That was
not the case, and the simplest explanation of the pointing
results is that the position signal generated in the hidden
limb is insensitive to changes in spindle activity produced
by muscle conditioning. Why the position errors measured
in pointing all lay in the direction of arm extension
and why they became larger when the experimenter
moved the pointer (Fig. 4) remain unclear. The error
bias into extension is reminiscent of a positional bias
observed when subjects are asked to point to the position
of their unseen hand. They tend to perceive their left
hand as shifted to the left and their right hand shifted
to the right, independent of hand position (Bellan et al.
2015).

There has been one other recent study in which
matching and pointing tasks were compared at the wrist
and elbow (Walsh et al. 2013). In experiments using
essentially the same procedures as the present study, it
was found at the elbow that errors in the matching task lay
near zero, as they did in our experiments (Fig. 2B) and in
the pointing task they were all distributed in the direction
of elbow extension, as also seen in the present study. At
the wrist, while matching errors remained close to zero,
pointing errors all lay in the direction of flexion. These
observations raise the possibility that the direction of
the pointing errors seen in the present study may be unique
to the elbow joint and that at other joints, including the
wrist, the bias of errors may be different. This is a point
for future experiments.

Experiment 2: muscle vibration

The conclusion from the muscle conditioning experiments
that spindle activity was not directly involved in generating
the pointing errors was reinforced by the results of
Experiment 2. Vibration is a powerful stimulus for muscle
spindles (Brown et al. 1967; Roll et al. 1989). The rates
of increase in spindle firing during vibration of a passive
muscle are likely to be much higher than would normally
be encountered in everyday life. Despite this, the vibration
illusion, measured as perceived arm extension during
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vibration of elbow flexors and as arm flexion during
vibration of elbow extensors (Goodwin et al. 1972), was
only present in the matching task. It was not present
when subjects pointed to the hidden arm during vibration
(Fig. 5).

The present results do not entirely agree with the
observations of others. Izumizaki et al. (2010) measured
position sense in blindfolded subjects during vibration of
the reference elbow flexors and compared the size of the
vibration illusion, in a matching task, with the illusion
measured in a pointing task by moving a dummy arm. In
the pointing task with the dummy, the vibration illusion
was still present, but reduced by 30%. Kammers et al.
(2006) reported that during vibration of elbow flexors, the
size of the illusory displacement of the arm was three times
larger in a matching task, compared with a reaching task.
Both of these reports suggest that the vibration illusion
may not always be completely suppressed during pointing.
What does emerge is that changing from a matching to a
pointing task alters the central expression of the spindle
signal evoked by vibration. Presumably, under the specific
conditions of our experiment, 70 Hz vibration applied for
10 s, the illusion was fully suppressed during the pointing
task. By comparison, Kammers et al. (2006) used 75 Hz
vibration for 10 s and Izumizaki et al. (2010) used 70–80 Hz
for the duration of the matching process. So the parameters
of stimulation in the three studies were comparable.

If the central processes underlying the generation of
position sense signals in matching and pointing tasks are
indeed different, it is still possible that both may be able
to coexist at any one time. In the pointing experiments
of Kammers et al. (2006) and Izumizaki et al. (2010) the
arms were relatively closely placed, raising the possibility
that here position signals for pointing and matching tasks
could have been present at the same time. Evidence for
a participating matching signal during the pointing task
would be the presence of vibration responses. In the pre-
sent study, for the pointing tasks, positions of the arms
were too different for any matching signal to be able to be
generated (Fig. 1B).

Experiment 3: loading the arm and skin stretch
at the elbow

If, during pointing, muscle spindles no longer provided
the principal position signal, what might be the neural
basis for position sense in this task? In all of the present
experiments the reference arm was strapped to a paddle
and the subject held the arm at the test angle after it
had been placed there by the experimenter. It raises the
possibility that motor activity associated with holding
the arm in place is involved in generating a position
signal. In addition there would be some skin stimulation
from contact between arm and paddle, as well as input

from joint receptors, all of which could provide cues for
position of the arm in space. These considerations led to
Experiment 3, which tested whether position errors could
be altered by increasing the load on the arm or by stretching
the skin over the elbow joint.

Loading the arm. When the load on the arm was increased
by 10% MVC there was no change in position errors
in either the matching or pointing tasks (Fig. 6). Here
the underlying hypothesis was that the additional motor
command signals required to support the increase in load
would contribute to the positional signal. It has been
calculated that the torque required from elbow flexors to
support the arm at 45 deg represents about 5% MVC
(Winter et al. 2005). So a 10% MVC load represents
an approximate tripling of the weight of the arm. It
was therefore expected that after flexion conditioning,
pointing errors with a loaded arm would lie further in
the direction of flexion (Walsh et al. 2013). That was not
the case.

The idea of an effort-related signal contributing to
kinaesthesia is well established in the literature. It has been
shown in paralysed, anaesthetised wrist muscles that a 30%
MVC isometric effort leads to sensations of movement and
displacement of the hand about the wrist in the direction
of the applied effort (Gandevia et al. 2006; Smith et al.
2009). However, similar evidence from loading the arm is
lacking for the elbow (Ansems et al. 2006; Allen et al. 2007,
2010). This difference in outcomes was recently addressed
by Walsh et al. (2013) who confirmed all of the earlier
observations on the wrist and forearm and concluded that
for both matching and pointing tasks the contribution of
motor commands to position sense differed between the
elbow and wrist. At the forearm there was no evidence of
an effort-related position signal.

Stretch of skin over the elbow. There is evidence that
skin receptors, most probably the slowly adapting Type
II receptors served by Ruffini endings, are able to act as
proprioceptors (Proske & Gandevia, 2012). This has been
shown by applying stretch to skin over a joint (Collins
& Prochazka, 1996; Collins et al. 2005). However, the
applied stretches were pulsatile and all of the sensations
reported were of movement, not of displaced position. In
Experiment 3 we attempted to increase skin afferent input
at the elbow by applying a strong static stretch to elbow
skin in the direction of the hand. This would be expected
to tighten the skin over the elbow joint, as would occur
from flexing the elbow. We therefore expected skin stretch
to lead to position errors in the direction of flexion. In
the event, skin stretch did not produce any new position
errors in either the matching or pointing tasks (Fig. 6). We
consider this an inconclusive result, which was perhaps to
be expected, in view of the lack of available evidence for
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an effect of skin stretch on static position sense. In future
experiments attempts should be made to try to increase the
intensity of skin stimulation using stretch in combination
with vibration (Collins et al. 2005) and perhaps also skin
cooling (Hunt & McIntyre, 1960) in order to try to get to
a point where there is an effect on position sense.

Afferent projection pathways for matching and pointing.
In their report of differences in outcomes for position sense
measurements using pointing and matching tasks, Velay
et al. (1989) postulated a central transformation process,
converting postural space coordinates into extrapersonal
space coordinates. They supported this proposal with cited
clinical evidence of patients with parietal cortical lesions
having difficulty in locating one of their hands in space,
yet still being able to reproduce with one arm the posture
passively imposed on the other. They did not, however,
discuss in any detail what kinds of sensory receptors might
be involved in signalling the two kinds of position sense.

Velay et al. (1989) mentioned the observations of
McCloskey (1973) who showed for two split-brain
patients that section of the corpus callosum did not
interfere with the subjects’ ability to carry out simple
forearm matching tasks, including responding to the
vibration illusion. McCloskey concluded that there must
be a bilateral central projection of muscle afferents
and that commissural connections below the neocortical
commissures must be responsible for the matching
mechanism. These observations raise the possibility that
the centrally projecting pathways relaying positional
information generated by matching and pointing tasks
are anatomically distinct.

Wider considerations. Based on the present findings, we
propose that there are two kinds of position sense. One
is concerned with the position of one body part relative
to another. So, for example, the observations of Lackner
(1988) on vibration would all fall under the heading of
matching tasks. The principal source of afferent signal in
this kind of task is postulated to be the muscle spindle.
For the forearms, accurate alignment by means of a
spindle signal mechanism is important for the cooperative
use of the hands, such as in the fashioning of objects
and tools (Izumizaki et al. 2010). The second position
sense determines the locations of parts of the body in
extrapersonal space. This is measured in a pointing task.
Knowledge of the location of the arms in extrapersonal
space allows them to act as ‘antennae’ of the body, as we
move about in our surroundings.

Our present working hypothesis is that for the sense of
position measured by pointing, the principal receptors
are exteroceptors, vision, touch and hearing. We use
the term exteroceptor to include receptors providing
information about objects in peripersonal space as well

as at a distance (teloreceptors). We propose that muscle
spindles do not contribute to forearm position sense
measured in pointing, at least not under the conditions
of our experiments.

For position sense by pointing, an additional
requirement is access to a postural schema. This is
necessary for converting the exteroceptor signals into
spatial information. For example, a stimulus to the skin
triggers a peripheral afferent signal that is projected to
the topographically organised, primary somatosensory
cortex. There information is generated about which part of
the skin has been touched. For accurate localisation when
that body part is moving, knowledge is required about
its position at the time of stimulation. It is assumed that
proprioceptive inputs acting through the body schema
(Longo & Haggard, 2010) contribute to generating those
location signals. Integration of somatosensory and spatial
inputs (‘tactile remapping’, Canzoneri et al. 2014) allows
location of the stimulus to be mapped in external space.
It remains for future experiments to determine the
composition of this proprioceptive signal. We would pre-
dict that it does not involve muscle spindles.

It is somewhat ironic that the experiments of Goodwin
et al. (1972), which established muscle spindles as the
principal proprioceptors, used the highly specific task
of matching elbow angles. For this kind of task the
evidence from muscle conditioning (Proske et al. 2014;
Tsay et al. 2014) points to a comparison mechanism
between spindle afferent signals from the two arms. Here
spatial information about the position of one arm relative
to the other is inherent in the difference signal from
antagonist elbow muscles of each arm and from the
calculated difference signal between the two arms, that is,
here there is no need for reference to a body schema. When
the difference signal from the arms is at a minimum the
arms are considered aligned. The evidence suggests that
this matching mechanism operates over only a relatively
narrow range of elbow angles, with a maximum difference
of 20 deg (Proske et al. 2014). The limits of the range
are probably determined by the range of firing of muscle
spindle afferents. Outside this range another mechanism
must come into play, since when blindfolded we know
where our arms are even when they are at very different
angles. We postulate that for larger angular differences the
mechanism for position sense, as measured by pointing,
comes into play. Such a proposition could be tested by
experiment.

How does the proposal that spatial location during
pointing is signalled predominantly by exteroceptors stand
up against the present body of knowledge on the subject? A
well-known illusion is the rubber hand illusion (Botvinick
& Cohen, 1998). Vision of a rubber hand and synchronous
tactile stimulation of the rubber hand and the hidden, real
hand leads to adoption of the rubber hand as part of the
body. This is essentially a pointing task that involves both
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vision and touch. However, proprioception, which would
be expected to include input from muscle receptors, has
been considered to be involved as well. There is a perceived
displacement of the real hand in the direction of the rubber
hand (Botvinick & Cohen, 1998) and this has been referred
to as proprioceptive drift (Kammers et al. 2009; see also
Tsay et al. 2014). In terms of the present proposal it might
be worthwhile to reassess the origin of this drift. Could it
be generated by influences arising from the central changes
triggered by vision and touch?

An illusion of movement is generated in a hidden,
stationary arm by watching a mirror image of the other,
moving arm (Metral et al. 2015). The subject falsely inter-
prets the mirror image as being their hidden arm. Here
there is evidence for a mechanism whose action is not
consistent with input from muscle spindles. When the
angular difference in the starting positions between the
moving and stationary arms was increased, there was a
longer delay in onset of the illusion and the speed of the
illusion slowed. Such behaviour would not be expected
from influences arising in muscle spindles.

Concerning the contribution of cutaneous receptors to
matching and pointing tasks, they are able to act both as
proprioceptors and as exteroceptors. Stretch of skin over
the elbow joint can lead to sensation of movement of the
elbow, a proprioceptive sensation (Collins et al. 2005).
As we move about in our surroundings, the elbows may
come in contact with external objects. Here cutaneous
receptors are acting as exteroceptors by providing
information about spatial relationships between ourselves
and our immediate surroundings. The contribution of
joint receptors to signalling spatial information remains
more problematical. The present-day view is that they
are principally movement detectors, but may provide
positional information towards the extremes of the range
of joint movements (Ferrell & Smith, 1988; Fuentes &
Bastian, 2010), so they are potentially able to contribute
in both pointing and matching tasks.

How might auditory signals contribute spatial
information? While it is intuitively obvious that our
facility of sound localisation provides us with spatial
information about our surroundings, there is also some
recent, more specific information available. In a timed
finger tapping task, altering the timing of the auditory
feedback associated with the tapping sounds can lead to
perception of an altered arm length (Tajadura-Jiménez
et al. 2012). So auditory information can provide input to
the postural schema to determine the size and location of
the body and its limbs.

Conclusion

Traditionally it has been assumed that the term ‘proprio-
ceptors’ refers to a collection of sensory receptors of

different kinds all of which contribute in some form
or other to sensations of body movement and position.
It has been tacitly assumed that muscle spindles play a
role in all of these sensations. On the basis of the pre-
sent experiments we propose that the afferent origins of
position sense should be reassessed in terms of how it is
measured, whether by pointing or matching. The present
report provides evidence that in position sense measured
by pointing, muscle spindles do not play a prominent role.
If our proposal stands up to further tests by experiment,
it will represent an important step forward in our under-
standing of the central processing of spatial information.

References

Allen TJ, Ansems GE & Proske U (2007). Effects of muscle
conditioning on position sense at the human forearm during
loading or fatigue of elbow flexors and the role of the sense
of effort. J Physiol 580, 423–434.

Allen TJ, Leung M & Proske U (2010). The effect of fatigue
from exercise on human limb position sense. J Physiol 588,
1369–1377.

Allen TJ & Proske U (2006). Effect of muscle fatigue on the
sense of limb position and movement. Exp Brain Res 170,
30–38.

Ansems GE, Allen TJ & Proske U (2006). Position sense at the
human forearm in the horizontal plane during loading and
vibration of elbow muscles. J Physiol 576, 445–455.

Bellan V, Gilpin HR, Stanton TR, Newport R, Gallace A &
Lorimer Moseley G (2015). Untangling visual and
proprioceptive contributions to hand localisation over time.
Exp Brain Res 233, 1689–1701.

Botvinick M & Cohen J (1998). Rubber hands ‘feel’ touch that
eyes see. Nature 391, 756–756.

Brown MC, Engberg I & Matthews PB (1967). Fusimotor
stimulation and the dynamic sensitivity of the secondary
ending of the muscle spindle. J Physiol 189, 545–550.

Canzoneri E, Ferre ER & Haggard P (2014). Combining
proprioception and touch to compute spatial information.
Exp Brain Res 232, 1259–1266.

Clark FJ, Burgess RC, Chapin JW & Lipscomb WT (1985). Role
of intramuscular receptors in the awareness of limb position.
J Neurophysiol 54, 1529–1540.

Collins DF & Prochazka A (1996). Movement illusions evoked
by ensemble cutaneous input from the dorsum of the hand.
J Physiol 496, 857–871.

Collins DF, Refshauge KM, Todd G & Gandevia SC (2005).
Cutaneous receptors contribute to kinesthesia at the index
finger, elbow, and knee. J Neurophysiol 94, 1699–1706.

Ferrell WR & Smith A (1988). Position sense at the proximal
interphalangeal joint of the human index finger. J Physiol
399, 49–61.

Fuentes CT & Bastian AJ (2010). Where is your arm? Variations
in proprioception across space and tasks. J Neurophysiol 103,
164–171.

Gandevia SC, Smith JL, Crawford M, Proske U & Taylor JL
(2006). Motor commands contribute to human position
sense. J Physiol 571, 703–710.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 594.4 Two kinds of position sense 1049

Goble DJ, Lewis CA & Brown SH (2006). Upper limb
asymmetries in the utilization of proprioceptive feedback.
Exp Brain Res 168, 307–311.

Goodwin GM, McCloskey DI & Matthews PB (1972). The
contribution of muscle afferents to kinaesthesia shown by
vibration induced illusions of movement and by the effects
of paralysing joint afferents. Brain 95, 705–748.

Gooey K, Bradfield O, Talbot J, Morgan DL & Proske U (2000).
Effects of body orientation, load and vibration on sensing
position and movement at the human elbow joint. Exp Brain
Res 133, 340–348.

Gregory JE, Morgan DL & Proske U (1988). Aftereffects in the
responses of cat muscle spindles and errors of limb position
sense in man. J Neurophysiol 59, 1220–1230.

Gregory JE, Morgan DL & Proske U (1991). Two kinds of
resting discharge in cat muscle spindles. J Neurophysiol 66,
602–612.

Hakuta N, Izumizaki M, Kigawa K, Murai N, Atsumi T &
Homma I (2014). Proprioceptive illusions created by
vibration of one arm are altered by vibrating the other arm.
Exp Brain Res 232, 2197–2206.

Hunt CC & McIntyre AK (1960). Properties of cutaneous touch
receptors in cat. J Physiol 153, 188–198.

Izumizaki M, Tsuge M, Akai L, Proske U & Homma I (2010).
The illusion of changed position and movement from
vibrating one arm is altered by vision or movement of the
other arm. J Physiol 588, 2789–2800.

Kammers MPM, de Vignemont F, Verhagen L & Dijkerman
HC (2009). The rubber hand illusion in action.
Neuropsychologia 47, 204–211.

Kammers MPM, van der Ham IJM & Dijkerman HC (2006).
Dissociating body representations in healthy individuals:
Differential effects of a kinaesthetic illusion on perception
and action. Neuropsychologia 44, 2430–2436.

Lackner JR (1988). Some proprioceptive influences on the
perceptual representation of body shape and orientation.
Brain 111, 281–297.

Longo MR & Haggard P (2010). An implicit body
representation underlying human position sense. Proc Natl
Acad Sci USA 107, 11727–11732.

McCloskey DI (1973). Position sense after surgical disconn-
exion of the cerebral hemispheres in man. Brain 96, 269–276.

Matthews PBC (1988). Proprioceptors and their contribution
to somatosensory mapping: Complex messages require
complex processing. Can J Physiol Pharmcol 66, 430–438.

Metral M, Chancel M, Brun C, Luyat M, Kavounoudias A &
Guerraz M (2015). Kinaesthetic mirror illusion and spatial
congruence. Exp Brain Res 233, 1463–1470.

Proske U (2015). The role of muscle proprioceptors in human
limb position sense: a hypothesis. J Anat 227, 178–183.

Proske U & Gandevia SC (2012). The proprioceptive senses:
Their roles in signaling body shape, body position and
movement, and muscle force. Physiol Rev 92, 1651–1697.

Proske U, Morgan DL & Gregory JE (1993). Thixotropy in
skeletal muscle and in muscle spindles: A review. Prog
Neurobiol 41, 705–721.

Proske U, Tsay A & Allen T (2014). Muscle thixotropy as a tool
in the study of proprioception. Exp Brain Res 232,
3397–3412.

Roll JP, Vedel JP & Ribot E (1989). Alteration of proprioceptive
messages induced by tendon vibration in man: a
microneurographic study. Exp Brain Res 76, 213–222.

Smith JL, Crawford M, Proske U, Taylor JL & Gandevia SC
(2009). Signals of motor command bias joint position sense
in the presence of feedback from proprioceptors. J Appl
Physiol 106, 950–958.
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CHAPTER 5: POINTING AND MATCHING AT THE ELBOW JOINT 
 

Tsay, A., T. Allen and U. Proske (2016). "Position sense at the human elbow joint measured 

by arm matching or pointing." Exp Brain Res. 234(10): 2787-2798. 

 

5.1 Explanatory Notes 
Following the observation that muscle vibration and muscle conditioning did not influence 

position errors during a pointing task (Chapter four;  Tsay et al., 2016), further experiments 

were carried out to test for other possible contributing factors (i.e. placement of the 

indicator by the subject vs experimenter, and the introduction of visual control in the 

pointing task). These investigations formed the basis for Chapter five (Tsay et al., 2016).  

 

In this chapter, co-contracting the antagonist muscles at the test angle, as described in 

Chapters two and three (Tsay et al., 2014; Tsay et al., 2015), was used to lower the spindle 

activity difference between antagonist muscles of the reference arm. It was hypothesised 

that if spindle information was used in a single-limb pointing task, position errors would lie 

close to zero following co-conditioning. The results did not support this hypothesis, as all 

pointing errors after co-conditioning lay in a more extended direction. Hence, this study 

supports the view presented in Chapter four (Tsay et al., 2016), that muscle spindles do not 

appear to play a major role in limb pointing tasks, compared to limb matching.  
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pointer to align it with the perceived position of the hid-
den arm. After conditioning of the reference arm as before, 
pointing errors all lay in a more extended direction than the 
actual position of the arm by 2.9°–7.3°, a distribution not 
consistent with a role by muscle spindles. We propose that 
in pointing muscle spindles do not play the major role in 
signalling limb position that they do in matching, but that 
other sources of sensory input should be given considera-
tion, including afferents from skin and joint.

Keywords Spatial sense · Muscle spindle · 
Proprioception · Muscle conditioning · Body schema

Introduction

The proprioceptive senses, the senses signalling the body’s 
own actions, are sometimes referred to collectively as 
the sixth sense. This is a mysterious sense because it acts 
largely unconsciously. It includes the sense of limb position 
and movement, the sense of force or of effort and the sense 
of balance. The subject of the present study is the sense of 
limb position. Where is my arm? I know where it is, but 
there is no identifiable sensation that I can attribute to its 
adopted position.

We have been studying the sensory neural basis of 
position sense for a number of years (Proske and Gan-
devia 2012). The work has been based on the landmark 
observations by Goodwin et al. (1972), who showed that 
vibration of elbow flexor muscles of one arm led to sen-
sations of movement and displaced position of the arm in 
the direction of elbow extension as indicated in tracking 
movements by the other arm. As a result, the final posi-
tion the arm appeared to adopt was more extended than its 
actual position. Similarly, vibration of elbow extensors led 

Abstract Position sense at the human elbow joint has tra-
ditionally been measured in blindfolded subjects using a 
forearm matching task. Here we compare position errors in 
a matching task with errors generated when the subject uses 
a pointer to indicate the position of a hidden arm. Evidence 
from muscle vibration during forearm matching supports a 
role for muscle spindles in position sense. We have recently 
shown using vibration, as well as muscle conditioning, 
which takes advantage of muscle’s thixotropic property, 
that position errors generated in a forearm pointing task 
were not consistent with a role by muscle spindles. In the 
present study we have used a form of muscle conditioning, 
where elbow muscles are co-contracted at the test angle, to 
further explore differences in position sense measured by 
matching and pointing. For fourteen subjects, in a matching 
task where the reference arm had elbow flexor and extensor 
muscles contracted at the test angle and the indicator arm 
had its flexors conditioned at 90°, matching errors lay in 
the direction of flexion by 6.2°. After the same conditioning 
of the reference arm and extension conditioning of the indi-
cator at 0°, matching errors lay in the direction of exten-
sion (5.7°). These errors were consistent with predictions 
based on a role by muscle spindles in determining forearm 
matching outcomes. In the pointing task subjects moved a 
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to sensations of movement into flexion. At the time it was 
known from animal experiments that in a passive muscle 
the muscle spindles were exquisitely sensitive to vibration 
(Brown et al. 1967). By implication it was assumed that 
muscle spindles were responsible for the movement illu-
sions generated by vibration. This assumption was subse-
quently proved correct when direct recordings were made 
from human spindles during muscle vibration (Roll et al. 
1989). It is now generally accepted that muscle spindles 
are responsible for the vibration illusion, the primary end-
ings contributing to both the senses of limb movement and 
position, while the secondary endings signal limb position 
(Matthews 1988).

Our own past experiments sought additional sup-
porting evidence for a role for muscle spindles in posi-
tion sense. We brought a new technique to bear on the 
problem. Both the ordinary muscle fibres of a muscle and 
the intrafusal muscle fibres of muscle spindles exhibit a 
contraction history-dependent property called thixotropy 
which influences the passive tension and stiffness in rest-
ing muscle fibres. It has been shown in animal experi-
ments that spindle discharge rates can be raised or low-
ered as a consequence of thixotropic conditioning and 
in parallel experiments on human subjects, similar con-
ditioning produced reproducible errors in limb position 
sense (Gregory et al. 1988). For reviews, see Proske et al. 
(1993, 2014).

The original observations of Goodwin et al. (1972) were 
all made using a forearm matching task. One elbow mus-
cle was vibrated, and the blindfolded subject was required 
to track the perceived movement of the forearm with their 
other arm. Similar matching experiments, with or without 
vibration, have now been carried out on the fingers (Ferrell 
and Smith 1988), hands (Walsh et al. 2013), knee (Givoni 
et al. 2007) and ankle (Boisgontier and Nougier 2013), and 
the results are generally supportive of the findings of Good-
win et al.

When a blindfolded subject carries out a forearm posi-
tion matching task, the experimenter moves one arm, the 
reference arm, to the test angle and the subject moves their 
other arm, the indicator arm, into a matching position. That 
is, the subject moves their indicator arm until the sensations 
generated by the two arms feel the same. It is a sensation 
matching task.

When we ask ourselves “where is my arm?” we typically 
do not locate it by moving our other arm into a matching 
position. Yet we know where our arm is and we are able to 
point to its position. That conclusion has recently led us to 
revisit the question of position sense at the elbow, but this 
time we have used two different methods of measurement 
of position sense: a conventional forearm matching task 
and a position pointing task (Tsay et al. 2016). In the point-
ing task the reference arm is hidden behind a screen and the 

subject is required to move a pointer until this aligns with 
the perceived position of the hidden arm.

We posed the question: do muscle spindles contribute to 
position sense in the same way in matching and pointing 
tasks? In a matching task spindle signals from both arms 
contribute to achieve accurate alignment of the forearms 
(White and Proske 2009; Izumizaki et al. 2010; Tsuge et al. 
2012). In a pointing task the relevant afferent information is 
coming from only one arm, so here the role of spindles was 
likely to be different. We recently explored this possibil-
ity using both thixotropic conditioning and muscle vibra-
tion (Tsay et al. 2016). It was concluded that for position 
sense measured by pointing, muscle spindles did not play 
the prominent role that they did in matching. Such a con-
clusion departs from the conventional view of the sensory 
origins of proprioception and deserves to be tested further 
by experiment.

The idea that the origin of afferent signals might be dif-
ferent in matching and pointing tasks is not new. Velay 
et al. (1989) concluded that matching and pointing did not 
test the same position sense. They proposed that basic posi-
tion sense was coded by proprioceptors in terms of angu-
lar position in intrapersonal space, but that another form of 
coding was required to provide continuous knowledge of 
limb location in extrapersonal space. They speculated about 
a central transformation process which converted one sense 
to the other.

We have recently introduced a new method of thixo-
tropic muscle conditioning, which we have called test angle 
co-conditioning (Tsay et al. 2014, 2015). Here the refer-
ence arm is brought to the test angle, elbow flexors and 
elbow extensors are both contracted isometrically, and the 
subject is then asked to match position of the arm with the 
indicator arm which has been either flexion or extension 
conditioned. In trials with such a conditioning procedure 
large matching errors were observed (Tsay et al. 2014).

In the present study we have resorted to the same 
method of test angle conditioning in an attempt to further 
explore the recently observed differences in the sensory 
afferent basis of position sense measured in pointing and 
matching tasks. Given that test angle conditioning produces 
large errors in a matching task, it was hoped that the same 
method applied to a pointing task would reveal new differ-
ences in position sense measured in this way.

Methods

A total of 23 subjects were recruited for this study. They 
included 9 males and 14 females with an average age of 
24.5 (±0.6) years. Subjects gave informed, written consent 
prior to participating in the study, which was approved by 
the Monash University Human Research Ethics Committee. 
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The ethical aspects of the experiments conformed to the 
Declaration of Helsinki.

The apparatus

Position sense was measured in two ways. For the match-
ing task the blindfolded subject sat at a table and placed 
both forearms on lightweight paddles attached to a custom-
built piece of apparatus for measuring forearm position 
sense (Allen and Proske 2006). The forearms, palms fac-
ing upward, were strapped to the paddles by Velcro straps 
placed just below the crease of the wrist and 5 cm in width. 
In order to minimise potential differences in skin sensation 
between the two arms, equal tension from the strapping 
was checked before proceeding with the experiment. One 
arm was designated the reference arm (the arm placed at 
the target angle by the experimenter), while the other arm 
was the indicator arm (the arm moved by the subject to 
match the perceived position of the reference arm).

In the pointing task the two arms were separated by a 
screen. The screen consisted of a large, removable board 
that obscured subjects’ vision of their reference arm, 
including the shoulder. The reference arm was strapped in, 
as before, its position set by the experimenter. In a point-
ing trial the subject was required to push or pull a lever at 
the base of the pointer paddle to move the pointer upwards 
or downwards until it was perceived to be aligned with the 
hidden reference arm (Tsay et al. 2016, Fig. 1).

Forearm and pointer paddle angles were measured using 
potentiometers located at the hinges of each paddle. When 
an arm was strapped to a paddle, the paddle hinges were 
co-linear with the elbow joint (Allen and Proske 2006, 
Fig. 1). The potentiometers provided a continuous voltage 
output proportional to the angle of each paddle, where 0° 
indicated that the forearm was horizontal and 90° indicated 
that it was vertical. Calibration of the potentiometers was 
checked before commencement of an experimental series 
with each subject.

Muscle activity of the reference arm was measured using 
surface electromyogram (EMG). Here we did not analyse 
the EMG signal as such, but used it to provide feedback, 
indicating whether or not the subject had remained relaxed 
as the experimenter moved the reference arm to the test 
angle. A pair of Ag–AgCl electrodes with an adhesive base 
and solid gel contact points (3 M Health Care, London, 
Ontario, Canada) were placed approximately 2.5 cm apart 
over the surface of the biceps brachii and triceps brachii. 
A reference electrode was placed on the collar bone. EMG 
output was connected to an audio amplifier for biofeed-
back. Position, force and EMG signals were acquired using 
a MacLab 4/s data acquisition module running Chart soft-
ware (AD Instruments, Castle Hill, NSW, Australia) on a 
Macintosh computer.

Measuring position errors

Position errors between the two paddles were calculated 
using the formula:

The convention was used that 0° represented a fully 
extended arm with the forearm horizontal, 90° a flexed arm 
with the forearm in the vertical position. A positive error 
was an error in the direction of extension relative to the 
position of the reference arm, and a negative error, an error 
in the direction of flexion.

Reference and indicator arms were randomly assigned 
for each set of trials to reduce any biases from matching 
with a dominant or non-dominant arm (Goble et al. 2006). 
During a matching trial the reference arm was placed by 
the experimenter at an angle of 45° and the blindfolded 
subject was asked to match its perceived position with their 
indicator arm. In a pointing trial the reference arm was 
positioned in the same way, but the subject indicated its 
perceived position by moving the pointer paddle to align it 
with the hidden arm.

During movement of the reference arm to the test angle 
by the experimenter subjects were asked to remain relaxed. 
This was monitored with auditory feedback of EMG. 
Throughout these experiments, once the reference arm had 
been placed at the test angle, the subject maintained its 
position voluntarily. All of the matching by the indicator 
arm was also done voluntarily by the blindfolded subject. 
In both matching and pointing trials subjects were therefore 
required to generate mild contractions sufficient to support 
the reference arm against gravity and in the matching task 
for movement of the indicator into the matching position. 
These conditions were chosen to keep both matching and 
pointing processes close to what subjects might do in eve-
ryday life.

Muscle conditioning

Muscle thixotropy is a property of resting skeletal muscle, 
a contraction history-dependent change in passive tension 
and stiffness dependent on the presence of long-term sta-
ble cross-bridges between actin and myosin in sarcomeres. 
The thixotropic state of a muscle can significantly alter the 
responses of muscle spindles and therefore exerts a strong 
influence on the measurement of position sense (Proske 
et al. 2014). In order to control for thixotropy-related posi-
tion errors it is necessary at the start of each matching trial 
to put elbow muscles of both arms into a defined state. This 
is called muscle conditioning. In the pointing trial it was 
only necessary to condition the reference arm.

We have previously applied two forms of conditioning 
to both arms, called flexion conditioning and extension 

Position error(◦) = Reference angle(◦)− Indicator angle(◦)
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conditioning (Allen et al. 2007). In the present study such 
conditioning was applied only to the indicator arm in the 
matching trials. For flexion conditioning (FC) the forearm 
was moved into a vertical position (90°) and the blind-
folded subject was asked to generate a 2 s, approximately 
half-maximum contraction, flexing the arm towards the 
body. Once arm muscles had relaxed, the subject moved the 
arm in the direction of extension into a matching position 
with the reference arm which had been isometrically condi-
tioned at the test angle. For extension conditioning (EC) the 
indicator arm was moved into full extension (0°) and the 
subject was asked to push down onto the supporting table 
to generate a half-maximum contraction in elbow exten-
sors. Again, once arm muscles had relaxed, the subject 
moved the indicator arm in the direction of flexion to adopt 
a matching position with the isometrically conditioned ref-
erence arm.

Therefore, in a matching trial muscles of the reference 
arm had been co-conditioned, while muscles of the indica-
tor arm had been either flexion or extension conditioned. 
For flexion conditioning it left indicator flexor muscles 
taut after the conditioning contraction, and when the indi-
cator arm was extended from 90° to the test angle (45°), 
they were stretched by the movement and therefore kept 
in a taut state. The same movement slackened the exten-
sors whose passive tension therefore fell to low levels. This 
meant that after flexion conditioning flexor spindles were 
sensitised, while extensor spindles were de-sensitised. As 
a consequence, the proprioceptive signal coming from the 
indicator arm was biased in favour of elbow flexors. Simi-
larly, after extension conditioning the signal was biased in 
favour of elbow extensors.

Experiment 1: Co‑conditioning at the test angle

We wanted to measure position sense under conditions 
where such a bias in the origin of the proprioceptive signal 
from flexion or extension conditioning was not present. An 
additional form of conditioning was therefore used with the 
reference arm that left its elbow flexors and extensors in the 
same sensitised state (Tsay et al. 2014). To do that, isomet-
ric contractions of both antagonists were carried out at the 
test angle (co-conditioning).

Two conditioning sequences were used: in one the arm 
was placed at the test angle (45°) by the experimenter and 
the subject was asked to generate a half-maximum con-
traction of elbow extensors, followed by a half-maximum 
contraction of elbow flexors (Ref: EC + FC, Fig. 1). Alter-
natively, the reverse sequence was used, beginning with 
a flexor contraction followed by an extensor contraction 
(Ref: FC + EC, Fig. 1). During the contractions the pad-
dle supporting the arm was held fixed in position at the test 
angle, so there was no accompanying movement.

In the matching trials, for the reference conditioning 
sequence EC + FC, at the same time as performing the 
flexor contraction of the reference arm, the subject also car-
ried out flexion conditioning of their indicator arm while it 
was held at 90°. The conditioning was done in this way, fin-
ishing up with flexion conditioning of both arms, to mini-
mise any differences between the arms in adaptation effects 
of afferent responses. For the reference sequence FC + EC 
the same procedure was carried out, but the indicator arm 
was extension conditioned by holding it at 0° and carrying 
out an extensor contraction. Once it had relaxed, the indi-
cator arm was moved by the subject into a matching posi-
tion. So the elbow of the reference arm had undergone both 
extension and flexion contractions at the test angle, while 
the indicator had been either flexion conditioned (filled cir-
cle, Matching, Fig. 1) or extension conditioned (open cir-
cle, Matching, Fig. 1).

In the pointing task, only the reference arm was condi-
tioned, using the same two sequences of test angle exten-
sor and flexor contractions: EC + FC (filled circle, point-
ing, Fig. 1) and FC + EC (open circle, pointing, Fig. 1). 
When the reference conditioning had finished with a 
flexor contraction, the subject moved the pointer paddle 
downwards from a starting angle of 90°, into a position 
where they considered it to be aligned with the hidden 
reference arm. When reference conditioning had finished 
with an extensor contraction, they moved the pointer 
upwards from an initial position of 0°. The pointing was 
done in this way to make the direction of movement of the 
pointer similar to that for the indicator arm in the match-
ing task.

Experiment 2: Experimenter‑move versus self‑move

A question that arose during the pointing experiments was 
whether signals coming from the arm moving the pointer to 
indicate location of the reference arm contributed in some 
way to the position errors. It was therefore decided to do 
a series of control experiments where in addition to trials 
in which the subject moved the pointer themselves, a fur-
ther set was carried out where the pointer was moved into 
alignment by the experimenter, under instructions from the 
subject. During these trials the subject was asked to place 
the pointing arm in their lap, unmoving.

Experiment 3: Matching with the indicator 
under visual control

In the pointing trials the subject could see the pointer as 
they moved it into the perceived position of the hidden 
reference arm, so the pointing was done under visual con-
trol, even though it was non-informative vision. In con-
trast, the matching trials had all been done with the subject 
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blindfolded. It was therefore felt necessary to do an addi-
tional series of control matching trials where the subject 
could see their indicator arm (experiment 3). Here the ref-
erence arm was always co-conditioned, and in the match-
ing trials the indicator arm was flexion or extension condi-
tioned, as before. However, in addition to the blindfolded 
matching trials, a second set of matching trials was done 
where the subject moved their indicator arm into a match-
ing position with the arm in full view. The reference arm 
remained hidden.

Statistical analysis

In experiment 1 subjects carried out a series of 5 trials with 
each conditioning sequence. For matching there were 10 
trials: 5 where the reference arm was isometrically condi-
tioned and the indicator flexion conditioned and 5 where 
the reference was isometrically conditioned and the indi-
cator extension conditioned. For pointing there were also 
10 trials: 5 trials where the reference arm was isometri-
cally conditioned, beginning with an extension contraction 
(EC + FC) and 5 trials where the isometric contraction 
began with a flexor contraction (FC + EC). This made for a 
total of 20 trials. For 8 subjects an additional 10 trials were 
carried out where the experimenter rather than the subject 
moved the pointer. The results from these trials were com-
pared with 10 trials where the subject moved the pointer 
themselves (experiment 2). A new cohort of 9 subjects did 
two series of matching trials: one under visual control, the 
other blindfolded, as well as the pointing trials, making for 
a total of 30 trials (experiment 3).

In each experimental trial conditions were randomised.
The effect of conditioning on position errors for each 

task, matching and pointing, was analysed using a two-
tailed paired t-test. Further, separate, repeated-measures 
ANOVA were used to test for the effects on arm position 
errors of self-moved versus experimenter-moved placement 
of the indicator, as well as for the effects of vision on point-
ing and matching trials. If significance was found, a Bon-
ferroni post hoc test was used to determine which pointing 
trials were significantly different.

Pooled data from each experiment were shown as 
mean ± standard error of the mean (SEM).

Results

In previous experiments we had shown that distributions 
for position errors measured in matching trials were sig-
nificantly different from the distributions in pointing trials 
under conditions where the arms had been either flexion 
or extension conditioned (Tsay et al. 2016). In the present 

experiments the aim was to further explore this differ-
ence, using co-conditioning at the test angle (Tsay et al. 
2014). This additional method of conditioning was selected 
because it was predicted to produce rather large differences 
in outcomes for matching and pointing trials.

Experiment 1: Co‑conditioning at the test angle

Matching

For the co-conditioning sequence EC + FC of the reference 
arm and with flexion conditioning of the indicator arm, in 
the matching trials (filled circle, left-hand panel, Fig. 1), the 
pooled data for the 14 subjects gave a mean error of −6.2° 
(±1.3°). That is, the blindfolded subject tended to indicate the 
position of their reference arm as more flexed than its actual 
position. Here the error was somewhat smaller than expected, 
based on similar recent experiments (Tsay et al. 2015).

The conditioning order was now reversed. Instead of 
the isometric conditioning starting with a contraction of 
extensors, it began with a contraction of flexors to give the 
sequence for the reference arm, FC + EC. Here the indica-
tor arm was always extension conditioned. The reason for 
choosing such a reversal of the conditioning sequence was 
that in previous matching experiments it had led to a rever-
sal of the direction of the errors. The pooled data for the 14 
subjects (open circle, left-hand panel, Fig. 1) gave a mean 
error of +5.8° (±1.7°); that is, subjects perceived their 
reference arm to be more extended than its true position. 
The errors into extension were as had been predicted, in a 
direction opposite to that following flexion conditioning of 
the indicator, although their size was smaller than had been 
anticipated from previous experiments (Tsay et al. 2015).

Pointing

The experiment was repeated, but this time only the ref-
erence arm was conditioned. Position of the hidden arm 
was indicated by the subject moving the pointer paddle to 
a position where the subject felt it was in alignment with 
the reference arm. So this was measuring position sense 
by pointing. Data for pointing trials are shown in the 
right-hand panel in Fig. 1. For the conditioning sequence 
EC + FC of the reference arm (filled circle, right-hand 
panel, Fig. 1) the mean error for the 14 subjects was +7.2° 
(±1.1°). That is, subjects felt that the pointer paddle was 
accurately aligned with the hidden reference arm when in 
fact its position was more extended than the reference arm 
by an average of 7.2°. Therefore, using the same condition-
ing of the reference arm as in matching (EC + FC), the 
pointing trials produced errors differing from the matching 
errors by 13.4° (6.2° + 7.2°).
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In interpreting this result it should be kept in mind that 
matching trials involve proprioceptive signals coming from 
both arms while in pointing trials presumably only a signal 
from the reference arm was involved. We have previously pro-
vided evidence that co-conditioning of elbow antagonists at 
the test angle led to a difference signal coming from the con-
ditioned arm that lay close to zero relative to the signal com-
ing from the indicator arm (Tsay et al. 2015). We therefore 
predicted that in the present experiments conditioning the ref-
erence arm in this way would similarly generate a difference 
signal close to zero. So in the pointing trials the observed errors 
were in the opposite direction from the errors in the matching 
trials and, in addition, they did not lie close to zero, as had been 
predicted.

The experiment was then repeated but using pointing 
trials, with the reference arm conditioned with the reverse 
sequence, FC + EC (open circle, right-hand panel, Fig. 1). 
The pooled data for the 14 subjects yielded a mean error of 
+2.9° (±1.0°). This compared with an expected error of 0° 
(Tsay et al. 2015). So again the outcome of the pointing tri-
als differed from expectations.

When the distributions of errors using the two forms 
of conditioning shown in Fig. 1 were compared, sta-
tistical analysis, using paired t-tests, showed that they 
were significantly different (p < 0.05) for both point-
ing (t(13) = 2.709, p < 0.01) and matching tasks 
(t(13) = −6.341, p < 0.05). A significant difference was 
expected for the errors in the matching tasks, given that 
two forms of conditioning were used, but they were unex-
pected for the pointing tasks since here the hypothesis was 

that the distribution of errors was independent of the form 
of conditioning (see “Discussion”).

Experiment 2: Experimenter‑move versus self‑move

The data presented so far suggested that muscle condition-
ing had different effects on forearm position errors measured 
in pointing and matching trials. This conclusion was in line 
with other recent observations (Tsay et al. 2016). It is known 
that in forearm matching trials signals from both arms make 
a contribution (White and Proske 2009; Hakuta et al. 2014; 
Tsay et al. 2014). In the search for an explanation of the 
pointing results, the possibility was considered that proprio-
ceptive activity associated with the arm moving the indicator 
paddle to align it with the perceived position of the hidden 
reference arm influenced, in some way, the measured values.

To put this idea to the test, for 8 of the 14 subjects point-
ing errors were measured both with the subject aligning the 
pointer themselves and with the alignment carried out by 
the experimenter. Here the experimenter adjusted the posi-
tion of the pointer until the subject declared accurate align-
ment with the unseen arm. Throughout the trial the sub-
ject’s other arm rested on their lap, unmoving.

Results for the 8 subjects are shown in Fig. 2 for the 
same forms of conditioning of the reference arm as had 
been used in the previous trials (EC + FC and FC + EC). 
Notice that the general trend of the data with errors lying 
in the direction of extension was the same as for point-
ing errors observed in the earlier trials (Fig. 1). When the 
pointer paddle was moved by the experimenter, position 

Fig. 1  Position errors measured in matching and pointing tasks after 
co-conditioning of the reference arm. Mean matching errors (left-
hand panel) and pointing errors (right-hand panel) after co-condi-
tioning the reference arm at 45° with the sequence EC + FC (filled 
circles) and FC + EC (open circles). In the matching trials the indica-
tor arm was either flexion conditioned at 90° (filled circle) or exten-

sion conditioned at 0° (open circle). In the pointing task the position 
of the hidden arm was indicated with a pointer. In this and subsequent 
figures the convention is used that errors by the indicator arm, or the 
pointer, in the direction of extension are given a positive value. Errors 
in the direction of flexion are given a negative value. Dotted line zero 
error. Asterisk indicates significant difference
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errors lay a little further in the direction of extension than 
when the subject moved the pointer themselves. For co-
contraction conditioning of the reference arm, EC + FC, 
self-moved pointing produced an error of +6.7° (±1.6°), 
while for experimenter-moved pointing the error was +9.0° 
(±1.3°). Reversing the isometric conditioning to FC + EC 
yielded a self-moved pointing error of +4.7° (±0.8°), 
while experimenter-moved error gave +5.2° (±2.3°).

A repeated-measures ANOVA between subjects showed 
that these differences were significant F(7, 49) = 2.384, 
p = 0.04. Bonferroni post hoc tests showed significant dif-
ferences (p < 0.05) in values for experimenter-moved ver-
sus self-moved pointing for EC + FC.

Experiment 3: Matching with the indicator 
under visual control

In this experiment two sets of matching trials were carried 
out: in one the subject remained blindfolded, as before, and 

in the other they could see their indicator arm. The refer-
ence arm always remained hidden from view. The match-
ing with vision was done as a control since in the pointing 
trials the subject could always see the pointer. The experi-
ment was carried out with a new cohort of 9 subjects. The 
results are shown in Fig. 3.

For blindfolded matching with the reference arm condi-
tioned EC + FC and the indicator FC, the mean error was 
−13.4° (±3.2°). In the trials where the subject could see 
their indicator arm the mean error was −8.6° (±2.5°). So 
matching under visual control reduced the errors by 4.8°. In 
the pointing trials where the reference arm was conditioned 
EC + FC, position errors were +5.4° (±2.1°). The pointing 
result was therefore similar to previous values (Fig. 1, 2).

The experiment was now repeated using the reverse con-
ditioning sequence FC + EC for the reference arm and EC 
for the indicator arm. Blindfolded matching gave a mean 
error of +7.9° (±2.0°). When matching was repeated with 
the indicator arm visible, the error was +6.2° (±2.4°). So 

Fig. 2  Errors in a point-
ing task when the pointer is 
moved by the subject or the 
experimenter. Mean pointing 
errors (±SEM) for a group of 8 
subjects with the reference arm 
co-conditioned at the test angle 
with two forms of conditioning 
(FC + EC and EC + FC). Filled 
circles, values when the subject 
moved the pointer themselves; 
open circles, when the pointer 
was moved by the experimenter. 
Error displays as in Fig. 1. 
Asterisk indicates significant 
difference

Fig. 3  Position errors in match-
ing and pointing tasks where 
the matching was done with or 
without visual control. Mean 
matching and pointing errors 
(±SEM) for a group of 9 sub-
jects where pointing (crosses) 
was done as before, but match-
ing was done blindfolded (filled 
circles) or under visual control 
(open circles). Error displays 
as in Fig. 1. Asterisks indicate 
significant differences
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here the difference in errors with and without the indicator 
arm visible was rather smaller, 1.7°. For pointing, using the 
conditioning sequence FC + EC, the mean error was 5.8° 
(±3.0°). The result was approximately in line with the ear-
lier finding (Fig. 1, 2).

Statistical analysis using a repeated-measures ANOVA 
showed a significant difference between values: F(5, 
40) = 15.5, p = 0.0. Post hoc analysis (Bonferroni test), 
with the reference arm conditioned EC + FC, revealed a 
significant difference between pointing and blindfolded 
matching (p = 0.01) and between pointing and matching 
under visual control (p = 0.04). There was no significant 
difference between the matching values, with and without 
vision. For conditioning of the reference arm, FC + EC, 
there were no significant differences between the errors in 
the matching and pointing tasks, with and without vision.

Discussion

These experiments are submitted in support of the view that 
there is a task dependency in the afferent origins of propri-
oceptive signals responsible for generating human position 
sense. In a forearm position matching task muscle spindles 
play a prominent role, while in a pointing task spindles are 
relegated to play only a minor role, if any, in providing the 
position signal.

Experiment 1: Co‑conditioning at the test angle

For the matching trials in experiment 1 the observed dis-
tribution of position errors compared favourably with find-
ings from a similar experiment carried out previously (Tsay 
et al. 2015). In that study we had observed that when the 
reference arm had elbow muscles conditioned at the test 
angle and the indicator arm was flexion conditioned, errors 
lay 9.2° in the direction of flexion. This was rather more 
than the errors seen in the present study (6.2°), although 
their direction was the same. When the indicator had been 
extension conditioned, errors were 7.5° in the direction of 
extension which again was consistent with observations 
in the present study (5.8°). We then showed that if slack 
was introduced in indicator flexor and extensor muscles 
to effectively lower their levels of spindle afferent activity 
(Tsay et al. 2015; Fig. 1c, d), matching errors lay close to 
zero. The result implied that the net spindle discharge rate 
and therefore the position signal coming from the co-condi-
tioned reference arm was low.

For the pointing trials the most important considera-
tion is that here the afferent information is coming largely 
from one arm, while in matching trials afferent input from 
both arms contributes (White and Proske 2009; Izumizaki 
et al. 2010; Tsuge et al. 2012). We predicted errors for the 

pointing trials to be lying close to zero. We have explained 
above that the output from a co-conditioned reference arm 
is predicted to be close to zero. In the event errors in the 
pointing trials all lay in the direction of extension.

While the general trend observed in the pointing trials 
was errors in the direction of extension, there were sig-
nificant differences in size between the pooled values for 
conditioning FC + EC and its reverse, EC + FC (Fig. 1). 
There is no obvious explanation for this result given that 
two near-identical forms of conditioning had been used. 
Further, pointing errors for the same two conditioning 
sequences in the experimenter-move versus self-move 
experiment (Fig. 2) yielded values that were not signifi-
cantly different from one another for this cohort of subjects 
(paired sample t-test, p < 0.05). Hence, we retain the view 
that in a pointing task all errors are approximately the same 
no matter what form of conditioning is used.

Experiment 2: Experimenter‑move versus self‑move

Here we assessed the possibility that one source of the 
error distribution in the pointing task was the arm mov-
ing the pointer. Indeed, it was found that there was a sig-
nificant difference when the pointer was moved by the 
experimenter, compared with when it was moved by the 
subject (Fig. 2). It implied some, if small, influence on the 
measured errors coming from the pointing arm. However, 
more importantly, the general trend seen in pointing trials 
that the distribution of errors was insensitive to the form of 
muscle conditioning of the reference arm and always lay 
in the direction of extension remained unchanged (see also 
Tsay et al. 2015).

Experiment 3: Matching with the indicator 
under visual control

The differences in errors in the forearm matching task 
obtained with the subject blindfolded and with the indicator 
arm in view were relatively small (Fig. 3). They were only 
significant for the conditioning sequence of the reference 
arm EC + FC, not for the reverse, FC + EC. More impor-
tantly, whether the indicator arm was visible or not did not 
alter the overall pattern of matching errors, with values 
lying in the direction of flexion or extension, depending 
on the form of conditioning of the reference arm. It sug-
gests that vision of the indicator arm exerts only a limited 
influence on the error distribution. The finding is consist-
ent with our earlier observation that vision of the indicator 
arm altered only slightly, non-significantly, the angular dif-
ference in an arm matching task, even when measured dur-
ing vibration of the reference arm (Izumizaki et al. 2010). 
Similarly, Longo (2014) found that hand shape distortions 
seen in implicit maps drawn by pointing to the unseen hand 
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persisted, but were significantly altered by non-informative 
vision of the pointing arm. We conclude that in a pointing 
task vision can influence the position error distribution, but 
does not alter the general trend of errors lying in the direc-
tion of arm extension.

Mechanism

Our interpretations are based on the assumption that spin-
dle resting discharge levels determine limb position (Clark 
et al. 1985) and that changes in limb position produced by 
muscle conditioning are a result of alterations in spindle 
resting discharge (Gregory et al. 1988). We have previously 
proposed that it is the difference in afferent signal com-
ing from the two antagonists at the elbow that determines 
the perceived position of the forearm (Proske et al. 2014). 
When these muscles are conditioned with a voluntary con-
traction at the test angle, thixotropic considerations dictate 
that any pre-existing slack is removed in extrafusal and 
intrafusal muscle fibres of both muscle groups. As a con-
sequence, resting discharge rates in spindles of both muscle 
groups rise to similarly high levels. When this is the case, 
the difference signal is low. This leads to generation of a 
low position signal.

There is evidence from other quarters that supports such 
an interpretation. Gilhodes et al. (1986) showed that raising 
spindle discharge rates by similar amounts in both antago-
nists at the elbow, using vibration, led to abolition of the 
vibration illusion seen when only one muscle was vibrated. 
More recently, the technique of co-vibration of antagonists 
has been used as a method for degrading or masking propri-
oceptive feedback from an arm (Bock et al. 2007; Brun and 
Guerraz 2015). Our interpretation of these results is that the 
similarly high levels of spindle signal in both antagonists 
during co-vibration lead to a low difference signal which is 
interpreted centrally as reduced proprioceptive input from 
the arm. We are therefore proposing that co-conditioning of 
the antagonists with voluntary contractions at a given test 
angle leads to a similar outcome as co-vibration. However, 
there is one distinction. While the vibration can potentially 
engage a range of receptor types, including muscle, tendon, 
joint and skin receptors, only striated muscle, including the 
intrafusal fibres of spindles, exhibits thixotropic properties 
(Proske et al. 2014). So the effects of a conditioning con-
traction can be attributed specifically to afferents of muscle 
spindles.

It is currently believed that both primary and second-
ary endings of muscle spindles contribute to limb position 
sense (McCloskey 1973). The question arises: do all affer-
ents of muscle spindles exhibit thixotropic behaviour? In an 
animal study, the responses of single, identified afferents of 
muscle spindles, including primary and secondary endings, 
were tested for thixotropic properties (Proske et al. 1992). 

It was found that all primary endings exhibited such behav-
iour, but 16 of 35 secondary endings did not. These affer-
ents had characteristically low conduction velocities, and it 
was speculated that the lack of a history dependence related 
to the location of the sensory terminals on the intrafusal 
fibres. The result means that thixotropic conditioning of 
human muscle may not engage all spindle afferents in the 
muscle. It raises the possibility, although unlikely, that in 
a pointing task there is a contribution to the position signal 
from spindle secondary endings which are unresponsive to 
the conditioning.

Accepting that a reference arm with antagonists co-con-
ditioned at the test angle generated a net low proprioceptive 
signal, why were the errors so large after flexion or exten-
sion conditioning of the indicator? We propose that flexion 
conditioning of the indicator arm at 90°, followed by move-
ment of the arm to the matching position generated in the 
arm a signal strongly biased in favour of flexor spindles, 
so the subject was trying to match a weak reference signal 
with a strong indicator flexor signal. It led the subject to 
match with the indicator elbow flexed, trying to keep elbow 
flexor muscles short and therefore their spindle discharge 
rates low. So position errors lay in the direction of flexion 
(−6.2°, filled circle, left-hand panel, Fig. 1). The same kind 
of explanation can be applied to extension conditioning of 
the indicator where the proprioceptive signal was biased in 
favour of extensors, so matching errors were predicted to 
lie in the direction of extension (+5.8°, open circle, left-
hand panel, Fig. 1).

The trend in the pointing trials that all of the errors lay 
in the direction of extension was similar to that seen previ-
ously (Tsay et al. 2016). The result suggested that the cen-
tral processes involved in generating the sensation of limb 
position in a pointing task were relatively insensitive to 
changes in spindle afferent input produced by muscle con-
ditioning. In that report we provided additional evidence 
for our view by showing that the illusions of limb position 
generated by muscle vibration in matching tasks (Good-
win et al. 1972) were not present in pointing tasks. Since 
muscle vibration is a powerful stimulus for muscle spin-
dles (Roll et al. 1989), it was concluded that spindle signals 
played a lesser role in position sense measured in a point-
ing task compared with a matching task. As a consequence, 
in a pointing task position errors generated by muscle con-
ditioning no longer conformed to predictions.

The finding of no vibration response in a pointing task 
(Tsay et al. 2016) remains controversial. Izumizaki et al. 
(2010) observed a 30 % reduction of the vibration illusion 
in a pointing task compared with a matching task, while 
Kammers et al. (2006) found the illusion three times larger 
in a matching task compared with a reaching task. So it 
may be that the vibration illusion is not always fully sup-
pressed in a pointing task.
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Recently, Kigawa et al. (2015) showed that the size 
of the vibration illusion generated in one arm could be 
reduced by vibrating the other arm. Such an outcome is 
presumably due to a signal difference mechanism operat-
ing during forearm matching (Proske et al. 2014). Kigawa 
et al. showed further that if the second arm was vibrated in 
an abducted position, the crossed effect on the other arm 
was no longer present. Yet it was possible to demonstrate 
a healthy vibration response in the abducted arm itself. 
Some years ago it was shown that when position sense was 
measured in a matching task, with both arms abducted, 
the standard deviation of matching errors was double that 
seen in a matching task with the arms in front (Gooey et al. 
2000). The result suggested that subjects were less sure of 
the positions of their abducted arms. All of this empha-
sises the importance of arm posture for the position match-
ing mechanism. When we carry out skilled manipulations 
with our hands, the hands are in front, forearms aligned. It 
is under these conditions that high alignment accuracy is 
required.

What might be the reason for the distribution of errors 
in the direction of extension in the pointing tasks? We have 
previously proposed that in a matching task it is the dif-
ference in afferent signals coming from the two arms that 
is used to indicate their degree of alignment (Proske et al. 
2014). Obviously, in a task such as arm pointing the sense 
of limb position cannot be generated using such a differ-
ence mechanism since afferent signals from only one arm 
are available. We have postulated that in a pointing task 
the afferent signals from the reference arm access a cen-
tral map of the body, the postural schema (Longo et al. 
2010) to generate the positional information. One possi-
ble factor contributing to the distribution of position errors 
in a pointing task is a distortion of central somatosensory 
maps, reflecting regional differences in sensory innervation 
(Miller et al. 2016). It is conceivable that map distortions of 
forearm length and its angular location are responsible for 
errors lying in the direction of extension.

Wider implications

The original experiments establishing a role for muscle 
spindles in proprioception were by Goodwin et al. (1972). 
Their findings have been very influential; whenever the 
subject of proprioceptors is brought up and their role in 
human position sense is considered, it is tacitly assumed 
that muscle spindles comprise a major source of the affer-
ent input (see, for example, Goble et al. 2009). The present 
report is submitted in support of the view that the role of 
muscle spindles in position sense depends on how position 
sense is measured. If it is measured in a pointing task, evi-
dence from thixotropic conditioning of muscle, including 
the present study, and from the effects of muscle vibration 

(Tsay et al. 2016), does not support a prominent role for 
muscle spindles. On the other hand, where position sense is 
measured in a matching task, by placing one limb to align 
it with the perceived position of the other, the evidence for 
spindle involvement is strong.

If our conclusion is accepted and muscle spindles do 
not contribute significant proprioceptive signals in a posi-
tion pointing task, what source of afferent signal might 
be responsible for providing the positional information? 
In the pointing trials the errors all lay 3°–7° in the direc-
tion of extension. So subjects were aware of the position 
of their reference arm, if less precisely than in a two-arm 
matching task. In an arm movement task concerned with 
interlimb coupling, Brun and Guerraz (2015) reported that 
when elbow antagonists of the moving arm were vibrated, 
a “condition of proprioceptive masking”, subjects reported 
that they could still feel the passive displacement of the 
arm. It was concluded that the effect of the vibration was 
not sufficient to fully suppress conscious movement per-
ception. The authors speculated that other muscle, skin or 
joint receptors were responsible for the remnant sensation.

These considerations lead to the suggestion that we have 
two senses of limb position. When both arms are involved 
in determining limb position and they are relatively closely 
aligned (±10°, Proske et al. 2014), the spindle mechanism 
plays a prominent role and it ensures an alignment accuracy 
of ±2°. If this mechanism is unable to be engaged because 
the two arms are too far apart, or if the task involves affer-
ent input predominantly from only one arm (pointing), an 
additional underlying source of position signal is accessed.

Given that subjects were blindfolded in the main experi-
ment, senses such as vision and hearing, which are able to 
provide spatial information, were not involved. Apart from 
spindles, other sensory receptors which have been consid-
ered to contribute to position sense include skin and joint 
receptors (Proske and Gandevia 2012). Potential candi-
dates for position sensors in the skin are the slowly adapt-
ing Type II, Ruffini endings that respond to skin stretch. We 
have recently attempted to bias limb position sense at the 
forearm by stretching skin over the elbow joint (Tsay et al. 
2016). This did not produce any detectable effect on posi-
tion sense measured in either a position matching or point-
ing task. Such a negative result does not mean, of course, 
that cutaneous input plays no role, but simply that position 
sense cannot be significantly modified with the method 
used. There is, however, evidence that movement sense 
can be altered by skin stretch (Collins and Prochazka 1996; 
Collins et al. 2005). Similarly for joint receptors, they are 
considered principally to be movement detectors, but the 
presence in many joints of Ruffini endings means they are 
potentially capable of providing positional information, 
especially towards the extremes of the range of joint move-
ment (Ferrell and Smith 1988; Fuentes and Bastian 2010). 
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In summary, the jury is still out over the afferent origins of 
position sense measured in a pointing task. Our evidence 
suggests spindles do not play a major role, but that other 
sources of position signals including skin and joint should 
be given further consideration (Tsay et al. 2016).

One other possibility is that the positional information 
in a pointing task is generated centrally, perhaps the result 
of an effort-related signal generated by the subject as they 
support the weight of their arm. We have tested this possi-
bility, and the evidence does not support a role for a motor 
command signal in position sense at the elbow (Tsay et al. 
2016).

To conclude, we present the observations in this report 
in support of the view that in tasks measuring position 
sense by pointing to the hidden limb, the afferents of mus-
cle spindles do not play a prominent role. By contrast, spin-
dles make a major contribution to position sense measured 
in a forearm matching task. The realisation that the sen-
sory origins of position sense measured by matching and 
pointing are different offers new insight into the underly-
ing mechanisms. If this view is confirmed, it represents an 
important advance in our understanding of the processing 
of spatial information.
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SECTION THREE: BODY REPRESENTATION IN CHRONIC PAIN  
 

CHAPTER 6: BODY REPRESENTATION IN CHRONIC PAIN REVIEW  
 

Tsay, A., Allen, T. J., Proske, U. & Giummarra, M. J. (2015). "Sensing the body in chronic pain: 

A review of psychophysical studies implicating altered body representation." Neurosci 

Biobehav Rev 52(0): 221-232. 

 

6.1 Explanatory Notes 
In this final section of the thesis, position sense and body representation was examined in 

individuals with chronic pain. Chronic pain is defined as pain that has persisted for more 

than three months or beyond the expected time for healing (Merskey et al., 2011). While 

the aetiology is frequently unclear, both peripheral (tissue damage) and central (cortical 

reorganization) components are thought to be major contributors in the development of 

chronic pain (Lund et al., 1991; May, 2008; Wand et al., 2011; Melzack & Katz, 2013).  

 

The first chapter in this section is a review paper (Chapter six; Tsay et al., 2015), published in 

Neuroscience and Biobehavioral Reviews that discussed the representation of the body in 

individuals with chronic pain. The review adopted the classification system described by 

Sherrington (1906), where the sense of one’s physical-self comprises of three inter-related 

physiological systems: proprioception, exteroception and interoception. Within a year of 

publication this review had been cited 11 times (Akbari et al., 2015; Clayton et al., 2015; 

Schirmer-Mokwa et al., 2015; Adamczyk et al., 2016; Blickenstaff & Pearson, 2016; Bordoni 

et al., 2016; Martini, 2016; Ricciardi et al., 2016; Sano et al., 2016; Scheper et al., 2016; 

Senkowski & Heinz, 2016; Tsay & Giummarra, 2016) making it one of the most highly cited 

papers in this thesis. 
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a  b  s  t  r  a  c  t

There  is growing  evidence  that  chronic  pain  conditions  can have  an  associated  central  pathology,  involv-
ing  both  cortical  reorganisation  and  an  incongruence  between  expected  and  actual  sensory–motor
feedback.  While  such  findings  are  primarily  driven  by  the  recent  proliferation  of  neuroimaging  stud-
ies,  the  psychophysical  tasks  that complement  those  investigations  have  received  little  attention.  In this
review,  we  discuss  the  literature  that  involves  the  subjective  appraisal  of  body  representation  in patients
with  chronic  pain.  We  do so by examining  three  broad  sensory  systems  that form  the  foundations  of  the
eywords:
hronic pain
ody schema
roprioception
nteroception

sense  of physical  self  in  patients  with  common  chronic  pain  disorders:  (i)  reweighting  of  proprioceptive
information;  (ii)  altered  sensitivity  to exteroceptive  stimuli;  and,  (iii)  disturbed  interoceptive  awareness
of  the  state  of  the  body.  Such  findings  present  compelling  evidence  for a multisensory  and  multimodal
approach  to therapies  for  chronic  pain  disorders.

© 2015  Elsevier  Ltd. All  rights  reserved.
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1. Introduction
In health, we possess a certain affinity with our limbs, whose
posture we can easily discern, even without looking at them. Indeed
we take the spatial perception of our body for granted, as it oper-
ates largely in the absence of any apparent awareness. However,
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his may  not be the case for the 1 in 5 adults living with chronic
ain-related disorders (Breivik et al., 2006), many reporting that
he mental representation of their affected body part is somehow
istorted—either in size, posture or even absent entirely (Melzack,
990; Lewis et al., 2010; Wand et al., 2011).

Chronic pain is defined as pain that has persisted for more than
 months or beyond the expected time for healing (Merskey et al.,
011). This encompasses conditions such as complex regional pain
yndrome (CRPS), phantom limb pain, chronic low back pain (CLBP)
nd fibromyalgia syndrome. It is unlike acute pain, which plays a
rotective role by eliciting motivation to minimise harm. Rather,
hronic pain is considered a disease in itself (Niv and Devor, 2004).
ue primarily to the recent proliferation of neuroimaging studies,

here is growing evidence of a central pathology associated with
hronic pain (Wiech et al., 2000; Lima and Fregni, 2008), as distinct
rom acute pain profiles (Apkarian et al., 2005). While such evidence
as been reviewed previously, particularly the associated cortical
hanges (Flor et al., 2006; Lotze and Moseley, 2007; May, 2008;
pkarian et al., 2011; Wand et al., 2011), the psychophysical tasks

hat are used clinically and in research to assess these disturbances
ave received little attention.

In this review, we discuss the literature that involves the sub-
ective appraisal of body representation in patients with chronic
ain by exploring the possible mechanisms by which a distortion
f body representation might occur. Psychophysical tasks are of
articular importance because they possess considerable potential
or translational outcomes in clinical practice. In addition, these
asks provide a non-invasive and clinically-viable method of assess-
ng cortical reorganisation—without the complexities and expense
ssociated with neuroimaging. We  have adopted the classifica-
ion system described by Sherrington (1906), where the sense of
ne’s physical-self comprises three inter-related physiological sys-
ems. We  begin by discussing sensory inputs generated by the body
tself (proprioception), and from the surrounding environment (the
xteroceptive senses). Finally we discuss awareness of sensations
ithin the body (interoception) and changes in autonomic regula-

ion in common chronic pain disorders. Distinctions between these
ensations have been made for the purposes of the review. In reality,
owever, there is probably considerable overlap between the inte-
oceptive, exteroceptive and proprioceptive systems in generating
he central representation of the body.

. Proprioception

Proprioception refers to sensations generated by the body’s own
ctions (Proske and Gandevia, 2012). By convention, these include
our senses: (i) the sense of movement and limb position (kinaes-
hesia); (ii) the sense of tension or force; (iii) the sense of effort;
nd (iv) the sense of balance.

It is now widely accepted that information from proprioceptors
roject to the cerebral cortex of the brain (Oscarsson and Rosen,
963; Landgren and Silfvenius, 1969; McIntyre, 1974; McIntyre
t al., 1984), contributing to and maintaining a mental map  of the
ody (Head and Holmes, 1911). While there is evidence for multiple
ody maps (Schwoebel and Coslett, 2005; Kammers et al., 2006),
heir role and function has historically remained ambiguous (de
ignemont, 2010). In this review, we refer to them collectively as
ody representations. One such map  is the body schema (Head and
olmes, 1911) - or postural schema (Longo and Haggard, 2010) - an

nternal representation of the body’s posture, which appears to be
onstantly updated based on current experiences (Matthews, 1988;

erlucchi and Aglioti, 2010). Hence, the role of the body schema

s to guide motor actions as distinct from the conscious percep-
ion, belief and attitude of the body by its owner—i.e. body image
Gallagher and Cole, 1995; de Vignemont, 2010). It is known that
vioral Reviews 52 (2015) 221–232

the experimental manipulation of afferent signals can lead to false
impressions of limb position (Lackner, 1988) that temporarily dis-
rupts the body schema (Melzack and Bromage, 1973; de Vignemont
et al., 2005; Inui et al., 2011). The idea that changes in afferent sig-
nalling may  cause distorted body representation in chronic pain has
been raised before (Melzack, 1990). Indeed, there is evidence that
large-diameter afferents are responsible for the pain commonly
experienced after exercise, implicating access to the pain pathway
by spindle afferents (Weerakkody et al., 2001, 2003b). However,
recordings of afferents in healthy human subjects during stimula-
tion of group III and IV afferents, via hypertonic saline, does not
alter fusimotor excitability or muscle spindle discharge (Birznieks
et al., 2008; Fazalbhoy et al., 2013). In light of such observations,
the associated changes in chronic pain patients regarding propri-
oception more likely involves upstream disturbances, such as the
neural processing of proprioceptive signals (Brumagne et al., 2004;
Popa et al., 2007; McCabe and Blake, 2008). Conversely, higher-
order alterations in body representation (Bultitude and Rafal, 2010)
through cortical reorganisation have also been implicated (Moseley
and Gandevia, 2005).

2.1. Kinaesthetic awareness

Historically, the sensations of limb position and movement were
considered a single sense, termed kinaesthesis (Bastian, 1880). This
is because both senses share inputs from the same mechanorecep-
tors within the muscle, i.e. the muscle spindles, which project to
the cerebral cortex to provide information regarding the posture
of the body and whether or not it is moving (Proske and Gandevia,
2009; Proske and Gandevia, 2012). However, it is now generally
regarded that kinaesthesia consists of two distinct senses, com-
prising both position and movement sense (McCloskey, 1973). Of
these two  senses, position sense is the most widely tested sense
in people with chronic pain, often involving the reproduction of
a remembered posture or limb position (generally, in the absence
of visual feedback). While there is evidence of reduced acuity dur-
ing joint position sense tasks in those with chronic pain (Gill and
Callaghan, 1998; Brumagne et al., 2000; Newcomer et al., 2000b;
O’Sullivan et al., 2003; Pötzl et al., 2004; Cuomo et al., 2005; Knox
et al., 2006; Paulus and Brumagne, 2008; Lewis et al., 2010; Ha et al.,
2011; Sheeran et al., 2012), there are also a number of studies that
have found no significant differences in limb repositioning acuity
between patient and control groups (Lam et al., 1999; Newcomer
et al., 2000a; Descarreaux et al., 2005; Asell et al., 2006; Lee et al.,
2010; Mörl et al., 2011).

Such contrasting views may  be explained by differences in
posture during the experimental protocols, such as whether par-
ticipants were standing, sitting or lying down during the task. This
is based on the premise that the latter postures would minimise
the proprioceptive information available to the participant (Gill and
Callaghan, 1998; Gooey et al., 2000; Lee et al., 2010). However, the
available literature suggests that kinaesthetic acuity is not influ-
enced by the posture adopted at the time of testing in these groups
(Gill and Callaghan, 1998; Lee et al., 2010). That is, repositioning
errors were no greater when patients with CLBP were seated, lying
on their side or supine (Lee et al., 2010); likewise, the reproduc-
tion of trunk position was  not significantly different when standing
compared to kneeling (Gill and Callaghan, 1998).

A possible explanation for the lack of an effect between postural
conditions comes indirectly, through studies that elicit muscle
lengthening illusions. One method of examining the effects of alter-
ing afferent signals is to apply a vibration stimulus to the muscle,

which leads to a dramatic increase in spindle afferent firing rates
(Goodwin et al., 1972; Lackner, 1988). For example, Brumagne et al.
(2000) assessed lumbosacral position sense in seated CLBP patients
by vibrating the lumbar multifidus muscle. Given that spindle
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ischarge is proportional to muscle length (Proske and Gandevia,
012), a lengthening illusion in the vibrated muscle would be
xpected. This was observed for the asymptomatic control group;
owever, the low back pain group produced errors in line with

 muscle-shortening illusion. In other words, the direction of the
llusion was reversed in the pain group. This cannot be explained
y a contraction of the painful muscle during vibration, as this
ould suppress the lengthen illusion. These results were partially

eplicated in a later study using posturography (Brumagne et al.,
004), with CLBP patients showing a reduced centre of pressure
isplacement during paraspinal muscle vibration, as well as an

ncreased centre of pressure displacement under vibration of
riceps surae muscles, compared to healthy controls, during quiet
tanding. The authors proposed that such changes in centre of
ressure reflect an altered sensitivity to proprioceptive input.
owever, interpreting such studies is complicated by co-activation
f the fusimotor system during voluntary contractions (Vallbo,
971), which attenuates vibration illusions (McCloskey, 1973;
apaday and Cooke, 1983; Inglis and Frank, 1990; Ansems et al.,
006). The implication is that when a muscle is contracting, the

ncrease in spindle firing rate due to fusimotor activity does
ot contribute to the signalling of positional information. Such
onsiderations were not accounted for in the aforementioned
tudies (Gill and Callaghan, 1998; Brumagne et al., 2000, 2004; Lee
t al., 2010) and may  be responsible for their observations.

One further explanation for the conflicting findings across posi-
ion sense studies in patients with chronic pain is the failure to
ccount for the thixotropic properties of muscle (Proske et al.,
993). To elaborate, the amount of stiffness and tension in a relaxed
uscle is dependent on the immediate preceding contraction and

ength changes. This property is due to the formation of stable
ross-bridges between actin and myosin, which form when the
uscle relaxes after a contraction. This influences the kinaesthetic

enses by altering the background discharge rates of the muscle
pindles, leading to errors in perceived limb position during blind-
olded matching tasks (Allen et al., 2008; Walsh et al., 2009; Tsay
t al., 2012; Walsh et al., 2013; Proske et al., 2014). Failure to con-
rol for background spindle discharge rates, prior to a position sense
udgement, may  lead to uncertainties in the interpretation of data
for a detailed review, see Proske et al., 2014). At present, this cru-
ial factor has not been considered in studies investigating position
ense in chronic pain disorders and may  account for the contrasting
ndings across studies.

With this in mind, evaluation from the kinaesthetic literature
eems to suggest sensory re-weighting of afferent information
n the presence of chronic pain (Brumagne et al., 2004). That is,
atients with chronic pain appear to rely less on proprioceptive sig-
als coming from the painful region (Brumagne et al., 2000, 2004,
008; Claeys et al., 2011; Willigenburg et al., 2013). While few
rospective studies have been carried out in this area, there is evi-
ence of improvements in both position and movement sense when

oint function is restored (Cuomo et al., 2005), hinting at a possible
ating mechanism between proprioceptive and nociceptive affer-
nts. Unfortunately, no attempts were made to quantify pain in this
ohort; hence, the relation between pain and kinaesthesia requires
urther clarification.

Impairments in precise trunk movement under visual feedback
ave also been demonstrated (Willigenburg et al., 2013). This is

urther supported by findings concerning movement sense. The
inimum threshold needed to detect movement is a commonly

sed protocol for the assessment of movement sense (Proske and
andevia, 2012), with chronic pain populations being less sensi-
ive to movement detection when compared to both the unaffected
imb and control groups (Cuomo et al., 2005; Lee et al., 2010). One
ossible explanation may  be due to the neglect-like symptoms
ssociated with chronic pain (Frettloh et al., 2006; Moseley et al.,
vioral Reviews 52 (2015) 221–232 223

2012c). Alternatively, altered sensitivity to movement detection
may  be influenced by the increased stiffness and altered activation
of the painful muscle (Lund et al., 1991; Hodges and Tucker, 2011;
Jacobs et al., 2011). Similarly to the position sense literature, uncon-
trolled muscular contractions may  influence movement detection
threshold (Wise et al., 1998) by the muscles thixotropic properties.
The importance of EMG  or other measures to verify the state of the
muscle during assessment is therefore critical.

2.2. Force discrimination and production

While the kinaesthetic senses enable us to determine the loca-
tion of a limb even when the muscles are completely relaxed,
the perception of heaviness, force and effort are generated – at
least in part – by a central motor command (McCloskey et al.,
1983). As a result, these sensations are generally accompanied by
a muscular contraction. During such contractions, the perception
of the associated descending motor command form a sensation of
effort. At the periphery, it is likely that muscle spindle and Golgi
tendon organs, well as cutaneous receptors, act as the principle
receptors that signal the amount of tension at the muscle (Roland
and Ladegaard-Pedersen, 1977; Proske and Gandevia, 2012). These
receptors provide afferent feedback, which is compared to the effer-
ence copy—an internally generated signal of the motor outflow
associated with the motor command (Wolpert et al., 1995). It is
believed that a mismatch between the afferent information and
the predicted sensory feedback is responsible for the perceived sen-
sations of tension or force. However, additional receptors may  be
involved in the estimation of force (refer to Walsh et al., 2011),
including muscle spindles (Luu et al., 2011).

Impaired perception and regulation of muscle tension has been
implicated in chronic pain (Flor et al., 1992, 1999), particularly in
individuals experiencing chronic tension headaches (Appelbaum
et al., 1984), as well as pain in the neck, shoulder (Fowler and Kraft,
1974) and jaw regions (Flor et al., 1992). Hence, interest in this area
is fuelled by the notion that relief can be brought about by relax-
ing the muscle. Indeed, studies have confirmed increased activity
of the affected muscle using EMG  (Lund et al., 1991; Jacobs et al.,
2011), which can be resolved with biofeedback and training (Fowler
and Kraft, 1974). When assessing tension and/or force awareness
during both acute pain states (e.g., induced with hypertonic saline
injections (Weerakkody et al., 2003a)) or chronic pain states (Flor
et al., 1992, 1999), there is a consistent underestimation of the force
generated by the painful muscle. An underestimation of tension by
the affected muscle is consistent with the kinaesthetic data, sug-
gesting a blunted awareness of feedback from the painful muscle,
and may  be involved in the long-term stiffening of muscles in the
affected body part (Hodges and Tucker, 2011).

Inadequate regulation of muscle tension may not only con-
tribute to the maintenance of chronic pain, but also influences force
production (Lund et al., 1991). Descarreaux et al. (2004) examined
isometric force production parameters in patients with chronic low
back pain. Whilst the CLBP group performed similarly to controls
overall, in terms of maximum voluntary contraction strength and
variability, a subgroup within the pain group was  identified as
having a longer time to peak force production. Interestingly, this
subgroup reported less pain during the time of testing, suggest-
ing that the differences in motor strategy were adopted as a way
of reducing the anticipated pain that may  be elicited during the
task. Hence, a psychological element, mediated by fear-avoidant
behaviour (Vlaeyen and Linton, 2000), cannot be entirely excluded
in these experiments.
It is believed that our sense of heaviness shares similar mecha-
nisms to the sense of force, with the added component of dynamic
muscle spindle signals (Luu et al., 2011; Proske and Gandevia,
2012). Interestingly, changes in limb weight as well as pain have
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een reported by McCabe et al. (2005) during movements that
onflicted with visual information. In this study, healthy par-
icipants were asked to report their sensory experience when
erforming a series of bilateral upper and lower limb movements.

 sensory–motor conflict was imposed by obstructing the view
f one limb using a whiteboard or mirror, whilst the seen limb
erformed asynchronous movements. It is conceivable that affer-
nt signals may  be involved in these experiences. However, an
lternate hypothesis proposed by the authors is that the efferent
opies, rather than a peripheral signal, may  be responsible for these
ensory anomalies. When similar experiments were performed
ith right brain-damaged individuals (Zampini et al., 2004), illu-

ory movements of the paralysed left hand were only observed in
atients with bodily disorders (i.e. neglect, anosognosia, disowner-
hip) upon viewing the mirror reflection of the moving right hand.
ndeed, these findings suggest that illusory experiences occur in
igher order, multimodal areas involved with the integration of
ensory information, which may  be prioritised depending on the
ask (Guerraz et al., 2012), to form a coherent body representation.

Other investigations relating to the perception of heaviness
nvolve the size-weight illusion, in which the larger of two objects
f equal weight is perceived as heavier. It has been proposed that
he illusion is driven by the expectation of how something of a
ertain size should weigh (Buckingham and Goodale, 2013). This
xpectation presumably leads to a greater descending motor com-
and when one attempts to lift the object (Jones, 1986). Other

actors such as muscle stiffness (Koike et al., 2006) and perceived
ize (Linkenauger et al., 2011) of the limb involved in the task also
lay a role in the illusion. Future investigations into the size-weight

llusion in chronic pain groups may  prove fruitful, as both increases
n muscle stiffness and alterations in perceived limb size have been
eported in patients with chronic pain, and shed light on the role
etween motor commands and sensory feedback in the generation
f pain.

.3. Balance and postural assessments

The balance organs of the vestibular system, found in the inner
ar, signal rotation and acceleration movements of the head. While
t is believed to provide sensory input to body representations, par-
icularly the body schema (Schwoebel and Coslett, 2005), it is also
esponsible for separating self-motion from non-self-motion, ocu-
omotor control and automatic postural adjustments during tasks
uch as standing (Day and Fitzpatrick, 2005). The influence of pain,
articularly chronic back pain, on postural stability has been stud-

ed extensively (for reviews see: Ruhe et al., 2011; Mazaheri et al.,
013). Ruhe et al. (2011) systematically reviewed the literature to
etermine whether patients with CLBP exhibit poorer balance com-
ared to healthy controls. Of the 16 eligible studies, 14 showed that
atients exhibited greater postural instability than healthy con-
rols. More recently, however, Mazaheri et al. (2013) found great
nconsistencies between studies, and were therefore unable to pro-
ide a definitive answer. They attributed these differences to the
ethodological approach employed by Ruhe et al. (2011), in which

ll experimental conditions were considered in determining an
verall significant effect thereby increasing the likelihood of a type
ne error. Nevertheless, both reviews seem to agree that during
uiet standing, without any experimental perturbation, patients
ith CLBP generally exhibit greater postural sway.

One explanation for an increased body sway in CLBP popula-
ions is that damage to sensory tissue in the lumber spine, trunk
r lower extremities leads to disturbed sensory feedback. How-

ver, there is growing evidence of a central origin in chronic back
ain (Flor et al., 1997; Sipko and Kuczyński, 2013), relating to
ltered postural adjustment strategies (Moseley and Hodges, 2005;
opa et al., 2007; Tsao et al., 2008) and not to the descending
vioral Reviews 52 (2015) 221–232

motor drive (Hodges, 2001). Recently, it was proposed that sensory
feedback from the painful muscle is re-weighted, whereby more
reliable signals coming from non-painful regions are given prefer-
ence (Brumagne et al., 2000, 2004, 2008; Popa et al., 2007; Claeys
et al., 2011). Similar findings have been reported in patients with
muscle weakness who  show an increased reliance on other sensory
modalities, particularly vision, during quiet standing (Butler et al.,
2008).

Another possible mechanism for postural instability in patients
with chronic pain relates to the changes in motor planning and/or
postural strategies in the presence of pain. It is known that EMG
activation of the transverse abdominals (Hodges and Richardson,
1996) and external oblique muscles (Hodges, 2001) is delayed in
the presence of low back pain during arm movements. Activa-
tion of these muscles is generated through feed-forward control,
to counter perturbations and stabilise the spine prior to arm move-
ments. A delayed transmission of a descending motor command
(Hodges, 2001), or a disruption of normal postural control in the
CNS (Moseley and Hodges, 2005), cannot adequately explain such
changes in activation time. Rather it was thought that pain, or fear
of pain, influences postural adjustments because the processing
of pain information is given priority over other sensory inputs,
termed “pain interference” (Crombez et al., 1996; Moseley and
Hodges, 2005). For this to be true, the effect of pain on postural
adjustments should be greatest at the onset of pain, habituate with
repeated exposure, and be resolved immediately upon cessation of
the painful stimulus. However, more recent investigations, involv-
ing noxious cutaneous electric stimulation in healthy individuals
(Moseley and Hodges, 2005) and chronic low back pain (della Volpe
et al., 2006), did not support such predictions. Instead, the authors
concluded that the changes in postural adjustments are likely to
reflect the adaptation of an alternate postural strategy. Whether
such changes are a protective adaptation (Lund et al., 1991) or a dys-
function relating to the processing of proprioceptive information is
still unclear.

3. Exteroception

Sherrington (1906) initially classified the special senses under
three broad categories: tactile sensation, teleoreception (vision
and audition) and chemoreception (olfaction and gustation). These
senses are considered exteroceptive as they confer sensations aris-
ing from outside of the body, such as the valence of odours or the
intensity of auditory stimuli. Their role in constructing the repre-
sentation of the body is to define the boundaries of the organism
with respect to its external environment. Hence, the implication
is that a breakdown of these sensory systems compromises the
integrity of the self.

3.1. Tactile sensation

The role of touch in the modulation of pain has long
been recognised (Melzack and Wall, 1965). With respect to
experimentally-induced pain, both external stimulation – applied
via von Frey hair filaments (Mancini et al., 2014) – and self-touch
(Kammers et al., 2010) have demonstrated analgesic effects in
healthy subjects. Of particular interest are the results of the latter
study by Kammers et al. (2010), who found that bringing together
the hands under the thermal grill illusion weakened the heat sen-
sation in the cool finger. In the traditional thermal grill illusion,
a cool middle finger surrounded by warm outer fingers (index

and ring fingers) feels painfully hot. Analgesia through self-touch
may  drive the anecdotal behaviour of clutching the painful hand
with the other hand, thereby increasing a coherent cognitive body
representation. The reinstatement of body representation through
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elf-touch has also been demonstrated in a case report involving a
troke patient with somatoparaphrenia, the denial of ownership
f a limb (van Stralen et al., 2011). Interestingly, patients with
hronic pain report a weakened heat sensation by the cool finger
uring the thermal grill illusion compared with pain-free controls
Sumracki et al., 2014). An altered central integration of ascending
ain and temperature signals was concluded by the investigators,
iven that no significant difference was observed in thermal thresh-
lds amongst the pain and pain-free groups.

Tactile responses are often assessed, in both the clinic and lab-
ratory, by examining two-point discrimination threshold (Lotze
nd Moseley, 2007; Catley et al., 2013), with chronic pain pop-
lations showing impairments in discrimination (Moseley, 2008;
tanton et al., 2013). In such tasks, the jaws of a mechanical calliper
re placed on the surface of the skin and spread apart gradually until
he patient is able to discern two points, instead of one. Further,
hen asked to identify the location of the unseen tactile stim-
lus, patients with CPRS and CLBP commonly report the wrong

ocation (Moseley et al., 2008c; Wand et al., 2013). Reduced tac-
ile discrimination and mislocalisation have also been reported
n the amputated limb in people suffering from phantom limb
ain (Ramachandran et al., 1995; Flor et al., 2001; Ramachandran
nd Altschuler, 2009). Taken together, these studies demonstrate
hat increases in two-point detection discrimination are consis-
ent with perceiving the painful limb to be larger (Moseley, 2005a,
008). Such changes in body representation and tactile acuity have
een linked with reorganisation of the primary somatosensory cor-
ex (Ramachandran and Altschuler, 2009; Vartiainen et al., 2009;
aggard et al., 2013), and may  be improved with training (Flor et al.,
001; Moseley et al., 2008c; Moseley and Wiech, 2009; Wand et al.,
011).

Further biases have been found by adjusting the relative time in
actile stimulus delivery. Such tasks, called temporal order judge-

ents, examine perceptual latency by identifying a speeding-up
prioritisation) or slowing down (neglect) of neural processing. In
hose who experience chronic pain, for paired vibrotactile stimuli
o be perceived as synchronous the stimulus needs to be deliv-
red earlier at the site of pain—as if the stimulus is processed more
lowly in the affected area (Moseley et al., 2012c). Emerging evi-
ence from patients with CRPS and CLBP suggest that this effect

s derived from a spatially-defined reference frame. That is, when
he unaffected arm was placed over the body midline so that it was
ositioned in the space normally occupied by the affected arm and
ice versa, a prioritisation of the affected arm was observed. The
pposite response was seen when both limbs were uncrossed. Thus
he effect appears to be related to the space in which the affected
imb normally resides, not by the affected limb itself (Moseley et al.,
009). Comparisons have been drawn with observations in brain-
amaged patients with spatial neglect (Moseley et al., 2012c), who
isplay similar temporal biases (Rorden et al., 1997).

.2. Teleroception: Visual and auditory illusions, recognition and
ensitivity

Vision plays an important role in body representation. When
e detect a noxious stimulus we cannot help but to look at where it
urts. Perhaps this is because seeing the painful body part reduces
he intensity of acute pain (Longo et al., 2009) and allows us to more
ccurately localise pain. Indeed, visual analgesia may  be mediated
y somatosensory bodily representation (for a review, see Haggard
t al., 2013). This effect can be enhanced by viewing an enlarged

mage of the limb experiencing heat pain (Mancini et al., 2011).
et for patients with CRPS, pain is exacerbated when performing
ovements of the affected limb under magnification (Moseley

t al., 2008b). As will be discussed, such discrepancies from visual
vioral Reviews 52 (2015) 221–232 225

information may  relate to differences in body representation
between healthy and chronic pain groups.

Distortions in perceived limb size (Moseley, 2005a; Bultitude
and Rafal, 2010), as well as changes to subjective body midline
have also been observed in patients with chronic pain (Sumitani
et al., 2007), supporting a role for higher order regulation of visual
information when experiencing pain (Mancini et al., 2011). Indeed,
Preston and Newport (2011) have demonstrated that visual manip-
ulation of the perceived size of the affected limb can modulate
the pain experience in osteoarthritis. Significant reductions in pain
were reported when participants watched real-time video feed-
back of the arthritic hand being stretched or shrunk. This was done
by producing virtual illusions, via a computer generated system
called MIRAGE, which retains the same position and perspective of
the hand as if viewed directly from the real hand. Light pulling and
squeezing of the finger was also coupled with the visual illusion,
which suggests involvement of the sensory–motor focused body
schema, which receives information from visual, proprioceptive,
auditory and vestibular sources.

Another method for investigating the body schema involves
the recognition of body parts, which requires actively mapping
visual sensations onto stored mental representations (Parsons,
2001; Longo et al., 2010). In chronic pain, the spatial recognition
of the affected body part has received considerable attention. This
is because the time to identify the orientation of a body part corre-
lates with the time taken to position their own  body part into that
same posture (Parsons, 1987). Hence, limb laterality judgement
tasks provide a measure of integration between visual informa-
tion processing, working body schema and premotor processes
(Hudson et al., 2006). In these tasks, participants make judgements
as quickly as they can of whether images of hands or feet belong
to the left or right side of the body. Consistent with neglect-like
symptoms reported elsewhere (Frettloh et al., 2006; Lewis et al.,
2010), patients with unilateral pain often take longer (Schwoebel
et al., 2001) and are less accurate (Coslett et al., 2010) in perform-
ing the task when the pictured limb corresponds to their affected
side. Likewise, the identification of left/right trunk rotation move-
ments is also impaired in people with chronic back pain (Bray and
Moseley, 2011; De Lussanet et al., 2012; Bowering et al., 2014).
Lower-limb paraplegics, as a result of complete spinal section, also
exhibit difficulty in recognising lower-limb movements (Pernigo
et al., 2012). In contrast, when asymptomatic participants expe-
rience experimentally-induced acute pain, via hypertonic saline
injections, they exhibit a longer response time to the unaffected
hand (Hudson et al., 2006). This has been interpreted as either
an attentional bias, in which the CNS has difficulty in allocat-
ing attentional resources away from the painful body part during
acute pain, or that the working body schema of the painful limb
becomes more accessible than the non-painful limb. This is yet
another point of divergence between chronic and acute pain pro-
files.

Recent interventions involving the manipulation of visual-
motor information have yielded analgesic effects for both phantom
limb pain and CRPS patients (Ramachandran and Altschuler, 2009).
Collectively, the use of mirror box therapy and prism adapta-
tion have shown improvements in range of motion and function
(Moseley, 2005b; Bultitude and Rafal, 2010), temporary relief from
pain (McCabe et al., 2003; MacLachlan et al., 2004; Sumitani et al.,
2008; Ramachandran and Altschuler, 2009; Bultitude and Rafal,
2010; Foell et al., 2014), reduction in swelling (Bultitude and Rafal,
2010), reversal of maladaptive brain changes (Foell et al., 2014),
and restoration of subjective body mid-line (Bultitude and Rafal,

2010). Part of the success of these therapies is purportedly due
to the re-establishment of sensory and motor feedback (Harris,
1999; Moseley and Gandevia, 2005; Flor et al., 2006; Swart et al.,
2009), by coupling limb movements with visual feedback. As briefly
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escribed earlier, movements that conflict with sensory informa-
ion may  result in pain (McCabe et al., 2005). Hence, pathological
ain in parts of the body from which visual and proprioceptive feed-
ack of movement are limited – for example, chronic back pain,
ramping foot pain and phantom pain, each of which cannot be
irectly seen – may  share similar origins (Harris, 1999). This idea

s further supported by recent evidence of pain relief by provid-
ng site-specific visual feedback of the painful region (Wand et al.,
012; Diers et al., 2013).

The apparent weighting of visual information over proprio-
eption and touch can also be utilised to generate illusions of
wnership and embodiment (Holmes and Spence, 2005). When
ynchronous tactile stimulation is applied to an obscured hand
nd an adjacent rubber hand (which is in-view), the illusion of
wnership over the rubber hand arises. Vision alone, however,
s not the primary driver of this illusion, as Ehrsson et al. (2004)
ave shown using fMRI, that there is a shift in self-attribution in
he premotor cortex and its associated areas. While the rubber
and illusion does not seem to affect pain threshold or intensity
Mohan et al., 2012), a full body version of the rubber hand illu-
ion does generate increased pressure pain thresholds in healthy
ndividuals (Hänsell et al., 2011). Hence a breakdown in self-
ttribution, mediated by visual input, may  be associated with
ngoing pain.

In regards to those who experience chronic pain, the rubber
and illusion has been successfully performed to reduce phan-
om limb pain in amputees (Ramachandran et al., 1995; Ehrsson
t al., 2008; Giummarra et al., 2010) and patients with CRPS
Reinersmann et al., 2013). The strength of the illusion does not
ppear to be influenced by pain or motor impairment; nor does
he illusion necessarily require synchronous tactile stimulation
Giummarra et al., 2010). Further, higher order multisensory inte-
ration appears to be unaffected (Reinersmann et al., 2013), but
ay help to reinforce the strength of the illusion when the motor

ystem is engaged – through the voluntary or involuntary exe-
ution of motor schemata – when the rubber hand is threatened
Giummarra et al., 2010).

Finally, there is evidence that patients with chronic pain have
 lower noise tolerance and prefer lower levels of external stimu-
ation (McDermid et al., 1996; Wilbarger and Cook, 2011). This is
ot surprising considering the degree of overlap between nocicep-
ive, somatosensory, visual and auditory brain regions (Mouraux
t al., 2011; Haggard et al., 2013). An auditory-evoked potential
tudy in fibromyalgia patients found significant differences in N1
nd P2 latencies, particularly at louder intensities, suggesting that
eficits in an inhibitory system protecting against overstimulation
ay  be a crucial factor in fibromyalgia (Carrillo-de-la-Pena et al.,

006). A significant correlation between sound and pressure sen-
itivity has also been demonstrated in both control and patient
roups (Geisser et al., 2008). These findings have two key impli-
ations. First, the underlying mechanism may  be due to a global
isturbance in sensory processing. Second, improvement in one
ensory modality, such as touch sensitivity may  influence another.
owever, at present, experimental and psychophysical findings are

argely restricted to patients with fibromyalgia. A broader scope
hat is inclusive of other chronic pain disorders may  aid in the
nderstanding of the mechanisms that lead to increased sensitivity

n relation to chronic pain. Moreover, whilst some have attributed
uch characteristics to hypervigilance (McDermid et al., 1996),
versions to loud noises and sensory-rich environments is rem-
niscent of Dunn’s model of sensory processing (Dunn, 1997), in

hich sensory thresholds influence behaviour. Such ideas are only

peculative at this stage, as this model has not been applied to
atients with chronic pain, but may  have the potential of identify-

ng populations of people who are “at-risk” of developing chronic
ain disorders (Alterio, 2008).
vioral Reviews 52 (2015) 221–232

3.3. Chemoreception: Gustatory and olfactory stimulation

The systems of nociception, gustation and olfaction share a fun-
damental evolutionary role in alerting an individual to threatening,
noxious or toxic stimuli. There is, consequently, considerable over-
lap in brain regions involved in processing pain, taste and smell;
namely, the insula cortex, anterior cingulate cortex, amygdala and
oribitofrontal cortex (Small and Apkarian, 2006; Villemure et al.,
2006). Despite these overlaps, few studies have explored multi-
sensory interactions between these systems and their implications
for understanding and treating pain.

Whilst somewhat intuitive, empirical evidence is only now
emerging in support of gustation in the modulation of pain (Bastian
et al., 2014). It is known that increased bitter taste sensitivity is
correlated with increased intensity pain during propofol injections
(Erden et al., 2007), while sweet oral solutions have shown anal-
gesic efficacy in neonates (Johnston et al., 2011). In relation to
chronic pain, there is a higher prevalence of self-reported taste dis-
turbances in patients with temporomandibular disorder (Nixdorf
et al., 2009), such as a reduced impression of flavour. For individuals
with CLBP, studies have reported an increased sensitivity to bitter
tastes (Small and Apkarian, 2006) and a blunting of hedonic sen-
sation to highly palatable foods (Geha et al., 2014). Interestingly,
it may  be that this effect is reciprocal. In other words, pain does
not only influence taste, but certain tastes may  evoke pain, at least
for some neuropathic pain patients (Scrivani et al., 1998). Recently,
Bastian et al. (2014) demonstrated that the removal of acute painful
stimuli, involving a modified version of the cold-pressor task, may
serve to enhance the capacity for gustatory pleasure. Whilst they
do not exclude the possible role of the opioid system and/or asso-
ciative learning, it is argued that the body remains vigilant after
exposure to pain—thereby maintaining increased arousal. Collec-
tively, these studies concerning pain and gustation demonstrate
that one system is able to modulate the sensory experience of the
other.

Similar to taste, researchers have explored the role of hedonic
states in olfaction and pain perception by specifically examining
the associated mood changes brought on by the valence of cer-
tain odours. However, this is complicated by the fact that any
change to pain perception from mood could, in fact, originate from
alterations in attention (Villemure et al., 2003), or even atten-
tion to pain (Keogh et al., 2001). Indeed, attending to pain not
only increased pain unpleasantness and intensity (Villemure et al.,
2003), but also influenced sensitivity in other domains, such as
touch (Vanden Bulcke et al., 2013). Nevertheless, it has been shown
that patients with fibromyalgia present with greater sensitivity to
unpleasant odours (Schweinhardt et al., 2008), whilst the smell
of certain foods may  also trigger pain in patients with gusta-
tory neuralgia (Scrivani et al., 1998). Further, a fMRI study has
shown increased activation following unpleasant odours in sev-
eral pain-related brain regions in a patient with neuropathic pain
who reported that odours exacerbated his pain (Villemure et al.,
2006). Whilst the literature surrounding body representation and
olfaction remains scarce, there is emerging evidence that humans
have the ability to distinguish their own  major histocompatibil-
ity complex peptides from those of others based on body odour
(Milinski et al., 2013). Such findings have been implicated in the
selection of potential mating partners (Wedekind et al., 1995), as
well as recognition of kin (Blaustein, 1983), supporting a role for
olfaction in establishing identity. Considering the shared neurocir-
cuitry between processing odours, taste, emotion and pain, there
are considerable therapeutic implications for pain treatment by

targeting the gustatory or olfactory systems (Scrivani et al., 1998;
Nixdorf et al., 2009; Bastian et al., 2014). However for this to occur,
the mechanisms of how taste, smell and mood may  influence body
representation need to be elucidated.



obeha

4

i
t
t
s
w
b
t
s
i
t
t
t
a
c
r
r
p

4

f
t
a
w
m
n
f
t
e
l
e
t
t
n
f
b
b
e
w
a
c
i
H
b
t
G
i
t
a

e
t
i
s
r
n
v
p
i
2
p
i

A. Tsay et al. / Neuroscience and Bi

. Interoception

This review has so far focused on the sensory systems involved
n detecting where the body is and what it is doing (propriocep-
ion and extroception), rather than how it is feeling.  Interoception,
he sense of the physiological condition of the body, has broadened
ubstantially from how Sherrington (1906) initially envisioned it,
hich was restricted to visceral sensations. This broadening is

ased on emerging evidence that small diameter afferents project
o autonomic and homeostatic centres of the spinal cord and brain-
tem, which are then relayed to the ACC and dorsal posterior
nsula (Craig, 2002–2004). This relaying of information is due to
he thalamo-cortical extension that provides a direct pathway to
he insular cortex. As the afferents include both A� and C fibres,
he implication is that feelings of pain, temperature and itchiness
re distinct from the exteroceptive sense of touch. Since the dis-
overy of a cortical representation of homeostatic afferent activity,
esearchers have only recently begun exploring the role of inte-
oceptive awareness – the discrimination of perceived changes in
hysiological sensations – in pain disorders.

.1. Autonomic awareness and regulation

Quantification of interoceptive sensitivity has predominantly
ocused on sensitivity to cardiac activity; largely on the basis
hat heart rate is a non-invasive measure of autonomic arousal
nd assessment of internal bodily sensations. During assessment
ith validated techniques such as the Schandry mental tracking
ethod (Schandry, 1981), participants are instructed to count the

umber of heartbeats under different length intervals, without
eeling their pulse. A sensitivity score, which is calculated from
he actual and reported number of heartbeats, is expressed as
ither a percentage error or dichotomous score of high versus
ow perceivers (Domschke et al., 2010). Recent work by Tsakiris
t al. (2011) have provided the first direct evidence that interocep-
ive awareness can modulate the exteroceptive representation of
he body. When factors such as proprioceptive awareness, auto-
omic body-state and body image satisfaction were controlled

or, individuals with low interoceptive sensitivity were found to
e more susceptible to the rubber hand illusion. This is perhaps
ecause those with low interoceptive awareness may  rely more on
xteroceptive signals for the monitoring of bodily state. In other
ords, it may  be that visual and tactile information is weighted

bove internal bodily sensations in individuals with low intero-
eptive sensitivity. At present, there is a distinct lack of studies
nvestigating heartbeat awareness in people with chronic pain.
owever, evidence from experimentally-induced acute pain show
oth an enhanced sensitivity and decrease tolerance to pain in
hose with high interoceptive sensitivity (Pollatos et al., 2012).
iven that interoception is associated with both the tolerabil-

ty of pain and the modulation of exteroceptive representations,
here is considerable scope and value for future research in this
rea.

Recording the patient’s resting heart rate also allows for the
xamination of heart rate variability (HRV), by calculating the
ime variations between consecutive heartbeats. HRV can provide
nsight into the adaptability of the autonomic nervous system to
tress (Appelhans and Luecken, 2008). Whilst HRV may  not directly
equire the participant to attend to their bodily state, the auto-
omic nervous system is responsible for maintaining a range of
ital and involuntary physiological parameters – such as blood
ressure, temperature and heart rate – which may  be implicated
n the pathogenesis of some chronic pain disorders (Meeus et al.,
013). In addition, HRV provides a measure of sympathetic and
arasympathetic activity, as well as a potential marker for deficits

n self-regulation. HRV has been extensively investigated in a range
vioral Reviews 52 (2015) 221–232 227

of chronic pain disorders, such as CLBP (Gockel et al., 2008), chronic
neck–shoulder pain (Hallman et al., 2011, 2014), fibromyalgia
(Mostoufi et al., 2012), CRPS (Terkelsen et al., 2012), and phan-
tom limb pain (Sarabia Cachadiña et al., 2013). Collectively, these
studies unanimously support autonomic dysregulation in pain pop-
ulations, reflected by increased resting heart rate and reduced HRV.
In addition, HRV has been linked with perceived physical impair-
ment (Gockel et al., 2008; Mostoufi et al., 2012) and lower physical
activity during leisure time (Hallman et al., 2014) in patients with
chronic pain. Because low HRV is associated with a plethora of other
poor health outcomes (for a review, see Appelhans and Luecken,
2006), characterising its role in chronic pain, particularly whether
these changes in autonomic function are a cause or consequence
of chronic pain and whether they are amenable to change with
successful analgesic intervention, is of great benefit in improving
health outcomes and quality of life.

4.2. Spatiality influences ownership and thermoregulation

Other autonomic changes have been observed in chronic pain
disorders. In unilateral CRPS, patients exhibit disturbances in tem-
perature, colour, swelling and even abnormal hair and nail growth,
between the painful and non-painful limbs (McCabe and Blake,
2008). The work by Moseley et al. (2008a) have demonstrated that
temperature regulation can be altered by disrupting the sense of
ownership in healthy individuals. Inducing ownership over an arti-
ficial hand, via the rubber hand illusion, caused a specific cooling
in the experimental hand compared to the control hand. Impor-
tantly, the cooling occurs once the illusion takes effect in healthy
individuals (Moseley et al., 2012b), implying that as the owner-
ship of one’s own  limb decreases, so too does the homeostatic
control and sensory processing of the relevant areas. Such results
demonstrate striking similarities in CRPS patients, who  often feel
that their painful limb does not belong to them (Galer and Jensen,
1999; Lewis et al., 2010) and that the painful hand is cooler than the
non-affected hand (Moseley et al., 2012a). However, more recent
investigations by the same group found that spatial perception was
responsible for the modulation of ownership and other neglect-like
symptoms in patients with unilateral upper limb CRPS (Moseley
et al., 2012a). Infrared thermal imaging was  employed in a series of
experiments to show that crossing the hands over the body’s mid-
line led to temperature changes. That is, when both hands were
crossed, the affected hand became 0.4 ± 0.3 ◦C warmer while the
healthy hand became 0.3 ± 0.3 ◦C cooler. In addition, significant
improvements in tactile processing, increased sense of ownership
and reduced pain were observed in the affected hand when it was
placed in the body space of the unaffected hand. The analgesic
effects of ‘hand crossing’ have also been confirmed by Torta et al.
(2013) using fMRI of healthy individuals, who  rated perceived pain
intensity of mechanical pain applied to their hands. Significant
reductions in pain intensity and greater activation of the ante-
rior cingulate cortex, insular and prefrontal cortices were observed
during the crossed-hands condition, and greater activation in the
superior parietal lobe when both hands were uncrossed. Remark-
ably, such effects may  be mediated by the perceived location of the
limb, rather that its actual location (Moseley et al., 2013), as sim-
ilar temperature changes were demonstrated when patients with
CRPS wore prism glasses that laterally shifted the visual field by 20◦

and gave the impression that the affected limb was on the healthy
side of the body midline. Such findings highlight the role of spa-
tial processing, and more broadly the contribution of body-centred

reference frames, as a mediator for several symptoms exhibited in
CRPS. Perhaps these findings could be extended to unilateral CLBP
patients, who  also demonstrate neglect-like symptoms (Moseley
et al., 2012c)?
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ig. 1. Summary of the disturbances to the proprioceptive, exteroceptive and intero
or  the purposes of this review, it is emphasised that there exists considerable overla
o  the rest of the body figure, as commonly reported by people with chronic pain.

.3. Pain and body drawings

Clinicians and researchers alike have long since acknowledged
he need for a method whereby the state of pain is captured in such

 way that accurately conveys pain as experienced by the patient.
ttempts at devising such methods have largely taken the form of
ain drawings and, more recently, drawings of the mental repre-
entation of the body. Pain drawings have been in clinical use since
he 1940s (Keele, 1948; Palmer, 1949) and were later incorporated
n notable self-reporting pain questionnaires, such as the Brief Pain
nventory (Cleeland and Ryan, 1994) and McGill Pain Questionnaire
Melzack, 1975). When completing these questionnaires, patients
re provided with an outline of a human figure and instructed to
hade and/or mark the painful area. Perhaps the biggest advantage
f pain drawings are their ability to highlight differences in pain
ocation across different pain conditions for comparison (Almay,
987; Mannion et al., 2007), as well as exploring the lateralising
ffects of chronic pain (Margolis et al., 1985; Löfvander et al., 2007).
hilst the technique has demonstrated high test–retest reliabil-

ty (Margolis et al., 1988, r = 0.85; Ohnmeiss, 2000), the qualitative
ature of such tasks ultimately leads to the question of what is
ctually being measured (Margolis et al., 1986; Parker et al., 1995).
epending on the scoring method, pain drawings have been used
s a measure of psychological distress (Ginzburg et al., 1988; Parker
t al., 1995; Ektor-Andersen et al., 1999), a differentiator between
rganic and non-organic pain (Ransford et al., 1976), and as a mea-
ure of disability (Toomey et al., 1991) in patients with chronic
ain.

In more recent times, pain drawings have been modified by
nstructing the patient to draw the mental representation of their
ody as it feels to them. This may  be done with a partially filled
utline (Moseley, 2008) or even a blank sheet of paper (Gandevia

nd Phegan, 1999; Lewis et al., 2010). Hence, these drawings differ
rom those described earlier, as they are used to depict the body
mage, the way a person’s body feels to them (Lotze and Moseley,
007), rather than providing a topographic map  of pain location. In
e systems in chronic pain conditions. While these systems are discussed separately,
een these systems. Here, the painful right arm is drawn abnormally large compared

patients with CLBP, decreased tactile acuity, assessed by two-point
discrimination, coincided with gaps left in the outline of the body
drawings (Moseley, 2008). Whilst distorted body drawings – such
as missing segments, changes in size, and telescoping of the limb –
have also been reported in patients with CRPS (Lewis et al., 2007,
2010) and phantom limb pain (Melzack, 1990), the likelihood of
identifying a distortion will ultimately depend on how this data
is analysed. Several approaches have been implemented for both
types of drawings, ranging from grading the degree of distortion in
the body figure (Lewis et al., 2010) to more sophisticated methods
involving computation of total number of marks, length of longest
mark, symmetry and total area (Margolis et al., 1986; Wenngren
and Stålnacke, 2009; Egloff et al., 2012). Because of such analytical
differences, it is difficult to draw comparative conclusions until a
more standardised scoring method is introduced.

It should be acknowledged that body drawing tasks are lim-
ited by the individuals’ ability to adequately capture and draw the
distortion in body image. However, the advent of new digital 3D
modelling tools may  lead to a shift from traditional paper-form
drawings. Recently, Turton et al. (2013) developed software that
allowed users to digitally manipulate bodily segments on a vir-
tual body figure. Consistent with the literature, distortions in size,
position, surface texture and the absence of body segments were
demonstrated when this technique was applied to a sample of
patients with CRPS. Importantly, all patients reported a high level
of satisfaction of the program as a method for communicating the
perception of their body to clinicians. As one patient describes “it
[digital modelling tool] makes you see how distorted your vision of
your body is. . .”  (Turton et al., 2013, pp. 5).

A quantitative alternative for the investigation of body image
involves the use of templates, in which participants select the
image or photograph of a body part that best represented their

own  corresponding body part (Gandevia and Phegan, 1999; Longo
and Haggard, 2012; Fuentes et al., 2013). When applied to CRPS, the
results are consistent with a perceived enlargement of the painful
limb (Moseley, 2005a). Indeed the template method is better suited
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hen changes in the apparent size of the limb is being investigated
nd have limited applications during the study of more subjective
isruptions to the body image. While the variations in the scoring
f body drawings remain a hurdle, such psychophysical tasks are
ncouraged in future investigations as they provide a rare insight
nto distorted body representation as felt by the patient.

. Conclusion

In summary, we have given an overview of the literature that
mplicates distorted mental body representation in the presence
f chronic and persistent pain (Fig. 1). As body representations are
argely derived and generated from sensory information, one pos-
ibility is that altered sensory signalling – relating to the sensory
rgan for instance – may  be the cause for the distortion. However,

 peripheral mechanism seems unlikely given that multiple sen-
ory modalities are potentially affected in chronic pain disorders.
iven what is already known in regards to pathological cortical

eorganisation (Moseley et al., 2012b) and reweighting of sen-
ory information (Claeys et al., 2011; Willigenburg et al., 2013) in
hese patients, a disruption of the body map  may  influence each
ensory modality, albeit perhaps not equally. The body schema is
he most likely candidate, as it has been shown to be affected by
ain (Schwoebel et al., 2001); however, this is not at the exclu-
ion of other body representations. While neuroimaging techniques
ave spearheaded the recent advances in neuroscience, how cen-
ral disturbances affect the day to day functioning of individual
atients can only be assessed through psychophysical methods.
his approach should be utilised in the future for investigating the
nteraction between the proprioceptive, exteroceptive and inte-
oceptive systems, as it still remains unclear how these systems
ork together to form a coherent and integrated body map. Finally,
efinitive conclusions cannot be reached with respect to the causal
elationship between pain and distorted body representation, as
rospective studies are scarce. However, the work by Bultitude
nd Rafal (2010) suggest that pain is a consequence of distorted
ody representation. Such findings are promising and present an
venue for future research, that takes into account a multisensory
nd multimodal approach to therapeutic treatment of chronic pain
isorders.
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CHAPTER 7: POSITION SENSE IN CHRONIC PAIN 
 

Tsay, A.J. and M.J. Giummarra (2016). “Position sense in chronic pain: Separating peripheral 

and central mechanisms in proprioception in unilateral limb pain.” J Pain. 17(7): 815-823. 

 

7.1 Explanatory Notes  
As highlighted in Chapter six (Tsay et al., 2015), it is possible that persons with chronic pain 

experience disturbances in proprioception. Hence, Chapter seven (Tsay & Giummarra, 2016) 

was undertaken to examine whether position errors were altered in persons with chronic 

pain. 

 

This was the first study to use thixotropic muscle conditioning to manipulate muscle spindle 

activity in individuals with chronic pain. Previous investigations on limb position sense in 

chronic pain did not control for the thixotropic behaviour of the muscle spindle receptor 

possibly leading to conflicting results and interpretations (Brumagne et al., 2000; Asell et al., 

2006; Paulus & Brumagne, 2008; Lewis et al., 2010; Tsay et al., 2015). Therefore, it was 

unclear whether disturbances to position sense in chronic pain occurred at the level of the 

muscle spindles, or in higher-order brain regions.  

 

The study found similar matching errors when the painful arm was the reference (being 

matched to) or the indicator arm (positioned to match the reference arm). Further, no 

group differences were found amongst pain and non-pain groups in either matching or 

pointing tasks, under various conditioning methods. This suggests that the proprioceptive 

signals from the painful and non-painful arm contribute equally in limb matching.  

 

A lay summary of the paper was also published on BodyinMind.org, a clinical pain science 

blog developed by Prof Lorimer Moseley. The article received considerable attention on 

social media websites, receiving 92 likes and 49 shares on Facebook within the first 48 hours 

of publication. The manuscript is attached in Appendix 2.    

 

  

http://www.bodyinmind.org/proprioceptive-training-and-pain/
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Abstract: Awareness of limb position is derived primarily from muscle spindles and higher-order

body representations. Although chronic pain appears to be associated with motor and proprioceptive

disturbances, it is not clear if this is due to disturbances in position sense, muscle spindle function, or

central representations of the body. This study examined position sense errors, as an indicator of

spindle function, in participants with unilateral chronic limb pain. The sample included 15 individuals

with upper limb pain, 15 with lower limb pain, and 15 sex- and age-matched pain-free control partic-

ipants. A 2-limb forearm matching task in blindfolded participants, and a single-limb pointer task,

with the reference limb hidden from view, was used to assess forearm position sense. Position sense

was determined after muscle contraction or stretch, intended to induce a high or low spindle activity

in the painful and nonpainful limbs, respectively. Unilateral upper and lower limb chronic pain groups

produced position errors comparable with healthy control participants for position matching and

pointer tasks. The results indicate that the painful and nonpainful limb are involved in limb-

matching. Lateralized pain, whether in the arm or leg, does not influence forearm position sense.

Perspective: Painful and nonpainful limbs are involved in bilateral limb-matching. Muscle spindle

function appears to be preserved in the presence of chronic pain.

Crown Copyright ª 2016 Published by Elsevier Inc. on behalf of the American Pain Society

Key words: Position sense, chronic pain, muscle spindles, proprioception, thixotropy.
T
he sense of limb position allows us to determine
where our limbs are in space whenwe are not look-
ing at them. This information is primarily derived

from muscle spindles, which are stretch receptors that
signal length changes imposed on the muscle. Spindles
also play a role in motor control, reflexively regulating
muscle tension and providing input to body representa-
tions in the brain, especially body schemata.52 These fac-
tors, collectively, appear to be disturbed in patients with
chronic pain (for a review, see Tsay et al59).2,21,34
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However, the role of muscle spindles in proprioceptive
disturbances associated with chronic pain remains
unclear.
Although there is evidence of reduced position

sense acuity in persons with chronic
pain,4,7,13,18,26,31,45,46,49,50,56 others have reported no
such differences between persons with chronic pain
and pain-free control participants.1,8,9,28,29,39,44 The
aforementioned studies used a repositioning task, in
which participants reproduce a previously remembered
postural position. In contrast, the present study examined
the role of simultaneous afferent information to make
positional judgements by manipulating the thixotropic
properties of the muscle.53,54,59

The background firing rate in spindles is dependent on
the preceding contraction and length changes of the
muscle fiber.53 Thixotropic behavior occurs with the for-
mation of stable cross-bridges between actin andmyosin
when the muscle relaxes after a contraction. Shortening
the muscle introduces slack into the sensory ending of
spindles, decreasing the spindle discharge. Because the
815
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length of the muscle is signaled by muscle spindle activ-
ity, manipulating its sensitivity to stretch can lead to
reproducible errors in perceived limbposition.54 Previous
studies investigating proprioception in chronic pain have
not controlled for the thixotropic properties of muscles.
Therefore, it is unclear whether disturbances to position
sense in persons with chronic pain occur at the level of
the muscle spindles,2,25 or in higher-order brain regions
involved in motor control or body representation.19,40

Our group has developed a simple, noninvasive
method of conditioning a muscle, on the basis of record-
ings of spindle discharges15 and on measurements of po-
sition sense.52-54,61 In the present study, we assessed
position sense after thixotropic muscle conditioning, to
determine whether this led to position errors consistent
with an alteration in spindle function in the presence of
chronic unilateral limb pain. If proprioceptive
disturbance in chronic pain is due to altered activity in,
or processing of, spindle discharge, participants with
unilateral upper limb pain would be expected to show
forearm matching errors that could not be explained by
spindle discharge. Because spindles seem to play less of
a role in pointing tasks,60 differences in pointing errors
between pain and control groups would suggest altered
reference maps from body schemata or exteroceptive
cues in position sense.51 Finally, disruptions to body sche-
mata seem to generalize to the affected side of the
body,57 reflecting higher-order neuroplastic changes
across the body midline.41-43 Therefore, we expected
participants with lower limb pain would show deficits
in pointing to the forearm on the affected side of the
body, however, the role of spindle signals would remain
unaffected. These findings may shed light on the source
ofmotor dysfunctions observed in chronic pain disorders.
Methods

Participants
Forty-five volunteers participated in the study,

including 15with unilateral upper limbpain, 15with uni-
lateral lower limb pain, and 15 pain-free control partici-
pants. Participants were recruited from Caulfield Pain
Management and Research Centre, and the general com-
munity. Inclusion criteria for the patient groups included:
18 to 65 years of age, having experienced painmore days
thannot for at least 3months, experiencingpain thatwas
localized to 1 arm or leg, and having no history of dia-
betes. Although a wide range of chronic pain etiologies
were accepted, we excluded those with pain caused by
inflammation, such as arthritis, or fibromyalgia, which is
generally experiencedas adiffusepain affectingmultiple
body regions. Table 1 lists the demographic and clinical
characteristics for each group. The pain groups were
matched for sex, age, duration of pain, average pain in-
tensity, pain interference, and kinesiophobia (Tampa
Scale of Kinesiophobia) scores. However, the upper limb
pain group reported higher pain severity (on the Brief
Pain Inventory) on average than the lower-limb pain
group. All Depression, Anxiety, and Stress Scale (DASS)
subscale scores were significantly higher in the pain
groups compared with healthy control participants,
confirmed using the Bonferroni post hoc test (P < .01).
The study was approved by the Alfred Health and Mon-
ash University Human Research Ethics Committees. All
participants gave written informed consent and were
financially reimbursed for their time.

Materials and Procedure
Forearm position sense was assessed in the vertical

plane using 2 tasks, which have been described in detail
elsewhere.60 For the matching task, the blindfolded
participant sat at a tablewith the upper arms on horizon-
tal supports (allowing shoulder muscles to be relaxed),
and both forearms placed on lightweight paddles in a
custom-built apparatus. Velcro straps (5 cm in width)
were wrapped just below the crease of the wrist with
the palms supinated. Participants were asked if the ten-
sion in the 2wrist straps felt the same, and adjusted as in-
structed by the participant to minimize potential
differences in skin sensations between the 2 arms. One
arm was designated the reference arm (the arm placed
at the test angle by the experimenter) and the other
was the indicator arm (the armmoved by the participant
to match the position of the reference arm). The refer-
ence arm was passively moved by the experimenter to
the test angle, which ranged from 40� to 50� to the hori-
zon. In all conditions, unless stated otherwise, the pain-
ful limb or side was assigned as the reference. For the
control group, the reference armwas randomly assigned
to minimize biases arising from arm dominance.14

For the pointer task, only the reference arm remained
strapped to the paddle, whichwas hidden from view by a
screen. Unlike the matching task, participants had full
view of the contralateral paddle, designated the indica-
tor. Participants could maneuver the indicator paddle to
the perceived angle of the reference arm by pushing a
lever downward, which was attached to the indicator
paddle. They were given the instruction to ‘‘show me
where your arm is with the paddle.’’
Potentiometers (25 kU; Spectra Symbol Corp, Salt Lake

City, UT) located at the hinges of each paddle were used
to measure the angle at the elbow joint. The potentiom-
eters provided a continuous voltage output proportional
to the angle of each paddle, a reading of 0� indicated the
forearm lay horizontal, and 90� referred to a forearm in
the vertical position. Correct calibration of the potenti-
ometers was checked before each experiment.
Position error was calculated between the 2 paddles

using the formula:

Position error ð�Þ ¼ reference angle ð�Þ � indicator angle ð�Þ

Hence, a positive value meant that the indicator was
placed in a more extended position than the reference
arm. Conversely, where the indicator was placed in a
more flexed position, relative to the reference arm, a
negative value was assigned.

Muscle Conditioning
Before each trial, the elbowmuscles were conditioned

to place them into a defined thixotropic state, using



Table 1. Demographic Characteristics and Pain Profile of Participants

UPPER LIMB PAIN LOWER LIMB PAIN CONTROL PARTICIPANTS P

Sex, male:female 8:7 6:9 5:10

Mean age 6 SD, y 38.4 6 16.5 34.0 6 14.3 36.3 6 10.9

Affected side, left:right 6:9 9:6

Etiology, %

Fracture 27 27

CRPS 6 7

Muscular/tendon 20 26

Unknown/other 47 40

Mean pain duration 6 SD, y 6.1 6 4.9 4.6 6 3.6

Mean average pain score 6 SD (scale of 0–10) 7.1 6 2.4 5.6 6 1.5

Mean BPI severity 6 SD 6.4 6 2.2 4.9 6 1.7* .04

Mean BPI interference 6 SD 3.9 6 2.7 3.8 6 2.3

Mean TSK 6 SD 34.4 6 5.3 37.1 6 6.4

Mean DASS: depression score 6 SD 10.4 6 9.7 11.7 6 9.0* 1.1 6 2.6* .00

Mean DASS: anxiety score 6 SD 9.7 6 7.0 10.9 6 10.4* 1.7 6 2.4* .00

Mean DASS: stress score 6 SD 16.0 6 8.6 18.9 6 8.0* 3.2 6 3.3* .00

Abbreviations: CRPS, chronic regional pain syndrome; BPI, Brief Pain Inventory; TSK, Tampa Scale of Kinesiophobia.

*Indicates significant differences tested using 1-way ANOVA, Bonferroni post hoc, compared with the upper limb pain group.
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either amuscle contractionwith orwithout a subsequent
stretch. The thixotropic properties arise in amuscle when
stable cross-bridges form between actin and myosin fila-
ments in a passive muscle.54 This produces tension in the
muscle fibers, when contracted at a short muscle length.
When the fiber is stretched to a longer length, this raises
passive tension further leading to an increase in the
background activity. Spindle discharge rates can also be
decreased by allowing cross-bridges to be formed
when the muscle is held at a long length and later the
muscle is brought to a shorter length introducing slack
in the muscle fibers.15,16

Two muscle conditioning techniques were performed
in this study. The first, flexion conditioning, involved a
contraction of the elbow flexors with both arms locked
in the vertical position (90�). Participants were instructed
to contract with half of their maximal strength. This pro-
cedure altered the mechanical state of the elbow flexors
in the arms, leaving them taut while slackening the
elbow extensors during the matching task.54,58 This
increases the resting spindle discharge of the elbow
flexors.
The second type of muscle conditioning, flexion condi-

tioning and stretch, similarly, involved flexion condition-
ing of both arms in the vertical position. However, the
indicator arm was then passively moved, by the experi-
menter, to the horizontal position (approximately 0�),
thereby stretching the elbow flexors in that arm only
to induce asymmetrical spindle signals in each arm. The
participant was instructed to rest in that position for
6 seconds, allowing for sufficient time for the formation
of stable cross-bridges.38 The reference arm was then
moved, by the experimenter, to the test angle, before
participants were asked to match the position of the
arms. Because the cross-bridges in the indicator arm
had formed at a long length, the movement to the test
angle by the subject slackened the muscles in the elbow
flexors, producing a low resting discharge rate in the
muscle spindles. For the single-limb pointer task, only
the reference arm was conditioned. Participants per-
formed 3 trials in each condition, to limit the number
of conditioning contractions performed by the painful
limb.
To prevent inadvertent muscular contractions, muscle

activity of the reference arm was continuously measured
and monitored by the experimenter using surface elec-
tromyogram (EMG). A pair of Ag-AgCl electrodes with
an adhesive base and solid gel contact points (AD Instru-
ments, Castle Hill, New South Wales, Australia) were
placed approximately 2.5 cm apart over the surface of
the biceps brachii and triceps brachii. A grounding elec-
trode was placed on the collar bone. EMG output was
connected to an audio amplifier for biofeedback, pro-
ducing noise during a muscular contraction. The condi-
tioning contraction was repeated where inadvertent
muscle contractions were performed. Position, force,
and EMG signals were acquired at 40 Hz using MacLab
4/s data acquisition module running Chart software
(AD Instruments) on a Macintosh computer.
Questionnaires
Pain was evaluated using the short-form Brief Pain In-

ventory,5 which profiles a measure of pain severity and
interference of pain on daily functions (Table 1). Beliefs,
attitudes, and fear of exacerbating pain through move-
ment were measured using the Tampa Scale of Kinesio-
phobia.37 The short form, 21-item DASS was used to
assess mood profiles.35
Statistical Analysis
Statistical tests were performed using SPSS 23 (SPSS,

Chicago, IL) with significance at a = .05, and all data
are reported as mean 6 standard error of the mean.
One-way analysis of variance (ANOVA) was used to
compare group characteristics, including age, sex, and
DASS scores. For the primary outcome of position error,
differences between pain groups (upper limb pain/lower
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limb pain) were examined with mixed model repeated
measures ANOVA with the within subjects factor of
limb-side (ie, reference limb: painful side/pain-free
side), with a separate ANOVA testing each conditioning
method (flexion/flexion and stretch). Because position
error did not differ with respect to limb-side, separate
univariate ANOVAs then tested differences between
groups (upper limb pain/lower limb pain/pain-free con-
trol) for position errors in each conditioning method,
with the dependent variable collapsed across limb side.
One-sample t-tests were used to confirm that position er-
rors for each conditioning method differed significantly
from 0. The same analytic approach was applied to the
pointing task. Finally, a comparison of position errors be-
tween the pointing and matching tasks (flexion condi-
tion task only) was done using an ANOVA between
groups (upper limb pain/lower limb pain) and across
limbs (ie, reference limb: painful side/pain-free side).
For all ANOVAs the assumption of sphericity was not
violated and no corrections were applied to the degrees
of freedom. Bonferroni test was used for post hoc
analyses.
Results

Matching Trials After Bilateral Flexion
Conditioning
Participants performed a flexion contraction in both

arms before matching the position of their forearms.
Typically, when conditioned in this way, the indicator
arm is matched in a slightly more flexed posture relative
to the reference arm.54,61 That is, errors fall below the
0 line (Fig 1). A mixed model ANOVA comprising the
pain group (upper limb pain/lower limb pain) and limb
side (ie, when the painful limb or side acted as the refer-
Figure 1. Matching errors after bilateral flexion conditioning.
Errors (mean 6 standard error of the mean) are shown for 45
participants. Blindfolded participants performed approximately
50%maximumvoluntary contractions in both elbowflexormus-
cles before declaring a match. The filled circles show matching
errors when the painful arm, or side (as was the case for the
lower-limb group), acted as the reference arm. In another trial,
the nonpainful arm acted as the reference arm, which was
matched with the contralateral, painful indicator arm, shown
in the open circles. For the control group, the reference arm
was randomly assigned. The zero line indicates a perfect match.
In repeated measures ANOVA no significant differences across
groups in both trials were found (P > .05).
ence or indicator arm), did not show a main effect for
limb side on matching errors (F1,28 = .81, P = .38, partial
eta squared (hp

2) = .03), nor was there a difference be-
tween those with upper limb pain or lower limb pain
(F1,28 = .29, P = .59, hp

2 = .01, Table 2). The univariate AN-
OVA showed that there was also no difference in match-
ing errors between participants with upper limb pain
(.43� 6 .84�), lower limb pain (2.22� 6 1.33�), or pain-
free control participants (�.95� 6 1.39�) when indicating
perceived forearm location (F2,42 = 1.73, P = .19,
hp

2 = .08). Thus, participants with chronic unilateral
pain did not show significant differences in position er-
ror, compared with pain-free control participants,
when both arms were flexion conditioned.
Matching Trials After Asymmetrical
Muscle Conditioning
Conditioning the indicator arm with a flexion contrac-

tion followed by a stretch was then conducted with the
intention of decreasing the resting spindle discharge in
elbow flexors in 1 of the arms. In these experiments,
the reference was always the painful limb or side in the
pain group.
Analysis with mixed model ANOVA found no interac-

tion between muscle conditioning (reference limb:
flexion conditioned/flexion and stretch conditioned) be-
tween groups (upper limb pain/lower limb pain/pain-
free control participants; F2,42 = .23, P = .80, hp

2 = .80),
suggesting the effect of conditioning was not signifi-
cantly different between control and pain groups. How-
ever, there was a significant main effect of muscle
conditioning on position error (F1,42 = 57.03, P < .01,
hp

2 = .58). That is, flexion conditioning without stretch
brought about matching errors in the direction of exten-
sion for each group (ie, upper limb pain group:
8.7� 6 2.0�; lower limb pain group: 8.0� 6 1.8�, or pain-
free control subjects: 10.8� 6 1.8�; Fig 2, filled circles)—
which differed significantly from 0 (t44 = 8.48, P < .01).
Reversing the conditioning sequence (ie, when the refer-
ence armwas flexion conditioned and stretched, and the
indicator arm was flexion conditioned only) caused a
shift of approximately 13� in the direction of flexion in
all groups (control group: �3.7� 6 1.7�; upper limb
pain: �4.5� 6 1.8�; lower limb pain: �4.0� 6 1.9�; Fig 2,
open circles), which also differed significantly from
0 (t44 = �3.82, P < .01).
The fact that the direction of matching errors were

reversed when the conditioning sequence was alter-
nated from the indicator to the reference limb supports
the role for muscle spindles in position sense measured
using arm-matching. Further, persons with chronic uni-
lateral limb pain seem to generate spindle signals for
limb position sense in the same way as persons who are
pain-free.
Pointer Trials After Flexion Conditioning
In this task, participants moved the indicator paddle to

match the position of the reference arm, which was
flexion conditioned and hidden from view.



Table 2. Result of ANOVAs on Position Errors

ANALYSIS OUTCOME EFFECT F VALUE SIG hp
2

OBSERVED

POWER

Matching bilateral FC Mixed model ANOVA (ULP/LLP) Position Error Limb Side

Limb Side � Group

F1,28 = .81

F1,28 = .29

.38

.59

.03

.01

.14

.08

Univariate ANOVA (ULP/LLP/CON) Position Error Group F2,42 = 1.73 .19 .08 .34

Asymmetrical

conditioning

Mixed model ANOVA (ULP/LLP/CON) Position Error Cond

Cond � Group

F1,42 = 57.03

F2,42 = .23

.00*

.80

.58

.80

1.00

.08

Pointing FC Mixed model ANOVA (ULP/LLP) Position Error Limb Side

Limb Side � Group

F1,28 = .28

F1,28 = .27

.60

.61

.01

.01

.08

.08

Repeated measures ANOVA

(ULP/LLP/CON)

Position Error Limb Side � Group F2,42 = .15 .87 .01 .07

Matching versus

pointing

Repeated measures ANOVA

(ULP/LLP/CON)

Position Error Task

Task � Group

Limb Side

F1,42 = 6.60

F2,42 = .26

F1,42 = .92

.01*

.77

.34

.14

.01

.02

.71

.09

.16

Abbreviations: Sig, significance P-value; FC, flexion contraction; ULP, upper limb pain; LLP, lower limb pain; CON, control; Cond, muscle conditioning.

*Indicates P < .05; significant main effects. Interaction effects were indicated by�. The between factor was group (ULP, LLP, CON), andwithin-subject factors were limb

side (painful/nonpainful), cond (muscle conditioning: flexion conditioning vs flexion conditioning with stretch), and task (matching vs pointing).
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A mixed model ANOVA was used to examine whether
position errors, during pointing, differed for the painful
limb or side in participants with upper or lower limb
pain. There was no main effect of limb side (ie, whether
the reference limb was the painful or pain-free side of
the body for pain groups) on position errors (F1,28 = .28,
P = .60, hp

2 = .01), nor was there a difference between
those with upper or lower limb pain (F1,28 = .27, P = .61,
hp

2 = .01). When the painful limb or side acted as the
reference arm, all participants made pointing errors to-
ward extension (control: 3.1� 6 1.8�; upper limb pain:
1.3� 6 3.3�; lower limb pain: 6.0� 6 2.7�), which were
significantly different from 0 (t44 = 2.41, P < .05; Fig 3,
Figure 2. Matching errors after asymmetrical conditioning:
flexion contraction (FC) and stretch (FC1Stretch). In these trials,
the painful side acted as the reference arm. For the filled circles,
the reference arm was flexion conditioned as described previ-
ously. The indicator arm also performed the flexion contraction,
but was subsequently moved by the experimenter from the ver-
tical position into elbow extension. From the extended position,
the subject moved their arm to match the position of the refer-
ence. This resulted in matching errors of $8� into extension. In
another trial, represented by the open circles, the conditionings
of the armswere reversed. The painful reference armperformed
a contraction and stretch, while the indicator arm performed
the flexion contraction only. There was a significant effect of
conditioning onmatching errors (P < .01), with no difference be-
tween groups. Position errors are expressed as mean6 standard
error of the mean for 45 participants. Dotted line indicates zero
error.
filled circles). Similar errors were observed when the
pain-free arm acted as the reference, shown in the
open circles (control: 2.3� 6 2.0�; upper limb pain:
1.9� 6 1.8�; lower limb pain: 4.1� 6 2.3�), which were
also significantly different from 0 (t44 = 2.42, P < .05).
A repeated measures ANOVA, including reference

limb side as a within subjects factor, found no significant
difference in pointing errors between pain-free control,
upper limb pain, and lower limb pain groups on position
errors in the pointing task (F2,42 = .15, P = .87, hp

2 = .01).

Comparison Between Pointer and
Matching Trials After Flexion
Conditioning
Finally, a repeated measures ANOVA was used to

examine position errors between the pointer andmatch-
ing tasks, across limbs (reference limb: painful side/pain-
free side) and the pain groups (upper limb pain/lower
limb pain/pain-free) for the flexion condition task only.
Figure 3. Pointing errors after flexion conditioning. The filled
circles show pointing errors after flexion conditioning of the
painful arm. Position errors when the nonpainful arm was
pointed to (acting as the reference) are shown by the open cir-
cles. Participants were asked to indicate the position of the
reference arm, which was hidden from view, by maneuvering
the angle of the contralateral paddle. In repeatedmeasures AN-
OVA no difference in pointing errors were found (P > .05).
Dotted line represents the zero line.
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There was a significant effect of task (F1,42 = 6.60, P < .05,
hp

2 = .14), with thematching task producing errors in the
direction of flexion (3.30� 6 1.19�) whereas the pointing
task did not generate significant errors (.06� 6 .52�).
However, these effects were not enhanced as a function
of limb side (P = .92), nor did they interact with group
membership (P = .77). The statistical analyses performed
are summarized in Table 2.
Discussion
Awareness of limb position is derived from peripheral

inputs that signal information about length changes in
the muscle, and higher-order body representations,
that provide a point of reference and recognition of
ownership of the muscle itself.52 At the periphery, previ-
ous studies on limb position sense in chronic pain did not
control for the thixotropic behavior of the muscle spin-
dle receptors leading to conflicting results and interpre-
tations.1,4,31,49,59 Therefore, it was unclear whether
disturbances to position sense in persons with chronic
pain occurred at the level of the muscle spindles, or in
higher-order brain regions. This is the first study to use
thixotropic muscle conditioning in 2 distinct position
sense tasks aimed at testing the peripheral and central
components of position sense in chronic pain. The results
have shown that in several conditioning protocols and
position sense tasks, position errors were comparable be-
tween persons who are pain-free and those who report
unilateral upper and lower limb pain.
Afferent signals from both arms are thought to be

involved in an arm-matching task.24,61,63 If chronic pain
leads to disruption to the generation or transmission of
afferents signals from the painful limb(s), then this
would be expected to bring about systematic matching
errors compared with persons who are pain-free. The di-
rection of errors should be reversed when the painful
arm alternates fromacting as the reference arm to the in-
dicator arm. Overall, matching errors were no different
when the painful limb was used to indicate the position
of the nonpainful arm. Our findings are consistent with
previous studies that reported that muscle spindle
discharge is not affected by acute painful stimulation,
induced via hypertonic saline injections, of group III
and IV afferents.3,10

Moreover, we examined position sense after condi-
tioning 1 arm with a flexion contraction followed by a
stretch and the other arm with a flexion contraction
only, which results in asymmetrical spindle activity be-
tween the 2 arms. As a result, participants match the
arm positions by ‘listening’ to very different spindle
firing rates. However, there were no differences in posi-
tion sense between groups. In fact all participants made
matching errors of approximately 8� toward extension
when the indicator arm was flexion conditioned and
stretched. These errors were presumably driven by the
high flexor spindle signal in the reference arm. When
the reference arm was flexion conditioned and
stretched, there was an approximate 13� shift toward
flexion. This is consistent with a lower spindle signal in
the reference arm, being matched by a higher flexor
spindle signal in the indicator arm. Because thematching
errors did not differ across groups it appears that both
arms contribute equally to the matching process and
this is not disrupted by the presence of chronic limb
pain. In other words, it appears that muscle spindle func-
tion is relatively undisturbed in the presence of chronic
pain.
It has been shown that there are considerable changes

in the sensory11 and motor cortices30 associated with
chronic pain.12,36 Moreover, disturbances in the motor
representation of a painful limb have been inferred
from reduced accuracy6 or slower response time55 in lat-
erality judgement tasks when the depicted limb repre-
sents the affected limb. In these tasks, the participant
must decide as quickly as possible whether an image of
a body part (eg, a hand or foot) belongs to the left or
right side of the body, requiring them to mentally rotate
their own limb.47,48 However, this does not involve
reference to afferent input from those body parts. In
fact, when doing these tasks participants must inhibit
any actual movements in the limbs and perform the
task using mental rotation only.
It seems plausible that disturbances to body represen-

tations may manifest in disturbances to perceived posi-
tion sense. Because matching errors were comparable
across all groups, we used a pointer task, which is
believed to derive input from the body schema and other
exteroceptive sources.51 However, we found that regard-
less of whether participants pointed to the painful or
nonpainful arm, the errors always lay into extension,
which is consistent with previous experiments on point-
ing in healthy individuals.60 In other words, participants
consistently perceive the forearm to be more extended
than it really was regardless of whether or not it was
the painful arm. This supports the idea that the mental
representation of the body parts at rest is naturally dis-
torted,32,33 and that this does not appear to change
when the limb is chronically painful.
The present findings conflict somewhat with previous

research investigating proprioception in chronic pain.4,31

For instance, Brumagne et al4 vibrated the multifidus
muscles in patients with chronic lower back pain and
found a shortening illusion in participants with chronic
pain, compared with control participants. This is the
opposite effect expected from muscle vibration, which
typically induces lengthening illusions by increasing the
spindle discharge rate. However, the differences be-
tween the present findings and those of Brumagne
et al may be explained by the position sense tasks used.
Brumagne et al used a lumbosacral repositioning task,
which requires the participant to reproduce a previously
remembered afferent state (ie, postural position). Simi-
larly, Lewis et al31 reported bilateral position sense dis-
turbances in individuals with unilateral chronic
regional pain syndrome when asked to position their
arm in accordance to hours of a clock face. In contrast,
participants in our study presumably used concurrent
afferent signals to make a positional judgement, during
thematching trials. It appears that even in the context of
chronic unilateral pain, the spindle afferent signals from
both arms are ‘listened to’ equally, because the



Tsay and Giummarra The Journal of Pain 821
magnitude of the errors was comparable across groups,
and when the type of conditioning was alternated be-
tween the 2 arms. The implications of these findings
are that: 1) spindle function is preserved in the presence
of chronic pain; and 2) the retrieval of body schema in-
formation is also intact.
Although we accept that motor, sensory, and regula-

tory dysfunctions are associated with many chronic
pain conditions, it may be possible that they do not spe-
cifically rely on afferent proprioceptive inputs and
instead involve multiple inputs and/or frames of refer-
ence. Longo32 has argued for the existence of multiple
body representations. One of these operates largely
outside of consciousness (ie, the body schema), and
another implicit representation forms the way we
consciously perceive our bodies (ie, the body image).
Indeed several studies have highlighted the distortions
in the way the body feels to the pain patient as related
to the body image.31,34,62 In instances where
conflicting proprioceptive and visual sensory feedback
is present, vision often overrides the former.17,23,24,27

Indeed, in the case of chronic neck pain, when visual
feedback is manipulated to overstate neck rotation,
pain occurs earlier during the neck rotation
movement.20 Future investigations should disentangle
the inputs that build and maintain the body representa-
tion, with a focus on the associated threat cues, particu-
larly vision, that evoke pain symptoms.
Several limitations of this study should be consid-

ered. First, the pain etiology was heterogeneous
within and across upper limb and lower limb pain par-
ticipants. Patients presented with pain arising from a
range of conditions such clinically diagnosed chronic
regional pain syndrome to pain associated with vari-
cose veins. Our study endeavored to examine distur-
bances in position sense in relation to unilateral
chronic pain regardless of pain condition or mecha-
nism (excluding those with inflammation, diabetes,
or widespread pain); however, this should be tested
more thoroughly in the future. We attempted to
reduce other variabilities such as pain duration,
average pain intensity, sex, and age by matching these
factors across the groups. Nevertheless, there was a
significant difference of pain severity, as reported by
the Brief Pain Inventory, between groups, with the
upper limb pain cohort reporting slightly higher
pain severity than the lower limb pain group. Howev-
er, the groups did not differ in their fear of exacer-
bating their pain through movement. Finally, it
should be emphasized that the study was probably
underpowered and the findings should be treated
carefully.
Conclusions
To our knowledge, this is the first study to examine po-

sition sense in persons with chronic pain while control-
ling for muscle spindle discharge rates using thixotropic
muscle conditioning. This technique is thought tomanip-
ulate background spindle afferent discharge, leading to
illusions of limb displacement in the absence of vision.
We have shown that position errors in persons with
chronic pain were comparable to those in healthy con-
trol participants. Further, it appears that the affected
and pain-free limbs are involved equally when matching
the relative position of one arm with the other. These
findings indicate that people with chronic pain respond
to thixotropic muscle conditioning, leading to reproduc-
ible and predictable errors in position sense consistent
with their pain-free counterparts. Thixotropic condition-
ing could be extended to test reflexes and muscle stiff-
ness, often disturbed in chronic pain disorders,22 to
further elucidate the signaling behavior of spindles in
chronic pain.
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CHAPTER 8: BODY IMAGE AND INTEROCEPTION IN CHRONIC PAIN  
 

Tsay, A. J. and M. J. Giummarra (Submitted). "Body image distortion and cardiac 

interoceptive sensitivity in chronic pain." The European Journal of Pain. 
 

8.1 Explanatory Notes 
Given that muscle spindle signalling appeared to be unaltered in chronic pain (Chapter 

seven; Tsay & Giummarra, 2016), the role of other aspects of body representation and 

perception was examined.  

 

This chapter focused on the way people feel about their bodies, termed body image (Lotze 

& Moseley, 2007). While it has been mentioned before that  chronic pain is often associated 

with perceived distortions of the painful limb, be it in size, shape or posture (Melzack, 1990; 

Lewis et al., 2007; Lotze & Moseley, 2007; Lewis et al., 2010; Tsay et al., 2015), it was 

unclear where these sensations were derived from.  

 

Given that proprioceptive information appeared similar in those with and without pain, our 

attention was drawn to the role of interoception, awareness of the internal sensations of 

the body, in forming the body image. It was hypothesised that greater interoceptive 

sensitivity would be associated with more severe pain, longer duration of pain, and greater 

body image distortion.   

 

The manuscript was submitted to The European Journal of Pain for review.  
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Abstract 
 

BACKGROUND: The mental representation of the body is often distorted in chronic pain, 

both at the level of representation in sensorimotor homunculi and as a phenomenological 

experience of the body form. It is possible that interoception, awareness of the internal 

sensations of the body, may play a role in the perception that the body form is distorted. 

This study investigated whether interoception is associated with altered body image in 

chronic pain.  

METHODS: Body image was assessed using a body drawing task, in 30 participants with 

chronic pain, and interoception was measured using the Schandry heartbeat awareness 

task. These differences were tested using the Mann Whittney U test and the association 

between pain severity, duration and interoceptive awareness was explored with Spearman’s 

rank ordered correlations. 

RESULTS: Participants with severe body distortions (n = 14) had significantly poorer 

interoceptive awareness, and reported longer duration of pain, than participants with no or 

minor body image distortions (n = 16), with moderate effect sizes (r = .39 to .43). However, 

interoceptive awareness and pain duration were not correlated, and there was no 

association between interoceptive awareness and pain severity.  

CONCLUSIONS: These results suggest that over time, body image distortions become more 

severe and are associated with greater difficulty in unifying bodily sensations with the body 

representation.  

 

Keywords: Chronic pain; body image; interoception; body awareness; body drawings 
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Significance  
 

What’s already known about this topic? 

- Persons with chronic pain frequently describe their painful limb as being disturbed, 

be it in size, shape or posture.  

 

What does this study add? 

- Interoceptive sensitivity is poorer in those with severe body image distortions, and 

high in those with minor distortions. 

- We speculate that as the body image becomes more disturbed over time, neural 

representations of the affected body part become remapped with the reorganisation 

of cortical areas. 

- As body image becomes more disturbed, one may become poorer at accurately 

detecting internal bodily sensations.  
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Introduction 
When pain becomes chronic, patients frequently describe that the painful limb has begun to 

feel like it is distorted, be it in shape, size or posture (Tsay et al., 2015). Such experiences 

reflect a disturbance in the way we perceive our bodies, termed body image (Lotze & 

Moseley, 2007), which is believed to be derived from proprioceptive signals (Proske & 

Gandevia, 2012), as well as visual and interoceptive information. As described by Craig 

(2003), interoception is the awareness of the physiological condition arising from within the 

body, sensations such as hunger, thirst, pain and cardiovascular activity. While the neural 

networks of interoception have been described in detail (Craig, 2002; Craig, 2009), little is 

known about how or whether awareness of internal bodily sensations (i.e., interoception) is 

associated with the subjective experience of complex experiences like chronic pain. Given 

that nociception, and pain experience, share many overlapping neural networks with other 

interoceptive mechanisms (May, 2008; Craig, 2009), especially the insular cortex and the 

anterior cingulate cortex, it is likely that interoceptive acuity and pain experience may be 

linked. 

 

When anticipating pain, we typically become more aware of innocuous tactile sensations 

(Vanden Bulcke et al., 2013); however, those who score highly in a heartbeat awareness 

task (HBAT) have been found to have lower tolerance for acute experimental pain (Pollatos 

et al., 2012). In the HBAT, one’s accuracy in detecting the number of heart beats across 

several short time periods is ascertained, and is considered a proxy measure of 

interoceptive awareness (Schandry, 1981). Interestingly, persons with chronic pain tend to 

exhibit greater preoccupation and hypervigilance towards the painful body part (McDermid 

et al., 1996; Vlaeyen & Linton, 2000), and hypervigilance to pain and other interoceptive 

cues (De Peuter et al., 2011).  

 

It is not known whether chronic pain is also associated with increased sensitivity to 

interoceptive activity, such as cardiovascular events, that is not directly related to the 

painful body part. In particular, it is not clear whether interoceptive sensitivity in people 

with chronic pain is associated with aspects of pain experience (i.e., pain severity or 

duration) or altered body image. The present study aimed to determine whether cardiac 
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interoceptive awareness is associated with self-reported body image distortions in a 

heterogeneous sample of individuals with chronic pain. Interoceptive awareness was 

measured with the Schandry heart beat awareness task. Body image was determined 

through completion of a modified body drawing task (Moseley, 2008). We hypothesised that 

greater interoceptive sensitivity would be associated with more severe pain, longer duration 

of pain, and greater body image distortion.   

 

Methods 
Participants 

Thirty individuals with unilateral upper or lower limb chronic pain (M=13, age=36.2 ± 2.8) 

participated in this study. Participants were recruited from Caulfield Pain Management and 

Research Centre, and the general community. Inclusion criteria for the pain group included: 

being aged 18 to 65 years old and having experienced pain more days than not for at least 3 

months. Table 1 presents the demographic and clinical characteristics of the cohort. The 

study was approved by the Alfred Hospital and Monash University Human Research Ethics 

Committees. All participants gave written informed consent and were financially reimbursed 

for their time.   

 

Materials and Procedure 

Pain severity 

Participants reported how many years they had experience pain, and the intensity of their 

pain using the short-form Brief Pain Inventory (BPI). Pain severity was calculated as the 

average across ratings of pain right now, on average, at its worst and least in the past week, 

according to the scale instructions (Cleeland & Ryan, 1994). The severity score had high 

internal consistency in this sample with Cronbach’s alpha = .91. 

 

Body drawing task 

A modification of the task by Moseley (2008) was used to assess body image distortions. 

Participants were instructed to draw over a template image of the posterior surface of the 

back (see Figure 1). In the instructions, emphasis was placed on depicting what their body 

‘feels’ like to them, rather than on the quality of their drawing abilities. Unlike the original 
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study which examined the perception of the back in persons with back pain (Moseley, 

2008), our participants were instructed to draw their full body, including head, hands and 

feet. These drawings were captured on an A4-sized notebook with a smart pen (Livescribe, 

Oakland, California, USA), which recorded the drawings electronically, enabling the drawing 

to be reviewed online. Audio feedback and clarification from the participant about their 

drawings were also recorded in synchrony with the drawing during the task. 

 

===> Insert Figure 1 here.  

 

Quantitative assessment of the drawings was based on the method used by Lewis et al. 

(2010), who assessed free-hand body drawings in individuals with complex region pain 

syndrome (CRPS). Each drawing was graded on a three-tier system from 0 = ‘no distortion’, 1 

= ‘minor distortion’, and 2 = ‘severe distortion’. If a distortion in size or shape was depicted 

within the drawing and/or the accompanying participant descriptions, i.e. that it was not 

anatomically consistent with the actual shape of the limb, the rating “distortion” was given. 

If two or more segments of the body were missing or not anatomically consistent, this was 

rated as a “severe distortion.”  

 

Heartbeat Awareness Task (HBAT) 

Assessment of interoceptive sensitivity of cardiac activity was based on the Schandry 

method (Schandry, 1981). Participants sat quietly with their hands resting on their lap and 

were instructed to count the number of heartbeats in three time periods (25s, 35s, 45s) 

without taking their pulse. Participants were not aware of the length of each trial, and trial 

order was randomised. A sensitivity score, based on the average accuracy across trials, was 

calculated using the following formula:  

 

1
3
�1 −

(|𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ℎ𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑟𝑟𝑟𝑟𝑢𝑢𝑢𝑢𝑒𝑒𝑟𝑟𝑟𝑟 ℎ𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒|)
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ℎ𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒

 

 

This produced values ranging from 0 to 1, with higher scores indicating higher accuracy or 

sensitivity to detect ones heartbeat. Heartbeats were measured using three-lead 

electrocardiography (ECG). Ag-AgCl electrodes with an adhesive base and solid gel contact 
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points (AD Instruments, Castle Hill, NSW, Australia) were placed on both sides of the chest 

and a third at the base of the ribcage on the left-side. An ECG trace was acquired at 40 Hz 

using MacLab 4/s data acquisition module running Chart software (AD Instruments, Castle 

Hill, NSW, Australia) on a Macintosh computer.  

 

Statistical Analysis 

Statistical tests were performed using SPSS 21 (SPSS, Chicago, IL, USA) with significance at α 

= 0.05. Participant characteristics were summarised using descriptive statistics. Pain severity 

was normally distributed, so group differences were examined with Independent samples t-

test. Interoceptive awareness (HBAT) and pain duration data were skewed, and 

transforming the data did not improve normality. Therefore, nonparametric analyses were 

conducted to examine whether participants with severe distortions had more severe pain, 

longer duration of pain and worse interoceptive awareness compared with participants who 

depicted no/minor distortions. Mann Whitney U tests and effect sizes (r) were calculated, 

and the associated between pain severity, duration and HBAT were explored with 

Spearman’s rank ordered correlations. 

 

Results 
Table 1 details the demographic characteristics of the participants. As a cohort they 

experienced a 6.27 (SD = ±1.72) pain on average, as scored by the numerical rating scale, 

and had median duration of pain for 0.60 years (IQR = 5.50). 

 

===> Insert Table 1 here. 

 

In the drawing task, only a minority of participants were classified as having no distortions 

(n=4, 13%), and 87% (n=26) depicted the presence of one or more distortions, including 

enlargement of the body part, shading, additional markings and/or arrows. Almost half 

(n=14, 47%) displayed severe distortions – that is, distortions at more than one site of the 

body. And 12 (40%) participants presented with minor distortions located on one body part.  

In Figure 2, Person A was one of four participants who showed no body distortions, his 

primary complaint was intermittent pain in his left wrist that began about four months ago. 
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Person B is an example of a participant with a minor distortion in body representation. Here 

the participant wanted to emphasise that her right shoulder was in pain by bolding the lines 

around this region. She also felt that there was a slight tilt in her neck, caused by the pain, 

depicted as a shift in the cervical vertebrae to the left. Her pain began about two years ago 

and resulted from a muscular overuse injury. Person C was also classified as displaying 

minor body distortion. He reported persistent pain in his right scapula, which had been 

present for the past eighteen months. In the drawing, the right shoulder was deliberately 

offset and drawn higher with an enlarged scapula, compared to the left-hand side. Person D 

attempted to convey similar distortions by drawing a horizontal line to emphasise that his 

painful left scapula was also offset, as if it were “bulging out” and sitting higher than his 

right scapula. Further, additional bolding and line markings were used to show tension and 

stiffening through the shoulder and neck regions.  

 

Examples of individuals who displayed severe distortions are shown by person E and F in 

Figure 3. Shading was used by person E in regions he considered to feel “inflamed” and 

“swollen” from a skateboarding accident 6 years prior, in which he injured his left lower 

back, leading to referred pain in his left leg, elbow and shoulder. Others explained that the 

additional shading indicated that the area felt “hot,” associated with the swollen limb. 

Person F had spondylolisthesis in her spine, specifically at L5/S1, causing wide-spread 

referred pain across her left-hand side, and complex region pain syndrome in her left leg. 

Notably, she reported that she could feel the presence of her toes in her right foot, but not 

on the affected left foot. She also reported a head tilt towards the right, as illustrated by the 

arrow. Others used additional markings such as crosses or circles indicating a “trigger point” 

or muscular knot and tension at the site.  

 

===> Insert Figure 2 here. 

 

Group differences in pain and interoceptive awareness 

Participants with severe distortions had significantly poorer interoceptive awareness 

[median±IQR = 0.66±0.45 vs 0.85±0.13, z (N = 30) = -2.33, p = .019, r = -.43; see Figure 3] and 

reported longer duration of pain [median±IQR = 7±8 vs 2±2 yrs, z (N = 30) = -2.82, p = .004, r 
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= -.51; see Figure 4] than participants with no/minor distortions. Although body image 

disturbance was associated with worse interoceptive awareness and longer duration of 

pain, interoceptive awareness and pain duration were not correlated; rs (30) = .14, p = .44. 

There were no significant group differences in pain severity [t(28) = -.91, p = .37]. 

 

===> Insert Figures 3 and 4 here.  

 

Discussion 
This study tested the idea that body image distortion in the presence of chronic pain may be 

associated with enhanced interoceptive awareness (i.e., cardiac interoceptive awareness), 

perhaps reflecting increased somatic focus in chronic pain. Our primary hypothesis was that, 

considering persons with chronic pain tend to be hypervigilant to pain (McDermid et al., 

1996) and somatically focussed (Vanden Bulcke et al., 2013), they may have greater 

sensitivity to other interoceptive signals (i.e., cardiovascular). While we found that pain 

severity was not associated with body image distortions, persons with more severe 

distortions actually had lower interoceptive awareness compared with participants with 

minor/no distortions.  

 

Perceived distortions of the image of the painful body part has been reported in numerous 

chronic pain conditions, especially complex regional pain syndrome (Moseley, 2005; Lewis 

et al., 2007; Lewis et al., 2010; Turton et al., 2013), chronic back pain (Moseley, 2008), and 

phantom limb pain (Melzack, 1990; Giummarra et al., 2010). Our pain cohort varied 

considerably in pain aetiology and the specific location of their pain, although they all 

reported pain that predominantly affected one limb. Hence, this study is one of the first to 

characterise significant body image distortions in a heterogeneous cohort of individuals with 

chronic pain. Similar to previous studies (Moseley, 2008; Lewis et al., 2010; Egloff et al., 

2012), distortions were depicted through purposeful bolding of the body outline, or shading 

and enlargement of the painful area.  

 

A large proportion of the cohort depicted an enlargement of the painful body part. After 

acute alteration in sensory input, from a peripheral anaesthetic block, cold stimulation of C-
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afferent fibres induces a perception of increased size of specific body parts (Gandevia & 

Phegan, 1999). These perceptual effects have been interpreted as an enlargement of the 

size of the receptive fields of cortical cells which represent skin areas adjacent to the site 

from which input was removed (Calford & Tweedale, 1991; Gandevia & Phegan, 1999). 

Importantly, C and Aδ fibres project to cortical and homeostatic centres of the brain (for 

detailed afferent pathways, see Craig, 2003), contributing to an overall cortical image of 

afferent activity. In persons with chronic pain, similar effects have been observed whereby 

the representation of the painful limb (Lotze & Moseley, 2007), or the contralateral limb (Di 

Pietro et al., 2013), begins to overlap with neighbouring body parts along the 

somatosensory homunculus (e.g., touch to the face and shoulder may activate regions 

corresponding to a missing painful hand perceived as a phantom; Flor et al., 2006). Cortical 

reorganisation may play a central role in body image distortions in chronic pain, perhaps 

due to enlargement of the receptive fields corresponding to the painful limb. As body image 

becomes more distorted — perhaps with more widespread pain, given the present coding 

process reflected the number of minor distortions — one may actually become poorer at 

accurately detecting internal bodily sensations (Duschek et al., 2015). 

 

Previous studies (Tsakiris et al., 2011; Pollatos et al., 2012) have considered the threshold 

for high interoceptive sensitivity to be approximately 0.80 in the HBAT, which is consistent 

with the median score for the minor/no distortion group (0.85 ± 0.13). Hence, those who 

exhibited minor/no body image distortions would be considered to have high interoceptive 

awareness. Conversely, we found that participants with severe body image distortions had 

significantly lower interoceptive awareness than those with minor/no distortions of the 

body image. Pollatos et al. (2012) also found that heightened sensitivity to cardiovascular 

signals was associated with lower pain tolerance, which likewise suggests that being more 

aware of interoceptive signals may somehow reduce the capacity to cope with or tolerate 

acute pain. Interestingly, our groups did not differ in pain severity, suggesting that greater 

interoceptive awareness may not be associated with decreased pain tolerance when pain 

becomes chronic.  

 

Significant differences in HBAT or body awareness, measured by the Body Awareness 
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Questionnaire, have not been found between chronic pain and healthy controls (Ribera 

d'Alcalà et al., 2015). In contrast, we found that interoceptive awareness was associated 

with aspects of body image and pain duration. Since our cohort showed no significant group 

differences in pain severity, it suggests that severe disturbances to the body image may not 

be due to chronic pain, per se, but perhaps involve difficulty in perceiving and/or integrating 

bodily sensations with the body representation (Duschek et al., 2015). Further evidence 

comes from individuals recovering from bulimia nervosa who showed distortions of body 

image as depicted using body drawings (Guez et al., 2010) and impaired heartbeat 

awareness (Klabunde et al., 2013), which highlights that disturbances in body image and 

interoceptive awareness is not exclusive to chronic pain. 

 

Limitations 

Ultimately, assessing body awareness through drawing self-images comes with inherent 

limitations. Whilst the participants with chronic pain reported enlarged painful limbs, we did 

not specifically assess whether the painful body part/s themselves were actually physically 

enlarged. No quantifiable measures were made due to the variety of pain location sites and 

aetiologies in this cohort, although certain participants did present with some noticeable 

abnormalities, such as altered posture and rigidness of the affected body part.  

 

Attempts to qualitatively capture the perceived body, through body drawings, relied heavily 

on the participants drawing ability and unintended strokes were often made. Error strokes 

were later verified by listening back to the simultaneous audio recording of participant 

comments during the task. Therefore the researcher, whilst blind to individual interoceptive 

scores when coding the drawings, was not blinded to the participants’ pain. Moreover, this 

observation highlights that assessment of body distortion through drawings should not be 

undertaken in isolation of the participants qualitative description of their body parts.  

 

The scoring method by Lewis et al. (2010) also has some limitations. Differences between 

minor distortion and severe distortions were based on the number of sites in the drawing 

that were shown to be affected, and the scoring therefore reflected the quantity of 

distortions rather than the quality or intensity of those distortions. Severe distortions may 
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simply have indicated that those participants also had more widespread pain. An alternate 

method was recently devised by Turton et al. (2013), who used computer generated avatars 

for the depiction of body image distortions in chronic pain. Their approach should be 

considered in future investigations as they were able to demonstrate high patient 

satisfaction in capturing the qualitative experience of distortions in body image from chronic 

pain. 

 

Conclusions 
Each of us maintain a specific mental image of how our body looks and feels. In the case of 

chronic pain, perception of the body is often distorted. Our findings suggest that 

interoceptive sensitivity is poor in those with severe body image distortions, and high in 

those with minor distortions. From these findings we speculate that as the body image 

becomes more disturbed over time and possibly resulting in more widespread pain, neural 

representations of the affected body part become remapped with an expansion of body 

maps (Flor et al., 1997; Flor et al., 2006; Lotze & Moseley, 2007). As body representations 

become disturbed, the capacity to accurately perceive internal bodily events that are not 

associated with the painful body part (i.e., cardiac events) also becomes more disturbed. 

Further investigation is needed to determine whether training interoceptive sensitivity 

might attenuate the impact of severe body image distortions due to pain. 
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Table 1.  
Demographic characteristics and pain profile of participants. 
  Participants 
Sex M:F 13:17 

Age Mean ± SD 36.20 ± 
15.31 

Pain Duration (yrs) Median ± 
IQR 

0.60 ± 5.50 

Aetiology 

Fracture 

CRPS 

Muscular/Tendon 

Unknown/Other 

 

N (%) 

N (%) 

N (%) 

N (%) 

 

27% 

7% 

23% 

43% 

Average Pain Mean ± SD 6.27 ± 1.72 

BPI Severity Mean ± SD 5.64 ± 2.11 

BPI Interference Mean ± SD 3.88 ± 2.47 

HBAT Score Median ± 

IQR 

0.75 ±  0.23 

Note: Complex Regional Pain Syndrome (CRPS); Brief Pain Inventory (BPI); Heart Beat 

Awareness Task (HBAT).  
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Figure 1. Body drawing template taken from Moseley, 2008. Participants were instructed to 

complete the rest of the drawing according to how they perceived their own bodies to feel 

like.  
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Figure 2. Examples of body drawings from a selection of participants. Person A showed no 

body distortions, unlike person B and C whom exhibited minor distortions limited to one 

specific site. Examples of more widespread, severe distortions are in persons D, E and F, with 

noticeable distortions impacting multiple body regions.  
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Figure 3. Median (interquartile range) of interoceptive awareness scores for each group 

(no/minor body image distortion and severe body image distortion). 
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Figure 4. Median (interquartile range) of pain duration in years for each group (no/minor 

body image distortion and severe body image distortion). 
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CHAPTER 9: GENERAL DISCUSSION  
 

When our eyes are closed, we intuitively know the location of our arms and legs. The 

sensation of limb position is one that is often taken for granted. Perhaps this is because it is 

a sensation that largely operates outside of conscious awareness and requires our focussed 

attention in order to become apparent. Unlike the other senses, such as vision and hearing, 

position sense is often overlooked in sensory perception research perhaps because its 

principal receptors lie hidden, buried within our muscles.  

 

While it is known that muscle spindles contribute to position sense (Goodwin et al., 1972), 

many aspects of proprioception, particularly how spindle information is converted into 

percepts of limb position and movement are still poorly understood (Proske & Gandevia, 

2012). The aim of this thesis was to explore the mechanisms of position sense through the 

use of thixotropic muscle conditioning, and more broadly to investigate how muscle 

spindles are involved in the central representation of the body. The following general 

discussion provides an overview of the main findings from each section of this thesis. This 

research began with studies investigating mechanisms of position sense in healthy young 

adults and proceeded into examining whether such mechanisms are disturbed in individuals 

with chronic pain. The implications of the findings are then discussed, followed by 

acknowledgement of the limitations of the research and suggestions for future directions.  

 

9.1 Peripheral Mechanisms of Position Sense: An Overview 
The first section of the thesis investigated the signalling of position sense in healthy young 

adults using a matching task only, whereby the position of one arm was indicated by 

placement of the other arm. In Chapter two, Limb position sense, proprioceptive drift and 

muscle thixotropy at the human elbow joint (Tsay et al., 2014), it was observed that time-

dependent, directional shifts in perceived arm position could be abolished by introducing 

slack in the muscle. As muscle spindles are the only known afferent receptor to exhibit 

thixotropic behaviour (Proske et al., 1993), this study provided evidence for the role of 

receptor adaptation in the phenomenon known as proprioceptive drift. Secondly, large 

matching errors (on the order of 10°) were found when the limbs were conditioned 
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differently to each other – i.e. co-conditioning of the reference arm with either flexion or 

extension conditioning of the indicator arm. As co-conditioning presumably produced a low 

nett difference in afferent signals between antagonist muscles in the reference arm, the 

source of the matching errors is assumed to have predominately originated from the 

indicator arm. The assumption of a low nett difference signal following conditioning was 

later supported by introducing slack in both arms that resulted in accurate alignment of the 

arms (Chapter two, experiments 5 & 6; Tsay et al., 2014), as well as the abolition of 

proprioceptive drift. Hence, we concluded that in a forearm matching task, the brain 

monitors the difference signal from the antagonist pairs of the two arms.  

 

Chapter three, Position sense at the human forearm after conditioning muscles with 

isometric contractions (Tsay et al., 2015), provided further evidence that the brain is 

concerned with the difference signal coming from antagonist muscles. Here small position 

errors (1.4° in the direction of flexion) were reported when antagonist muscles in the 

reference arm were presumably made taut by conditioning them with a co-contraction, and 

the indicator antagonist arm muscles slackened by stretching and then shortening the 

muscle. Hence, accurate alignment of the forearms was achieved despite inducing two very 

different thixotropic states in the reference and indicator arms.  

 

9.2 Investigating the Central Body Representation: An Overview 
Section two of the thesis saw the introduction of a new position sense task, the pointing 

task, to examine how limb position was determined when afferent signals from only one 

arm were available. These experiments came about after it was recognised that in normal 

circumstances we do not typically carry out matching tasks with our limbs, to determine 

their exact position. For instance, we can intuitively locate our right arm when we are not 

looking at it, and this is done without a conscious comparison with the left arm. Hence, in 

this section of the thesis the hypothesis tested was that pointing to the position of an arm, 

which is hidden from view, is derived primarily from central processes. In contrast, matching 

the position of the arms is proposed to rely on computation of the relative difference in 

peripheral signals from muscle spindles.    

 



114 

 

Chapter four, Sensory origins of human position sense (Tsay et al., 2016), was arguably the 

most important paper in this thesis and generated its own Perspectives commentary in the 

Journal of Physiology by Rasman and Blouin (2016). The main finding of the study was that 

position errors in the direction of lengthening were not observed in the pointing task when 

the flexors of the reference arm muscle was vibrated. Further manipulations which were 

found to shift position errors during matching tasks, including extension muscle conditioning 

and stretching the skin around the elbow joint had no effect on positon errors when 

indicated with the pointer. Pointing errors were also found to be biased in the direction of 

extension regardless of the intervention used. These findings could not be explained by a 

peripheral receptor mechanism. Furthermore, the contribution of motor commands did not 

change this pattern, as tested through self- vs experimenter-moved placement of the 

pointer and loading the reference arm with additional weight. This led us to propose the 

existence of two distinct position senses that draw positional information from different 

sources.   

 

Additional experiments were reported in Chapter five, Position sense at the human elbow 

joint measured by arm matching or pointing (Tsay et al., 2016), in an attempt to explain the 

pattern of pointing errors. Co-conditioning of the reference antagonists, intended to induce 

a low nett spindle signal difference, was reintroduced as well as placement of the pointer by 

the experimenter. However, extension errors were still observed for all conditions 

suggesting that the arm manoeuvring the pointer had minimal involvement in the pointing 

task. In addition, matching with the indicator arm under visual control did not significantly 

alter the overall pattern of matching errors when compared to matching while blindfolded. 

Hence, the inclusion of vision of the indicator arm during pointing could not explain the 

apparent absence of effect produced by muscle conditioning in pointing tasks.  

 

9.3 Position Sense and Body Representation in Chronic Pain: An Overview 
The findings from the first two sections supported the hypothesis that position sense 

derives information from both peripheral and central sources, in a task dependent manner. 

In the final section of the thesis, position sense and body representation were assessed in 

individuals with chronic pain. Chronic pain is an interesting model because the aetiology is 
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relatively unknown, with both central and peripheral components likely to play a role in the 

presence of somatic symptoms — particularly the anecdotal reports of disturbed body 

image and proprioception — associated with the pain experience (Melzack, 1990; Lotze & 

Moseley, 2007). 

 

A review entitled Sensing the body in chronic pain: A review of psychophysical studies 

implicating altered body representation (Chapter six; Tsay et al., 2015) detailed evidence for 

bodily disturbances, which was not limited to proprioception, but also included other 

classical senses of vision, touch, hearing, taste, and smell. This was in addition to 

disturbances to autonomic regulation, and possibly interoceptive awareness, which 

encompasses internal sensations of hunger, thirst and cardiac activity. Given the broad 

scope of sensory systems affected by chronic pain, it seems unlikely that these disturbances 

arise at the periphery. Rather, a disruption in the way sensory information is processed is 

more likely to account for the multiple sensory modalities affected in chronic pain. 

 

In Chapter seven, Position sense in chronic pain: Separating peripheral and central 

mechanisms in proprioception in unilateral limb pain (Tsay & Giummarra, 2016), position 

sense was assessed using both the matching and pointing tasks, used previously in healthy 

subjects in Section one and two of this thesis. Position sense was evaluated in persons with 

unilateral upper- and lower-limb chronic pain. It was found that the pain groups produced 

position errors comparable to healthy controls in both pointing and matching tasks. These 

results suggest that the signalling of spindle information by the painful and non-painful 

limbs were weighted similarly in limb matching. Moreover, it was found that lateralised 

pain, whether in the arm or leg, did not influence forearm position sense acuity. 

 

As the contribution of muscle spindles appeared to remain unaltered in the presence of 

chronic pain, we wanted to explore other aspects of body image and awareness that might 

contribute to body perception in chronic pain. In the final chapter (Chapter eight), Are body 

image and cardiac interoceptive sensitivity disturbed in chronic pain?, qualitative data was 

gathered about the subjective image of the body as felt by persons with chronic pain to 

examine the association between body image disturbances and interoceptive cardiac 
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sensitivity. It was found that those with greater body image distortions had poorer 

interoceptive sensitivity, compared to those with no/minor body image distortions. This 

suggests that as the body image becomes more disturbed, in line with the remapping and 

expansion of body maps (Flor et al., 1997; Flor et al., 2006; Lotze & Moseley, 2007), the 

capacity to accurately perceive bodily events may also become more disturbed. As these 

disturbances were not observed in regards to position sense, it perhaps suggests that body 

image may derive sensory information from other sources.   

9.4 Implications 
The ability to manipulate spindle activity at a pre-determined length simply by using a 

voluntary contraction and stretch represents a powerful tool for exploring position sense. 

The findings from this series of studies holds significant implications for our understanding 

of the neural processes involved in the interpretation of afferent positional information, and 

more broadly, on how we detect and perceive our own bodies. This section discusses the 

implications of a receptor-based mechanism for proprioceptive drift, the possible existence 

of two distinct position senses, and the sensory information involved in generating a 

coherent central representation of the body.  

9.4.1 Muscle Spindle Signalling 

Until recently, the steady change in perceived position or posture over time in the absence 

of vision, described as proprioceptive drift, was believed to arise from central positional and 

movement controllers (Wann & Ibrahim, 1992; Brown et al., 2003). Our own observation 

that proprioceptive drift likely includes a component from spindle adaptation is an 

important finding. However, it should be noted that muscle spindle afferents were not 

directly measured in this thesis. Rather the role of muscle spindle afferents was inferred 

from the existing understanding of their thixotropic properties derived from observations 

using microneurography recordings from afferent fibres (Hagbarth et al., 1985; Burke et al., 

1988; Macefield et al., 1990; Burke & Gandevia, 1995; Fallon & Macefield, 2007). Such 

methods, however, are confined to measurements of single afferent endings, whereas much 

of the findings presented in this thesis suggest that activity of the whole population of 

spindles in a given muscle is monitored by the brain in order to determine limb position. 
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Direct, single fibre recordings would provide important confirmation, but only a limited view 

of the signalling activity of the whole muscle in much of the experiments conducted in this 

thesis.   

Proprioceptive drift has been encountered in a variety of psychophysical tasks (Paillard & 

Brouchon, 1968; Wann & Ibrahim, 1992; Desmurget et al., 2000; Brown et al., 2003). One of 

the more surprising examples is perhaps its emergence during the rubber hand illusion 

(Kammers et al., 2009). In such illusions, a sense of ownership is induced over a rubber hand 

when both the rubber hand and the participant’s own hand are synchronously stroked. 

Importantly, only the rubber hand can be seen by the participant, with their own hand being 

obscured from view.  Aside from the attribution of ownership over the rubber hand, the 

obscured arm feels as though it is located closer to the fake hand during synchronous 

stroking, compared with asynchronous stroking. While evidence was provided in Chapter 

two for a receptor-based mechanism for proprioceptive drift, we do not want to exclude the 

possibility of contributions from central mechanisms (Wann & Ibrahim, 1992). In the case of 

the rubber hand illusion, there is likely to be a central component, particularly with the 

attribution of ownership to the rubber hand (Botvinick & Cohen, 1998; Kilteni et al., 2015) 

as well as the vividness of the rubber hand illusion experience. It has been shown that 

muscle spindles can establish their own body ownership illusions, as Walsh et al. (2011) 

demonstrated with synchronous movement of a finger while cutaneous and joint afferents 

were blocked by local anaesthesia. However, our findings of a separate mechanism 

underlying pointing (discussed in detail in the next section: 10.4.2 Two Distinct Position 

Senses), would suggest that spindle adaptation is unlikely to contribute to the perceived 

drift of the limb towards the fake finger given that the location of the hidden finger was 

determined by pointing in the former study.  

Another important observation was that proprioceptive drift depends on the adaptation of 

discharge from one muscle group when its discharge is higher than that of its antagonist. 

Raising discharge rates in both antagonists reduces the drift presumably because the 

signal difference is now smaller. Hence, the nett difference signal between antagonists 

can explain the bias in limb matching errors. During a voluntary contraction, however, 
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fusimotor co-activation would be expected to increase spindle discharge (Vallbo, 1971; 

Vallbo, 1974). It has been proposed that a central subtraction of the fusimotor-evoked 

reafference is used by the brain (Proske & Gandevia, 2012). Whatever the mechanism, the 

process of converting an afferent impulse stream into a sensation of limb position must be 

relatively direct, with little loss or distortion of information given the observed time-

dependent changes (Tsay et al., 2014) in position errors. This will need to be considered in 

the future with the development of sophisticated prosthetic devices that deliver gradable 

nerve stimulation to peripheral nerves located at the stump in amputees (Dhillon & Horch, 

2005) to improve user acceptance of artificial limbs. 

9.4.2 Two Distinct Position Senses 

Since the classic study by Goodwin et al. (1972), the muscle spindle has been viewed as the 

primary peripheral receptor for the signalling of positional and movement information. In 

their study vibration was applied to the elbow flexors in a two-arm movement tracking task. 

Vibrating a muscle is known to phase lock spindle afferent discharge with each vibration 

cycle (Capaday & Cooke, 1983). We revisited these experiments and showed that the 

lengthening illusion was only present in the matching task, and not in the pointing task. 

Similarly, the distribution of position errors following thixotropic muscle conditioning in the 

pointing task was not consistent with the behaviour of muscle spindles. As described by 

Rasman and Blouin (2016), the significance of these findings is that it demonstrates 

“context-dependent use of muscle spindle signals (pp. 801).” Our conclusions from these 

experiments extended their point by proposing the existence of two distinct position senses, 

one concerned with the position of one body part relative to another (i.e. used during limb 

matching); and, a separate position sense that determines the location of the body part in 

peri- and extra-personal space (i.e. when pointing to a body part).     

Whether we possess two distinct position senses remains to be fully determined; however, 

the prioritisation of muscle spindle information, depending on the task, holds significant 

implications in the field of proprioceptive research. Researchers need to consider more 

carefully what it is they are assessing (Proske, 2015), whether they are dealing with 

proprioceptors or central processes or perhaps both, when selecting a task to measure 
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proprioception. Many position sense studies employ a repositioning task (Newcomer et al., 

2000; Koumantakis et al., 2002; Descarreaux et al., 2005; Asell et al., 2006; Sheeran et al., 

2012; O'Sullivan et al., 2013; Proske, 2015; Tsay et al., 2015). Such tasks require the subject 

to replicate a previously remembered body posture without vision; hence, it is a task 

concerning the location of the body part in extrapersonal space based on memory. Of the 

two position sense tasks used in this thesis, the pointing task would be more closely aligned 

with the repositioning tasks used by others, and our findings should be viewed through this 

lens.  

 

Further, distinctions can also be inferred from the brain areas in which the matching and 

pointing processes were likely to occur. McCloskey (1973) made the observation that split-

brain patients were able to perform simple forearm matching and vibration-illusion tracking 

tasks with reasonable accuracy. This suggests that afferent pathways for matching cross 

below the corpus callosum. Pointing is likely to involve a central body representation, 

presumably in the posterior parietal area, given that complex perceptions of hand postures, 

for example, require collaborative sensory information from multiple sources (Proske, 

2015). The evidence suggests that proprioceptive representation involving the posterior 

parietal area crosses the contralateral hemisphere (Ettlinger & Kalsbeck, 1962), indicating 

that pointing and matching may have different central pathways.  

 

The distribution of pointing errors in the direction of elbow extension (Walsh et al., 2013; 

Bellan et al., 2015; Tsay et al., 2016; Tsay et al., 2016; Tsay & Giummarra, 2016) may be 

related to the fact that representations of body parts do not conform to anatomical 

proportions (Longo & Haggard, 2010). Moreover, Bosco et al. (2000) argued that the brain 

does not calculate the geometry at each joint, but rather, is concerned with the  limb end-

point, i.e. the position of the hand (Fuentes & Bastian, 2010). Further investigations towards 

the relationship between limb end-point and hand/arm representation may help unify the 

observation of an extension-bias when pointing to the perceived position of a hidden 

forearm. 

 

Several other experiments may rule out potential contributing factors to the pointing task, 
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namely vision, cutaneous stimulation, effort and agency. Manipulating motor commands by 

increased loading of the reference arm (Tsay et al., 2016), and introducing the 

experimenter-moved versus subject-moved pointing trials, produced pointing errors that 

were comparable to pointing errors without those manipulations (Tsay et al., 2016). 

Attempts at stimulating cutaneous receptors by stretching the skin at the elbow joint also 

produced no changes in pointing or matching errors as from those seen under control 

conditions (Tsay et al., 2016). Although, this result was considered inconclusive, as Collins et 

al. (2005) were able to evoke illusory movements at the elbowing during matching using a 

more sophisticated skin stretch protocol.  

 

9.4.3 Body Representation 

Historically, the roles of the body schema and body image have been blurred, with the 

terms often used interchangeably (Gallagher & Cole, 1995; Berlucchi & Aglioti, 2010; de 

Vignemont, 2010). In the context of this thesis, we defined body schema (also referred to as 

the postural schema) as an internal, sensorimotor representation of the body’s posture 

(Berlucchi & Aglioti, 2010; Longo & Haggard, 2010), and body image as the body as 

perceived by it’s owner (Lotze & Moseley, 2007). In some instances, when sensory 

information from one source is absent, another representation may be substituted to re-

establish motor function for basic tasks. For example, Gallagher and Cole (1995) report of 

patient IW, who lost all proprioceptive and tactile sensations from the neck-down due to a 

large-fibre sensory neuropathy. He regained the ability to walk by relying on visual feedback 

of his body. Indeed several studies have highlighted the distortions in the way the body feels 

to the pain patient in relation to the body image (Lotze & Moseley, 2007; Lewis et al., 2010; 

Turton et al., 2013). This may explain why the chronic pain participants showed distortions 

to their body image (Tsay & Giummarra, Submitted), but no apparent disturbances in 

position sense (Tsay & Giummarra, 2016), and possibly the body schema. The findings from 

Longo and Haggard (2010) would support such an interpretation. They reported distortions 

to the representation of the hand via pointing in healthy subjects, but no distortions when 

selecting images of hands that resembled the subjects’ own hand. This suggests that there 

are differences in the sensory information used between the body image and body schema. 
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The investigations using thixotropic muscle conditioning in unilateral chronic pain patients 

had clinical relevance as it provided evidence to support that the sensorimotor disturbances 

associated with chronic pain take place at the central level. We propose that the 

contribution of muscle spindles to position sense continues to function in chronic pain, and 

that both painful and non-painful limbs contribute equally to position sense. Others have 

shown that with both proprioceptive and visual sensory feedback available, vision often 

overrides the former, in healthy subjects (Lackner & Taublieb, 1984; Holmes & Spence, 

2005; Izumizaki et al., 2010; Guerraz et al., 2012). In the case of chronic neck pain, when 

visual feedback is manipulated to exaggerate neck rotation, pain occurs earlier during the 

neck rotation movement than without the manipulation (Harvie et al., 2015). Taken 

together with the present findings, it appears that higher order integration of sensory 

information may be responsible for the sensorimotor disturbances in chronic pain (Hodges 

& Tucker, 2011; Azañón et al., 2016). Hence, pain management and treatment should focus 

less on the proprioceptive system of chronic pain patients, but rather target the associated 

threat cues that can potentially trigger recurring pain symptoms (Moseley & Flor, 2012).  

 

As there were no group differences between chronic pain and healthy control groups for the 

position sense tasks, we explored other mechanisms that could contribute to distortions in 

body representation or bodily experience. Body image disturbance was measured with body 

drawings, and those with severe body image distortions (multiple sites of the body) were 

found to have poorer interoception compared with those who had no/minor distortions. 

Since the retrieval of body schema information was intact, as suggested by the position 

sense study of chapter seven (Tsay & Giummarra, 2016), the body image is presumed to 

derive sensory information from sources other than proprioception to generate the 

perceived distortions in form of the painful body part. The site specific nature of the body 

image distortions in our chronic pain cohort would support further investigations into the 

role of nociception (Haggard et al., 2013), as well as its interactions with other sensory 

modalities (Azañón et al., 2016), in generating central representations of the body.  

 

9.5 Limitations 
One of the challenges with measuring position sense is that movement of the indicator arm 
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provides positional information used in position matching. Typically, the arms are 

conditioned at a set angle before being moved towards the test angle. Hence, we could not 

separate the effect the starting position had on the overall position errors. Movement signal 

generated by moving from the starting position to the test angle is used by the subject to 

determine arm position. One way to control for this would be to condition both arms at the 

test angle. However, repeated trials meant that subjects could become aware that their 

arms were already aligned at the start of each trial. Alternatively, matching errors could be 

compared by moving either the reference or indicator arm to the test angle from different 

directions, i.e. flexion or extension movements. However, due to time constraints, such 

control experiments were not carried out.  

 

Another limitation is that the small sample sizes meant that the studies, particularly our 

investigation into chronic pain and position sense, were underpowered. However, we would 

like to emphasise that our cohort for each group (n=15) was consistent with other 

proprioceptive studies in chronic pain patients (Mientjes & Frank, 1999; O'Sullivan et al., 

2003; Descarreaux et al., 2004; Pötzl et al., 2004; Descarreaux et al., 2005; Knox et al., 2006; 

Paulus & Brumagne, 2008; Ha et al., 2011; Mörl et al., 2011). Further, finding that there was 

no significant difference in position errors between pain and control groups did not appear 

to be due to a lack of statistical power. In the matching and pointing errors following flexion 

conditioning of the painful reference arm, position errors fell within a narrow range across 

all three groups. A similar range was present when the opposite (pain-free) arm was the 

reference arm. Yet during the asymmetrical conditioning experiments, there was an 

approximate shift of 13° between conditions despite the small sample size. A similar 

argument about statistical power could be made regarding the studies investigating 

proprioceptive drift (Chapter two, experiment three and four), matching with co-

conditioning of the reference arm (Chapter three), and position errors differences between 

matching and pointing tasks (Chapter four), which all exhibited large differences in position 

error, on the order of 10° or more, between conditions, which can be reliably observed in 

reasonably small samples. 

 

Perhaps the biggest limitation of this thesis is the constraints associated with psychophysical 
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studies. From the present work it is clear that central components play a greater role in 

position sense than previously thought. Matching and pointing tasks alone cannot assess 

the central components, leaving many unanswered questions in relation to the body 

representation. An additional problem was that the term “body representation” was not 

clearly defined in the literature (Gallagher & Cole, 1995; de Vignemont, 2010) or tangibly 

assessed. Moreover, others have argued for the existence of multiple body representations 

(Schwoebel & Coslett, 2005; Kammers et al., 2006; Longo, 2015), and it was not clear during 

the present experiments whether body representations such as the body schema or body 

image were truly assessed in the pointing trials or body drawing tasks, respectively.    

 

9.6 Future Directions 
One of the issues that remain unresolved is the role of body representations when pointing 

to the perceived location of a body part. Walsh et al. (2013) demonstrated differences at 

the elbow and wrist joint, using both matching and pointing tasks. Subjects were instructed 

to perform a 30% maximum voluntary contraction with their reference limb at the test 

angle. At the wrist, the muscle contraction significantly altered the perceived wrist angle 

compared to when the muscle was at rest. However, no illusory displacements were seen at 

the elbow joint in either pointing or matching tasks. Moreover, for the wrist matching errors 

remained close to zero, but pointing errors all lay in the direction of flexion (Walsh et al., 

2013). These observations raise the possibility that the direction of the pointing errors 

observed throughout several studies of this thesis (Tsay et al., 2016; Tsay et al., 2016; Tsay & 

Giummarra, 2016) may be unique to the elbow joint and that at other joints, including the 

wrist, the direction of errors may be different. Why such directional biases occur at different 

joints is a point for future experiments. 

 

Preliminary findings suggest that a disruption of the body representation creates a 

contraction or foreshortening of the body representation (Longo et al., 2009; Walsh et al., 

2015). In the experiments by Longo and colleagues (2009), when dual tendon vibration was 

applied at the elbow joint, subjects perceived a telescoping effect on the arm; that is, the 

arm felt like it was shorter. However, from follow-up experiments it would appear that the 

telescoping effect may be caused by the displacement of the arm during dual tendon 
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vibration (Bellan et al., 2016). Similarly, when proprioceptive information is abolished via 

anaesthesia, the perceived length of the finger does not change but the width does (Walsh 

et al., 2015). Future investigations where proprioceptive conflict, such as those induced 

during simultaneous vibration of the antagonist muscles or even the generation of 

incongruent sensory information through alterations in visual and proprioceptive inputs 

(McCabe et al., 2005), or anaesthesia, may be alternate research avenues. Ultimately, the 

goal of such investigations is to determine the relationship between the body image, body 

schema and proprioception.  

 

Finally, an interesting point was raised by a reviewer of Tsay et al. (2016, Chapter five) 

regarding thixotropic behaviour of muscle spindles, in particular from the secondary 

endings. First described by McCloskey (1973), separate lines of information are used for 

position and movement information. This was evident in the lack of a movement illusion 

invoked at low frequency (20-35 Hz) vibration, in conditions not dissimilar to the studies 

described in the present thesis. Yet McCloskey found large position errors at these lower 

frequencies. In contrast, vibration at 100 Hz generated the typical movement illusions in line 

with Goodwin et al. (1972), in addition to large position errors. Some years later, in an 

animal study, the responses of single identified afferents of muscle spindles, including 

primary and secondary endings, were tested for thixotropic properties (Proske et al., 1992). 

It was found that all primary endings exhibited such behaviour but 16 of 35 secondary 

endings did not. These afferents had characteristically low conduction velocities and it was 

speculated that the lack of a history dependence related to the location of the sensory 

terminals on the intrafusal fibres. Hence, thixotropic conditioning of human muscle may not 

engage all spindle afferents in the muscle. It raises the possibility, although unlikely, that in 

a pointing task there is a contribution to the position signal from spindle secondary endings 

which are unresponsive to the conditioning (Tsay et al., 2016). We are currently unaware of 

a non-invasive technique that is able to systematically locate and differentiate between 

single primary and secondary muscle spindle endings, although distinguishing between the 

two populations of secondary endings could perhaps be done using low frequency vibration. 

Future research in this area is warranted. Confirmation that thixotropic muscle conditioning 

and vibration selectively stimulate the primary endings of muscle spindles would hold 
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significant implications for research in this area and opens further questions as to the role of 

secondary endings, and how the brain uses their information.   

 

9.7 Concluding Remarks 
Each of us holds a unique and specific view of our own body. The perception of the body 

arises from sensations such as interoceptive awareness and the sense of limb position, 

enabling us to make conscious appraisals of ourselves. Since the 1970s, the muscle spindle 

has been considered the primary receptor in signalling position sense. Yet little is still known 

in regards to how the brain processes spindle, and other sensory, information to generate 

perceptions of limb position and the body part as a whole. The work presented in this thesis 

contributed some new insight into these unanswered questions.  

 

Our investigations provided evidence in support that the brain is concerned with the signal 

difference coming from muscle spindles between antagonist muscles, and compares this 

difference between limbs in an arm matching task. Further, we uncovered evidence of two 

distinct forms of position sense. One is concerned with the position of a body part relative 

to another, while the other seems to be used in determining the location of the body part in 

extrapersonal space.  

 

Finally, we provided evidence that muscle spindle function remains intact in those with 

chronic pain, suggesting that distortion to the body image was unlikely to rely on 

proprioceptive information. Hence, our work supports the existence of multiple body 

representations that derive or weigh information from various sources to generate the 

sense of the body.   

 

  



126 

 

REFERENCES 
 

Adamczyk, W., A. Sługocka, O. Saulicz and E. Saulicz (2016). "The point-to-point test: A new 

diagnostic tool for measuring lumbar tactile acuity? Inter and intra-examiner 

reliability study of pain-free subjects." Manual Therapy 22: 220-226. 

Akbari, M., J. Sarrafzadeh, N. Maroufi and H. Haghani (2015). "Changes in postural and trunk 

muscles responses in patients with chronic nonspecific low back pain during sudden 

upper limb loading." Medical Journal of The Islamic Republic of Iran 29: 265. 

Asell, M., P. Sjolander, H. Kerschbaumer and M. Djupsjobacka (2006). "Are lumbar 

repositioning errors larger among patients with chronic low back pain compared 

with asymptomatic subjects?" Archives of Physical Medicine & Rehabilitation 87(9): 

1170-1176. 

Azañón, E., L. Tamè, A. Maravita, Sally A. Linkenauger, Elisa R. Ferrè, A. Tajadura-Jiménez 

and Matthew R. Longo (2016). "Multimodal contributions to body representation." 

Multisensory Research 29(6-7): 635-661. 

Bellan, V., H. R. Gilpin, T. R. Stanton, R. Newport, A. Gallace and G. L. Moseley (2015). 

"Untangling visual and proprioceptive contributions to hand localisation over time." 

Experimental Brain Research 233(6): 1689-1701. 

Bellan, V., S. B. Wallwork, T. R. Stanton, C. Reverberi, A. Gallace and G. L. Moseley (2016). 

"No telescoping effect with dual tendon vibration." PLoS ONE 11(6): e0157351. 

Berlucchi, G. and S. M. Aglioti (2010). "The body in the brain revisited." Experimental Brain 

Research 200(1): 25-35. 

Blickenstaff, C. and N. Pearson (2016). "Reconciling movement and exercise with pain 

neuroscience education: A case for consistent education." Physiotherapy Theory and 

Practice 32(5): 396-407. 

Bordoni, B., F. Marelli and G. Bordoni (2016). "A review of analgesic and emotive breathing: 

a multidisciplinary approach." Journal of Multidisciplinary Healthcare 9: 97-102. 

Bosco, G., R. E. Poppele and J. Eian (2000). "Reference frames for spinal proprioception: 

Limb endpoint based or joint-level based?" Journal of Neurophysiology 83(5): 2931-

2945. 

Botvinick, M. and J. Cohen (1998). "Rubber hands 'feel' touch that eyes see." Nature 



127 

 

391(6669): 756-756. 

Brown, L. E., D. A. Rosenbaum and R. L. Sainburg (2003). "Limb position drift: Implications 

for control of posture and movement." Journal of Neurophysiology 90(5): 3105-

3118. 

Brumagne, S., P. Cordo, R. Lysens, S. Verschueren and S. Swinnen (2000). "The role of 

paraspinal muscle spindles in lumbosacral position sense in individuals with and 

without low back pain." Spine 25(8): 989-994. 

Burke, D. and S. C. Gandevia (1995). The human muscle spindle and its fusimotor control. 

Neural Control of Movement. W. R. Ferrell and U. Proske. Boston, MA, Springer US: 

19-25. 

Burke, D., S. C. Gandevia and G. Macefield (1988). "Responses to passive movement of 

receptors in joint, skin and muscle of the human hand." Journal of Physiology 402: 

347-361. 

Clayton, H. A., S. A. Jones and D. Y. Henriques (2015). "Proprioceptive precision is impaired 

in Ehlers-Danlos syndrome." Springerplus 4: 323. 

Collins, D. F., K. M. Refshauge, G. Todd and S. C. Gandevia (2005). "Cutaneous receptors 

contribute to kinesthesia at the index finger, elbow, and knee." Journal of 

Neurophysiology 94(3): 1699-1706. 

de Vignemont, F. (2010). "Body schema and body image-Pros and cons." Neuropsychologia 

48(3): 669-680. 

Descarreaux, M., J.-S. Blouin and N. Teasdale (2004). "Force production parameters in 

patients with low back pain and healthy control study participants." Spine 29(3): 311-

317. 

Descarreaux, M., J.-S. Blouin and N. Teasdale (2005). "Repositioning accuracy and 

movement parameters in low back pain subjects and healthy control subjects." 

European Spine Journal 14(2): 185-191. 

Desmurget, M., P. Vindras, H. Gréa, P. Viviani and S. T. Grafton (2000). "Proprioception does 

not quickly drift during visual occlusion." Experimental Brain Research 134(3): 363-

377. 

Dhillon, G. S. and K. W. Horch (2005). "Direct neural sensory feedback and control of a 

prosthetic arm." IEEE Transactions on Neural Systems and Rehabilitation Engineering 



128 

 

13(4): 468-472. 

Ettlinger, G. and J. E. Kalsbeck (1962). "Changes in tactile discrimination and in visual 

reaching after successive and simultaneous bilateral posterior parietal ablations in 

the monkey." J Neurol Neurosurg Psychiatry 25: 256-268. 

Fallon, J. B. and V. G. Macefield (2007). "Vibration sensitivity of human muscle spindles and 

Golgi tendon organs." Muscle Nerve 36(1): 21-29. 

Flor, H., C. Braun, T. Elbert and N. Birbaumer (1997). "Extensive reorganization of primary 

somatosensory cortex in chronic back pain patients." Neuroscience Letters 224(1): 5-

8. 

Flor, H., L. Nikolajsen and T. S. Jensen (2006). "Phantom limb pain: A case of maladaptive 

CNS plasticity?" Nature Reviews Neuroscience 7(11): 873-881. 

Fuentes, C. T. and A. J. Bastian (2010). "Where is your arm? Variations in proprioception 

across space and tasks." Journal of Neurophysiology 103(1): 164-171. 

Gallagher, S. and J. Cole (1995). "Body image and body schema in a deafferented subject." 

Journal of Mind and Behavior 16: 369-390. 

Gandevia, S. C., J. L. Smith, M. Crawford, U. Proske and J. L. Taylor (2006). "Motor 

commands contribute to human position sense." Journal of Physiology 571(Pt 3): 

703-710. 

Goodwin, G. M., D. I. McCloskey and P. B. Matthews (1972). "The contribution of muscle 

afferents to kinaesthesia shown by vibration induced illusions of movement and by 

the effects of paralysing joint afferents." Brain 95(4): 705-748. 

Gregory, J. E., D. L. Morgan and U. Proske (1988). "Aftereffects in the responses of cat 

muscle spindles and errors of limb position sense in man." Journal of 

Neurophysiology 59(4): 1220-1230. 

Guerraz, M., S. Provost, R. Narison, A. Brugnon, S. Virolle and J. P. Bresciani (2012). 

"Integration of visual and proprioceptive afferents in kinesthesia." Neuroscience 223: 

258-268. 

Ha, S. M., O. Y. Kwon, C. H. Yi, H. S. Jeon and W. H. Lee (2011). "Effects of passive correction 

of scapular position on pain, proprioception, and range of motion in neck-pain 

patients with bilateral scapular downward-rotation syndrome." Manual Therapy 

16(6): 585-589. 



129 

 

Hagbarth, K. E., J. V. Hagglund, M. Nordin and E. U. Wallin (1985). "Thixotropic behaviour of 

human finger flexor muscles with accompanying changes in spindle and reflex 

responses to stretch." Journal of Physiology 368: 323-342. 

Haggard, P., G. D. Iannetti and M. R. Longo (2013). "Spatial sensory organization and body 

representation in pain perception." Current Biology 23(4): R164-R176. 

Harvie, D. S., M. Broecker, R. T. Smith, A. Meulders, V. J. Madden and G. L. Moseley (2015). 

"Bogus visual feedback alters onset of movement-evoked pain in people with neck 

pain." Psychological Science 26(4): 385-392. 

Hodges, P. W. and K. Tucker (2011). "Moving differently in pain: A new theory to explain the 

adaptation to pain." Pain 152(3): S90-S98. 

Holmes, N. P. and C. Spence (2005). "Visual bias of unseen hand position with a mirror: 

spatial and temporal factors." Experimental Brain Research 166(3-4): 489-497. 

Izumizaki, M., M. Tsuge, L. Akai, U. Proske and I. Homma (2010). "The illusion of changed 

position and movement from vibrating one arm is altered by vision or movement of 

the other arm." Journal of Physiology 588(15): 2789-2800. 

Kammers, M. P. M., F. de Vignemont, L. Verhagen and H. C. Dijkerman (2009). "The rubber 

hand illusion in action." Neuropsychologia 47(1): 204-211. 

Kammers, M. P. M., I. J. M. van der Ham and H. C. Dijkerman (2006). "Dissociating body 

representations in healthy individuals: Differential effects of a kinaesthetic illusion 

on perception and action." Neuropsychologia 44(12): 2430-2436. 

Kilteni, K., A. Maselli, K. Koerding and M. Slater (2015). "Over my fake body: body ownership 

illusions for studying the multisensory basis of own-body perception." Frontiers in 

Human Neuroscience 9. 

Knox, J. J., D. J. Beilstein, S. D. Charles, G. A. Aarseth, S. Rayar, J. Treleaven and P. W. Hodges 

(2006). "Changes in head and neck position have a greater effect on elbow joint 

position sense in people with whiplash-associated disorders." Clinical Journal of Pain 

22(6): 512-518. 

Koumantakis, G. A., J. Winstanley and J. A. Oldham (2002). "Thoracolumbar proprioception 

in individuals with and without low back pain: intratester reliability, clinical 

applicability, and validity." Journal of Orthopaedic & Sports Physical Therapy 32(7): 

327-335. 



130 

 

Lackner, J. R. and A. B. Taublieb (1984). "Influence of vision on vibration-induced illusions of 

limb movement." Experimental Neurology 85(1): 97-106. 

Lewis, J. S., P. Kersten, C. S. McCabe, K. M. McPherson and D. R. Blake (2007). "Body 

perception disturbance: a contribution to pain in complex regional pain syndrome 

(CRPS)." Pain 133(1-3): 111-119. 

Lewis, J. S., P. Kersten, K. M. McPherson, G. J. Taylor, N. Harris, C. S. McCabe and D. R. Blake 

(2010). "Wherever is my arm? Impaired upper limb position accuracy in Complex 

Regional Pain Syndrome." Pain 149(3): 463-469. 

Longo, M. R. (2015). "Implicit and explicit body representations." European Psychologist 

20(1): 6-15. 

Longo, M. R. and P. Haggard (2010). "An implicit body representation underlying human 

position sense." PNAS 107(26): 11727-11732. 

Longo, M. R., M. P. M. Kammers, H. Gomi, M. Tsakiris and P. Haggard (2009). "Contraction of 

body representation induced by proprioceptive conflict." Current biology : CB 19(17): 

R727-R728. 

Lotze, M. and G. L. Moseley (2007). "Role of distorted body image in pain." Current 

Rheumatology Reports 9(6): 488-496. 

Lund, J. P., R. Donga, C. G. Widmer and C. S. Stohler (1991). "The pain-adaptation model: A 

discussion of the relationship between chronic musculoskeletal pain and motor 

activity." Canadian Journal of Physiology and Pharmacology 69(5): 683-694. 

Macefield, G., S. C. Gandevia and D. Burke (1990). "Perceptual responses to 

microstimulation of single afferents innervating joints, muscles and skin of the 

human hand." J Physiol 429: 113-129. 

Martini, M. (2016). "Real, rubber or virtual: The vision of “one’s own” body as a means for 

pain modulation. A narrative review." Consciousness and Cognition 43: 143-151. 

May, A. (2008). "Chronic pain may change the structure of the brain." Pain 137(1): 7-15. 

McCabe, C. S., R. C. Haigh, P. W. Halligan and D. R. Blake (2005). "Simulating sensory-motor 

incongruence in healthy volunteers: implications for a cortical model of pain." 

Rheumatology (Oxford) 44(4): 509-516. 

McCloskey, D. I. (1973). "Differences between the senses of movement and position shown 

by the effects of loading and vibration of muscles in man." Brain Research 61(0): 



131 

 

119-131. 

McCloskey, D. I. (1973). "Position sense after surgical disconnexion of the cerebral 

hemispheres in man." Brain 96(2): 269-276. 

Melzack, R. (1990). "Phantom limbs and the concept of a neuromatrix." Trends in 

Neurosciences 13(3): 88-92. 

Melzack, R. and J. Katz (2013). "Pain." Wiley Interdisciplinary Reviews: Cognitive Science 

4(1): 1-15. 

Merskey, H., U. Lindblom, J. M. Mumford and S. Sunderland (2011). "Pain terms: A current 

list with definitions and notes on usage." Inernational Association for the Study of 

Pain. 

Mientjes, M. I. V. and J. S. Frank (1999). "Balance in chronic low back pain patients 

compared to healthy people under various conditions in upright standing." Clinical 

Biomechanics 14(10): 710-716. 

Mörl, F., A. Matkey, S. Bretschneider, A. Bernsdorf and I. Bradl (2011). "Pain relief due to 

physiotherapy doesn't change the motor function of the shoulder." Journal of 

Bodywork and Movement Therapies 15(3): 309-318. 

Moseley, G. L. and H. Flor (2012). "Targeting cortical representations in the treatment of 

chronic pain: a review." Neurorehabil Neural Repair 26(6): 646-652. 

Newcomer, K., E. R. Laskowski, B. Yu, D. R. Larson and K. N. An (2000). "Repositioning error 

in low back pain: Comparing trunk repositioning error in subjects with chronic low 

back pain and control subjects." Spine 25(2): 245-250. 

O'Sullivan, K., S. Verschueren, W. Van Hoof, F. Ertanir, L. Martens and W. Dankaerts (2013). 

"Lumbar repositioning error in sitting: Healthy controls versus people with sitting-

related non-specific chronic low back pain (flexion pattern)." Manual Therapy 18(6): 

526-532. 

O'Sullivan, P. B., A. Burnett, A. N. Floyd, K. Gadsdon, J. Logiudice, D. Miller and H. Quirke 

(2003). "Lumbar repositioning deficit in a specific low back pain population." Spine 

28(10): 1074-1079. 

Paillard, J. and M. Brouchon (1968). "Active and passive movements in the calibration of 

position sense". The neuropsychology of spatially oriented behavior. S. J. Freedman. 

Homewood III, Dorsey Press: 37-55. 



132 

 

Paulus, I. and S. Brumagne (2008). "Altered interpretation of neck proprioceptive signals in 

persons with subclinical recurrent neck pain." Journal of Rehabilitation Medicine 

40(6): 426-432. 

Pötzl, W., L. Thorwesten, C. Götze, S. Garmann and J. Steinbeck (2004). "Proprioception of 

the Shoulder Joint after Surgical Repair for Instability: A Long-term Follow-up Study." 

American Journal of Sports Medicine 32(2): 425-430. 

Proske, U. (2015). "The role of muscle proprioceptors in human limb position sense: a 

hypothesis." Journal of Anatomy 227(2): 178-183. 

Proske, U. and S. C. Gandevia (2012). "The proprioceptive senses: Their roles in signaling 

body shape, body position and movement, and muscle force." Physiological Reviews 

92(4): 1651-1697. 

Proske, U., D. L. Morgan and J. E. Gregory (1992). "Muscle history dependence of responses 

to stretch of primary and secondary endings of cat soleus muscle spindles." Journal 

of Physiology 445: 81-95. 

Proske, U., D. L. Morgan and J. E. Gregory (1993). "Thixotropy in skeletal muscle and in 

muscle spindles: A review." Progress in Neurobiology 41(6): 705-721. 

Proske, U., A. Tsay and T. Allen (2014). "Muscle thixotropy as a tool in the study of 

proprioception." Experimental Brain Research 232(11): 3397-3412. 

Rasman, B. and J.-S. Blouin (2016). "Context-dependent use of muscle spindles for human 

position sense." Journal of Physiology 594(4): 801-802. 

Ricciardi, L., G. Ferrazzano, B. Demartini, F. Morgante, R. Erro, C. Ganos, K. P. Bhatia, A. 

Berardelli and M. Edwards (2016). "Know thyself: Exploring interoceptive sensitivity 

in Parkinson's disease." Journal of the Neurological Sciences 364: 110-115. 

Sano, Y., N. Wake, A. Ichinose, M. Osumi, R. Oya, M. Sumitani, S.-i. Kumagaya and Y. 

Kuniyoshi (2016). "Tactile feedback for relief of deafferentation pain using virtual 

reality system: a pilot study." Journal of NeuroEngineering and Rehabilitation 13(1): 

1-12. 

Scheper, M. C., V. Pacey, L. Rombaut, R. D. Adams, L. Tofts, P. Calders, L. L. Nicholson and R. 

H. H. Engelbert (2016). "Generalized hyperalgesia in children and adults diagnosed 

with hypermobility syndrome and Ehlers-Danlos syndrome hypermobility type: A 

discriminative analysis." Arthritis Care & Research. 



133 

 

Schirmer-Mokwa, K., P. R. Fard, A. M. Zamorano, S. Finkel, N. Birbaumer and B. A. Kleber 

(2015). "Evidence for enhanced interoceptive accuracy in professional musicians." 

Frontiers in Behavioral Neuroscience 9: 349. 

Schwoebel, J. and H. B. Coslett (2005). "Evidence for multiple, distinct representations of the 

human body." Journal of Cognitive Neuroscience 17(4): 543-553. 

Senkowski, D. and A. Heinz (2016). "Chronic pain and distorted body image: Implications for 

multisensory feedback interventions." Neuroscience & Biobehavioral Reviews 69: 

252-259. 

Sheeran, L., V. Sparkes, B. Caterson, M. Busse-Morris and R. van Deursen (2012). "Spinal 

position sense and trunk muscle activity during sitting and standing in nonspecific 

chronic low back pain: classification analysis." Spine 37(8): E486-495. 

Sherrington, C. S. (1906). The Integrative Action of the Nervous System. The Emergence of 

Neuroscience in the 19th Century. N. J. Wade. London, Routledge/Thoemmes Press. 

Vol. 8. 

Smith, J. L., M. Crawford, U. Proske, J. L. Taylor and S. C. Gandevia (2009). "Signals of motor 

command bias joint position sense in the presence of feedback from 

proprioceptors." Journal of Applied Physiology 106(3): 950-958. 

Tsay, A., T. Allen and U. Proske (2016). "Position sense at the human elbow joint measured 

by arm matching or pointing." Experimental Brain Research 234(10): 2787-2798. 

Tsay, A., T. J. Allen and U. Proske (2015). "Position sense at the human forearm after 

conditioning elbow muscles with isometric contractions." Experimental Brain 

Research 233(9): 2635-2643. 

Tsay, A., T. J. Allen, U. Proske and M. J. Giummarra (2015). "Sensing the body in chronic 

pain: A review of psychophysical studies implicating altered body representation " 

Neuroscience & Biobehavioral Reviews 52(0): 221-232. 

Tsay, A. and M. Giummarra (Submitted). "Body image distortion and cardiac interoceptive 

sensitivity in chronic pain." European Journal of Pain. 

Tsay, A., M. Giummarra, T. J. Allen and U. Proske (2016). "The sensory origins of human 

position sense." Journal of Physiology 594(4): 1037-1049. 

Tsay, A., G. Savage, T. J. Allen and U. Proske (2014). "Limb position sense, proprioceptive 

drift and muscle thixotropy at the human elbow joint." Journal of Physiology 592(Pt 



134 

 

12): 2679-2694. 

Tsay, A. J. and M. J. Giummarra (2016). "Position sense in chronic pain: Separating 

peripheral and central mechanisms in proprioception in unilateral limb pain." The 

Journal of Pain 17(7): 815-823. 

Turton, A. J., M. Palmer, S. Grieve, T. P. Moss, J. Lewis and C. S. McCabe (2013). "Evaluation 

of a prototype tool for communicating body perception disturbances in complex 

regional pain syndrome." Frontiers in Human Neuroscience 7: 517. 

Vallbo, A. B. (1971). "Muscle spindle response at the onset of isometric voluntary 

contractions in man. Time difference between fusimotor and skeletomotor effects." 

Journal of Physiology 218(2): 405-431. 

Vallbo, A. B. (1974). "Afferent discharge from human muscle spindles in non-contracting 

muscles. Steady state impulse frequency as a function of joint angle." Acta 

Physiologica Scandinavica 90(2): 303-318. 

Walsh, L. D., D. Hoad, J. C. Rothwell, S. C. Gandevia and P. Haggard (2015). "Anaesthesia 

changes perceived finger width but not finger length." Experimental Brain Research 

233(6): 1761-1771. 

Walsh, L. D., G. L. Moseley, J. L. Taylor and S. C. Gandevia (2011). "Proprioceptive signals 

contribute to the sense of body ownership." Journal of Physiology 589(Pt 12): 3009-

3021. 

Walsh, L. D., U. Proske, T. J. Allen and S. C. Gandevia (2013). "The contribution of motor 

commands to position sense differs between elbow and wrist." Journal of Physiology 

591(Pt 23): 6103-6114. 

Wand, B. M., L. Parkitny, N. E. O'Connell, H. Luomajoki, J. H. McAuley, M. Thacker and G. L. 

Moseley (2011). "Cortical changes in chronic low back pain: current state of the art 

and implications for clinical practice." Manual Therapy 16(1): 15-20. 

Wann, J. P. and S. F. Ibrahim (1992). "Does limb proprioception drift?" Experimental Brain 

Research 91(1): 162-166. 

 

 

  



135 

 

APPENDIX 1: Muscle Thixotropy as a Tool in the Study of 
Proprioception  
 

Proske, U., Tsay, A. & Allen, T. (2014). "Muscle thixotropy as a tool in the study of 

proprioception." Exp Brain Res 232(11): 3397-3412. 

 

1.1 Explanatory Notes 
This review paper explores the use of thixotropic muscle conditioning in measurements of 

proprioception. The last comprehensive review on the topic was published over a decade 

ago (see Proske et al., 1993). 

 

While we provide a brief introduction and molecular basis for thixotropy, the main focus of 

this review was to provide evidence that spindle signals can be manipulated with muscle 

conditioning, generating reproducible errors in position sense, which can be studied to 

determine the neural mechanisms surrounding proprioception.  

 

It should be acknowledged that the first author, Prof Uwe Proske, provided the most 

contribution to this paper. However, the review has been included in the appendix because 

it addresses many key points relating to this thesis, in particular the importance of 

conditioning the muscle before taking a position sense measurement. 
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large position errors of which they are unaware. The evi-
dence suggests that the brain is concerned with the dif-
ference signal coming from the antagonists acting at the 
elbow and with the overall difference in signal from the 
two arms. Another way of measuring position sense is to 
use a single arm and indicate its perceived position with a 
pointer. Here, there is no access to a signal from the other 
limb, and position sense relies on referral to a central map 
of the body, the postural schema.

Keywords Fusimotor · Position sense · Muscle spindle · 
Kinaesthesia · Motor command

Introduction

The term thixotropy was first applied to skeletal muscle by 
Lakie et al. (1984) and refers to a property of all muscles, 
a dry friction-like, passive stiffness which is distinct from 
muscle’s elastic (length-dependent) and viscous (velocity-
dependent) properties and which is contraction history 
dependent. The term ‘thixotropy’ comes from the Greek 
‘thixis’, meaning touch, and ‘tropos’, meaning transfor-
mation. It applies to materials which change their physi-
cal properties as a result of being moved. So, for example, 
thick paint behaves thixotropically, becoming less viscous 
as a result of stirring.

This review briefly summarises the biomechanical basis 
of muscle thixotropy. Evidence is provided that both the 
ordinary or extrafusal fibres of skeletal muscle, as well as 
the intrafusal fibres of muscle spindles, exhibit this prop-
erty. An important consequence is that the responses of 
muscle spindles can vary over a wide range, depending on 
their thixotropic state, and this has implications for reflex 
action and roles in proprioception.

Abstract When a muscle relaxes after a contraction, 
cross-bridges between actin and myosin in sarcomeres 
detach, but about 1 % spontaneously form new, non-force-
generating attachments. These bridges give muscle its 
thixotropic property. They remain in place for long periods 
if the muscle is left undisturbed and give the muscle a pas-
sive stiffness in response to a stretch. They are detached by 
stretch, but reform at the new length. If the muscle is then 
shortened, the presence of these bridges prevents mus-
cle fibres from shortening and they fall slack. So, resting 
muscle can be in one of two states, where it presents in 
response to a stretch with a high stiffness, if no slack is 
present, or with a compliant response in the presence of 
slack. Intrafusal fibres of muscle spindles show thixotropic 
behaviour. For spindles, after a conditioning contraction, 
they are left stretch sensitive, with a high level of back-
ground discharge. Alternatively, if after the contraction 
the muscle is shortened, intrafusal fibres fall slack, leav-
ing spindles with a low level of background activity and 
insensitivity to stretch. Muscle spindles are receptors 
involved in the senses of human limb position and move-
ment. The technique of muscle conditioning can be used 
to help understand the contribution of muscle spindles 
to these senses and how the brain interprets signals aris-
ing in spindles. When, in a two-arm position-matching 
task, elbow muscles of the two arms are deliberately con-
ditioned in opposite ways, the blindfolded subject makes 
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Following recognition of thixotropy as a fundamental 
property of skeletal muscle, numerous studies in the 1980s 
explored the consequences for neural control of muscle, 
culminating in a review of the topic (Proske et al. 1993). 
Since then interest in the subject has waned. However, 
more recently, there has been a resurgence of interest in 
the subject of proprioception, including the senses of limb 
position, limb movement and muscle force. There is evi-
dence that under some conditions, all three senses are sub-
ject to the influence of thixotropy. This is particularly so for 
the sense of limb position, and if the thixotropic state of the 
muscle is not taken into account, errors can be made in the 
interpretation of results. One of the aims of this review is 
to remind readers of the effects of muscle thixotropy and to 
encourage them to carefully consider its influences in the 
design of experiments in proprioception.

Because thixotropy provides a simple means of manip-
ulating muscle spindle sensitivity, it is hoped that this 
review will encourage further exploitation of the method 
to explore new aspects of proprioception. Despite the many 
recent advances in techniques available for the study of 
proprioception, such as new methods of neuroimaging, our 
knowledge about the generation of proprioceptive sensa-
tions has remained relatively rudimentary. Use of a method 
which permits a systematic alteration of responses of mus-
cle stretch receptors, without actually changing the length 
of the muscle, may help to provide new insight into these 
senses.

The first two sections discuss the biomechanical basis of 
muscle thixotropy. This is reviewed in some depth, since 
any claims about its influences must rest on a thorough 
understanding of the phenomenon. An attempt has been 
made to strike a balance, providing sufficient basic facts, 
but without going into exhaustive detail and controversy. 
This aspect of the review should therefore be seen as pro-
viding an adequate but not comprehensive coverage.

The molecular basis

An early comment on what ultimately turned out to be 
thixotropic behaviour was made by Denny-Brown (1929). 
He noted that in response to a slow stretch, resting skel-
etal muscle does not behave as a purely elastic structure, 
showing an initial steep rise in tension, followed by a more 
gradual rise. In response to the second of two successive 
stretches, this initial stiffness was less and he noted that this 
‘preliminary rigidity’ took less than one tenth of a second 
to appear. He attributed the behaviour to the muscle fibres 
themselves since during stretch of a piece of isolated ten-
don, the tension rise showed no preliminary rigidity.

The thixotropic behaviour of muscle was studied in more 
detail by Lakie et al. (1984; for a review see Proske et al. 

1993). They pointed out that the motion produced by rhyth-
mic torques applied to the relaxed human wrist depended 
on the history of movement. They concluded that the source 
of the thixotropic stiffness changes most probably resided 
in the muscle, although it has been claimed that thixotropic 
behaviour can be demonstrated by movement of joints after 
severance of all muscular attachments (Wiegner 1987).

An explanation of the molecular basis for thixotropy was 
provided by Hill (1968). He proposed that in sarcomeres 
of resting striated muscle, a small population of long-lived 
myosin cross-bridges are attached to the actin filaments. 
The response of the muscle to stretch was attributed to 
the spring-like property of these linkages. The elasticity is 
short range because the cross-bridges can only be displaced 
by a small amount before their elastic limit is reached and 
they detach. These cross-bridges also generate a low level 
of resting tension which Hill called the filament resting ten-
sion (FRT).

More recent studies of the cross-bridge basis of muscle 
thixotropy using single frog muscle fibres have estimated 
that resting cross-bridges, representing the short range elas-
tic component (SREC), account for something less than 
1 % of the total number of cross-bridges in a maximally 
contracting muscle (Campbell and Lakie 1998). During 
a stretch, when the elastic limit of the SREC bridges is 
reached and they detach, tension does not fall to zero. To 
explain this behaviour, Hill (1968) suggested that detach-
ment by stretch provided the opportunity for immediate 
reattachment further along the actin filament to prevent 
force from falling to zero and giving SREC its frictional 
resistance-like property. Campbell and Lakie (1998) put 
forward a cross-bridge population displacement mecha-
nism to account for this behaviour.

The full recovery of SREC after a stretch is relatively 
slow, taking over a minute to return to near control levels 
(Campbell and Lakie 1998; Proske and Stuart 1985). It 
means that although the SREC formation rate is low, since 
tension does not fall to zero beyond the elastic limit dur-
ing a stretch, the immediate reformation rate appears to be 
fast. To accommodate these somewhat contradictory behav-
iours under a common mechanism, it has been proposed 
that the formation rate of SREC bridges always remains 
low (Proske and Morgan 1999). Since sarcomeres in a pas-
sive muscle are not all likely to resist a stretch with the 
same strength, some will be stretched more than others. At 
stretch onset the SREC bridges in the weakest sarcomere 
of a myofibril will be stretched first and as they reach their 
elastic limit they will detach. The myofibril will continue to 
be stretched until its passive tension has risen sufficiently, 
to the point where the next weakest sarcomere begins to be 
stretched. This process continues from the weakest towards 
the strongest sarcomere, in a similar way to the response 
to stretch of actively contracting muscle (Morgan 1990). 
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With this kind of model, tension will not fall to zero after 
the SREC has reached its elastic limit, yet the reformation 
rate of cross-bridges remains low.

The idea that thixotropic behaviour of muscle derives 
entirely from a cross-bridge mechanism has not been 
universally accepted. For a review, see Proske and Mor-
gan (1999). The two most important pieces of evidence 
in support of a cross-bridge mechanism are the history 
dependence of thixotropy and its Ca++ dependence. The 
history dependence is demonstrated by a conditioning 
stretch which reduces the size of the SREC. Its depend-
ence on Ca++ was demonstrated by Moss et al. (1976). 
Skinned frog muscle fibres did not exhibit a SREC in low 
[Ca++], but if the [Ca++] was slightly raised to just below 
that required for activation, it led to recovery of a typi-
cal SREC response to stretch. So muscle thixotropy can 
be thought of as a [Ca++] mediated, low level of activa-
tion involving about 1 % of cross-bridges, cross-bridges 
which generate an FRT and which respond to stretch with 
a SREC, but which do not go through a force-generating 
power stroke.

A gap filament, anchoring thick filaments to the Z disc 
in each sarcomere, is composed of the elastic protein titin. 
It is believed that titin contributes significantly to mus-
cle passive tension (Kellermayer et al. 1997). Titin shows 
history-dependent, viscoelastic behaviour, and it has been 
suggested that it is able to contribute to muscle’s thixo-
tropic property (Kellermayer et al. 2008). However, the 
contribution by titin appears to become significant only 
at long muscle lengths, a sarcomere length of 3 µm (Kel-
lermayer et al. 1997), while the history dependence due to 
stable cross-bridges is restricted to shorter lengths (White-
head et al. 2001). The final word in this debate has prob-
ably not yet been said. It may ultimately turn out that there 
is ‘a dynamic interplay between concurrent cross-bridge 
and non-contractile sarcomeric components (Kellermayer 
et al. 2008) and that the relative contributions from the two 
sources change with muscle length.

The concept of slack

One important consequence of thixotropic behaviour is the 
ability of muscle fibres to fall slack, depending on their 
previous history of contraction and length changes. This 
aspect of thixotropy has brought with it a degree of contro-
versy since it is not normally possible to actually see fibres 
lying slack. The term ‘slack’ is applied to the condition 
where a muscle fibre’s actual length is greater than the dis-
tance between its points of attachment (Proske et al. 1993).

The ability of muscle to fall slack can be readily dem-
onstrated in animal preparations. When a muscle is dis-
sected free of surrounding tissue, but leaving its tendons 

of origin and insertion attached to the skeleton, rotating the 
joint to stretch it will, at the limit of joint movement, define 
the muscle’s maximum body length. At the other extreme, 
if the muscle is shortened sufficiently, the muscle will fall 
slack. In human muscle, it is necessary to resort to ultra-
sound to show muscles falling slack (Herbert et al. 2011).

However, slack, as such, is not the subject of discussion 
here. The relevant issue is slack generated by thixotropic 
behaviour. The presence of SREC in muscle fibres allows 
them to lie slack or taut at a particular length, depending 
on their previous history of contraction and length changes. 
At very long lengths, a fibre will always lie taut, no mat-
ter what its previous contraction history, and at very short 
lengths, it will always lie slack (González-Serratos 1971). 
To attribute slack to thixotropic behaviour, it is necessary 
to choose an intermediate length where the fibre can lie 
either slack or taut, depending on what has been done to it 
beforehand.

Slack in a muscle fibre can be introduced by stretching 
it, holding it at the stretched length for several seconds to 
allow stable cross-bridges detached by the stretch to reform 
and then shortening it back to the initial length (Fig. 1). The 
cross-bridge explanation (Lakie et al. 1984; Morgan et al. 
1984) is that when stable cross-bridges have formed in a 
fibre at a particular length, if the fibre is then shortened, 
the compressive forces acting on sarcomeres may lead to 
detachment of some stable bridges, but too few for the 
muscle fibre to be able to take up the shorter length with-
out falling slack. The persisting bridges presumably exert 
a pushing action, opposing passive tension and generating 
slack. Given the low turnover rate of SREC bridges (see 
above), the slack may persist in the fibre for long periods, 
provided the muscle is left undisturbed.

Slack can be demonstrated in single isolated fibres of 
frog muscle. When a fibre is contracted isometrically at 
2.5 µm sarcomere length and after a few seconds is short-
ened to a length where, if it had shortened freely, it would 
have adopted a sarcomere length of 1.8 µm, the shorter 
length signalled by the length transducer is not the actual 
length adopted by the fibre, which falls slack. The presence 
of slack shows up as a delay in the tension rise at the onset 
of a tetanic isometric contraction. When a second, identi-
cal, contraction is given at that length a second later, the 
delay is shorter by 10 ms. Calculations show that with an 
unloaded shortening velocity of 10 muscle lengths per sec-
ond, the 10 ms delay represents take-up of 0.6 mm of slack 
or 0.2 µm per sarcomere (Julian et al., unpublished obser-
vations, see Proske et al. 1993; Fig. 1).

When a muscle fibre is contracted at a given length, any 
pre-existing slack is taken up by actively cycling, force-
generating cross-bridges. As a result, once the fibre has 
relaxed, it lies taut. If the fibre is then stretched, once the 
elastic limit of the SREC has been reached, cross-bridges 
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detach. If the stretch is continued, some bridges will reat-
tach during the movement to subsequently detach again. 
So the process envisaged during progress of a large, slow 
stretch is a continuous detachment and reattachment of 
cross-bridges. When, at the end of a stretch, the final length 
has been reached and the fibre is held there for several 
seconds, the majority of SREC cross-bridges within the 
fibre will have formed at or near that length. If the fibre is 
then shortened back to its starting length, it will fall slack 
(Fig. 1, see also Morgan et al. 1984).

After removal of slack by a contraction, if the taut fibre 
is subjected to a series of repeated stretch–shortening 
movements, the initial steep rise in tension in response to 
the second and subsequent stretches is delayed in onset due 
to the take-up time of the slack, and the tension at the yield 
point is lower because of the slow rate of formation of the 
SREC bridges. In this way, the increased compliance of 
passive muscle after preceding movements is a combina-
tion of slack and a reduced number of SREC bridges.

Why make so much fuss about slack? It is argued here 
that thixotropy allows passive muscle fibres to adopt one 

of two extreme states, lying slack or taut, depending on 
their previous history of contraction and length changes. In 
the next section, evidence will be provided for thixotropic 
behaviour by the intrafusal fibres of muscle spindles. Con-
trolling the amount of slack in intrafusal fibres regulates the 
sensitivity of muscle spindles.

Thixotropy in intrafusal fibres of muscle spindles

All striated muscles exhibit thixotropic behaviour, includ-
ing invertebrate muscle (Harrison 1988). It therefore comes 
as no surprise that the intrafusal fibres of muscle spin-
dles show thixotropic behaviour as well. The subject of 
intrafusal thixotropy and muscle spindle responses has a 
long history. It has come under a number of different head-
ings, such as ‘spindle post-contraction sensory discharge’, 
‘post-excitatory facilitation’ and ‘spindle after effects’. In 
the main, the observations come from single, identified 
muscle spindles in animals.

An early observation made by Kuffler et al. (1951) was 
an increase in spindle discharge after a period of fusimo-
tor stimulation. This increase persisted for 7 min and could 
be abolished by a brief stretch. It was attributed to a ‘plas-
tic’ property of the intrafusal fibres which tended to retain 
their shortened state after stimulation and so maintained 
greater stretch on the sensory ending. That, in turn, resulted 
in the post-contraction sensory discharge (Hunt and Kuffler 
1951).

The first time a cross-bridge mechanism was invoked 
for post-contraction sensory discharge was by Brown et al. 
(1969). They applied the ideas of Hill (1968) to muscle 
spindles. In response to stretch of a spindle, following a 
period of fusimotor stimulation, they observed a large ‘ini-
tial burst’. They proposed that the peak of this burst repre-
sented the limit of the intrafusal SREC, beyond which sta-
ble cross-bridges in intrafusal fibres became detached.

At one point, it was proposed that the intrafusal fibres 
of muscle spindles could be excited by stretch, like insect 
flight muscle. But this turned out to be another exam-
ple of spindle thixotropy. Rapid, repetitive stretches of a 
slack spindle detaches stable cross-bridges, allowing the 
intrafusal fibres to shorten and take up the slack. The spin-
dle response to a brief burst of fusimotor stimulation, which 
had previously been small due to the slack, now grew to 
become much larger because the contraction no longer had 
to take up any slack (Emonet-Denand et al. 1985).

New insight into the mechanism underlying spindle 
responses to brief bursts of fusimotor stimulation was pro-
vided by Morgan et al. (1984). They demonstrated that 
the depressed response of a slack spindle to a brief burst 
of fusimotor stimulation could be converted into a delay in 
the onset of the afferent response to a period of sustained 

Fig. 1  Introducing slack in muscle fibres. The muscle fibre (or the 
whole muscle) is stretched, held at the stretched length for several 
seconds, to allow stable cross-bridges detached by the stretch to reat-
tach at the longer length, and is then shortened back to its original 
length. During shortening, the compressive forces acting on the fibre 
are insufficient to detach all stable bridges. Their splinting action on 
the fibre leads it to be unable to take up the shorter length and it falls 
slack
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fusimotor stimulation. Whether at the outset the spindle 
was slack or taut affected the delay, but not the size of the 
spindle response to the fusimotor stimulation (see also 
Gregory et al. 1986).

An aspect of spindle thixotropy which emerged at this 
time was its length dependence. It is a point to keep in 
mind in the design of experiments, when considering pos-
sible thixotropic influences. The evidence is that a spindle, 
when held at a moderate length, say on the ascending limb 
of the muscle’s length–tension curve, will retain its slack 
over hundreds of seconds, provided it is left undisturbed. 
The slack can be demonstrated by the presence of a delay 
in the onset of a response to fusimotor stimulation (‘latency 
shift’, Morgan et al. 1984; Gregory et al. 1986). If the 
muscle is held at a longer length, near the optimum for a 
contraction, the latency shift is smaller. If it is held longer 
again, approaching the maximum body length of the mus-
cle, the latency shift is very small and rapidly disappears. 
So at long muscle lengths spindle thixotropy effects are 
small and transient. The reason for this is the rising passive 
tension in the muscle.

If the intrafusal fibres, stiffened by the presence of stable 
cross-bridges, lie slack, they are subject to lateral compressive 
forces from surrounding connective tissue as well as from 
adjacent muscle fibres, tending to straighten them out. These 
forces may result in the detachment of stable cross-bridges, 
allowing the intrafusal fibres to shorten and take up some of 
the slack. This effect becomes more pronounced at longer 
muscle lengths where there is more passive tension, and a 
point can be reached where any developing slack is rapidly 
taken up and, as a result, history-dependent effects disappear.

While so far the discussion has centred on the thixo-
tropic behaviour of intrafusal fibres, there is evidence that 
contractions of extrafusal fibres are able to influence the 
thixotropic state of spindles (Gregory et al. 1986). If a spin-
dle has its intrafusal fibres lying slack, an extrafusal con-
traction is able to remove some of the slack, most probably 
as a result of the compressive forces exerted by the con-
tracting extrafusal fibres detaching some of the intrafusal 
stable cross-bridges. In addition, as the muscle relaxes and 
the tendon recoils, it will stretch spindles to lead to further 
detachment of intrafusal cross-bridges and the removal of 
slack.

An important aspect of spindle responses is their back-
ground discharge. The level of background activity is 
believed to signal the length of the muscle and therefore 
limb position (Goodwin et al. 1972; Clark et al. 1985). The 
level of background activity is determined by the strain 
exerted by the intrafusal fibres on the spiral sensory ending. 
A simple mechanical model treats the sensory region of the 
intrafusal fibre as a spring (Matthews 1964). The annulo-
spiral sensory ending overlying this region will have a spi-
ral spacing determined by passive forces in the intrafusal 
fibre. When the muscle is contracted at fusimotor strength, 
at the initial length or at a shorter length (‘hold short’, 
Fig. 2), the contraction removes any pre-existing slack in 
intrafusal fibres, raises intrafusal passive tension and the 
level of strain on the sensory ending. This opens the sen-
sory spirals and the background rate rises. Alternatively, if 
the muscle is stretched, contracted at the stretched length 
and held there for several seconds, stable cross-bridges will 
form at the longer length (‘hold long’, Fig. 2). On return to 

Fig. 2  Thixotropic behaviour of intrafusal fibres of muscle spindles. 
The diagram of the muscle spindle has been simplified by show-
ing only a single intrafusal fibre. When the muscle is stretched and 
stimulated at fusimotor strength (black bar), all stable cross-bridges 
form at the longer length (‘Hold Long’). Returning the muscle to its 
original length leads the intrafusal fibre to fall slack, as a result of 
the splinting action of the persisting bridges. That, in turn, releases 
any tension on the spindle sensory ending and the generation of only 

a low level of background activity. Alternatively, if the muscle is 
shortened and contracted (black bar), the stable bridges all form at 
the shorter length (‘Hold Short’). Stretching the muscle back to its 
original length leads to a rise in intrafusal passive tension, as a result 
of the stiffening effect of the stable bridges. This strains the spindle 
sensory ending, leading background rates to be high. Redrawn from 
Proske (1995)
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the initial length, the intrafusal fibres, stiffened by the sta-
ble cross-bridges, are unable to shorten themselves and fall 
slack. That lowers their passive tension and the sensory spi-
rals close, lowering background discharge rates. While the 
background activity of the majority of spindle primary and 
secondary endings is subject to thixotropic influences, some 
secondary endings show no thixotropic behaviour (Proske 
et al. 1992). These are endings typically served by afferent 
axons with diameters at the lower end of the Group II dis-
tribution. These axons are postulated to terminate in polar 
regions of the intrafusal fibres (Banks et al. 1982), overlying 
or distal to the region of slack and therefore unaffected by it.

Muscle spindles contribute to spinal reflex action, as 
well as proprioception. Inevitably, their thixotropic behav-
iour exerts its influence on both roles. While the subject of 
reflex action is peripheral to the main theme of this review, 
it deserves brief mention. In human subjects, a conditioning 
voluntary contraction of the triceps surae muscle enhanced 
the amplitude of the tendon jerk elicited by a tap of the 
Achilles tendon (Gregory et al. 1987) and reduced the size 
of the H (Hoffman) reflex (Gregory et al. 1990; Polus et al. 
1991). Evidence has been provided that changes in spindle 
resting discharge, evoked by muscle conditioning, exert an 
influence on the H reflex. The reflex becomes depressed 
after conditioning which raises spindle background dis-
charge (Wood et al. 1996). This depression is called post-
activation depression (Hultborn et al. 1996). Finally, there 
is evidence of changes in human cortical excitability 
depending on the form of muscle conditioning. A rise in 
spindle background activity, produced by a conditioning 
muscle contraction, increased the size of the motor-evoked 
potential recorded in wrist flexor muscles in response to 
transcranial magnetic stimulation (Stuart et al. 2002).

While the foundations for our understanding of the influ-
ences of muscle thixotropy on the responses of muscle spin-
dles rest on observations in animals, in recent years a body 
of evidence has been compiled in support of the thixotropic 
behaviour of human spindles. This is important background 
information since the work on proprioception uses human 
subjects. It has proved difficult to obtain detailed informa-
tion on the thixotropic behaviour of identified human spin-
dles since it requires microneurographic recordings of func-
tionally single afferents. The technique relies on achieving 
stable recording conditions, and observing the responses 
to conditioning contractions is difficult because of the risk 
of dislodgement of the recording electrode. Nevertheless, a 
number of successful recordings have been achieved.

The first report was by Hagbarth et al. (1985) who 
recorded multi-unit activity of stretch receptors in human 
finger flexor muscles. Responses to muscle twitch contrac-
tions suggested the majority of afferents were muscle spin-
dles. Afferent responses to torque pulses decreased follow-
ing a large finger extension which was likely to introduce 

slack into the muscle and its spindles. Afferent responses 
increased following a passive finger flexion. These changes 
persisted when spindles were functionally de-efferented by 
a nerve block proximal to the recording site, implying a 
peripheral mechanism and not reflex action.

Three years later, Edin and Vallbo (1988) published a set 
of recordings of finger extensor muscle spindles of human 
subjects that was remarkably similar to animal recordings 
obtained four years earlier (Morgan et al. 1984). Responses 
were recorded after the muscle had undergone a series 
of rapid, large amplitude stretches that were intended to 
detach stable cross-bridges. The muscle was then either 
held short or long for a few seconds before a slow test 
stretch was applied. Most primary endings of spindles 
and some secondary endings showed enhanced stretch 
responses after the muscle had been held short compared 
with responses when the muscle had been held long. This 
was typical thixotropic behaviour. In a series of experi-
ments on the flexor digitorum profundus muscle of human 
subjects (Jahnke et al. 1989), the discharge of single spin-
dles was seen to be less after a stretch of the muscle com-
pared with after an isometric contraction. The authors made 
the observation that slack in a muscle after a stretch could 
persist despite an ongoing 5 % contraction of the muscle, 
and a stronger contraction was required to reset the thixo-
tropic state.

Subsequently, Wilson et al. (1995) showed that after a 
voluntary contraction, there was an enhancement of back-
ground discharge of muscle spindles in ankle and toe dorsi-
flexor muscles of human subjects. The mean rate increased 
from 2 to 5 impulses s−1. Stretch of the receptor-bearing 
muscle reduced or eliminated the enhanced discharge. This 
result is important because the prevailing level of spin-
dle background discharge is believed to signal limb posi-
tion (Clark et al. 1985; Proske and Gandevia 2012). In a 
related experiment, Burke and Gandevia (1995) showed an 
increase in sensitivity of human muscle spindles to vibra-
tion at an intermediate muscle length after a voluntary con-
traction at a short length. The vibration response was sig-
nificantly reduced when the conditioning contraction was 
carried out at a long length, and the muscle was then short-
ened back to the intermediate length.

To summarise, a number of aspects of thixotropic behav-
iour have now been demonstrated for human spindles, giv-
ing us confidence that the knowledge base provided by ani-
mal experiments can be reliably applied to human subjects.

Muscle thixotropy and the senses of limb position 
and movement

It is generally accepted that proprioception comprises the 
senses of position and movement, the senses of force, effort 
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and heaviness, and the sense of balance. Here, the discus-
sion will be restricted to the senses of position and move-
ment since sensations associated with active force genera-
tion would not be expected to be subject to the influences 
of thixotropy (but see Luu et al. 2011).

Thixotropy and limb position sense

Definitive evidence for a role for muscle spindles in the 
senses of limb position and movement was provided by 
Goodwin et al. (1972) using muscle vibration. The first 
report that muscle thixotropy could influence limb posi-
tion sense was by Gregory et al. (1988). A parallel series 
of experiments was carried out on identified muscle spin-
dles in an animal preparation and on limb position sense 
in human subjects. It was shown that conditioning contrac-
tions produced systematic changes in spindle responses 
of the soleus muscle in the anaesthetised cat, and similar 
conditioning of human elbow flexors and extensors was 
accompanied by changes in limb position. The underlying 
hypothesis was that the level of spindle resting discharge 
determined limb position (Clark et al. 1985). The condi-
tioning manoeuvres altered spindle resting discharge, and 
this led to a change in the perceived position of the limb. 
When elbow flexors were contracted with the forearm held 
flexed, placing the arm in an intermediate test position led 
subjects to believe the arm was more extended than was 
really the case. Similarly, when the arm was held extended 
and elbow extensors were contracted, subjects felt it was 
more flexed. The authors also showed that instead of using 
a conditioning contraction to reset the thixotropic state of 
the relevant muscle, the same result could be achieved with 
80 Hz vibration. Presumably, the vibration led to detach-
ment of stable cross-bridges and their reassemblage at the 
conditioning length, leaving the muscle in a similar state 
as after a conditioning voluntary contraction. At the time, 
an important oversight made was not to realise that in a 
limb-matching task, both limbs must be put into a defined, 
conditioned state, since both contribute to matching errors 
(White and Proske 2009; Izumizaki et al. 2010).

Traps and pitfalls when measuring position sense

One of the objects of this review is to remind students of 
proprioception of the importance of putting a muscle into 
a defined thixotropic state. If that is not done, it risks mis-
interpretations of the data. That is, when measurements 
are made of position sense in a relaxed limb, or when the 
subject supports the limb themselves, representing a 5 % 
of maximum contraction (Winter et al. 2005), it is impor-
tant to know what has happened to limb muscles before the 
measurement. In everyday activities, we typically move our 
arms about with or without accompanying contractions of 

elbow muscles. It means elbow muscles may lie slack or 
tight, depending on the circumstances. The thixotropic state 
of muscles in both arms will therefore influence errors in 
any position-matching task.

Many accounts of observations of position sense using 
unconditioned muscles can be found in the literature. An 
example is the commonly reported finding that position 
sense is more accurate when measured in an active limb, 
compared with the passive limb (Paillard and Brouchon 
1968). When position sense is measured in a passive limb 
with muscles conditioned beforehand, position errors are 
no larger than when limb muscles are contracting (Ansems 
et al. 2006; Allen et al. 2010).

The idea that signals of central origin, generating a sense 
of effort, contributed to position sense was explored by 
measuring position-matching errors in subjects whose arms 
were required to support a 2-kg load (Winter et al. 2005). 
Loading an arm was found to shift position errors in the 
direction of elbow extension, and it was concluded that 
position sense arose from both peripheral signals and sig-
nals of central origin. However, the measurements had been 
made on an unconditioned arm. If arm muscles are not 
intentionally conditioned with a voluntary contraction of 
10 % or more of maximum, it is likely that some slack will 
be present in spindles (Gregory et al. 1998). Loading the 
arm would require the subject to increase the strength of 
their flexor contraction, to be able to support the load. The 
larger contraction risked removing any persisting slack, 
and this would lead to an increase in spindle discharge. As 
a consequence, position of the arm would be perceived as 
more extended. So, rather than an effort signal accounting 
for the load-dependent changes in position sense, it was 
the increase in afferent signals accompanying the changed 
thixotropic state that was responsible. This conclusion was 
confirmed when the experiments were repeated but with 
muscles of both arms systematically conditioned before 
applying the load (Allen et al. 2007; Walsh et al. 2013).

Thixotropy and movement sense

In the original experiments of Goodwin et al. (1972), mus-
cle vibration produced an illusion predominantly of move-
ment, but including a component of limb displacement. The 
movement illusion is presumably generated largely by the 
primary endings of muscle spindles (Roll et al. 1989), the 
illusion of displaced position by both primary endings and 
secondary endings (McCloskey 1973). The question has 
been raised whether the senses of position and movement 
comprise two components of the one sense, (kinaesthesis, 
Bastian 1880) given that both are generated by spindles, 
or whether they should be considered separate senses. A 
contribution to this debate is provided by muscle thixot-
ropy. The background discharge of primary and secondary 
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endings of spindles can be increased with a conditioning 
contraction and this leads to a perceived change in position 
of the limb without any accompanying sensation of move-
ment (Gregory et al. 1988). The fact that the two senses can 
be manipulated independently in this way supports the idea 
of their being separate.

There is relatively little information in the literature on 
muscle thixotropy and the sense of movement. The effects 
of muscle conditioning have been studied on movement 
sensations generated by vibration of arm muscles (Gooey 
et al. 2000). After a conditioning contraction of elbow mus-
cles of both arms with the arms held flexed, 70 Hz vibra-
tion of elbow flexors at an intermediate length produced an 
illusion of the arm moving into extension which the subject 
was asked to track with their other arm. The average track-
ing speed by seven subjects was 1.3° per second. When the 
arms were contracted with the arm held extended, vibration 
at the intermediate length led to a halving of the perceived 
movement speed, 0.7° per second. This was presumably 
because the extension conditioning had introduced some 
slack in elbow flexors and the response of the slack spin-
dles to vibration was weaker.

The movement illusion produced by vibration of one 
arm has been shown to be dependent on movement of the 
other arm (Izumizaki et al. 2010). The perceived speed of 
movement into extension produced by vibration of elbow 
flexors of one arm was reduced by half if at the same time 
the other, non-vibrated arm was moved into extension. If, 
on the other hand, the movement of the non-vibrated arm 
was into flexion, the perceived speed of movement of the 
vibrated arm nearly doubled. The result suggests that the 
movement illusion represents a difference signal calculated 
from the inputs coming from both arms. Extension of the 
non-vibrated arm stretches its flexors, raising their propri-
oceptive discharge and reduces the difference signal from 
the two arms. Similarly, shortening the non-vibrated arm 
reduces its proprioceptive signal in flexors and, as a result, 
the difference signal is increased.

This experiment was recently taken one step further 
by Hakuta et al. (2014). They showed that the illusion of 
movement and position change during vibration of ref-
erence elbow flexors was significantly reduced if, at the 
same time, the indicator flexors were vibrated as well. The 
authors concluded that what subjects felt was, at least in 
part, a difference signal calculated centrally from the inputs 
from both arms.

Vibrating a muscle typically generates a tonic vibration 
reflex (TVR) which is the vibration equivalent of the pha-
sic stretch reflex or tendon jerk, a local segmental reflex. 
Hakuta et al. made the additional observation that when 
both arms were vibrated, leading to a reduction of the 
vibration illusion, there was no accompanying reduction 
in the TVR. The observation is a reminder of the diversity 

of actions by afferents of muscle spindles; during the two-
arm vibration, the segmental reflex effects continued unim-
peded, while the centrally generated sensation was reduced. 
The observation also supported the view that the size of the 
afferent response to vibration was not reduced in any way 
by simultaneous vibration of the two limbs.

Up to this point, the sense of movement has been 
described in circumstances involving proprioceptive signals 
from both arms. A measure frequently used as a neurologi-
cal test in the clinic is to impose small movements at a joint 
and ask subjects to declare when they feel the movement 
and to indicate its direction. Here, presumably it is the 
dynamic sensitivity of muscle spindles and perhaps skin 
stretch receptors that determines the value of threshold. In 
a laboratory simulation of this test, subjects have their fore-
arm strapped to a servomotor that generates small, repro-
ducible movements. Subjects are asked whether a move-
ment has occurred and, if so, to indicate its direction. For 
such measurements of detection threshold, thixotropy plays 
an important role. When measurements are made with the 
contraction history of elbow muscles unknown, threshold 
values several times higher are obtained, compared with 
values when muscles have been conditioned to remove any 
slack (Hall and McCloskey 1983; Wise et al. 1996). Pre-
sumably in the unconditioned muscles, slack must be taken 
up by the movement before receptors are stimulated.

An area of controversy concerns the changes in move-
ment detection threshold measured when the muscles act-
ing at the joint being tested are contracting. A fall in detec-
tion threshold has been reported (Taylor and McCloskey 
1992) as well as a rise (Wise et al. 1998). One possible 
explanation is that with muscles in an unconditioned state, 
the contraction removes slack in muscle spindles, lead-
ing to a lowering of threshold. A rise in threshold can be 
accounted for by the reduced movement sensitivity of mus-
cle spindles during ongoing fusimotor activity (Wise et al. 
1999).

To conclude, movement sense, like position sense, is 
strongly dependent on the way the muscles acting at a joint 
have been conditioned, and at the elbow joint, it is not only 
the form of conditioning that matters but the input coming 
from both arms. This latter point comes up again in meas-
urements of position sense.

Exploring position sense using thixotropy

Now that many of the problems associated with making 
measurements of position sense have been recognised, the 
technique of putting muscles into a defined thixotropic state 
can be exploited to further explore this sense. Muscle con-
ditioning allows muscle spindles to be put into one of two 
states: (1) where there is no slack, receptors are stretch sen-
sitive and they generate a high level of background activity, 
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or alternatively, (2) where slack is present, leaving spindles 
with little or no background activity and a low stretch sen-
sitivity. This ability to manipulate spindle activity at a cho-
sen muscle length, simply by using a voluntary contraction 
and a stretch, represents a powerful tool for exploring new 
aspects of proprioception.

At the elbow, the commonly used conditioning pro-
cedure adopted before making position sense measure-
ments is for the blindfolded subjects to hold both forearms 
upright, with the elbows at 90°. Subjects are asked to con-
tract their elbow flexors, pulling the paddles supporting 
the forearms towards the body. This is called flexion con-
ditioning. Alternatively, subjects lay their forearms in an 
extended position (0°) on the table supporting the appara-
tus, and they are asked to push down on the table, in the 
process contracting their elbow extensors. This is extension 
conditioning. After conditioning, the experimenter moves 
the reference arm to an intermediate, test angle, the sub-
ject holds it there and they match its position with their 
other, indicator arm. Here, it is important to remember that 
movement of the reference arm to the test angle and move-
ment of the indicator to a matching position shortens and 
slackens the antagonists to the muscles which have been 
conditioned. Therefore, the proprioceptive signal coming 
from the arm is strongly biased in favour of activity from 
the muscle group which has undergone the conditioning 
contraction.

When muscles of both arms are conditioned identically 
in this way, matching errors do not reduce to zero. Typi-
cally, when the arms are flexion conditioned, the blind-
folded subject makes errors of 2°–3° in the direction of 
flexion (Allen et al. 2007, 2010; Tsay et al. 2012). That 
is, the subject places their indicator arm in a slightly more 
flexed position relative to the reference. When both arms 
are extension conditioned, errors lie by a similar amount in 
the direction of extension. The source of these errors lies 
in the method of matching. After conditioning, the refer-
ence arm is moved to the test angle and held there. Once 
the reference arm has stopped moving, the background 
activity of spindles will signal the test length. Moving the 
indicator arm into a matching position will stretch spindles 
in its conditioned muscle, but here the signal will comprise 
both background activity as well as a component gener-
ated by the movement to the matching position. The larger 
signal during the move to match persuades the subject 
that their indicator arm is more extended than it really is, 
leading them to declare a match too soon, before the two 
arms have been accurately aligned. As a result, small errors 
occur, lying in the direction of flexion after flexion con-
ditioning and in the direction of extension after extension 
conditioning.

Evidence that supports such an interpretation comes 
from experiments where the proprioceptive signals coming 

from both arms are deliberately reduced by introducing 
slack in elbow muscles (Tsay et al. 2014). With lower spin-
dle discharge rates, the difference in signal between the sta-
tionary reference arm and the moving indicator is smaller, 
resulting in errors lying closer to 0°.

The next logical step in exploring position sense is to 
examine the effect of making the proprioceptive signals 
coming from the two arms deliberately very different by 
conditioning arm muscles in opposite directions. If, for 
example, the reference arm is flexion conditioned, it will 
have a high flexor signal and a low extensor signal. If 
the indicator is extension conditioned, it will have a high 
extensor signal and low flexor signal. How can position be 
matched if the signals coming from the antagonist pairs of 
the two arms are very different? The answer is that large 
matching errors result, about 10° in the direction of exten-
sion after flexion conditioning of the reference and 10° in 
the direction of flexion after extension conditioning of the 
reference (Allen et al. 2007; White and Proske 2009). The 
large errors result from trying to match a high reference 
signal with a low indicator signal. For example, for flex-
ion conditioning of the reference arm, the subject leaves 
their indicator arm too extended, trying to achieve a match 
with a much lower signal in the indicator flexors. The same 
argument applies when the reference arm is conditioned 
with a high extensor signal and a low flexor signal, but the 
errors are in the opposite direction.

It is interesting that with this technique, errors of ±10° 
can be generated by means of muscle conditioning. It 
makes for a total range of errors of 20°, representing about 
25 % of the range of movements of the forearm studied in 
this kind of experiment, (between 90° and 0°, Allen et al. 
2007). During the course of these experiments, it was 
thought subjects might comment about the difficulty in try-
ing to achieve a satisfactory match when they were making 
such large errors. However, interrogating subjects revealed 
that they were no more uncertain about the position of their 
arms than on other occasions, despite the large disparity in 
forearm position (Proske and Gandevia 2009). It suggested 
that subjects were unaware of the size of their matching 
errors.

The technique of selectively conditioning one of the 
antagonists acting at a joint, to raise the level of its proprio-
ceptive signal, was recently exploited in a study exploring 
the phenomenon of proprioceptive drift (Tsay et al. 2014). 
It has been known for some time that when a limb is held 
stationary at a particular posture, in the absence of vision, 
there is a perceived change in its position with time, called 
proprioceptive drift (Paillard and Brouchon 1968; Wann 
and Ibrahim 1992; Brown et al. 2003). While it has gener-
ally been assumed that proprioceptive drift arises as a result 
of central mechanisms, a possible alternative explanation 
is that the perceived shift in limb position is the result of 
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adaptation of the spindle receptor discharge from muscles 
signalling the position of the limb (Tsay et al. 2014). In 
support of such an explanation, it was shown that after flex-
ion conditioning of elbow muscles, there were progressive 
changes in position errors, in the direction of elbow flex-
ion, over the 30 s of visual occlusion. Importantly, when 
elbow muscles were extension conditioned, time-depend-
ent errors were still present, but they were in the opposite 
direction, into extension (Tsay et al. 2014). The interpreta-
tion was that as the discharge from the conditioned mus-
cle declined—as a result of receptor adaptation—this was 
interpreted by the brain as a less stretched muscle, that is, a 
more flexed or more extended elbow. In other words, thix-
otropy could be used to determine the direction of propri-
oceptive drift. It was concluded that while a contribution 
from central processes to proprioceptive drift could not 
be ruled out, an adequate peripheral mechanism was now 
available to account for the typical, time-dependent errors 
in position sense.

A new experiment

Muscle vibration is a powerful stimulus for muscle spin-
dles (Roll et al. 1989). Some years ago, it was shown that 
if the two antagonists of one arm were vibrated at the same 
time, the illusion of movement generated depended on the 
difference in vibration frequency (Gilhodes et al. 1986). 
A higher frequency applied to flexors led to perception of 
arm extension, and a higher frequency applied to extensors 
led to perception of arm flexion. When the vibration fre-
quency was made the same for both muscle groups, there 
was no movement illusion. Given that the vibration was 
likely to continue to increase spindle afferent discharges in 
both muscles, these findings suggested that the brain was 
not listening to the inputs from individual muscles or group 
of muscles, but to the difference in signal coming from the 
antagonist pair. Here, in a new experiment, we have used 
the method of muscle conditioning to arrive at the same 
conclusion.

With the standard flexion conditioning or extension con-
ditioning procedure applied to muscles acting at a given 
joint, when, after conditioning, the limb is brought to the 
test angle, one of the antagonists is always left taut—with 
a high level of background discharge—the other slack with 
little or no background activity. Therefore, with this method 
of conditioning, the input to the central nervous system is 
always dominated by the signal from one member of the 
antagonist pair. We have recently devised a technique of 
conditioning where the input from both antagonists can be 
kept at high levels. To do that for elbow muscles, the blind-
folded subject’s reference arm is moved to the test angle and 
held fixed in position, while elbow flexors and then elbow 
extensors undergo isometric contractions. Since now both 

muscle groups have been contracted at the same length and 
there is no movement after the contraction, both are in a 
near-identical thixotropic state, with no slack present and 
therefore the likelihood of a high level of background activ-
ity in both muscles. When a subject attempts to match the 
position of a reference arm, conditioned in this way with 
an indicator arm that has been flexion conditioned, position 
errors of 10° into flexion result (Tsay et al. 2014). Similarly, 
when the indicator is extension conditioned, errors of 10° 
into extension are observed. The result suggests that, despite 
both reference antagonists being in a sensitised state, the 
resultant signal coming from the reference arm lies close to 
zero, and the observed position errors arise as a result of the 
signal coming from the conditioned indicator arm.

Evidence for such a conclusion came from use of a new 
method of muscle conditioning (Tsay et al. 2014). Some 
of the data from this experiment are reproduced here, 
redrawn to bring out the key points. To aid in the descrip-
tion, the plot of observed errors (Fig. 4) is accompanied 
by a series of cartoons indicating what is happening to the 
muscles (Fig. 3). There are four conditioning sequences, 
A, B, C and D. In two of the sequences (A and B), the 
reference arm has both antagonists undergoing isometric 
contractions at the test angle, as described above. Fig-
ure 3a shows the conditioning used to produce matching 
errors indicated by point A in Fig. 4. Here, the indicator is 
flexion conditioned, that is, the arm is held at 90° and the 
subject is asked to attempt to flex their arm towards their 
body. In the meantime, reference antagonists have both 
been contracted at the test angle. Once relaxed, the indica-
tor is moved into a matching position. For nine subjects, 
matching errors were 9.8° in the direction of flexion (Tsay 
et al. 2014).

The experiment is now repeated, but this time, the indi-
cator arm is extension conditioned (Fig. 3b). For that, the 
indicator arm is moved into full extension (0°) and the 
subject is asked to push down on the supporting table, in 
the process contracting their elbow extensors. At the same 
time, reference antagonists have again been co-contracted 
at the test angle. The subject then moves their indicator 
into a matching position. For nine subjects, the matching 
error was 9.6° in the direction of arm extension (Tsay et al. 
2014). This is shown as point B in Fig. 4.

In panel C of Fig. 3 is shown the third form of condi-
tioning employed in this experiment. Reference and indi-
cator muscles are initially flexion conditioned, but follow-
ing conditioning, both arms are moved into full extension. 
The movement stretches elbow flexors and shortens exten-
sors. The arms are left in the extended position for 6 s. A 
period of 6 s is sufficient for cross-bridges to reassemble at 
the longer length in the flexors (Morgan et al. 1984). When 
the arms are then moved into flexion, to a matching posi-
tion, elbow flexors, stiffened by the new stable bridges, 
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fall slack. Since the elbow extensors are already slack, it 
means that at the test angle now both antagonists from both 
arms are slack, generating only low levels of afferent sig-
nal. When nine subjects matched their arms, following this 
sequence of conditioning, the errors were 0.5° in the direc-
tion of extension (Tsay et al. 2014). This is shown as point 
C in Fig. 4. So the slackening manoeuvre undergone by 
both arms has moved matching errors by 10.3°, from 9.8° 
into flexion to 0.5° into extension.

In the fourth sequence (D), the arrangement of the 
muscles is not shown in Fig. 3, just the measured errors 
are plotted in Fig. 4d. In this sequence, the procedure 
described for (C) is repeated, but starting with extension 
conditioning of both arms. Subsequently, the arms were 
flexed to 90°, held there for 6 s and then moved into a 
matching position. Matching errors were into extension 
(Tsay et al. 2014). So this time the slackening manoeuvre 
has moved errors by 9.5° from 9.6° into extension to 0.1° 
into extension.

This experiment shows that slackening flexors or exten-
sors of both arms and therefore lowering the level of affer-
ent discharge coming from them leads to matching errors 
lying close to zero. By inference, we propose that when 
reference muscles are co-contracted at the test angle, the 
net signal coming from them is also close to zero. Support-
ing evidence comes from a new experiment (Tsay et al., 
unpublished observations). Here, reference muscles were 
always co-contracted at the test angle, while indicator mus-
cles had slack deliberately introduced in them. This, too, 
led to matching errors close to zero.

The conclusion from this experiment was that during 
matching, the shift in errors closer to zero after slacken-
ing indicator flexors or extensors and therefore lowering 
their afferent signals implies that the reference signal must 
also have been close to zero. Furthermore, given that the 
changes in errors were determined by the indicator arm, it 
suggests that the brain not only determines the difference 
in signal between the antagonists of one arm but listens to 
both arms and computes the difference between them. A 
similar conclusion was recently arrived at by Hakuta et al. 
(2014).

We believe that isometric conditioning of refer-
ence antagonists raises afferent activity in both muscle 
groups to high levels. Presumably, the streams of afferent 
impulses in the two muscles match one another reasonably 
well, sufficiently close for the difference signal coming 
from the arm to lie near zero. It is a little surprising given 
that it is likely that these are population responses from 
each muscle group (Bergenheim et al. 2000) and that the 
population discharge profiles are not likely to be identical. 
It may be that in interpreting the afferent activity coming 
from the two muscles, the brain takes into account any 
population differences.

Recent observations indicate future directions

So far, most of the experiments described here have been 
done at the elbow joint. It begs the question: can the method 
of muscle conditioning be applied at other joints? This is 
substantially an issue for future experiments, although 
some limited information is available from measurements 
at the knee (Givoni et al. 2007; Allen et al. 2010) and at 
the wrist (Smith et al. 2009: Walsh et al. 2013). A study 
of position sense at the wrist showed that when the blind-
folded subject had their hand held at a particular angle, 
when they were asked to generate an isometric effort of 
30 % of maximum in that position, they perceived a shift in 
location of the hand in the direction of extension for exten-
sion efforts and into flexion for flexion efforts (Smith et al. 
2009). It was proposed that a centrally generated signal 
associated with the effort sensation contributed to position 
sense.

However, in those experiments, the wrist muscles had 
been conditioned by a series of flexion–extension move-
ments without any conditioning contraction. It left open the 
question of whether some of the effort-related errors were 
the result of removal of slack in wrist muscles. In addi-
tion, at the forearm, it had been shown that position errors 
in the relaxed, supported arm were not significantly differ-
ent from errors when arm muscles were contracting to sup-
port a 25 % load (Allen et al. 2010). So at the elbow, there 
was no evidence of a contribution from an effort signal. 
Because of these uncertainties, the two groups of experi-
menters got together and carried out a series of collabora-
tive experiments at the elbow and wrist with muscles con-
ditioned at each joint in identical ways (Walsh et al. 2013). 
The findings confirmed that isometric efforts at the elbow 
did not produce significant position-matching errors, while 
similar sized efforts at the wrist did produce such errors. 
It was concluded that there were systematic differences 
between joints in the contribution of motor command sig-
nals to position sense. In the future, similar experiments are 
planned for other joints with the intention of surveying the 
role of motor command signals in position sense across the 
body.

One further difference between the experiments of Allen 
et al. (2010) and Smith et al. (2009) was the method used 
for indicating the position of the limb. At the wrist, the hand 
was hidden from sight and the subject indicated its per-
ceived position by rotating a pointer which was co-linear 
with the wrist. At the elbow, a position-matching task used 
both arms. Presumably, therefore, at the elbow, both arms 
contributed proprioceptive signals to the matching task. At 
the wrist, given the very different movement carried out 
by the hand moving the pointer, it seemed unlikely that its 
signals contributed to the measurement. If so, location of 
the reference hand must have been derived by referral to 
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a central map of the body. It leads to the conclusion that 
measuring position sense in a matching task is fundamen-
tally different from a pointing task. For that reason, in the 
experiments of Walsh et al. (2013), position errors were 
measured using both a matching task and a pointing task at 
the wrist and elbow.

It has recently been shown that a centrally stored model 
of the hand can be drawn using locations of a series of 
landmarks (Longo and Haggard 2010). The map is dis-
torted and resembles a similar map drawn many years ago 
by Penfield and Boldrey (1937). The data suggested that 
the source of the distortion was clustering in the pattern 
of central terminations of the afferent input. The map is 
distinct from a conscious body image which is accurate 
in its representation. It seems reasonable to assume that 
a central stored model is used as a reference point in a 
limb-pointing task. We know that the map is able to rap-
idly change in size and shape, in response to changes in 
afferent input. It has been shown that the central map of 
the hand is continuously updated by the incoming streams 
of afferent information, and if the afferent pattern changes, 
the map changes with it (Inui et al. 2011). Therefore, 
it was reasonable to presume that the map was similarly 
updated by changes in afferent input evoked by muscle 
conditioning (see also Stuart et al. 2002). That conclusion 
was in general agreement with the observations of Walsh 
et al. (2013).

Evidence has already been provided for the interpreta-
tion that when elbow muscles were co-contracted at the 
test angle, the brain responded to the difference in signals 
coming from elbow muscles, not their individual values, 
and this was likely to lie near zero. This conclusion is 
consistent with the observations of Gilhodes et al. (1986) 
using simultaneous vibration of elbow antagonists. Vibra-
tion of both muscle groups at the same frequency abolished 
the vibration illusion. More recently, Longo et al. (2009) 
also vibrated elbow antagonists at the same time and con-
firmed the observations of Gilhodes et al., using a forearm-
matching task. However, when subjects were asked to point 
with their left hand to the perceived position of the right 
arm, when this was being vibrated, they demonstrated sig-
nificant biases in pointing errors. The direction of errors 
suggested that subjects perceived the vibrated arm as tel-
escoping towards the elbow, similar to telescoping of the 
phantom limb seen in some amputees. They concluded that 
loss of coherent information about body position in space, 
like from co-vibration of antagonists, leads to an apparent 
contraction of the body representation.

However, a high level of afferent activity generated 
simultaneously in antagonists should not be seen as a 
conflict situation since it is a circumstance encountered 
routinely in everyday life. When we are standing in the 
bus holding onto a handrail, we use our arm as a support, 
making it rigid by co-contracting elbow muscles. Presum-
ably during such circumstances, the level of afferent signal 
coming from the antagonists would be expected to be high, 
given that during a voluntary contraction there is co-acti-
vation of fusimotor neurones (Vallbo 1971, 1974). It poses 
the question: do the afferent signals coming from the arm 

Fig. 3  Diagrammatic representations of arm muscles during condi-
tioning procedures before a two-arm-matching task. All matching of 
arm positions was done by blindfolded subjects, matching in the ver-
tical plane, while supporting their arms themselves. a The reference 
arm is the right arm, the indicator the left arm. Conditioning proce-
dures for the right arm were the same for a and b. Here, the arm was 
moved by the experimenter to the test angle and held fixed in position 
while elbow flexors and then extensors underwent isometric contrac-
tions. Position of the indicator arm started at 90° at the elbow, that is, 
with the forearm in a vertical position. The subject contracted elbow 
flexors by trying to pull the arm towards their body. Once they had 
relaxed from the contraction, they moved the arm to a matching posi-
tion with the reference arm (dashed line). b Here, the reference arm 
was conditioned, as above. The indicator was moved into full exten-
sion (0°) and the subject pressed the arm down on the supporting sur-
face, in the process contracting their elbow extensors. Once they had 
relaxed, they were asked to move their arm to a matching position. c 
Here, both reference and indicator arms began with a flexion contrac-
tion at 90°. After they had relaxed, both arms were moved into full 
extension (0°) and left there for 6 s. This reset flexor cross-bridges 
to the longer length. The experimenter then moved the reference arm 
to a test angle, and the subject moved their indicator into a matching 
position. Redrawn from Tsay et al. (2014)
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under such circumstances lead to perception of foreshort-
ening of the arm? It seems unlikely.

One further difference between pointing and matching 
errors at the wrist and elbow is arguably the most interest-
ing one. At the elbow, the confidence intervals for mean 
pointing errors were greater than for mean matching errors 
(Walsh et al. 2013; Fig. 4). At the wrist, the distribution of 
confidence intervals for pointing and matching were more 
nearly the same. It leads to the conclusion that at the wrist, 
a two-handed matching task improves accuracy over point-
ing, but only a little. By contrast, at the elbow-matching 
performance is much more consistent than for pointing. So 
the precision with which the position of an unseen hand or 
arm can be indicated with a pointer is similar for the elbow 
and wrist, but at the elbow, this is inherently less accurate 
than a comparison of signals in a two-arm-matching task. 
Why might that be so?

We know from experiments at the elbow that what 
is important is position of the hand, not the angle at the 
elbow. In a series of matching experiments using different 
arm postures, achieved by altering shoulder angles with-
out changing elbow angle, it was found that subjects were 
most accurate with the arms in front, hands aligned (Gooey 
et al. 2000). Similarly, when subjects were asked about the 
position of their unseen forearm, they were less accurate in 
determining elbow angle than fingertip position (Fuentes 

and Bastian 2010). In addition, there is animal data show-
ing that some second-order neurones in the centrally pro-
jecting proprioceptive pathway signal the limb end point 
representation and not the specific geometry associated 
with the end point (Bosco et al. 2000). All of this suggests 
that the brain has assigned particular significance to the 
hands-in-front posture.

When we manipulate objects with our hands, or use 
them to fashion tools, we have our arms in front, hands 
aligned and palmar surfaces facing each other. We postu-
late that because of the importance of this posture in human 
behaviour, a specific neural mechanism has evolved to 
ensure accuracy of alignment. This mechanism makes use 
of proprioceptive signals from both antagonists of both 
arms, and the brain interprets their difference as a meas-
ure of their alignment. Experiments in which muscles of 
both arms have been conditioned in opposite directions, 
(something that is unlikely to happen in everyday life), 
have produced maximum matching errors of ±10°, repre-
senting a total range of 20° within the working space of the 
arm (Allen et al. 2007; White and Proske 2009; Tsay et al. 
2014). We propose that this range represents the limits of 
the matching mechanism, a mechanism which is based 
entirely on the proprioceptive signals coming from the 
two arms. When the arms are more than 10° apart, in the 
absence of vision, other mechanisms could come into play. 

Fig. 4  Position errors at the forearm with arm muscles either tight or 
slack. Position errors for nine subjects after four forms of condition-
ing. Point A is a plot of matching errors (mean ± SEM) after the con-
ditioning sequence shown in Fig. 3a. Position errors were measured 
after both elbow muscles of the reference arm had been conditioned 
isometrically at the test angle (Ref: Tight) and the indicator arm flex-
ion conditioned (IND: Flex cond, filled circle, A). Alternatively, as 
shown in Fig. 3b, the indicator arm was extension conditioned (IND: 
Ext cond, open circle, B), with the reference arm muscles again co-
contracted at the test angle (Ref: Tight). For point C and shown dia-

grammatically in Fig. 3c, both arms had been flexion conditioned and 
then moved into full extension before matching (IND: slack, REF: 
slack, filled circle, C). For point D (not shown in Fig. 3) both arms 
had been extension conditioned and then moved into full flexion 
before matching (IND: slack, REF: slack, open circle, D). Trends in 
the data were indicated by a solid line where the conditioning proce-
dure began with flexion conditioning and by a dashed line where it 
began with extension conditioning. Dotted line indicates zero error. 
Asterisks indicate significant differences between points. Data replot-
ted from Tsay et al. (2014)
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For example, the subject could revert to making reference 
to a central map.

Conclusions

Muscle thixotropy is a fundamental property, resulting 
from events arising at the level of the sarcomeres, and it 
is therefore wide ranging in its influences. The method 
of conditioning has allowed us to exploit the thixotropic 
behaviour of muscle to manipulate the afferent discharges 
coming from it.

The aim in this review has been to make a case for mus-
cle thixotropy as a tool in the study of proprioception. For an 
arm-matching task, evidence has been provided that the rel-
evant signal from each arm is the flexor–extensor difference. 
If the conditioning method is used to make the difference 
signal in one arm large and in the other small, then during a 
match, the null point, the point of minimum signal difference 
between the two arms, can have a large value. This leads 
to position errors of up to 10°, of which the brain remains 
unaware. The brain simply makes the assumption that when 
the null point has been reached, the arms are aligned. This 
assumption is likely to be close to correct in everyday situa-
tions. Without muscle conditioning, it is unlikely that affer-
ent streams from the two arms are ever going to be very dif-
ferent. So the null point in a comparison between the two 
arms is always likely to lie near zero. Therefore, the condi-
tioning method provides an opportunity to set up extreme 
circumstances, and the resulting position errors provide a 
comment on how the brain measures arm alignment.

If these ideas are correct, we are faced by the challenge 
of accounting for the accuracy in position matching when 
one arm is loaded with a weight (Allen et al. 2010) or con-
tracting isometrically (Walsh et al. 2013). When elbow 
muscles of one arm contract with a force of up to 30 % of 
maximum, position errors in a matching task are not sig-
nificantly greater than with an unloaded arm. Yet, the motor 
activity in the loaded arm would be expected to produce 
large increases in spindle discharges from fusimotor co-
activation (Vallbo 1971, 1974). How a null point mecha-
nism might work under these conditions remains to be 
resolved. One possibility is that a central subtraction of the 
fusimotor-evoked reafference takes place (Proske and Gan-
devia 2012). It has also been suggested that activity arising 
in an actively contracting muscle may no longer contribute 
to proprioception and the position information is coming 
from the stretched antagonist (Capaday and Cooke 1983).

We are beginning to learn some of the rules by which the 
brain makes simplifying assumptions in order to cope with 
the large volume of complex signals reaching it from the 
body periphery. Selecting the relevant parameters essen-
tial for particular tasks is one means of ensuring a prompt 

response and that ultimately improves the chances of sur-
vival for the individual.
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APPENDIX 2: BodyinMind.org   
 

Should proprioceptive training be a priority in the management of chronic pain? 

 

Avid readers of BodyinMind.org know all too well that chronic pain can be associated with 

perceived distortions of the painful limb, be it in size, shape or posture [1-4]. In some cases, 

those with chronic pain report that they have limited awareness of the location of their 

painful body part [4, 5]. What they report may be a disturbance to the sense of limb 

position, which is a component of proprioception (or sensations derived from the body 

itself, such as the sense of movement and force). Efforts to potentially restore 

proprioceptive feedback through training have been incorporated into some chronic pain 

rehabilitative programs [6]. However, in the case of position sense, it is unclear how chronic 

pain would influence the perceived position or posture of a painful limb [7].  

 

Let’s look at the potential mechanisms. Chronic pain is associated with many changes in 

brain structure and function [8]. Speculatively, the changes in the brain might underpin 

alterations in the way proprioceptive information is processed. Alternatively, ongoing tissue 

damage at the site of the pain, which may involve the receptors in the muscle that provide 

proprioceptive information could alter proprioceptive processing.  

 

The receptors in our muscles that respond to stretch, known as muscle spindles, are 

primarily responsible for signalling the sense of limb position and movement [9].  Muscle 

spindles increase their resting discharge in proportion to the stretch imposed on them, and 

this is how the brain detects that a muscle has become longer. Hence, assessing position 

sense is a non-invasive measure that reflects muscle spindle function and can be used in 

chronic pain. In these tests, the participant is blindfolded and asked to either match the 

position of one arm with the other, or indicate the location of the arm using a pointer. For 

clarification, the arm being pointed to is designated the reference arm and the arm (or 

pointer) moved to match the reference arm’s location is called the indicator.  

 

Manipulating spindle activity can lead to predictable errors or directional biases when we 
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match our arms in a position sense task [for a review, see 10]. For example, we can generate 

relatively accurate alignment of the arms when elbow antagonist muscles from both arms 

have similar nett spindle activity [11, 12]; whereas large errors, in the order of 10° or more, 

can be produced by inducing different (i.e. high vs low) spindle activity between the arms 

[11]. This manipulation, called muscle conditioning, is done by performing a voluntary 

contraction or stretch of the muscle before taking a position sense measurement.  

 

In our recent study [13], we investigated position sense at the forearm after muscle 

conditioning in 30 age- and sex-matched individuals with chronic pain primarily in one arm 

(upper-limb) or leg (lower-limb), and 15 people without pain. Surprisingly, matching errors 

were similar no matter whether the painful arm was the reference (being matched to) or 

the indicator arm (positioned to match the reference arm). Moreover, across different 

muscle conditioning techniques, i.e. presumably under a high vs low spindle activity 

between the arms, all participants made large matching errors. Importantly, there were no 

group differences found amongst those with upper- or lower-limb pain, or those without 

pain, in any condition. This suggests that the proprioceptive signals from the painful arm are 

“listened” to just as clearly and accurately as the non-painful arm during a position matching 

task.  

 

We also wanted to know if chronic pain impaired the ability to indicate where the arm was 

in space. That is, we wanted to know what happens when position sense was determined 

using information from only one limb. In this task the reference arm was hidden behind a 

screen and participants were instructed to indicate the perceived position of their painful 

and non-painful arms, in separate trials, using a pointer. The results were similar across all 

three groups, as well as between painful and non-painful arms, reinforcing the idea that 

muscle spindles appear to function normally and that localising a limb in space appears to 

be unaffected.  

 

Future investigations are required in order to elucidate the mechanisms involved in the 

bodily distortions associated with chronic pain. However, in the case of position sense, our 

findings seem to suggest that peripheral proprioceptive information remains intact. Hence, 



154 

 

proprioceptive training of position sense may not be required in the management of chronic 

pain. 
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