Chapter 6
Proprioceptive Mechanisms
and the Human Hand

Lee D. Walsh, Janet L. Taylor and Simon C. Gandevia

Abstract The hand is complex and used in many functions, including eating and
communication. To control the hand accurately the brain needs information about
the position, velocities and forces around each joint, which is provided by pro-
prioception. Despite being studied for over a century, there is much to learn about
this enigmatic sense. The first part of this chapter summarises the key historical
debates and the evidence that shaped the current view of proprioception. The main
part then highlights recent evidence that has profoundly changed the understanding
of proprioception. One recent development is the discovery that the firing rates of
muscles spindles depend upon the contraction history of the muscle and that it is
possible for muscle spindles to become insensitive to movement of the joint,
remaining quiet during small joint movements. This alters the perceived position
of joints. Other experiments show that illusions of joint movement can be induced
by stretching the skin, providing evidence that slowly adapting cutaneous receptors
contribute to movement sense. However, at least at finger joints, it seems that
rapidly adapting cutaneous receptors interfere with the detection of the direction of
movement. Recent evidence reveals illusions of altered joint position and move-
ment with voluntary efforts during paralysis and anaesthesia. Thus command
signals generated by the brain provide direct information about joint position and
movement. Other experiments using anaesthesia have shown key roles of muscle
receptors in generating the body maps stored by the brain. Together this recent
work shows that the textbook view of proprioception needs revision.
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1 Introduction

The hand has a remarkable structure with more than 15 joints and more than 20
muscles which can move them. It is positioned with seeming ease to perform a
wide range of essential tasks from manipulation and communication to grooming
and eating. The sensory and motor mechanisms which permit this have long
interested scientists and clinicians. One overarching contribution on the sensory
side is proprioception. The present chapter reviews some background to this topic
and recent developments. It is not coincidental that many of the mechanisms
subserving proprioception have been exposed in psychophysical studies of the
human hand.

The brain generates movement by activation of skeletal muscles. Activation of
a skeletal muscle causes it to pull on the bones, causing them to move relative to
each other. However, the brain can only make skeletal muscles shorten, it cannot
lengthen them directly. Thus each muscle can only move a joint in one direction.
To move the joint back to where it started a second opposing, or antagonist,
muscle is required. Furthermore many joints contain multiple degrees of freedom
and therefore require more than two muscles to control them. Some joints are
controlled by remote muscles. Muscles located in the forearm move the fingers,
and their tendons cross several joints to reach the fingertip. Even simple move-
ments require the control of multiple joints, so clearly controlling movement of the
skeleton is a complex task.

To perform movements accurately the brain requires information about the
position, velocity and forces around each joint. Perception of this information is
known as proprioception. This term is used now to refer to the sensation of any
movements and forces that occur within or are imposed on the body. Proprio-
ception is provided via two broad mechanisms. The first is a feedback mechanism
and involves information being transduced in the peripheral parts of the body and
sent to the brain. This is afferent information and it is generated by sensory
receptors located in the muscles and skin as well as the joints themselves. Sensory
receptors in the muscles, called muscle spindles, transduce information about the
length and rate of change of length of the muscles while Golgi tendon organs,
located mostly in the musculo-tendinous junction, signal the forces generated by
muscles. Some slowly adapting receptors in the skin signal stretch of the skin
around a joint as the joint moves. Similarly, joint receptors signal stretch of the
joint capsule. The second mechanism involves the brain using a motor command
signal and a stored model to generate information about how the body responds to
the efferent command signals sent to the muscles. Where the term afferent refers to
information moving towards the brain, the term efferent refers to information



6 Proprioceptive Mechanisms and the Human Hand 125

associated with generation of motor output, often termed corollary discharge or
efference copy (see Sect. 3.4). The term efferent is used here because the pro-
prioceptive information is derived from an efferent signal, although once derived,
the information may stay in the brain.

How proprioceptive information is generated and used by the brain has been
studied for more than a century and has often been a source of controversy.
However, despite the long history, there is still a lot that is unknown, and there
have been important recent developments in the understanding of proprioceptive
mechanisms. Over the history of research into proprioception many of the key
experiments have been performed in the hand [e.g. 1-3] and the hand continues to
play an important role in the study of proprioception.

2 History
2.1 Muscle Spindles Versus Joint Receptors

The idea of having a sense that signals the position and movements of the limbs
goes back at least as far as Bell in the 1830s [4] and even early on there was
controversy about whether this sense was based on afferent signals [e.g. 5-7] or
centrally-generated signals [e.g. 8]. Sherrington’s [7] ‘muscle sense’ favoured
afferent information, specifically from muscle receptors, such as muscle spindles.
Muscle spindles do not detect joint angle as such, but the length and rate of change
of length of the skeletal muscles. If the length of all the muscles around a joint is
known then the position of the joint and velocity of joint movements can be
determined. Sherrington’s view became dominant in the early 1900s [9-11] but
muscle receptors subsequently fell out of favour as contributors to sensation. By
the 1950s joint receptors were seen as the dominant source of information about
joint position and movement. This view was supported by the extensive work of
Skoglund [12]. Further support came from the discovery of neurons in the sensory
cortex that responded to joint movement and joint probing [13], combined with
evidence that muscle receptors did not project into the cortex [14]. The latter result
was eventually proved wrong and was due to the class of anaesthetics used in
animal experiments at the time [15].

Muscle spindles again became the favoured source for the sense of joint
position and movement after experiments by Goodwin, McCloskey and Matthews
[16] showed that vibration of the muscle’s tendon induced illusions of altered joint
position and joint movement. Muscle spindles are known to be sensitive to low-
amplitude vibration (frequency ~ 80 Hz, amplitude ~1 mm) [e.g. 17, 18]. Fur-
thermore illusions of movement are produced when the muscle is stretched by
pulling on an exposed tendon without any movement of the joint [19, 20, cf. 21] or
when the muscle afferents are stimulated electrically [22]. This strong evidence of
a role for muscle spindles was accompanied by evidence that joint receptors were
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not ideal as transducers of joint position and movement. It was shown that joint
receptors were usually not good at encoding joint angle in cats [23] or in the
human hand [24]. Furthermore, they produced ambiguous signals because their
output was often similar at both ends of the joint range [23]. In addition, after total
hip replacement surgery, which removes the joint capsule and presumably all joint
receptors, position sense at the hip is still intact [25, 26]. Similar results have been
found for the knee [27] and the shoulder [28]. Currently it is thought that muscle
spindles are the dominant afferent source of information about the position and
movement of the joints, and that joint receptors are important for signalling the
extremes of joint range.

2.2 Cutaneous Receptors

When joint movement occurs, the skin around the joint is stretched and thus
cutaneous receptors, usually thought of as being simply used for the sense of
touch, are able to provide proprioceptive information. This was first noted in 1929
by Adrian and Umrath [29] but not until 1979 was it shown that cutaneous
receptors in the human hand respond to the movement of nearby joints [30].
Hulliger and colleagues found that rapidly adapting type two (RA-II) receptors and
slowly adapting type two (SA-II) receptors were the most responsive to joint
movement. In addition SA-II afferent nerve fibres encoded the static position of a
joint. This fitted with previous evidence that SA-II afferents responded to skin
stretch and were directionally sensitive [31]. These studies demonstrated that
signals from SA-II receptors were capable of contributing to proprioception
because they produced stable firing rates that depended upon the amount of skin
stretch around a joint. However a problem with cutaneous afferent signals is that
the same afferents also respond to skin stretch that is not related to movement of
position of the joint. This means that cutaneous signals must undergo some pro-
cessing if they are to be used for proprioception.

While it was clear that cutaneous receptors could contribute to proprioception,
it was not straightforward to determine if they actually had an important role. One
problem was that the experimental techniques that remove cutaneous signals, for
example blocking the digital nerves of the finger with local anaesthetic, usually
also removed the signals from joint receptors. Some authors assumed that skin
receptors did not contribute directly to proprioception when they blocked the
digital nerves to study the contribution of joint receptors [1, 32, see also 2]. This
separation is less difficult in the knee and thus Clark et al. [33] believed they were
able to independently block skin and joint afferents using local anaesthetic. They
suggested that skin receptors did not contribute to static position sense, but they
noted that that the ability to match limb position degraded with the removal of
cutaneous input. They suggested that signals from the skin may be more important
for movement sense in the hand than for proximal joints. Further studies suggested
that cutaneous receptors contributed to limb position and movement sense [21, 34],
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but opposition continued [35]. One problem at the time was that it was not clear if
cutaneous signals provided a specific signal of limb position and/or movement or
whether they provided central facilitation to aid in the decoding of muscle and
joint receptor input [2, 36, 37]. This issue has been addressed in recent studies
which are discussed in Sect. 3.2.

2.3 Tendon Organs

Proprioception also includes the ability to perceive force and heaviness, the history
of which has been less controversial than the senses of limb position and move-
ment [38]. The sense of force refers to the ability to perceive the force that is
generated by the muscles and its primary receptor is the Golgi tendon organ.
Tendon organs are located mostly near the musculo-tendinous junction [39] and
their firing rates are closely related to muscle force [18, 40]. However they are
more sensitive to force produced by an actively contracting muscle than passive
forces [41]. In addition to tendon organs, information about force can be obtained
from cutaneous receptors [42] because when a limb moves and applies force to
something the skin is compressed or sheared in the region of contact. A third
source of information about force is the centrally generated motor command which
is directly related to the signal driving the muscle to contract. This signal may
increase when a muscle is effectively weakened [43]. However, this information is
not ideal because it is corrupted by factors, such as muscle fatigue, that change the
relationship between motor command output and muscle force output. This is
where the sense of effort is distinguished from the sense of force. An example of
the divergence of the sense of force and effort can be seen when carrying a heavy
suitcase some distance. Over time the suitcase feels heavier, even though its
weight has not changed. This is because the loaded muscles are fatiguing and
therefore have to be driven harder to maintain the force required to lift the suitcase.
The increase in motor command required to drive the muscles is perceived as
increased effort and interpreted as increased heaviness of the suitcase. Central
signals of motor command are thought to be a major source of the sense of effort,
however it is possible that muscle spindles provide input as well [44].

It is common to break proprioception into ‘sub-senses’ to simplify investiga-
tion. In the history presented above it was broken into senses of limb position, limb
movement, force and effort. All proprioceptive signals provide information
simultaneously when a movement is made. Some receptors, such as muscle
spindles and tendon organs, are specialised to signal one type of information. This
does not mean that they only provide that information. As an example, tendon
organs signal force, but could also detect lengthening during muscle contraction
because if the muscle shortens they will be stretched. Likewise, muscle spindles
could also signal muscle force. Because they are ‘co-activated’ by fusimotor drive
during voluntary contractions, they also fire more when the muscle contracts (see
Sect. 3.1). Although it is possible to focus and perceive the angle, velocity or force
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at one joint, this is not how we generally perceive our body. For example, we are
consciously aware of the position of our hands, but we do not perceive the
information from individual joint and muscles, we simply perceive the position of
the hand. This emphasises that proprioceptive information is combined into a
synthesised representation of the body, and we perceive that representation which
is updated continuously by sensory information.

3 Recent Developments
3.1 Muscle Spindles

When skeletal muscle contracts and shortens it might be expected that the muscle
spindles would also shorten, and therefore fall slack. However this is overcome by
the structure of the muscle spindles which comprise small muscle fibres inside a
spindle-shaped capsule. These intrafusal muscle fibres have their own motor
supply, the fusimotor system. Fusimotor activation acts to shorten the muscle
spindles and thus, ideally to ensure that they are at an appropriate length to signal
changes in muscle length. However the presence of the fusimotor system also
creates its own complications for the muscle spindle signal. The contractile parts
of the intrafusal muscle fibres are predominantly located at both ends of the
spindles. This means that when the fusimotor system is activated both ends of the
intrafusal muscle fibres shorten and the centre of the fibres, where the afferent
nerve terminals are located, is stretched. During an isometric contraction there is
little change in total muscle length (i.e. the length of the muscle-tendon unit),
although muscle fibres would shorten slightly. However, the fusimotor system is
usually activated along with the rest of the muscle [45-49, cf. 50, 51] and this will
stretch the muscle spindle endings and increase their firing rate. Hence despite the
actual muscle length remaining relatively constant, the spindle signal during an
isometric contraction should indicate that the muscle is lengthening, which is
consistent with a movement or change in position opposite to the direction of the
contraction. In the 1970s, it was suggested that we do not perceive such a change
because the part of the muscle spindle signal that is due to the fusimotor activation
is subtracted out using a corollary of the motor command [16, 20, 37]. However
there is no evidence that this is the case. In fact recent studies have shown that we
do perceive a change in joint position during an isometric contraction [52, 53],
although the change is in the opposite direction to that expected from the fusimotor
activation of muscle spindles. So while fusimotor activation can assist in putting
muscle spindles at an appropriate length to indicate muscle length accurately, it
also corrupts the signals and makes them potentially ambiguous. In situations in
which the muscle spindle signal from the agonist muscles is ambiguous, the signal
from muscle spindles in the passive antagonist muscle could be very useful [54].
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Fig. 1 The effect of thixotropy on passive muscle. The dotted arms show the position at which
an isometric contraction was made. In (a) the elbow was extended after the contraction while
biceps and triceps were relaxed. This action stretched biceps and shortened triceps, but because of
the splinting caused by stable crossbridges the triceps falls slack. In this situation any passive
lengthening or contraction of triceps will be taken up by the slack. A similar situation is depicted
in b, the elbow has been passively flexed after an isometric contraction at a more extended
position. This causes the biceps to fall slack. The intrafusal muscle fibres of the muscle spindles
are affected by the same thixotropic property and spindles that fall slack will lower their firing
rate and may go silent. Muscle spindles that are stretched (biceps in a and triceps in b) will
increase their firing rates. The situation depicted in a is known as flexion conditioning and b is
known as extension conditioning. The figure is adapted from [83] with permission

Another problem with the muscle spindle signal is that it depends on the history
of contraction of the muscle. Skeletal muscle has thixotropic properties in that
after contraction, or even after a period of rest at a set length, the behaviour of the
crossbridges means that the muscle fibres have a resistance to length changes [55].
Hence, length changes imposed on passive muscle are met with some stiffness.
The result is that a muscle contracted at a long length and then passively shortened
may fall slack (Fig. 1) and a muscle contracted at a short length and then passively
stretched may initially resist the increase in length. These thixotropic properties
extend to the intrafusal muscle fibres of the muscle spindles [56-58] so that the
state of the spindle endings and their firing rate in a passive muscle depend on the
previous muscle contraction and any subsequent passive movement. The effects of
muscle spindle thixotropy on the sense of joint position are large enough to pro-
duce illusions of altered joint position [e.g. 57, 59]. While the role of muscle
spindles in the sense of joint position and the sense of joint movement is well
established, they are not ideal detectors of muscle length or rate of change of
muscle length. Activation of the fusimotor system can make the spindle signal
ambiguous in active muscle and the thixotropic properties of the intrafusal fibres
can make the signal ambiguous in passive muscle. Furthermore the initial response
of spindle afferents to stretch is reset a short time after the last change in length
[60]. Despite being accepted as the primary detector of joint position and
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movement, muscle spindles seem poorly suited to the task. However this is typical
of proprioceptive signals, none are ideal and all have shortcomings, but they all
combine to provide an accurate sense of what the body is doing.

Muscle spindles have generally been thought of as receptors for muscle length
and rate of change of muscle length. Recent work investigating the firing of muscle
afferents in the hand during ‘natural’ grasping movements has shown that muscle
spindles may also encode the second derivative of muscle length, that is accel-
eration [61, 62]. Dimitriou and Edin also suggested that muscle length and velocity
information is not simple to extract from muscle spindle signals in active muscle
and that information about fusimotor activation and the ongoing load properties
may be necessary. These authors have gone on to show that muscle spindles are
also capable of acting as forward sensory models and predicting future kinematic
states of their parent muscle [63]. Forward models are important in motor control
because the ability to predict motor outcomes allows faster adaptation and cor-
rection ‘on-the-fly’.

3.2 Cutaneous Receptors

Studies that blocked the nerves containing cutaneous afferents impaired the sense
of limb position in the hand. However it was not known if signals from cutaneous
receptors signalled position and movement directly or whether they simply pro-
vided facilitation to the signal from other receptors. More recently it has been
shown that a facilitatory role is not likely because removing the input from the
digital nerves of the middle finger did not impair movement detection of the
proximal interphalangeal joint of the adjacent index finger, and adding input did
not improve it [64]. However this study also showed that an electrical or natural
cutaneous stimulus applied to the adjacent finger did impair movement detection,
suggesting that there is an interaction between cutaneous input and proprioception.
Edin and Johansson [65] suggested that afferents from skin receptors contributed
to the perception of movement. They demonstrated that illusions of finger
movement could be induced by manually stretching the skin around the proximal
interphalangeal joint in a way that mimicked how it would normally be stretched
during a movement of that joint. Similar illusions were shown for the metacar-
pophalangeal joint by Collins and Prochazka [3], who also produced these illusions
by electrically stimulating the skin on the back of the hand. More recently, skin
stretch was shown to produce illusions of movement of the finger, elbow and knee
(Fig. 2) [66], although illusions in the hand occurred in more subjects than illu-
sions at proximal joints. This suggests that perhaps skin receptors are most
important for movement detection in the hand. Cutaneous receptors have a high
density in the hand [67] which gives them the potential to provide greater, more
accurate input. Furthermore the accuracy of muscle spindles is compromised when
a muscle spans multiple joints [68], whereas cutaneous receptors in the fingers
may provide more localised information about which joint moved.



6 Proprioceptive Mechanisms and the Human Hand 131

40 *
OMCP *
35 1 PIP
30 A
254
20 4
15
10 4 *
5 *
7

0-

vibration weak strong vibration vibration

stretch stretch +weak +strong
stretch sltretch

Perceived flexion (degrees)

Fig. 2 Illusions of altered joint position induced by tendon vibration and stretch of the skin
around joints of the index finger. Vibration results in errors in the perception of joint angle at the
metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints of the index finger. Skin
stretch can also induce these illusions. The effect of skin stretch is enhanced by simultaneous
vibration and is greater at the PIP joint which is distal compared to the MCP joint. * indicates a
result that is significantly different from the vibration only result (p < 0.05). This figure is
adapted from [66] with permission

Another recent development in proprioception concerns whether some input
from the cutaneous receptors can interfere with proprioception. Very low-ampli-
tude (20-50 um peak-to-peak) high-frequency (300 Hz) vibration favours input
from Pacinian corpuscles, while lower frequency (30 Hz) favours input from
Meissner corpuscles. Low-amplitude, high-frequency stimulation applied to either
the middle finger or the thenar eminence reduces the ability to detect movements
of the proximal interphalangeal joint in the index finger [69]. This reduction in the
ability to detect movement is not seen with a lower frequency stimulus, which
suggests that input from Pacinian corpuscles can interfere with movement detec-
tion in the hand. If the digital nerves of the adjacent finger are blocked, removing
input from skin and joint receptors, there is no impairment produced by Pacinian
corpuscle input (Fig. 3) [70]. Furthermore, removal of the muscle receptor con-
tribution makes no difference to the effect of the high frequency vibration. The
evidence from these two studies shows that cutaneous receptors can interfere with
proprioception in the hand.

3.3 Pain

Pain is another factor that has been shown to interfere with proprioception. Studies
done on the elbow flexor muscles have shown that muscle pain induced by eccentric
muscle damage or injection of hypertonic saline causes subjects to make errors
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Fig. 3 The effect of high-frequency cutaneous vibration (designed to activate Pacinian
corpuscles) on movement detection at the proximal interphalangeal joint (PIP) of the index
finger (test digit). Movement detection was measured as the number of correct detections of the
direction of movement at the PIP joint out of 40 trials, during three conditions: (1) vibration of
the index finger, (2) vibration of the middle finger and (3) vibration of the anaesthetised middle
finger. The dark lines and symbols show the group mean + SEM. The grey lines show each of the
nine subjects from each condition. There was a significant (asterisk, p < 0.05) decrease in the
incidence of correct detection of movement direction during vibration of the index finger and
vibration of the adjacent middle finger compared to control trials (C). No change occurred when
vibration was applied to an anaesthetised finger. Reproduced from [70] with permission

when matching the force produced by the painful muscle with a force generated by
the other arm [71-73]. Pain in the skin over the muscle also resulted in subjects
making force matching errors [72]. Another study of the hand investigated the
effect of muscle and skin pain on detection of movement of the thumb. Experi-
mentally induced pain in the flexor pollicis longus muscle which moves the thumb,
or in the skin of the thumb, impaired movement detection at the distal joint of the
thumb [74]. However pain in the skin over the flexor pollicis longus muscle, or in
the flexor carpi radialis muscle, which does not act on the thumb, did not impair
movement detection in the thumb. One concept emerging from the work is that
while pain may have some generalised effects on motor and sensory performance,
nociceptive inputs may also exert specific effects on aspects of proprioception.
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3.4 Motor Commands

If the brain is responsible for causing a movement, it can theoretically monitor the
commands that were issued to enact that movement. Using that information and
knowledge gained from experience about how the body responds, the brain could
determine the outcome of its motor commands. For example, during a voluntary
flexion of the index finger, the brain could know that the index finger is flexed
because the muscle, skin and joint receptors are signalling finger flexion, or it could
know that the finger is flexed because it commanded the finger to flex. The concept
that we are consciously aware of the drive to our muscle may be as old as the 1500s
[75], but it became more widely known in the late 1800s [8, 10]. In the 1950s it was
proposed that corollary discharges [76] or efference copies [77] of the motor com-
mand interacted with afferent information to compensate for, or subtract, the cor-
rupting influences of self-generated action on afferent information. From the 1970s
until recently it was speculated that this was the only role of central motor commands
in the sense of limb position and movement. That is, corollary discharges allowed
subtraction of the increased firing of muscle spindles caused by fusimotor activation,
but did not provide a direct signal of position or velocity [16, 36-38].

Recently it was shown that when subjects have one set of elbow flexors
weakened by fatigue or eccentric muscle damage, they make errors in matching
the angle of one arm, placed by the experimenter, with the other arm in the absence
of vision [78-80]. It was proposed that subjects used the amount of effort required
to hold their arm against gravity as a cue for the angle of their elbow, rather than
afferent signals. Further experiments in the hand have shown that during anaes-
thesia and paralysis induced by ischaemic block, if subjects are asked to make a
voluntary effort with their wrist muscles they perceive the hand to become dis-
placed in the same direction as the effort [81]. For example, if a subject makes an
effort into flexion, they report their wrist to be more flexed. Furthermore the size of
the perceived displacement grades with the level and duration of the voluntary
effort [82]. This result is consistent with a motor command signal directly influ-
encing the sense of limb position. Similar, although smaller, illusions of dis-
placement also occur when subjects who have all proprioceptive signals intact
perform isometric contractions with their wrist muscles [52, 53].

The work described above is focused on the role of central motor commands in
signalling joint position. The sense of joint movement is distinctly different from
the sense of joint position. Joint position sense is concerned with signalling the
static position of the limbs, whereas movement sense is more concerned with
signalling velocity. A recent study, again performed in the hand, has shown that in
addition to contributing to limb position sense, central motor command signals
also contribute to the sense of limb movement and velocity (Fig. 4) [82].

In contrast to these studies, it has been shown that when illusions of altered joint
position are produced by voluntary efforts about the elbow, they can be removed by
manipulating the firing rates of muscle spindles using conditioning contractions of
the muscle [83]. This suggests that the effects of voluntary efforts on position sense



134 L. D. Walsh et al.

Actual Actual
wrist wrist
position position

medium medium

fastest

5% efforts 50% efforts

Fig. 4 Movements of a phantom hand during voluntary efforts. In our recent study [96] subjects
had their forearm wrist and hand anaesthetised and paralysed by a cuff around the upper arm.
When the block was complete subjects were asked to make voluntary efforts with their paralysed
and anaesthetised wrist and indicate with a pointer any movements that they perceived. The filled
hands (index and middle finger are shown) represent the actual position that the subjects’ hand
was in. The blue outlined hands show the mean size of the phantom movements indicated by
subjects during a voluntary effort that was 1 s long. The red outlined hand shows the mean size of
the phantom movements reported by subjects during a 5-second voluntary effort. The speeds of
the movements produced by the four voluntary efforts shown are ranked by the terms slow,
medium, fast and fastest and these varied from 11s™' to 35s~'. Subjects indicated that they
perceived movements of their phantom hand which were bigger when they made stronger efforts
or longer efforts and faster if they made stronger efforts. Adapted from [96] with permission

may be due to changes in the firing rates of muscle spindles that occur during the
muscle contractions that result from the efforts. However, at the wrist, an effect of
the voluntary efforts is present even when the muscle spindle firing rates are con-
trolled by careful conditioning of the muscles [53]. It is not yet clear why the effect
of motor commands on position sense is apparently different at the elbow and the
wrist. There may be a difference in position sense between the two joints, but it may
also be due to a methodological difference. The elbow experiments involved a
bilateral matching task in which one arm was used to indicate the position of the
other. However, in the wrist experiments the subject indicated the position of their
wrist with a pointer. In the two-arm task there may be an interaction between
perception of the two arms that does not exist between one wrist and a pointer.
Alternatively the wrist experiments may involve an effect related to the process of
matching the position of an object in the visual space with the position of a joint.
This conflict of results needs to be resolved in order to fully understand how central
motor command signals contribute to the sense of limb position.
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3.5 Body Representation

We can focus on the position and velocity of a single joint, but do not generally
perceive the position of the body this way. The proprioceptive information about
the position, velocity and forces at each joint are combined into a ‘representation’
of the body. For example, if the arm is held out in front of the body, rather than
perceiving a shoulder angle, elbow angle, wrist angle and finger angles we tend to
perceive the arm, as a whole, in a posture. This view is supported by evidence that
subjects are better at judging the orientation of their limbs [84] and limb segments
[85] rather than joint angles. Body representations must be updated continuously
to remain accurate as the body is moved around. However the body representation
does not only store information about movements, forces and joint positions.

To know the position of the fingertips, the brain must know the angles of all the
joints in the hand and arm, but must also know the distances between joints. There
are no receptors that provide information about the length of the body segments, so
presumably this information is provided by vision and experience. Information
about body segments can be updated less frequently because while the length of
body segments is not constant, it changes very slowly. Even adolescent boys only
grow a maximum of 80 to 100 mm per annum [86, 87].

Body representations can also be manipulated. Anaesthesia of a body part
blocks its sensory information from reaching the brain, but perception of the body
part does not cease. Instead perception of the body part continues as a ‘phantom’
limb. Phantom limbs can occur after amputation [88], but can also be induced
experimentally using local anaesthetic, or by inflating a cuff around the limb to
above arterial pressure to produce an ischaemic block. When the hand or finger is
anaesthetised, subjects report that the anaesthetised body part feels larger [§9-91].
This change in perceived size has been suggested to be due to the loss of small-
diameter afferent nerve fibres [90], but must also involve large-diameter afferents
because changes in perceived size are reported when large fibres are becoming
blocked but small fibres are still mostly intact [91]. Changes in perceived position
of joints in the hand also occur if the block is applied using a cuff around the upper
arm which slowly paralyses and anaesthetises the hand, wrist and forearm. As the
large-diameter afferent nerves, which carry proprioceptive and touch information,
cease to function, subjects report that the fingers become more flexed or more
extended [91]. The direction of these changes depends upon the actual position of
the subject’s hand before the block. An initially flexed hand leads to perceived
extension and an extended hand to perceived flexion. The final position is not the
same, suggesting that there is no ‘default’ position for a phantom and perhaps the
body representation. Phantom limbs can also be moved. If subjects are asked to
make voluntary efforts with their wrist muscles after they have been paralysed and
anaesthetised, subjects report movement (see above) of the phantom in the same
direction as the effort [82]. The amplitude and velocity of the movement grades
with the level of effort. The amplitude also grades with the duration of the effort.
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Fig. 5 Perceived height of the subject’s index finger following simultaneous passive movement
of the subject’s finger and a plastic finger. The diagram shows the perceived elevation of the
index finger (median and interquartile range) above the table on which the subject’s hand was
resting. Zero represents the level of the table. During the control condition (shown by the whole
hand) the passive movement of the subject’s finger and the plastic finger were unrelated to each
other (incongruent). For the ‘blocked congruent passive movement’ condition (shown by the
disembodied finger) the digital nerves of the subject’s index finger were blocked with local
anaesthetic. Also the plastic finger was coupled to the subject’s index finger so that movement of
one was reproduced by the other. That is movement was congruent between the subject’s finger
and the plastic finger Subjects perceived their finger to be at significantly different elevations in
the two conditions (p < 0.005). Adapted from [97] with permission

Another body representation that can be manipulated is the map of which
‘parts’ belong to the body. We know that our body belongs to us without needing
to ‘interrogate’ the body part in question. Presumably this sense of body ownership
is generated from sensory information, and senses such as touch and proprio-
ception must play an important role because they do not signal remote events but
exclusively those events occurring in or on the body. With careful manipulation of
sensory information subjects will perceive an artificial rubber hand as belonging to
their body [92]. One method of doing this is to cover the subject’s real hand so that
they cannot see it and place the rubber hand where they can see it. The subject then
watches the rubber hand while an experimenter synchronously strokes both the
rubber hand and the subject’s real hand in the same location. Once the illusion of
ownership of the rubber hand is induced the subject will report that they feel the
stroking on the rubber hand rather than their own hand. They will have physio-
logical responses to threats made against the rubber hand [93] and the temperature
of their real hand will drop [94] suggesting that the real hand is being neglected in
favour of the adopted rubber hand. The rubber hand illusion does not require
vision to be established [95]. It is also possible to establish a similar illusion in the
finger with proprioceptive movement signals in the absence of tactile signals [97].
Congruent movements are applied to the proximal interphalangeal joint of the
subject’s index finger and a plastic finger. The plastic finger is visible to the subject
and is set up to appear visually as though it is part of a false arm that could be the
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subject’s arm. The subject’s finger is not visible and both its digital nerves have
been blocked with local anaesthetic, which excludes skin and joint receptors, but
leaves intact the muscle receptors in the forearm muscles that control the finger.
When an illusion of ownership over the plastic finger is established, and subjects
are asked to judge the position of their finger in space, they report the position as
close to the plastic finger, rather than close to their actual finger (see Fig. 5),
suggesting that the illusion of ownership has biased their proprioception.

4 Conclusions

The direction of research into proprioception has changed. In the past, the focus
was on determining which afferent signals contribute and the information they
provide. Therefore, a lot is known about the peripheral receptors and their indi-
vidual contributions to proprioception. However little is known about how mul-
tiple proprioceptive signals, afferent and efferent, interact with each other and
combine to produce a coherent perception of the body and its actions. It is also
unknown how stored information is generated and combined with the dynamic
signals to produce continuously updated body representations through which we
perceive our body. Recent research has begun to focus on these key points and
exposing these mechanisms will be important for understanding proprioception.
The human hand has been an important body part for studies on proprioception in
the past and it continues to be important in current research.
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