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A bstract

It has been proposed that, in order to enhance sensitivity to novel information, the
brain removes predictable components o f sensory input. This thesis describes a series
o f psychophysical and behavioural studies investigating predictive filtering in the
perception o f touch. Using a novel force-matching paradigm, we demonstrate that
self-generated tactile sensations are perceived as weaker than the same stim uli
externally imposed. This attenuation is shown to be temporally tuned to the expected
time o f contact and modulated by the certainty with which a sensation can be
attributed to self-action. We confirm experimentally that this attenuation results from
a predictive, rather than postdictive. mechanism. Such a mechanism may predict the
sensory consequences o f action based on an internal model o f the environment and an
efference copy o f the motor command. We investigate how prediction is acquired in a
new environment and the coordinate systems in which the new environment is
internally represented. Using a novel protocol o f transcranial magnetic stimulation,
we find evidence to suggest that the efference copy signal underlying the prediction
arises upstream o f primary motor cortex. Patients with schizophrenia are found to
show less attenuation than healthy controls, consistent with models o f the disease that
propose an underlying deficit in sensory prediction. These experimental findings are
discussed in relation to potential neural mechanisms o f sensory filtering, and the many
proposed roles for predictive mechanisms in human sensory and motor systems are
reviewed.
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Chapter 1

Introduction

C h a p t e r 1: I n t r o d u c t io n

1.1 Discriminating between self- and externally-generated sensation

Whenever we move, speak or otherwise perform an action the resulting changes to
our body and the environment are detected by our sensory systems. Under normal
circumstances we recognise these sensations as the consequences o f our actions and
are able to distinguish them from sim ilar sensations that are generated externally. We
are unlikely to mistake the sound o f another person talking for our own voice, and we
have no d ifficu lty distinguishing between movements we make ourselves and
movements that are passively applied to our body by external forces. This ability to
perceive our own actions as distinct from other people's is an important part o f our
perception o f ourselves as a single unified self, capable o f w illed action, and is
probably crucial to our functioning as a social animal. The ability to discriminate
between self- and externally-generated sensory input is also thought to play a role in
some o f the more fundamental functions o f our sensory and motor systems.

The earliest evidence for such a role came from the investigation o f eye movements.
When we move our eye the image o f the world on our retina also moves, and yet we
do not perceive the world to move. This is not simply because we have an expectation
that the world w ill remain stable: as Descartes observed in his Treatise o f Man (1664),
tapping on the side o f the eye w ith a fingertip generates an illusion o f motion in the
opposite direction, exactly as one would expect to occur during an eye movement. In
10
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the nineteenth century, inspired by Descartes' observations, Helmholtz (1867)
proposed that during normal eye movements the expected shift in the retinal image is
compensated for in perception according to the ‘effort o f w ill' required to generate the
movement. A century later, two separate studies both published in the same year
proposed a model for this compensation (Sperry, 1950; von Holst and Mittelstaedt,
1950). According to von Holst's ‘ principle o f reafference', when the motor areas o f
the brain generate a motor command signal to move the eyes they also send a copy o f
the command to the visual areas. This ‘ efference copy' is used to generate a
prediction o f the change to the visual input that w ill result from the eye movement
(termed the ‘ corollary discharge' by Sperry). This predicted shift in the visual input is
then reversed and applied to the actual visual input at an early stage o f processing,
cancelling the real shift in the retinal image with the result that a stable percept o f the
world is maintained.

Experimental studies have supported a role for efference copy in visual perception.
The illusory movement observed by Descartes, Helmholtz and others when tapping on
the side o f the eye has a clear interpretation under von Holst's model: the pressure
applied by the finger causes a movement o f the eye, but because this movement is not
generated by the motor areas controlling the eye muscles an appropriate efference
copy is not sent to the visual areas and the resulting retinal shift is not compensated
for. As a result the world appears to move in the opposite direction to the applied
force.

According to von Holst's model, i f the eye muscles were partially paralysed then any
attempt to move the eyes would result in a mismatch in size between the predicted
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and actual shift o f the image on the retina. This would be expected to produce an
illusory movement o f the visual scene in the direction o f the intended eye movement.
When this experiment is performed w ith subjects observing a simple visual scene
such as a point light-source an illusory movement is indeed observed (Mach, 1885;
Kommuller, 1930; Stevens et al., 1976). However the illusion disappears i f the whole
room is visible (M atin et al., 1982), suggesting that the role o f efference copy in
determining visual perception may be modulated by an expectation that the world as a
whole tends to remain stable.

Sim ilarly, an efference copy model predicts that a retinal afterimage viewed in
darkness should appear to move in the direction o f an eye movement, as the position
o f the afterimage on the retina remains constant. For small foveal afterimages this is
indeed observed (Mack and Bachant, 1969). but an afterimage o f a whole visual
scene, generated by a b rie f intense flash o f light, does not show this illusory
movement (Pelz and Hayhoe, 1995). This finding again suggests that an expectation
o f global stability may in some cases override the efference copy mechanism. Indeed,
the efference copy mechanism alone may be too slow to maintain visual stability
during saccadic eye movements: illusory movement o f foveal afterimages perceptibly
lags the centre o f gaze, and the afterimage becomes stationary during rapid back-andforth saccades (Grusser et al., 1987). Visual stability may owe more to a failure to
accurately compare object locations before and after saccades: Bridgeman et al.
(1975) found that saccade targets could be displaced substantially during a saccade
without subjects' awareness.
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Despite uncertainty over the importance o f efference copy in maintaining visual
stability, the principle proposed by von Holst and Sperry o f predicting the sensory
consequences o f action has been highly influential. In recent years this principle has
come to be seen as part o f a broader theory o f how the brain maintains and updates its
internal representations o f the body and the environment— the theory o f ‘ internal
models'.

1.2 Internal models and the sensorimotor loop

Human behaviour can be viewed in terms o f the ‘ sensorimotor loop' (Figure I - I A).
The motor systems o f the central nervous system (CNS) compute a motor command
signal on the basis o f desired goals, the environmental context, and the current state o f
the body. This motor command signal is sent to the muscles which produce a change
in the state o f the body and in some cases the environment. These changes are
detected by the sensory systems o f the CNS, and this sensory feedback is used in
computing the next motor command, closing the loop.

Although the sensorimotor loop describes how the CNS interacts with the external
world, it has been proposed that the brain also internally represents each o f the stages
o f the sensorimotor loop in the form o f ‘ internal models' (Figure I - l B). These
internal models m im ic the behaviour o f the body and the environment (Ito, 1970;
Jordan and Rumelhart, 1992; Wolpert et al., 1995). The ‘ inverse model' is a form o f
controller which takes as input the desired state and outputs the motor command
required to achieve it. The ‘ forward model' works in the opposite direction, taking as
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input a copy o f the motor command and generating a prediction o f how it w ill affect
the body and environment. The forward model can be separated into two components:
the ‘ forward dynamic model’ maps a given motor command onto the predicted
change it w ill make to the state, and the ‘ forward sensory model' predicts what
sensory feedback w ill be produced by this change to the state.

A
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Figure 1-1 (A ) The sensorimotor loop. The CNS generates motor command signals
which cause muscle activations resulting in changes to the state of the body. These
changes to the state are signalled to the CNS as sensory feedback. (B) A corresponding
internal loop may exist within the CNS. M otor commands are generated by the inverse
model and a copy sent to the forw ard dynamic model. The forward dynamic model
predicts what change to the state the motor command will produce, and the forward
sensory model predicts what sensory feedback will result.

1.2.1 Inverse models
A number o f theories have been proposed to explain how the CNS computes the
motor command signal required to achieve a planned movement. One o f the earliest
proposals was that the CNS makes use o f the elastic properties o f the muscles and the
spinal cord reflex loops to move the body through a series o f ‘ equilibrium points' to
the desired endpoint (Feldman, 1966; Bizzi et al., 1984; Hogan, 1984; Flash, 1987).
14

Chapter 1

Introduction

Taking the arm as an example, any given constant activation o f the muscles in the arm
defines an equilibrium position at which the torques generated by the muscles cancel
each other out and the arm is stable. By generating a motor command corresponding
to a sequence o f these equilibrium points the CNS could guide the hand along a
planned trajectory to a desired location. This is an appealing proposal as it vastly
sim plifies the computation necessary for movement control; however it has two major
disadvantages. Firstly, in order to prevent large deviations from the desired trajectory
it requires the muscles and reflex loops to be maintained at a high level o f stiffness,
which is energetically inefficient. Studies that have measured the stiffness o f the arm
during movement have concluded that the stiffness is too low for the arm to be
m oving under equilibrium point control alone (Gomi and Kawato, 1996; Hodgson and
Hogan. 2000). Secondly, i f the dynamics o f a limb change (for instance i f one picks
up a heavy object) then the equilibrium points change also, so i f accurate movements
are still to be achieved the controller must rapidly learn the new equilibrium points.
The complexity o f this learning problem negates the computational sim plicity which
was the main argument in favour o f equilibrium point control.

As an alternative to equilibrium point control, the inverse model hypothesis holds that
the CNS explicitly models the dynamics o f the body so as to compute what motor
command signal is required to produce any desired movement trajectory (Kawato et
al., 1987; Wada and Kawato, 1993; Jordan, 1995). A motor control system based on
an inverse model has the advantages that it can operate at low stiffness and that it is
able to adapt to changes in the dynamics o f the body.

15
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1.2.2 Evidence for an inverse model in the human motor system
The strongest evidence in support o f the inverse model hypothesis comes from studies
which demonstrate the ability o f the human motor system to adapt rapidly to novel
dynamics. In a classic study by Shadmehr and Mussa-Ivaldi (1994) subjects grasped
the handle o f a computer-controlled manipulandum with their right hand and were
instructed to move their hand to a series o f targets displayed on a monitor. Following
an initial training period, the manipulandum began imposing forces on the hand. The
direction and magnitude o f the force varied as a function o f the instantaneous velocity
o f the hand.

B

C

Figure 1-2 (A) Hand paths on first exposure to a force field. (B) Average hand paths
after 750 movements in the force field. (C) Average hand paths on catch trials after 750
movements in the force field. (Adapted from Shadmehr and Mussa-Ivaldi, 1994.)

On initial exposure this force field caused large deviations in the subject's hand path
and a corrective movement was required to reach the target (Figure 1-2 A). However,
as the subject continued to make movements in the force field, hand paths gradually
became straighter and approached the pre-exposure trajectory (Figure 1-2 B). A t this
point, i f the force was unexpectedly absent on a movement (referred to as a 'catch
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tria l') a large deviation o f the hand path was observed in the opposite direction to the
earlier errors (Figure 1-2 C). The presence o f these ‘ after-effects' implies that the
subject's motor control system had composed a model o f the expected forces during a
movement and was actively generating opposing forces to compensate.

Next, the subject was moved so that the configuration o f the arm in the workspace
was changed and instructed to continue moving to the targets. Even though forces had
not been experienced in these new jo in t positions, after-effects were again observed,
im plying that the motor system had generalised the adaptation beyond the trained
workspace. The pattern o f generalisation o f expected forces to the new arm
configuration implied that the motor system had modelled the forces as a mapping
between the velocities o f the joints o f the arm and the torques experienced at those
joints. Subsequent studies have shown that adaptation generalises not only to new
regions o f jo in t space, but also to different directions (Gandolfo et al., 1996) and
speeds o f movement (Goodbody and Wolpert, 1998). Similar adaptation and after
effects have also been shown to novel inertial loads (Sainburg et al., 1999) and to
force fields determined by the position o f the hand (Flash and Gurevich, 1997).

Lackner and Dizio (1994; 1998) have used a rotating room to investigate how the
human motor system adapts to C oriolis force. Coriolis force is a fictitious force
produced when the normal effects o f inertia are experienced in a rotating reference
frame; it is felt as a velocity-dependent force acting at 90° to the direction o f motion.
When subjects made movements under Coriolis force in darkness to targets that were
extinguished at movement onset, they in itia lly made errors in both the trajectory and
the endpoint o f the movement (Lackner and Dizio, 1994). As with a mechanically-
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imposed force field, these errors diminished with practice, and after-effects were
observed i f the rotation was stopped. The initial errors observed in the movement
endpoint are particularly troublesome for the equilibrium point control hypothesis: as
no Coriolis force acts on the arm once it has stopped moving, a controller that uses
muscle stiffness to determine position should end up at the intended location. In
contrast, these errors are predicted by the inverse model hypothesis: an inverse model
generates an appropriate motor command based on an internal representation o f the
current dynamics, and so i f the actual dynamics differ greatly from those represented
by the model the movement w ill miss the target.

Although a controller based on equilibrium points alone cannot account for all the
results from adaptation studies, the modulation o f muscle stiffness may still play a
role in movement control. An inverse model minimises movement errors by adapting
to new dynamics, but this requires a certain amount o f experience in the new
environment. During the first movements in a novel force field, opponent muscles are
co-activated, increasing the stiffness o f the arm and so reducing the movement errors
caused by the external force. W ith continued practice, the inverse model adapts to
compensate for the novel dynamics and this "co-contraction* decreases (M ilner and
Cloutier, 1993; Thoroughman and Shadmehr. 1999). Control o f muscle stiffness is
also used to minimise errors when the dynamic environment is unstable, and so
cannot be predicted by an internal model. When the instability only affects movement
in a particular direction, the motor system selectively activates muscles so as to
maximise stiffness in that direction (Burdet et al., 2001).

18
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1.2.3 Forward models
It is clear that a motor system requires some kind o f controller, such as an inverse
model, in order to generate appropriate motor output to achieve the system's goals. It
is not immediately obvious why a motor system should have a use for forward
models, which model the opposite transformation. Forward models act as predictors,
m odelling what change a given motor output w ill make to the body and the
environment and how this change w ill in turn affect sensory input (Jordan and
Rumelhart, 1992; M ia ll and Wolpert, 1996). In theory a motor system does not need
to make these predictions as it can rely purely on sensory input to estimate the current
state o f the world. However, the use o f forward models confers a number o f
theoretical advantages.

1.2.3.1 Compensating for inaccuracies in sensory feedback
One problem that the human motor system faces is that o f inaccuracies in sensory
feedback. Sensory transduction and neural transmission are imperfect biological
processes which contaminate the sensory signal w ith noise. Further, a combination o f
transduction, transmission and processing time means that the sensory information
available to the motor system is often substantially delayed. An estimate o f the current
state o f the body and environment based on this delayed, noisy feedback is inevitably
inaccurate, which w ill make subsequent movements inaccurate also. In contrast, an
estimate o f the current state generated by a forward model is available without
significant noise or delay (M iall et al., 1993). A system which combines these two
sources o f information to provide an improved estimate o f the state is known as an
‘ observer'. For a linear system, the observer which produces an optimal estimate o f
the current state is known as a ‘ Kalman filte r' (Kalman and Bucy, 196 1; Goodwin and
19
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Sin, 1984). A Kalman filte r uses a forward dynamic model to transform the
combination o f an estimate o f the previous state and an efference copy o f the motor
command into a prediction o f the current state. A forward sensory model transforms
this prediction into an estimate o f the expected sensory feedback. The difference
between the output o f this forward sensory model and the actual sensory feedback is
used to estimate the error in the state. This error estimate is combined with the output
o f the forward dynamic model to obtain the optimal estimate o f the current state. A
number o f experimental studies have supported the presence o f a mechanism sim ilar
to the Kalman filte r in the human motor system (Kuo, 1995; Wolpert et al., 1995;
Merfeld et al., 1999; van Beers et al., 1999).

1.2.3.2 Mental simulation
As described earlier, forward dynamic and sensory models can be used in conjunction
with an inverse model to complete an internal representation o f the sensorimotor loop
(Figure l- l) . I f the output o f the inverse model to the motor effectors is blocked, a
recursive use o f this internal loop could allow intended movements to be mentally
simulated. Such mental simulation could be used to fine-tune a motor plan prior to
execution, or choose between alternative motor plans. This ability could be
particularly useful in situations where a complicated sequence o f movements must be
combined, or where any error in the movement is likely to be costly. Mental practice
has been shown to improve performance in a range o f motor tasks (Hall et al., 1992),
increasing speed, strength and temporal consistency (Yue and Cole, 1992; PascualLeone et al., 1995; Vogt, 1995). The durations o f imagined movements are closely
matched to the actual movement times (Decety and M ichel, 1989), and show the same
trade-off between speed and accuracy (Sirigu et al., 1996), supporting the hypothesis
20
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that mental simulation and actual movement generation involve the same internal
representations.

1.2.3.3 Object manipulation
The ability o f forward dynamic models to predict the effect o f our actions on the
environment may play a fundamental role in our ability to manipulate objects. For
example, when holding an object between finger and thumb an upward force (the
‘ load force*) must be generated by the hand to counteract the object's weight. In order
to transmit this load force to the object, an inward force ( ‘ grip force') must also be
generated: i f insufficient grip force is applied the object w ill slip. I f the hand is moved
then a change to the load force is required to counteract the inertia o f the object.
Experiments have shown that in this situation subjects correctly m odify their grip
force in parallel with the load force in order to prevent the object from slipping
(Johansson and Westling, 1984; Johansson and Cole. 1992; Flanagan and Wing, 1993,
1995). The absence o f any significant delay implies that the motor system is not
relying on sensory feedback, but must instead be predicting the required grip force on
the basis o f a forward model o f the dynamics o f the system (Flanagan and Wing,
1997; Kawato, 1999; Flanagan et al., 2003). In support o f this, when a gripped object
is moved by external forces the modulation o f grip force is no longer anticipatory,
lagging the onset o f the external force by at least 80 ms (Johansson et al., 1992a;
Johansson etal., 1992b).
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1.2.3.4 Context estimation
In order to choose an appropriate motor output, the CNS must identify the current
context in which a movement is occurring. For example, the appropriate grip force
required when liftin g an object depends not only on the acceleration o f the hand but
also on the mass o f the object. Although an object's size and appearance can be used
to estimate its mass before liftin g it, appropriate scaling o f grip force is observed after
a few lifts even when these visual cues are absent or misleading (Gordon et al., 1993),
This suggests that the motor system is able to infer the mass o f an object from the
sensory feedback received during handling it. This could be achieved by the use o f
multiple forward models (Wolpert and Kawato, 1998). According to this proposal,
each forward model leams to map motor commands into expected sensory feedback
for a single sensorimotor context. The current context can then be estimated by
finding the forward model which is most accurate in estimating the current sensory
feedback.

In the MOSAIC model (Haruno et al., 2001), this architecture is extended by pairing
each forward model with an inverse model that is tuned to generate motor commands
appropriate for the same context. The actual motor command output is a weighted
sum o f the output o f the inverse models. The weights are determined by the
probability o f each context, obtained by comparing the output o f each forward model
with the sensory input. This architecture is therefore able to estimate the current
context and use this information to choose the appropriate motor command to achieve
the motor system's goals.
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1.2.3.5 Inverse model learning
Earlier in this chapter, evidence was presented o f the ability o f the inverse model to
rapidly adapt to novel dynamics. This ability is necessary because the dynamics o f the
sensorimotor system can change both in the short-term, due to interactions with the
environment, and on longer time scales, due to growth in the muscles and bones.
However, adapting the inverse model is a computationally d iffic u lt problem because
the motor system does not have access to the error in its output (the motor command
error) but only to the sensory consequences o f that error. It has been proposed that the
forward model may provide a solution to this 'distal learning' problem.

Training the forward model is a classical ‘ supervised learning' problem: given a copy
o f the motor command, the forward model generates an estimate o f the expected
sensory feedback; the difference between the estimated and actual sensory feedback
provides a sensory error signal which can be used to update the forward model.
Because the error signal is in the same coordinate system as the output, the update
process is computationally straightforward: several learning algorithms have been
proposed as models o f this process, the most common being back-propagation
(Rumelhart et al., 1986). As a solution to the distal learning problem, Jordan and
Rumelhart ( l 992) proposed combining the inverse and forward models in series to
produce a composite system which predicts the sensory consequences o f any given
input to the inverse model. Because the output is in sensory coordinates, this system
can be trained with the sensory error signal. I f the forward model is held fixed during
the update process, this provides a means o f adapting the inverse model.
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An alternative solution to the distal learning problem has also been proposed. In the
feedback error-learning model (Kawato et al., 1987), a simple hard-wired feedback
controller works in parallel with the inverse model, generating motor commands in
response to sensory feedback to correct for discrepancies between the current and
desired state o f the body. The output o f this feedback controller provides an error
signal in motor coordinates that can be used to train the inverse model.

1.2.3.6 Identifying one’s own actions
As noted at the start o f this chapter, we are readily able to discriminate between those
changes in our body and environment that result from our own actions and those that
have an external cause. Internal models provide a simple framework for making this
distinction (Figure I -3). Given the current state and an efference copy o f the motor
command, the forward model w ill output a prediction o f the expected sensory input.
When no external influence is acting, this prediction w ill closely match the actual
sensory feedback. However, changes to the body or environment that have an external
cause cannot be predicted by the forward dynamic model and so w ill produce a
discrepancy between the predicted and actual sensory input. A decision mechanism
based on these principles would identify a change to the body or environment as self
generated i f the sensory discrepancy associated with it remains below a certain
threshold (thereby allowing for small errors in prediction). I f the discrepancy exceeds
that threshold the change is identified as having an external cause.
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Figure 1-3 Distinguishing between one’s own actions and external events. On the basis of
efference copy, a forward model predicts the sensory feedback that will result from a
planned action. The actual sensory feedback will reflect the sum of self- and externallygenerated changes to the environment. Subtracting the predicted from the actual
sensory input reveals an estimate of the sensory feedback due to external influences.

This ability to attribute agency to sensory events permits differential processing o f
self- and externally-generated sensations. An example o f this is seen in the perceived
tim ing o f sensory events. Haggard et al. (2002) asked subjects to report the perceived
times o f a voluntary button press and a consequent auditory stimulus. The time at
which subjects perceived they had made the action was found to be shifted forwards
towards the time o f the auditory event it triggered, and the perceived time o f the
auditory stimulus was shifted backwards towards the time o f the voluntary action.
This ‘ intentional binding' is reversed i f the button press is passively generated
(Tsakiris and Haggard, 2003), suggesting that it reflects an attribution o f agency based
on efference copy.
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1.2.3.7 Sensory filtering
Our sensory systems are highly tuned to detect unexpected changes in our
environment, and as such it may often be advantageous to discount changes to the
sensory input that result solely from our own actions. The stability o f visual
perception during eye movements described earlier in this chapter provides one
example o f this. In order for the effect o f an eye movement on the visual percept to be
discounted, an efference copy o f the motor command signal is transformed into the
expected shift in the retinal image (the corollary discharge). This transformation is the
proposed role o f the forward model. The predicted retinal shift is then used to
modulate the actual sensory input to maintain a stable visual percept o f the world.
Sim ilar mechanisms may maintain stability in other sensory modalities: for instance,
when one moves a finger over a surface it does not produce the perception that the
surface is moving (Gibson, 1962).

As well as maintaining perceptual stability, it has been proposed that predictive
mechanisms could enhance the salience o f unexpected external events by attenuating
self-generated sensory input. During active movement o f a digit or limb, the ability to
detect small cutaneous stimuli is reduced in the moving body part (Angel and
Malenka, 1982; Chapman et al., 1987) as is the perceived intensity o f suprathreshold
stim uli (M ilne et al., 1988). This suppression or ‘ gating* o f tactile input begins prior
to movement onset and indeed prior to muscle activation as measured by EMG
(W illiam s et al., 1998), suggesting a mechanism based on efference copy. However, a
sim ilar magnitude and time-course o f gating is also seen when the body part is
unexpectedly moved by an external force (W illiam s and Chapman, 2002), suggesting
that the increase in detection thresholds may be better explained by 'backward
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masking' (Spencer and Shuntich, 1970; Scheerer, 1973; Laskin and Spencer, 1979) o f
the stimulus by tactile and proprioceptive sensory signals generated during the
movement. In apparent contradiction to this, sim ilar increases in detection threshold
are also observed during isometric muscle activation, which is assumed to generate
substantially less peripheral sensory input than active movement. These findings
suggest the possibility that movement-related tactile gating is the result o f a
combination o f predictive and masking mechanisms.

Predictive filtering has been more clearly implicated in the perception o f tickle. It is a
common experience that it is hard to tickle oneself, and empirical studies have
confirmed that a self-generated tickle is perceived as less intense than an identical
stimulus externally imposed (Weiskrantz et al., 1971; Claxton, 1975; Blakemore et
al., 1998a). Blakemore et al. (1999a) used a pair o f robotic arms to simulate a self
generated tickle. When subjects moved one robot with their left hand, a second robot
moved a tactile stimulus across the palm o f their right hand in unison. When subjects
were instructed to move their left hand sinusoidally back and forth they consistently
rated the stimulus in the right hand as less tickly, intense, and pleasant than i f the
same stimulus was delivered w ith the left hand still. A discrepancy was then
introduced between the subject's movement and the movement o f the tactile stimulus,
either by introducing a time delay between the movement o f the hand and the
stimulus, or by rotating the direction o f movement o f the stimulus relative to the hand.
The subject's rating o f the ticklishness o f the stimulus increased with increasing delay
or rotation. This result is consistent with the involvement o f a predictive mechanism
such as a forward model. A prediction o f the expected sensory input to the right hand
could be computed by such a mechanism on the basis o f an efference copy o f the
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motor command signal sent to the left hand. Subtracting a proportion o f this predicted
input from the actual input at an early stage o f processing would attenuate the selfgenerated sensory input, reducing the perceived intensity o f the tickle. According to
this model, when a small temporal or spatial discrepancy is introduced between the
hands it creates a mismatch between predicted and actual sensory input such that the
amount o f attenuation is reduced.

The ability to accentuate biologically-relevant external events by discounting the
effects o f self-action could have strong adaptive value. I f so, the kind o f predictive
sensory filtering proposed for tickle may have broad application in the sensory
system. The main focus o f this thesis w ill be the experimental investigation o f
predictive attenuation in the sensation o f touch.

1.3 Self-monitoring in schizophrenia

An understanding o f the role o f internal models in the human sensory system may be
useful in explaining some o f the symptoms o f schizophrenia. Schizophrenia is in part
characterised by a failure to distinguish

between self-generated and external

sensation, a discrimination which, as described earlier, may depend on the forward
model.

1.3.1 Background
Schizophrenia is a category o f psychiatric disorder diagnosed on the basis o f
psychotic symptoms such as delusions, hallucinations and disorganisations o f speech
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and behaviour. First defined by Eugen Bleuler (1911) as a ‘ loosening o f associations'
between different mental functions, historical disagreements and uncertainties over
the best way to define the disorder have led to substantial variation in the
symptomatology it covers. Nonetheless a set o f core symptoms can be identified, and
can be divided into three categories or syndromes (Liddle, 1987). Firstly, patients
generally exhibit ‘ disorganisation’ : disordered and inappropriate thoughts, speech and
emotional responses. Secondly, patients display 'psychomotor poverty’ : lack o f
speech, decreased spontaneous movement, lack o f emotional response, and apathy.
These ‘ negative’ symptoms tend to become more dominant over time, and
characterise the chronic phase o f schizophrenia. Thirdly, patients suffer from ‘ reality
disorder’ in the form o f delusions and hallucinations. These ‘ positive’ symptoms are
most prominent in the acute phase o f the illness, and it is these symptoms that may
best be explained by a breakdown in self-monitoring.

1.3.2 Positive symptoms explained as a failure of self-monitoring
The delusions suffered by patients with schizophrenia vary widely: they may have
paranoid delusions, or believe they have supernatural abilities, or that everyday things
or events have specific relevance to them. However, one set o f delusions that is
particularly characteristic o f schizophrenia is that o f ‘ passivity phenomena’ , in which
the patient feels that he is no longer in control o f his own thoughts or feelings and that
his actions are being controlled by a mysterious outside force (Schneider, 1959). In
fact, the actions that patients identify as externally controlled are mostly consistent
w ith their intentions.
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Frith (1987; 1992), expanding on a suggestion originally made by Feinberg (1978),
has proposed that these ‘ delusions o f control* may be explained by a defect in a
central self-monitoring mechanism, resulting in a failure to identify one's actions as
one’ s own. In the internal model framework described earlier in this chapter, changes
to the body that are imposed by external forces are identified by a discrepancy
between the actual sensory feedback from the movement and the feedback predicted
by a forward model. A breakdown in the forward model or comparison mechanism
would result in the incorrect identification o f one's own actions as externally
generated (Frith et al., 2000). Consistent with this, Blakemore et al. (2000) showed
that patients with positive symptoms do not rate a self-generated tickle as less intense
than a tickle applied by the experimenter, unlike healthy controls and patients without
positive symptoms. Patients with schizophrenia also find it d ifficu lt to distinguish
between vision o f their own hand and vision o f another hand making a sim ilar
movement (Daprati et al., 1997).

A breakdown in self-monitoring has also been proposed as an explanation for the
hallucinations experienced

in

schizophrenia.

Patients with

schizophrenia may

experience hallucinations involving any o f the five senses, however by far the most
common are auditory hallucinations in the form o f voices, and patients who do not
hear voices generally do not suffer from hallucinations at all (Johnstone et al.. 1986).
There

is evidence that these auditory

hallucinations

may

be caused

by

a

misidentification o f the patient's inner speech as externally generated. Case studies in
which the subvocal activity o f hallucinating patients was picked up by a microphone
have found that these whispers correspond to the patient's subsequent report o f what
the hallucinated voices said (Gould, 1949; Green and Preston, 1981). Suppressing this
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subvocal activity by holding a patient's mouth wide open can substantially reduce the
number o f auditory hallucinations (Bick and Kinsboume, 1987). Also Dierks et al.
(1999) have shown in a functional

imaging (fM R l) study o f patients with

schizophrenia that activity in the frontal operculum, an area normally associated with
the generation o f speech, is increased during auditory hallucinations.

In summary, a number o f the most prominent symptoms o f schizophrenia can be
explained as a misidentification o f one’ s own actions as externally generated. This
could result from a mismatch between the predicted sensory consequences o f one’ s
actions and the actual sensory input. Patients with schizophrenia do not exhibit
obvious abnormalities in their motor control, and show normal scaling o f grip force
when liftin g objects (Delevoye-Turrell et al., 2003). This suggests that these patients
are able to predict changes to the state o f the body and environment on the basis o f
planned movements (the role proposed for the forward dynamic model). Any
impairment is therefore likely to be either in the transformation from the predicted
outcome o f an action to the predicted sensory feedback (the role o f the forward
sensory model), or in the mechanism that compares this prediction with the actual
sensory input.

1.4 An overview of the human tactile sensory system

The main focus o f the experimental chapters o f this thesis w ill be the perception o f
tactile stimuli delivered to the fingertip. The human somatosensory system consists o f
distinct sensory receptors and pathways which
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information in four principal modalities: touch, proprioception, nociception, and
temperature sense. The sense o f touch is mediated by ‘ mechanoreceptors, i specialised
nerve endings which are excited by indentation o f the skin or motion across its
surface. The greatest density o f mechanoreceptors is found on the skin o f the fingers,
the palm o f the hand, the sole o f the foot, and the lips, and therefore these areas have
the greatest tactile sensitivity. The fingertips are the most highly innervated, receiving
approximately 250 mechanoreceptor nerve fibres per square centimetre (Vallbo and
Johansson, 1978).

Each mechanoreceptive ending is encapsulated in a specialised end organ. The
morphology o f this capsule, together with its location within the skin, determines how
the skin must be deformed to excite the receptor. In the fingertip, the main area o f
interest in this thesis, there are four principal types o f receptor, each adapted to extract
a particular type o f information from a tactile stimulus. FAI receptors (Meissner's
corpuscles) are located in the superficial layers o f the skin and have small receptive
fields; they are rapidly adapting, generating short bursts o f action potentials to signal
the onset and offset o f skin contact. Also sited in the superficial layers, SAI receptors
(Merkel disks) are slowly adapting: they fire in response to sustained pressure on the
skin, with a firing rate that increases with the applied force (Goodwin et al., 1995).
Mechanoreceptors in the deep subcutaneous tissue can also be separated into two
principal types. FA II (Pacinian corpuscle) receptors are fast-adapting with large
receptive fields; they respond strongly to vibration, particularly at high frequencies
(Mountcastle et al., 1972), and also to movement o f the finger across a surface. SAI I
receptors (R uffini endings) are slowly adapting and signal large-scale stretching o f the
skin.
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Action potentials generated by mechanoreceptive endings in the fingertip are
transmitted via the neuronal axon (the ‘ primary sensory afferent’ ) to the medulla.
Second- and third-order sensory neurons carry this signal to the thalamus and on to
primary somatosensory cortex (SI). The primary sensory afferents are large,
myelinated fibres with high conduction rates: the interval between onset o f a tactile
stimulus in the fingertip and activation o f SI is approximately 25 ms (Romo et al.,
1996).

Primary somatosensory cortex is organised somatotopically, and at this stage there are
extensive interconnections between neurons with inputs originating from the same
area o f the body. Here, information from the many varieties o f receptors is integrated
to identify higher-order features o f stim uli such as the texture o f surfaces, the location
and orientation o f edges, and direction o f motion across the skin. Projections from SI
transmit this information via secondary somatosensory cortex (SII) to the memory
systems in the temporal lobe, and to posterior parietal cortex where tactile information
is integrated with proprioceptive and visual input to build up an overall picture o f the
body and its immediate environment. Further connections to motor areas in the frontal
lobe support the integration o f this information into motor planning in order to
generate motor commands that are appropriate for the current state o f the body and
environmental context.
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1.5 Experiments in this thesis

This thesis w ill describe a series o f experiments that investigate the proposed role o f
efference copy and internal models in predicting and attenuating the sensory
consequences o f action.

Chapter 3 describes a novel force-matching paradigm, in which subjects reproduce
forces applied to the fingertip. The results o f this study demonstrate that constant
forces are perceived as weaker when they are self-generated, and that this attenuation
o f tactile sensation may play a role in the escalation o f physical conflicts.

Chapter 4 extends the force-matching paradigm to investigate some o f the factors that
influence tactile attenuation. A virtual link between two torque motors is used to
introduce discrepancies in spatial alignment and gain between the force applied by
one finger and the force felt in another. Tactile attenuation is found to be reduced by a
spatial misalignment but not by a discrepancy in magnitude between force input and
output.

Chapter 5 describes a study designed to investigate the time course o f tactile
attenuation. The perception o f force is assessed when subjects tap with one finger on
another through a virtual object created by two torque motors. By introducing varying
time intervals between the action and the resulting sensation, we reveal a relatively
broad window o f attenuation centred on the expected time o f contact.
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The study described in Chapter

6

tests the hypothesis that tactile attenuation results

from a predictive mechanism, rather than a postdictive or masking mechanism.
Attenuation is shown to occur at the time o f an expected contact between the fingers
even i f the contact does not in fact occur. Movement alone is found to be insufficient
to produce attenuation. These results are consistent with

a mechanism that

predictively attenuates incoming sensory signals on the basis o f efference copy.

Chapter 7 investigates the acquisition o f prediction when subjects are exposed to a
novel relationship between the motion o f one hand and force applied to the other.
Subjects learn to maintain postural stability by actively opposing the predicted forces.
From the patterns o f generalisation to new postures we discover that the motion and
the resulting force are represented in different coordinate frames by the motor system.

The study in Chapter

8

investigates tactile attenuation in patients with schizophrenia,

and demonstrates that these patients show less attenuation o f self-generated sensation
than healthy controls. This finding is consistent with previous self-monitoring theories
o f schizophrenia, and suggests that the illness may be characterised by a deficit in the
sensory component o f the forward model.

Chapter 9 investigates the neural basis o f the efference copy signal. Transcranial
magnetic stimulation is used to modulate the excitability o f motor cortex. Tactile
attenuation is found to be reduced by a decrease in excitability o f motor cortex
contralateral to the active hand. This is shown to be consistent with a model o f
predictive attenuation in which efference copy signals are generated upstream o f
primary motor cortex.
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C h a p t e r 2: M e t h o d s

2.1 Tactile force-generating apparatus

This thesis investigates predictive attenuation in the perception o f self-generated
tactile stimuli. Previous experimental studies that have explored this issue have
concentrated on the perception o f tickle, as the difference between the experiences o f
tickling oneself and being tickled by someone else is widely recognised. However,
only a tiny fraction o f the tactile stim uli we encounter each day are ticklish, and the
behavioural relevance o f ticklishness is far from understood. For the experiments
described in this thesis I chose to concentrate on a much more common form o f tactile
sensation: the perception o f abrupt and constant forces normal to the fingertip. Forces
o f this kind are experienced during tactile exploration, and whenever we use our
hands to manipulate objects. In order to facilitate their investigation, a computercontrolled apparatus was designed which could apply forces to the tip o f a subject's
finger.

The basic tactile apparatus, illustrated in Figure 2 - 1, consisted o f a light-weight
aluminium lever attached at one end to the axis o f a torque motor, which was fitted
w ith a rotary optical encoder. A force sensor was mounted on the other end o f the
lever, and a subject rested his or her index finger in a moulded support beneath the
force sensor.
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Encoder

Force sensor
M otor

Lever

Support

Figure 2-1 Design o f the basic tactile force-generating apparatus.

Torques generated by the motor were transmitted to the fingertip as normal forces
through the lower surface o f the force sensor, according to the equation,

where F is the force applied to the fingertip, r is the torque generated by the motor,
and / is the distance along the lever from the fingertip to the axis o f rotation. The
subject could also apply forces to the fingertip with a finger o f the other hand, by
pressing on the upper surface o f the lever directly above the force sensor. In either
case, all forces transmitted to the fingertip were recorded by the force sensor. Because
the surface o f the fingertip yields under pressure, applying a force led to a small
downward deflection o f the lever which was recorded by the rotary encoder.

The tactile apparatus was controlled by a Pentium PC fitted with an analogue-digital
I/O card (Sensoray Company Ltd, Model 626). The desired torque output, updated at
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1000 Hz, was signalled as a voltage output from the I/O card to a servoamplifier
(Maxon Motors UK, Model ADS 50/10) housed in a purpose-built controller unit. The
servoamplifier converted the voltage input into a pulse-width-modulated current
output to drive the torque motor. The force sensor and rotary encoder outputs were
channelled via the controller unit to the I/O card and recorded by the PC at 1000 Hz.
The controller unit contained two amplifiers and associated circuitry so that two o f the
tactile set-ups described above could be operated in parallel.

Two separate versions o f this basic experimental apparatus were built according to the
design described above. The original version o f the apparatus was built with the
follow ing components: Maxon Motors RE35 torque motors. Dynamics Research
Corporation T23BA encoders, and Entran 25N load cells. This version o f the
apparatus was designed for the study described in Chapter 3, and was subsequently
used for the patient study described in Chapter 8 . A second apparatus was built for the
study described in Chapter 4; these experiments required a larger range o f forces from
the motor, so geared torque motors were used (Maxon Motors RE35; gearing ratio
1:4.8). The other components were also upgraded from the original specification: A T I
Nano-17

6

-axis force/torque sensors, and I ED Model SA40 incremental encoders

were used. This second version o f the apparatus was subsequently used, with various
modifications, in Chapters 5,

6

and 9; full details are given in each chapter.

The mechanical bandwidth o f the tactile apparatus was assessed by recording the
actual force output for sinusoidal inputs varying in frequency between 1 and 100 Hz,
with a desired force amplitude o f 1.5 N. The gain and phase lag as a function o f
frequency is shown in Figure 2-2. The mechanical bandwidth, defined as the
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frequency at which the gain falls to 1/V2, was estimated at 87 Hz (by linear
interpolation between the two nearest frequencies tested). This assessment was
conducted on the geared motor system used in Chapters 4, 5,

6

, and 9. In general,

gearing decreases the mechanical bandwidth, so this value may underestimate the
bandwidth o f the original ungeared apparatus used in Chapters 2 and 8 .
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Figure 2-2 Bode plot displaying the frequency response of the tactile apparatus. The
dotted line indicates a gain of 1 / y fl .

2.2 vBOT robotic manipulandum

The experiment described in Chapter 7 investigates the development o f predictive
control when forces on one hand are determined by movements o f the other hand in a
novel way. Two force-generating robotic manipulanda ( ‘ vBO Ts') were used, one for
each hand (Figure 2-3). These robots were similar in design to the single
manipulandum used in Shadmehr and Mussa-Ivaldi's study, described in the first
chapter.
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The vBO T consisted o f a handle at the end o f a carbon-fibre parallelogram arm,
which was driven by two torque motors via low -friction tim ing belts. The motors
were fitted with high-resolution rotary encoders (30,000 counts per revolution). The
system was controlled by a PC via a controller unit and I/O card o f the same
specification as those used with the tactile apparatus. A subject sat gripping the robot
handles, with his or her upper arms supported in the horizontal plane by slings.

Handle
Motor

Robot arm
Timing belt

Figure 2-3 The vB O T robotic manipulanda.

The vBO T was designed to have low inertia and high back-drivability, so the subject
was able to move the handle o f each robot throughout the workspace with minimal
resistance. The positions o f the handles were calculated online at 1000 Hz from the
encoder output according to the kinematic equations o f the robot arm.
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£, cos(#, ) + £ 2 cos(0j + 0 2)
i , sin(#,) + 1 2 sin(#, + 0 2)
where x\ and X2 are the Cartesian co-ordinates o f the position o f the handle, // and h
are the lengths o f the two links o f the robot arm, and

61

and O2 are the angles at the

two joints. The velocity and acceleration o f the handle were estimated online by
finding a least-squares fit, over a 30 ms moving time-window, to the linear equation
o f motion.

Ax =

v f At - —aAt2
f

2

where Ax is the change in position over the time window, v /is the final velocity, a is
the acceleration, and At is the duration o f the time window. The handle positions, and
other targets and symbols specific to the experiment, were displayed on a rearprojection screen. The subject viewed the reflection o f the screen in a mirror,
positioned so that the handle positions and targets appeared in the plane o f the robot
arm.

Forces to be applied to the hands were calculated as a function o f the positions and
velocities o f the handles (see Chapter 7 for full details). The torques from the motors
required to produce the desired force were calculated online according to the
equation.

T =

yddj

F

where r is a 2x1 vector o f torques generated by the motors, F is a 2x1 vector o f forces
applied at the hand, and dxldO is the 2x2 Jacobian matrix, which describes how
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changes to the jo in t angles o f the robot arm ( 6 ) are reflected in changes to the position
o f the handle (x).

2.3 Theta-burst transcranial magnetic stimulation

Chapter 9 describes an experiment which assessed the effect o f modulating the
excitability o f motor cortex on tactile attenuation. This modulation was achieved
using the technique o f transcranial magnetic stimulation (TMS).

In TMS, a current pulse is generated in a stimulating coil held over a subject's head.
This current pulse, typically lasting only 100 ps, generates a rapidly-changing
magnetic field, which induces secondary currents in the neural tissue underneath the
coil in accordance with Faraday's principles o f electromagnetic induction (Faraday,
1831). These induced currents can cause neurons to depolarise, in a similar way to the
action o f a conventional electrical stimulator on peripheral nerves. The effect o f this
stimulation depends on the area o f the brain to which it is applied: for instance, single
TMS pulses over visual cortex cause subjects to observe phosphenes (Marg and
Rudiak, 1994). TM S pulses over motor cortex result in muscle activations ( ‘ motor
evoked potentials' or MEPs) on the contralateral side o f the body (Day et al., 1989)
which can be measured with electromyography (EMG). This single-pulse technique
has been used extensively to study central motor pathways (Rothwell et al., 1991).

As well as these direct effects, the synchronous excitation o f a large population o f
neurons induced by a TMS pulse can temporarily disrupt whatever processing is
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taking place in the affected brain region. This may result in changes to behaviour or
task performance, providing an indication o f the functional role o f the targeted area o f
cortex. Unlike functional neuroimaging, this ‘ virtual lesion’ technique (Pascual-Leone
et al., 1999; Pascual-Leone et al., 2000) makes it possible to establish a clear causal
link between activity in a given cortical area and behaviour. While a single pulse o f
TMS can cause a very brief disruption in function, longer-lasting effects can be
produced with trains o f TMS pulses delivered at rates up to 50 Hz. This ‘ repetitive’
TM S (or rTM S) can have effects that extend 30 minutes or more beyond the period o f
stimulation (Chen et al., 1997; Pascual-Leone et al., 1998). By comparing task
performance before and shortly after rTMS, the functional effects o f stimulation can
be evaluated without contamination from non-specific effects o f the noise, discomfort
and muscle twitches produced during stimulation.

In the experiment described in Chapter 9, a recently-developed form o f rTMS was
used to selectively alter the functioning o f motor cortex. The ‘ theta burst’ protocol
(Huang and Rothwell. 2004; Huang et al., 2005) is based on patterns o f stimulation
originally developed for direct electrical stimulation in cortical slice preparations and
in vivo animal studies. It consists o f bursts o f three TMS pulses (separated by 20 ms)
repeated at 200 ms intervals. In continuous theta burst stimulation (cTBS) an
uninterrupted train o f pulses is delivered in this pattern for up to a minute (Figure 2-4
A). Patterns o f electrical stimulation similar to this have been shown to produce long
term depression (LT D ) o f synaptic excitability in animal preparations (Heusler et al.,
2000). Applied over motor cortex, cTBS suppresses the excitability o f motor cortex
for up to 40 minutes, observed as a reduction in the amplitude o f MEPs elicited by
single TMS pulses (Figure 2-4 B). In contrast, intermittent theta burst stimulation
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(iTBS), consisting o f a series o f 2 s trains o f TBS repeated every 10 s, produces a
long-lasting increase in excitability o f motor cortex (Figure 2-4 A & B ). Analogously,
sim ilar patterns o f direct electrical stimulation have been shown to produce long term
potentiation (LTP) o f synaptic excitability (Capocchi et al., 1992).

In chapter 9, the perceived intensity o f self-generated tactile stimuli is assessed prior
to and follow ing cTBS and iTBS, in order to investigate the effect on tactile
attenuation o f enhancing or suppressing motor output at the level o f primary motor
cortex.
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C h a p t e r 3: F o r c e E s c a l a t io n
C onsequence

of

as a

S e n s o r y A t t e n u a t io n

3.1 1ntroduction

Physical conflicts tend to escalate. Two children involved in a tit-for-tat exchange o f
blows, for example, w ill often both claim that the other hit them harder. In this study,
sim ilar escalation o f force is demonstrated in a controlled experimental setting when
subjects are given instructions designed to maintain parity. A second experiment
shows that this force escalation results from a reduction in the perceived intensity o f
self-generated forces. This could arise from a predictive filtering process (Sperry,
1950; von Holst and Mittelstaedt, 1950; von Holst, 1954) in which the sensory
consequences o f a movement are anticipated and used to attenuate the incoming
sensory input. These results suggest that the squabbling children may both be
reporting their true percept, and that escalation o f physical conflict may be a natural
by-product o f sensory attenuation during neural processing.

3.2 Experiment 1
3.2.1 Methods
A fter providing written informed consent, six pairs o f right-handed subjects took part
in experiment I. Each member o f a pair rested his or her left index finger in a
moulded support beneath a force sensor (25 N load cell, Entran Ltd.) at the end o f a
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lever attached to a torque motor (RE35, Maxon Motors UK). The torque motors were
fitted with optical encoders (T23BA, Dynamics Research Corporation). The apparatus
and task are illustrated in Figure 3-1 A (see Chapter 2 for fu ll details o f the forcegenerating apparatus). A trial was started by one torque motor producing a 0.25 N
force on one subject's finger. Subjects then took turns to press down with their right
index finger for 3 seconds on the other subject's left index finger through the force
sensor. Subjects were instructed to apply the same force on the other subject as had
just been exerted on them. Each subject was unaware o f the instructions given to the
other. The trial was continued until each subject had pressed four times. Each pair o f
subjects completed four trials.

A

B

o

0

1

2

3

4

5

6

7

8

Turn
Figure 3-1 Task and results of Experiment 1. (A ) Schematic of the experimental set-up
and task. (B) Force escalation in a typical pair of subjects (subject 1 filled diamonds and
subject 2 empty diamonds, mean ± S.E. across trials). The initial force (empty square)
was generated on subject 1 by the torque motor.
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3.2.2 Results
In all cases the forces escalated rapidly (example shown in Figure 3-1 B). Across the
6

pairs there was a significant (Fi

the

8

5

= 12.1, p < 0.05) average increase o f 3.2 N over

turns corresponding to a 38% mean escalation on each turn. The increase was

also significant (p < 0.05) within every pair o f subjects. Force escalation thus occurs
rapidly even under instructions designed to achieve parity.

3.3 Experiment 2
3.3.1 Methods
To investigate the basis o f the escalation process, we examined the perception o f force
in an additional twelve right-handed subjects tested individually. Each subject rested
his or her index finger in a moulded support beneath the lever o f the torque motor, as
in experiment I. Subjects completed two blocks o f 40 trials in a counterbalanced
order. To start each trial a torque motor applied a constant target force to the tip o f the
subject's left index finger for 3 s (force profile illustrated by dashed line in Figure 3-2
C). Following an auditory go-signal, subjects were then required to reproduce the
force they had just felt. In the ‘ direct' block, subjects reproduced the force by pressing
with their right index finger on their left index finger through the force sensor (Figure
3-2 A). In the ‘ indirect' block, subjects reproduced the experienced force by adjusting
the position o f a joystick with their right index finger (Figure 3-2 B). The joystick
output voltage was scaled and transmitted to the torque motor controller, so that by
moving the joystick the subject could adjust the force applied to the left index finger
in the range 0 to 5 N. A fter 3 s an auditory stop-signal was given to end the trial. A
single value for the matching force was obtained for each trial by calculating the mean
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force recorded by the force sensor in the interval 2 to 2.5 s after the go-signal (grey
area, Figure 3-2 C).

C

L l_
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1500

2000

2500

3000

Time (ms)
Figure 3-2 Apparatus and task from the resting condition in Experiment 2. (A ) In the
‘direct’ condition, subjects reproduced a target force on the passive left index finger by
pressing with the index finger of the other hand. (B) In the ‘indirect’ condition, subjects
controlled the torque motor output via a joystick. (C) Time course of forces generated
by the torque motor (dashed line), and then by the subject (solid line) during a typical
direct condition trial with a target force of 1.75 N. The grey area indicates the interval
over which the mean subject-generated force was calculated.

Each block consisted o f 40 trials, 4 trials each o f 10 target forces in the range 0.5 to
2.75 N. The ‘ direct' and ‘ indirect' blocks were repeated in a second condition in
which subjects were required to keep their left finger flexed throughout force
presentation and matching.
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3.3.2 Results
When subjects were required to match a target force delivered to their passive left
index finger by pushing through the force sensor, they consistently overestimated the
force required (Figure 3-3 A, filled circles). When the force was generated via the
joystick the reproduced force matched the original force much more accurately
(Figure 3-3 A, empty circles). A regression analysis showed a significant increase in
both the intercept (F|,n = 18.1, p < 0.01) and slope (F ij i = 25.7, p < 0.001) when the
force was applied directly compared to via the joystick. The mean increase across the
12 subjects was 0.53 N (S.E. 0.12 N ) for the intercept and 49% (S.E. 9%) for the
slope.

Very similar results were obtained when the experiment was repeated with the left
index finger flexed (Figure 3-3 B). The matching forces generated in this flexed
condition did not differ significantly from the resting condition in either ‘direct* or
‘ indirect* blocks (F| n < 0.13, p > 0.73). Significant increases were again seen in both
intercept and slope when the force was applied directly compared to via the joystick
(F,.n > 20.9, p < 0.001).
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Figure 3-3 Results from Experiment 2 with left finger passive (A ) and flexed (B).
Matching force generated in the ‘direct’ condition (filled circles, solid line) and
‘indirect’ condition (empty circles, dotted line) as a function of the externally-generated
target force (mean ± S.E. across subjects, regression lines are derived from mean
regression parameters across subjects in each condition). Perfect performance is shown
by the dashed line.

3.4 Discussion

In the first experiment in this study, pairs o f subjects exchanged presses on each
other's fingers. Despite both being instructed simply to reproduce the force applied by
the other subject, the forces produced escalated rapidly. This may be a model for the
way in which real physical conflicts escalate.
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The second experiment sought to investigate the basis o f the escalation process. When
subjects were required to reproduce a force applied to their fingertip by pressing with
a finger o f the other hand, they consistently overestimated the force required. This
observation suggests that self-generated forces are perceived as weaker than
externally-generated forces o f the same magnitude. This may arise from a process in
which the sensory consequences o f an action are predicted on the basis o f an efference
copy o f the motor command. Subtracting a proportion o f the predicted sensory input
from the actual input at an early stage o f processing would attenuate the perceived
intensity o f self-generated sensations (Sperry, 1950; von Holst and Mittelstaedt, 1950;
von Holst, 1954; M iall and Wolpert, 1996). Such a mechanism may have evolved in
order to enhance the salience o f sensations that have an external cause. This kind o f
predictive attenuation has previously been proposed as an explanation o f why it is
d ifficu lt to tickle oneself (Weiskrantz et al., 1971; Claxton, 1975; Blakemore et al.,
1998a).

The overestimation o f force is specific to self-generated forces and not simply due to
a failure o f memory: the same subjects were able to accurately reproduce the target
force when they controlled the torque motor output with a joystick. In this situation
the active hand is not generating the force directly, but instead the movement o f the
hand is translated into a force via the torque motor. A study investigating the control
o f grip force (Blakemore et al., 1998b) has shown that in this unusual situation
predictive mechanisms are not employed. When one hand pushes on an object gripped
in the other hand a precise anticipatory modulation o f grip force is seen. However,
when the force on the gripped object is instead controlled indirectly via a joystick,
grip force modulation ceases to be predictive. In the current study, the absence o f
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attenuation when subjects reproduced the target force via the joystick is consistent
with a similar failure o f prediction.

When a force is applied to the relaxed finger, the perception o f force is mediated
through the mechanoreceptors in the fingertip. We also examined a condition in
which subjects were required to keep their finger flexed during force presentation and
matching. In this condition afferents from the muscles and joints could also contribute
to the perception o f force. The attenuation observed in this flexed condition was not
significantly different from that seen in the resting condition. This suggests that
sensory input from the muscles and joints may be attenuated by the same mechanism
that attenuates tactile inputs. Alternatively, these secondary sources o f sensory input
may simply not have any substantial influence on force perception.

The attenuation o f self-generated forces observed in this study occurred even though
accurate perception o f force was the primary requirement o f the task, suggesting that
it is unlikely to be mediated via attentional mechanisms. Previous studies have shown
that tactile perception is attenuated in a moving arm or finger (Angel and Malenka,
1982; Chapman et al., 1987; M ilne et al., 1988), but in this study we have shown
substantial attenuation o f self-generated tactile stimuli in the absence o f movement.
We can conclude that a self-generated force is perceived as substantially weaker than
the same force externally imposed. Force escalation can be seen as a natural by
product o f this sensory attenuation.
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C h a p t e r 4: S p a t ia l
on the

and

A t t e n u a t io n

of

G a in I n f l u e n c e s
S e l f -G e n e r a t e d

T a c t il e S e n s a t io n

4.1 Introduction

The study described in the previous chapter investigated sensory attenuation in the
perception o f self-generated constant forces. Subjects were required to reproduce a
target force applied to their finger, either directly by pressing with a finger o f the
other hand, or indirectly by controlling the force on the finger with a joystick.
Subjects accurately

reproduced the

force

when they

used the joystick,

but

substantially overestimated the force required when they generated it directly. This
result implies that a self-generated force is perceived as weaker than the same force
externally imposed. This sensory attenuation may result from a mechanism that uses a
prediction o f the sensory consequences o f action to filter sensory input. In this chapter
we extend the force-matching paradigm to investigate some o f the factors that may
influence the action o f this predictive mechanism.

A previous study o f predictive motor control has shown that accurate prediction
requires a natural correspondence between actions and their sensory consequences
(Blakemore et al., 1998b). Two robot arms were used to simulate holding an object
between the hands. When one hand was moved, causing an increase in the load force
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on the other, an anticipatory grip force response was observed in the other hand.
However, i f the force feedback applied to the active hand was inconsistent with a real
object, the anticipatory response was diminished. Similarly, predictive tactile
attenuation may require the relationship between force-generation and sensation to be
consistent with a realisable context. In this study subjects reproduce target forces
applied to their finger by pressing through a virtual object, simulated by two torque
motors. This allows the force generated by the active right finger to be dissociated
from the force delivered to the passive left finger. We use this dissociation to
investigate firstly whether predictive attenuation requires a spatial co-alignment
between active and passive fingers, and secondly whether it requires equivalence
between the force generated by the active finger and the force experienced in the
passive finger.

4.2 Methods

After providing written informed consent 16 right-handed subjects (9 male, 7 female,
aged 18-40) participated in the experiment. The experimental protocol was approved
by a local ethics committee. Each subject rested his or her left index finger in a
moulded support. A force sensor (Nano-17 6 -axis F/T sensor, ATI Inc.) rested on the
tip o f the finger at the end o f a lever attached to a torque motor (Maxon Motors UK,
Model RE35; geared in ratio 1:4.8). The motor was fitted with a rotary optical
encoder (Incremental Encoders Direct Ltd, Model SA40). To start each trial the
torque motor applied a constant target force to the tip o f the subject's index finger for
3 s. Following an auditory go-signal, subjects were then required to reproduce the

54

Chapter 4

Spatial and Gain Influences

force they had just felt. A fter 3 s an auditory stop-signal was given to end the trial.
Each subject completed six consecutive experimental conditions in a pseudorandom
order, each consisting o f fifty trials: ten trials each o f five target forces in the range

1

N to 3 N. In condition 1, subjects reproduced the force by pressing with their right
index finger on the lever directly above their left index finger, as in Experiment 2 o f
the previous chapter.

Figure 4-1 Schematic of the experimental
apparatus.

Forces applied to the upper

force sensor were transmitted with

a

variable gain to the left index finger via
the

lower

torque

torque

motor

direction

motor.

could

lateral

to

be

The
moved

the

upper
in

subject

a
to

introduce a spatial separation between
the active and passive fingers.

In the remaining five conditions subjects generated the matching force on their left
index finger indirectly, via a virtual link between two torque motors. Condition 2 was
designed to simulate the direct generation o f force as closely as possible. In order to
produce the matching force, subjects pressed with their right index finger on a second
forcesensor situated directly above the first (Figure 4-1). This force (recorded online
at 1000 Hzand smoothed with a 15 point mean filter) was transmitted to the left index
finger by thelower torque motor. Because the surface o f the fingertip yields under
pressure, applying a

force led to a smalldownward deflection o f the

lower lever,

which was recorded by the rotary encoder fitted to the lower torque motor. In order to
maintain an accurate simulation o f a virtual object between the fingers, the upper
torque motor adjusted the position o f the upper force sensor online so as to maintain a
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constant vertical distance between the force sensors. It was previously explained to
subjects that there would be no physical object between the fingers but that forces
they produced would be transmitted to the other finger via the computer.

Conditions 3 and 4 were identical to condition 2 except that the upper torque motor
was re-positioned so that during force generation the left and right fingertips were
separated laterally by a distance o f 10 cm (condition 3) or 30 cm (condition 4).
Conditions 5 and

6

were again identical to condition 2 except that now we adjusted

the gain relationship between the fingers, such that a 1 N force applied by the right
finger resulted in a 0.5 N (condition 5) or a 2 N (condition

6

) force on the left finger.

The matching force level generated on the passive finger was calculated for each trial
by taking the mean force recorded by the lower force sensor between 2000 and 2500
ms after the go-signal. The attenuation on each trial was then calculated as the
fraction o f the matching force level by which it exceeded the target force level, and
this measure was averaged across trials to give the mean attenuation for each subject
and condition. Between-condition comparisons were made using paired t-tests unless
otherwise stated

4.3 Results

In order to investigate some o f the parameters that might affect sensory attenuation, in
this experiment we created a dissociation between force input and output (Figure 4-1).
The control condition (condition 2) simulated as closely as possible direct forcegeneration by the right index finger on the left, as in experiment
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chapter. As in the previous study, subjects applied substantially more force than was
required to reproduce the target force (Figure 4-2 A, empty circles). This greater
matching force was perceived by subjects as equal to the target force because a
proportion o f the self-generated sensation was attenuated. The level o f attenuation can
be inferred by calculating the proportion o f the matching force by which it exceeded
the target force.
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Figure 4-2 Effect of spatial separation on tactile attenuation. E rro r bars indicate ± 1 SE
across subjects. (A) Mean matching force generated by subjects as a function of target
force, for lateral separations between active and passive fingers of 0 cm (empty circles),
10 cm (diamonds) and 30 cm (squares). Dashed line represents perfect performance. (B)
Attenuation as a function of lateral separation between the fingers.

The mean level o f attenuation in this control condition (20%) did not differ
significantly (Fi

15

= 2.30; p = 0.15) from a condition in which the matching force was
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generated directly (23%), im plying that the simulation o f direct force-generation was
sufficiently accurate to have little or no effect on sensory attenuation.

Having created a dissociation between force input and output we were able to
investigate the effect o f spatial separation on attenuation. Introducing a 10 or 30 cm
lateral separation between the active right and passive left fingers resulted in a
significant (Fj.is > 5.62 ; P < 0 .04) reduction in the level o f attenuation compared to
the control condition (Figure 4-2 A & B ). However attenuation was not abolished in
either o f these conditions (Fi is> 12.3; p < 0.004). The level o f attenuation (13%) did
not significantly differ between the 10 and 30 cm separations (F)

15

= 0.03; p = 0.87).
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Figure 4-3 Effect of gain on tactile attenuation. E rro r bars indicate ± 1 SE across
subjects. (A ) Mean matching force generated by subjects as a function of target force,
for gains of 0.5 (downward triangles), 1.0 (empty circles), and 2.0 (upward triangles).
Dashed line represents perfect performance. (B) Attenuation as a function of lateral
separation between the fingers.
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The effect on attenuation o f varying the gain relationship between the fingers is
shown in Figure 4-3. In three conditions the gain was adjusted such that each newton
o f force applied by the right finger resulted in a 0.5 N, 1 N, or 2 N force on the left
finger. No significant differences in attenuation were observed between these three
conditions (F],is< 1.48; p > 0.24).

4.4 Discussion

In this study we have confirmed the finding o f the previous chapter that the sensation
o f force in a passive digit is attenuated when the force is self-generated. It has been
proposed that the attenuation o f self-generated sensation observed here and in
previous studies may have evolved in order to increase the salience o f externallygenerated sensations. To be effective therefore the underlying mechanism must be
able to correctly identify when two parts o f the body are interacting and apply
attenuation only in such situations. This judgement is likely to be based on a range o f
factors, some o f which we have attempted to identify in this study. In order to do this
we simulated normal force-generation using a virtual link between two torque motors.
This manipulation did not have any substantial effect on attenuation even though
subjects were made aware that there was no physical object between the fingers.
However, when we introduced a lateral spatial separation between the fingers, the
level o f sensory attenuation was reduced. This suggests that a spatial co-alignment
between force production and sensation may be one o f the factors by which sensations
are identified as self-generated. When force production and sensation are not aligned
it reduces the confidence with which the sensation can be identified as self- rather
than externally-generated and so less attenuation is applied. Although infrequent,
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spatial misalignments in force o f the size examined in this study can occur during
manipulation o f large objects, and this may explain why the attenuation is reduced but
not abolished.

Probably the clearest evidence that two parts o f the body are interacting is a precise
correspondence between the force generated by one body-part and the force felt in the
other at the same moment. Consistent with this, it has been shown that introducing a
temporal

asynchrony

between

activity

and tactile

sensation

reduces sensory

attenuation (Blakemore et al., 1999a). However, in this study we have demonstrated
that altering the gain relationship between the fingers does not affect the level o f
attenuation. Specifically, doubling or halving the force transmitted from the active
finger to the passive finger did not alter the extent to which sensation in the passive
finger was attenuated. This result suggests that while temporal correlation between
force-generation and sensation may be required to elicit sensory attenuation, an equal
magnitude o f force does not appear to be important. This is perhaps to be expected:
when one digit applies a force on another through an object, the relationship between
the force applied and the resulting sensory input can vary substantially depending on
the shape and consistency o f the object, the surface area in contact with the passive
digit, and the angle at which the active digit meets the surface.

The amount by which sensation in the passive finger was attenuated did not vary
between the different gain conditions despite substantial differences in the force
generated by the active finger. It has been proposed that sensory attenuation may
result from a cancellation process, in which a proportion o f the predicted sensory
input is removed from the actual input. I f this is the case, the current finding suggests
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that the predictive mechanism must be capable o f rapidly adapting to new gain
relationships between motor output and sensory input in order to continue generating
an accurate prediction. Alternatively it may be that sensory attenuation results from a
gating process, in which sensory sites receiving self-generated input are identified and
a fixed attenuation is applied to all sensory input from those sites. This issue w ill be
returned to later in the thesis.

61

Temporally Tuned and Event-Driven

Chapter 5

C h a p t e r 5: P e r c e p t io n
Consequences

of

T em po rally T uned

o f the

S e l f - a c t io n

and

is

E v e n t - d r iv e n

5.1 Introduction

The experiments described in the previous two chapters have shown that a self
generated constant force is perceived as less intense than the same stimulus externally
imposed. In this chapter, we investigate the temporal tuning o f this tactile attenuation.
A previous study (Blakemore et al., 1999a) has addressed a similar issue in the
perception o f tickle. As discussed in Chapter I, self-generated tactile stimulation is
perceived as less ticklish than external stimulation. Blakemore at al. used a pair o f
robotic arms to simulate a self-generated tickle, and then introduced a time delay
between the subject's active movement and the movement o f the ticklish stimulus.
They found that a delay o f 300 ms was sufficient to abolish the normal attenuation o f
the self-generated tickle and that smaller delays produced a partial reduction in
attenuation. This suggests that the reduction in the perception o f self-generated tickle
is not the result o f a general suppression o f sensation from an affected body part, but
instead involves a temporally precise modulation o f the sensory input.

In this chapter, we use b rie f force pulses as probes to investigate in detail the timecourse o f tactile attenuation. Subjects tap with one finger on a finger o f the other hand
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through a virtual object, simulated by a force sensor and torque motor. Based on our
previous results, we predict that the sensation o f the tap in the passive finger w ill be
attenuated compared to an externally generated tap o f the same magnitude. As in
Chapter 4, the virtual object allows the force generated by the active finger to be
dissociated from the force delivered to the passive finger. By delaying or advancing
the transmission o f the tap to the passive finger, and assessing the perceived intensity
o f the resulting sensation, we are able to map the time-course o f attenuation.

5.2 Methods

A fter providing written informed consent, 30 right-handed subjects (20 men and 10
women) aged 18-40 participated in this experiment: 12 in group A, 10 in group B and
8

in group C. A local ethics committee approved the experimental protocols. Each

subject rested his or her left index finger in a moulded support beneath a lever
attached to a torque motor (Maxon Motors UK, Model RE35; geared in ratio 1:4.8).
To start each trial, subjects depressed and held a start-button with their right index
finger (Figure 5-1 A).

For group A, there were

8

pseudorandom order. The

different trial types each occurring once every
8

8

trials in a

trial types included 1 no-movement trial and 7 movement

trials. On no-movement trials subjects continued to hold down the start-button while
two taps were sequentially delivered (test tap followed by comparison tap) to their left
index finger by the torque motor separated by an interval o f 800-1500 ms. Subjects
then indicated which o f the two taps they perceived as harder by pressing one o f two
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response buttons. The peak force amplitude o f the second comparison tap was varied
across trials according to a maximum-likelihood procedure (see below) so as to find
the amplitude at which it was perceived as equal to the first test tap, which always had
a fixed amplitude o f 2.7 N. Both taps had a fixed duration o f 80 ms.
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F ig u re 5-1 A p p a ra tu s and procedures. (A ) Schem atic o f the a pp aratus and task. T o
begin each tr ia l, subjects depressed a b u tto n w ith th e ir rig h t ind ex fin g e r w h ile re stin g
th e ir le ft index fin g e r beneath a force sensor fix e d to the lever o f a to rq u e m o to r. O n
m ovem ent tria ls , in response to an a u d ito ry go-signal, subjects released the b u tto n and
made a speeded m ovem ent to p ro du ce a b r ie f fo rce pulse (active tap) w ith th e ir r ig h t
index fin g e r on a second force sensor fixe d above th e ir le ft index fin g e r. A s im ila r fo rce
pulse (test ta p) was d elivered w ith a v a ria b le delay to the le ft index fin g e r by the to rq u e
m o to r. (B) T im e-course o f events experienced b y the r ig h t and le ft hands (R H and L H )
in an exam ple m ovem ent tr ia l w ith a +150 ms delay. T he test ta p was fo llo w e d a fte r a
sh o rt in te rv a l by a com parison ta p o f v a ria b le a m p litu d e , and subjects then in d ic a te d
w h ich o f the tw o taps they perceived as h a rd e r. (C ) M ean force p ro file s o f the test ta p
(solid line) and active tap (dashed lin e , grey area represents ±1 S.D.) on zero-delav tria ls .
T he force p ro file s have been aligned to fo rce onset fo r ease o f co m p arison ; processing
tim e in tro d u c e d an 11 ms delay to the test ta p n o t shown here.

On movement trials, after an auditory go-signal subjects released the start-button and
made a speeded movement (amplitude 14 cm) to tap with their right index finger on a
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6

-axis F/T sensor, A T I Inc.) fixed above, but not in contact

with, their left index finger (active tap. Figure 5-1 A). As in the no-movement trials,
two taps were delivered to the left index finger and subjects indicated which they
perceived as harder. The test tap came at one o f 7 different delays compared to the
active tap: -300, -150, -50, 0, +50, +150 and +300 ms, with a positive delay indicating
that the passive finger experienced the force pulse after the active finger contacted the
surface. On the 0 ms delay trials the test tap was triggered by the subject’ s active tap
on the force sensor w ith almost zero delay (CPU processing time and the dynamics o f
the torque motor introduced a small delay o f approximately 11 ms). On positive-delay
trials, the test tap was again triggered by the active tap, but with a fixed delay o f 50,
150, or 300 ms (Figure 5-1 B). On negative-delay trials, the test tap occurred a set
time after the go-signal so as to occur 50, 150 or 300 ms before the predicted time o f
the active tap (based on the median interval between the go-signal and active tap on
previous trials). The mean interval between go-signal and active tap during the
experimental session was 651 ms. Subjects in group A completed a total o f 400 trials.
Subjects in group B participated in an identical experimental protocol, but with only
three trial types consisting o f delays o f 0, +100, and +300 ms. Subjects in this group
completed a total o f 300 trials, 100 in each condition.

To ensure that the test tap was sim ilar in size to the active tap even when it came in
advance, we fixed the amplitude o f the test pulse at 2.7 N and trained subjects in an
earlier practice session to produce an active tap with a similar force amplitude. During
the experimental session, any trial in which the amplitude o f the subject’ s active tap
fell outside the range o f 1.75-3.50 N was rejected and the trial was repeated. During
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the experimental session the active tap had mean amplitude 2.40 ± 0.35 N (Figure 5-1
C; forces sampled online at 1000 Hz).

Subjects in group C completed five consecutive experimental conditions in a
pseudorandom order (illustrated in Figure 5-2 B). The position o f the tip o f each
subject’ s right index finger was recorded online with an Optotrak 3020 motionanalysis system (Northern Digital, Waterloo, Ontario) at 150 Hz. Condition 1
consisted o f 50 no-movement trials identical to those described above for group A.
Condition 2 was identical to condition 1 except that the subject’ s right index finger
was held above and in contact with the upper force sensor in a moulded support and
an upwards force pulse (2.4 N, 80 ms) was delivered to the right index finger
synchronous with the test tap on the left. Condition 3 consisted o f 50 trials identical to
the 0 ms delay trials in group A, i.e. the test tap was triggered by the right index finger
tapping on the force sensor. Condition 4 was identical to condition 3 except that
subjects responded to the go-signal by making a right finger movement that stopped
just above the force sensor; the test tap was triggered when the downward speed o f
the finger fell to zero. In condition 5 at the go-signal subjects made a tapping
movement 4 cm in front o f the force sensor but did not make contact; the test tap was
triggered when the fingertip passed through the horizontal plane coincident with the
top surface o f the force sensor.

A maximum-likelihood procedure was used to determine the peak force amplitude o f
the second comparison tap for a given trial. A t the end o f each trial, the comparison
tap amplitude and the subject’ s response on that trial were pooled with the data from
all previous trials o f the same type. For group A, the negative-delay trials were each
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pooled into one o f three bins according to the actual interval between test tap and
active tap: 0-100, 100-200 and 200-400 ms. Negative-delay trials with intervals
outside o f the range 0 to 400 ms were rejected from further analysis. The data from
each trial type were fitted with a logistic function according to a maximum-likelihood
procedure and the response threshold was calculated to estimate the comparison tap
amplitude that would make the test and comparison taps perceptually equal. A force
amplitude was chosen from a uniform random distribution bounded by the

1

% and

99% points on the fitted psychometric logistic curve and this amplitude was used for
the comparison tap on the next trial o f the same type. In subsequent analysis, the
response threshold was calculated over all responses for each subject and trial type (or
bin in the case o f negative-delay trials). Within-subject and between-subject
comparisons among trial types were made using paired and unpaired t-tests
respectively.

5.3 Results

Subjects were required to judge the relative magnitude o f two taps experienced
sequentially on the left index finger. The first tap (test tap) was o f fixed magnitude
(2.7 N ) whereas the second tap (comparison tap) was varied using a two-alternative
forced choice paradigm to determine the point at which it was perceived as equal to
the test tap. In a control condition both taps were delivered while the hands were at
rest. A t the point o f perceptual equality, the comparison tap was not significantly
different from the test tap (M = 94% o f test tap, SE = 6 %, F| n = 1.0; p = 0.34). In a
test condition, the test tap was triggered with minimal delay by the subject tapping
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with their right index finger on a force sensor fixed above their left index finger. This
situation simulates directly tapping onto one’ s own finger through a solid object. As
in the control condition, subjects compared the perceived strengths o f the test tap and
a comparison tap that was unrelated to the tapping movement and applied to the left
index finger a short interval later. In contrast to the control condition, perceptual
equality was achieved when the comparison tap was substantially smaller than the test
tap (M = 71% o f test tap, SE = 5%) and significantly smaller than in the control
condition (F ij i = 13.7; p = 0.004), im plying substantial attenuation o f the test tap.
These results are consistent with the finding o f Chapters 3 and 4 that a self-generated
force is perceived as considerably weaker than an externally-generated force o f the
same magnitude.

In addition to the trials that simulated a self-generated tap with no delay, the test
condition included trials in which the time interval between the subject’ s active tap on
the force sensor and the test tap delivered to the subject's passive finger was varied
parametrically. The relative amplitude o f the comparison tap to test tap for perceptual
equality for each time interval is shown as the filled circles in Figure 5-2 A. The
amount o f attenuation decreased w ith increasing temporal asynchrony, regardless o f
whether the test tap came before or after the active tap. When the test tap occurred
300 ms after the active tap, the maximum delay tested, the response was not
significantly different from the baseline (dotted line Figure 5-2 A ) set by the control
condition (F i .m = 1.3; p = 0.27). When the test tap occurred in the range 200-400 ms
before the active tap, a significant difference from baseline was still observed (Fi.n =
5.8; p = 0.034) but the level o f attenuation was substantially reduced compared to the
zero-delay trials (Fi n = 13.4; p = 0.004).
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Figure 5-2 Mapping the time-course of tactile sensory attenuation. (A) Relative
amplitude of the comparison tap to the test tap at the point of perceptual equality, as a
function of asynchrony between test tap and active tap. Filled circles show mean relative
amplitude for group A, empty circles for group B. Dotted line shows mean relative
amplitude for group A in the no-movement condition. Vertical error bars represent ±1
S.E. In the case of negative asynchronies, the position on the abscissa represents the
mean asynchrony over all trials within the corresponding timing bin (see Methods), and
horizontal error bars represent ±1 S.D. Asterisks indicate asynchronies at which the
relative amplitude was significantly different (p < 0.05) from that observed in the no
movement condition of group A. (B) Mean relative amplitude as a function of
experimental condition for subjects in group C. E rro r bars represent ±1 S.E. Insets
illustrate the position of the right finger at the time at which the test tap is triggered.
Grey lines illustrate the movement path o f the right fingertip with circles indicating the
movement endpoint. Arrows represent force pulses delivered by the torque motors.

It is possible that the greatest attenuation occurred with zero delay because this was
the mean temporal asynchrony experienced during the experiment. Similarly, the
width o f the attenuation window we have observed might result from the specific
range o f asynchronies experienced during the experiment. To test these possibilities, a
second group o f subjects participated in a modified version o f the experiment
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consisting only o f trials in which the test tap followed the active tap, either with no
delay or with delays o f 100 or 300 ms. Results from this group (empty circles in
Figure 5-2 A ) did not differ significantly from those in the first group (Fi

20

< 0.58; p

> 0.45) and the greatest attenuation was again seen when there was no delay, despite
the change in the mean delay from 0 ms to 133 ms and the change in the range o f
asynchronies from 600 ms to 300 ms. We can therefore conclude that the window o f
attenuation is independent o f the delays experienced and is maximal at the time at
which the active hand contacts the surface above the passive hand.

Movement-related sensory attenuation

(Angel

and Malenka,

1982) has been

extensively documented by Chapman and colleagues (Chapman et al., 1987). For
example, the threshold for detection o f an electrical stimulus is raised in a moving
fmger compared to the finger at rest. However, little change in detection threshold is
seen in the finger contralateral to the movement (W illiam s et al., 1998). To confirm
that the attenuation observed in the current study did not result from the movement
alone, or simply from the synchronous tactile inputs received in the two fingers, a
third group o f subjects was tested. For these subjects the test tap was either triggered
by contact with the force sensor as before, or by similar movements o f the right finger
that stopped just above or passed in front o f the force sensor. Significant attenuation
was observed only when the movement resulted in contact (comparison to no
movement condition: F| 7 = 6.8; p = 0.035; Figure 5-2 B). In addition, no significant
attenuation was seen when synchronous taps were experienced by both fingers in the
absence o f movement. These results suggest that the attenuation seen when one finger
strikes another is the result o f a predictive mechanism, rather than being related to
either movement or synchronous sensory inputs alone.
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5.4 Discussion

Consistent with the findings o f previous chapters, we have demonstrated substantial
attenuation in the perceived intensity o f a self-generated tap made by one finger on a
finger o f the other hand. Subjects used their right index finger to tap a force sensor
mounted above their left index finger. When a motor generated a tap on the left finger
synchronous with the right tap, simulating contact between the fingers, the sensation
o f force in the left finger was attenuated compared to the same tap experienced during
rest. By delaying or advancing the left tap relative to the active right tap, we have
mapped out the time-course o f this tactile attenuation and found a roughly
symmetrical and relatively broad period o f attenuation centred on the precise time at
which the action would normally cause a tactile sensation.

No attenuation was seen for taps on the left finger triggered by movements o f the
right finger that stopped above or passed wide o f the sensor, nor when synchronous
taps were experienced by both fingers in the absence o f movement. These results
suggest that sensory attenuation does not result from either movement or sensation in
the active effector alone but rather is linked to the predicted time o f the contact event
arising as a consequence o f the action.

Our results are consistent with a previous study (Blakemore et al., 1999a) which
found that an artificially introduced delay o f 300 ms was sufficient to abolish the
attenuation o f a self-generated tickle and that smaller delays produced a partial
reduction in attenuation. However, in this previous study, the delay was introduced
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between a continuous movement o f the active hand and an identical movement o f the
stimulus on the passive hand. Thus, even when a delay was present, there was a strong
relationship between the activity o f the active hand and the simultaneous sensation in
the passive hand, which would tend to obscure the actual time-course o f attenuation.
In contrast, in the current study, when a time delay was introduced there was little or
no overlap between the force-generating activity in the active hand and the sensation
in the passive hand.

Figure 5-3 Anticipatory modulation of
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1988).

There are interesting parallels between the results o f the current study and the findings
o f a grip force study which also investigated force pulses (Johansson and Westling,
1988). In this previous study, subjects dropped a ball from one hand into a cup
supported in a precision grip by the other hand. The initial impact o f the ball in the
cup generated a b rief force pulse similar to the taps used as test stimuli in the current
study (dotted line, Figure 5-3 top). To prevent the cup from slipping out o f their grasp
as a result o f the impact, subjects increased their grip force around the time o f contact.
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Occasionally, the experimenter prevented the dropped ball from hitting the cup,
revealing a purely anticipatory component o f the grip force modulation. The timecourse o f this grip force increase (solid line, Figure 5-3 bottom) bears a number o f
similarities to the time-course o f attenuation seen in the current study: it has a sim ilar
temporal width, is roughly symmetrical, and is centred on the expected time o f the
initial force peak. These similarities support the hypothesis that tactile attenuation,
like grip force modulation, depends on a prediction o f the consequences o f action
generated by an internal model. In both cases the time profile is considerably broader
than the actual duration o f the force pulse. This could reflect inaccuracy or uncertainty
o f the internal model in predicting the time o f the contact event, or a ‘ safety margin*
built into the attenuation and grip force systems to allow for the possibility o f a
prediction error.

One o f the key features o f an internal model is the ability to adapt to account for
changes in the body or environment. As discussed in Chapter 1, the motor system has
to be able to account for delays in transmission o f sensory inputs and motor outputs,
and it has been proposed that this involves an adaptive predictive mechanism (Kalman
and Bucy, 1961; M iall et al., 1993). Consistent with this, a number o f studies suggest
that the motor system is able to compensate for additional delays in sensory feedback.
Foulkes and M iall (2000) introduced 200 or 300 ms delays to visual feedback while
subjects used a joystick to track an unpredictably moving target. The delay initially
caused a substantial decrement in performance, but tracking errors decreased with
practice under the delayed feedback. Similar results have been obtained in primates
for an ocular pursuit task with delayed visual feedback (Deno et al., 1989).
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Witney et al. (1999) simulated a virtual object held between the hands to investigate
adaptation o f anticipatory grip force. Subjects were trained to apply force pulses with
their left hand while gripping the object with the right hand. When a 250 ms delay
was introduced between the force pulse and the transmission o f force to the right
hand, the normal anticipatory peak in right hand grip force became inappropriate, as it
was tuned to the time o f the left hand force pulse. Over the course o f 250 trials, the
normal grip force peak decayed and a second peak developed, tuned to the new
expected time o f the force pulse on the right hand.

If, as proposed, tactile attenuation results from a predictive mechanism, these studies
suggest that it may also adapt to temporal delays. No evidence for adaptation was
observed in the current study, even though one group o f subjects (B) on average
experienced a delay o f 133 ms in force transmission between the hands. However, the
magnitude o f the time delay varied from trial to trial, with no delay on many trials, so
it is perhaps not surprising that adaptation was not observed in this case. A proper test
o f the hypothesis might involve mapping the time window o f attenuation both before
and after a long period o f training w ith a fixed time delay.
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6 .1 1ntroduction

In the preceding chapters it has been demonstrated that self-generated constant forces
(Chapters 3 & 4) and force pulses (Chapter 5) are perceived as weaker than the same
stimuli externally imposed. As discussed in the introduction to this thesis, this kind o f
sensory filtering has generally been thought to result from a predictive mechanism.
According to this hypothesis, when a motor command is generated, an efference copy
o f the command is used to predict the sensory consequence o f the action (Sperry,
1950; von Holst and Mittelstaedt, 1950; von Holst. 1954). A component o f this
predictable input is removed from the incoming sensory signals, thereby increasing
the relative salience o f sensations with an external cause. In such a mechanism the
sensory signal is altered online and the original sensory input is no longer available
for further processing.

W hile the results o f previous psychophysical studies, including those described in the
preceding chapters o f this thesis, are consistent with a predictive mechanism, they are
equally consistent with a reconstructive or postdictive mechanism. A postdictive
mechanism is one in which the percept o f a sensory event is constructed from sensory
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information received around the time o f the event (Dennett and Kinsbourne, 1992;
Eagleman and Sejnowski, 2000; Rao et al., 2001). In this mechanism the original
sensory input is available for a period after the event and its processing can depend
substantially on other events that occur in close temporal proxim ity. The “ cutaneous
rabbit’ ' illusion (Geldard and Sherrick, 1972) provides an example o f postdiction in
the tactile modality. A rapid series o f taps applied to the hand are reported to “ hop” up
the arm i f immediately followed by one or more taps near the elbow, but remain
localized at the hand i f no subsequent taps are delivered. Thus, the processing o f the
initial taps depends on the subsequent taps.

I f a postdictive mechanism is responsible for tactile sensory attenuation, a given
sensation w ill be identified as either self- or externally-generated on the basis o f all
the sensory events that occurred at around the same time. For example, a tap on a
passive finger may be more likely to be judged to be self-generated, and therefore
attenuated, i f the active or tapping finger receives tactile feedback at the same time. In
this study we distinguish

between predictive and postdictive hypotheses by

constructing a stimulus that a postdictive mechanism w ill identify as externally
generated but that is nonetheless predictable on the basis o f the motor command, and
hence w ill be attenuated by a predictive mechanism.

6.2 Methods

After providing written informed consent, 20 right-handed subjects aged 18-40
participated in the experiment, 10 in group A (4 male,
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male, 1 female). A local ethics committee approved the experimental protocols. The
experimental design and apparatus was similar to that in the previous chapter. Each
subject rested his or her left index finger in a moulded support beneath a force sensor
(Nano-17

6

-axis F/T sensor, A T I Inc.) mounted on a lever that was attached to a

torque motor (Maxon Motors UK, Model RE35; geared in ratio 1:4.8). Their right
index finger was held above the left finger in a support that constrained it to a single
flexion-extension movement, and the angle o f flexion was recorded by a rotary
encoder (Incremental Encoders Direct Ltd, Model SA40). A t an auditory go-signal
subjects tapped with their right index finger (active finger) on a force sensor fixed
above, but not in contact with, their left index finger (passive finger). Two taps (test
tap followed by comparison tap) were delivered to the left index finger by the torque
motor separated by an interval o f 700-1200 ms. Subjects indicated which o f the two
taps on the left index finger they perceived as harder by pressing one o f two response
buttons. Both taps had a fixed duration o f 80 ms. The peak force amplitude o f the
comparison tap was varied across trials according to a maximum-likelihood procedure
(see below) so as to find the amplitude at which it was perceived as identical to the
test tap (which had a fixed amplitude o f 2.7 N).

Each subject completed fifty sets each o f six trials. For Group A, the majority o f trials
(four trials in each set o f six) were Contact trials (Figure 6-1 top). On these trials, the
test tap on the left finger was triggered by the subject's active tap on the top force
sensor with almost zero delay (CPU processing time and the dynamics o f the torque
motor inevitably introduced a small delay o f approximately

11

ms); thus for the

subject the situation closely mimicked tapping directly on the left index finger with
the right. Subjects had been trained (during an earlier practice session) to produce a
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tap with an amplitude between 1.75 N and 3.5 N; during the experimental session,
trials in which the amplitude o f the subject’ s active tap fell outside o f this range were
rejected.

^ n n ta rt

Figure 6-1 Schematic of the apparatus and task.
On Contact trials (top), in response to an auditory
go signal, subjects produced a brief force pulse
with their right index finger on a force sensor fixed
above their left index finger. A similar force pulse
was delivered to the left index finger by a torque

No Contact

motor. On No-Contact trials (bottom) the force
sensor was moved at the start of the trial so that
subjects made a tapping movement with their right
index finger but did not make contact.

On Delay trials (one trial in each set), the test tap was delayed by 500 ms relative to
the active tap. On No-Contact trials (one trial in each set), the top force sensor was
moved, without the subject's knowledge (both force sensors were always hidden from
view), prior to the go signal. This meant that when the go signal was given, the
subject made a tapping movement but did not make contact with the top force sensor
(Figure 6-1 bottom). On these trials the test tap was triggered when the right index
finger passed through the flexion angle at which contact would have been made with
the top force sensor. Group B underwent an identical protocol to group A, except that
no contact was made with the force sensor on any trial: thus the majority (five trials in
each set) were No-Contact trials, as described above, and on Delay trials (one trial in
each set) the test tap was triggered in the same way as in the No-Contact trials, but
w ith a 500 ms delay. Subjects in this group were trained (in an earlier practice
session) to make movements with similar amplitude and velocity to the movements
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made in No-Contact trials by subjects in group A. For this reason, trials with
movement amplitude outside the range 45-70° or peak downward velocity outside the
range 550-1000os'' were rejected. The motor output a subject had to generate to
successfully complete a trial was therefore very similar in groups A and B. In both
groups the order o f trials within each set was pseudorandomized.

A t the end o f each trial, the comparison tap amplitude and the subject’ s response on
that trial were pooled with the data from all previous trials under the same condition.
The data from each condition were fitted w ith a logistic function according to a
maximum-likelihood procedure and the response threshold (the 50% point on the
fitted psychometric curve) was calculated to estimate the comparison tap amplitude
that would make the test and comparison taps perceptually equal. For the first ten
trials in each condition, a force amplitude was chosen from a uniform random
distribution in the range 0.5 N to 5.5 N and this amplitude was used for the
comparison tap on the next trial in the same condition. For subsequent trials, the
comparison tap amplitude was chosen from a narrower range defined by the

1

% and

99% points on the fitted psychometric curve. This procedure focuses sampling in the
region o f the current estimate o f the response threshold, without overly restricting the
range o f amplitudes tested (the average final sampling range was 3.3 N). In
subsequent analysis, the response threshold was calculated over all responses for each
subject and trial condition. Within-subject and between-subject comparisons between
trial conditions were made using repeated-measures analysis o f variance.
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6.3 Results

Subjects in one group (A ) were required to judge which o f two taps delivered
sequentially to their left index finger was harder. The first tap (test tap) was o f fixed
magnitude (2.7 N ) whereas the size o f the second tap (comparison tap) was varied
from trial to trial. A maximum-likelihood procedure was used to determine the
perceived magnitude o f the test tap: that is, the ratio o f the comparison tap to the test
tap at which the two taps were perceived as equal (see Methods). On Contact trials,
which made up the majority o f trials, the test tap was triggered with minimal delay by
the subject tapping with their right index finger on a force sensor fixed above their left
index finger (Figure 6-1 top). This situation simulates directly tapping onto one's own
finger through a solid object. In the previous chapter we showed that sensation o f the
test tap is substantially attenuated in this condition. Delay trials were identical except
that the test tap was delayed by 500 ms relative to the subject's tap on the force
sensor. In the previous chapter we showed that attenuation in the passive finger is
closely synchronised with the contact time o f the active finger and that attenuation
was not observed when the test tap is delayed by 300 ms. The Delay trials therefore
provided a baseline measure without attenuation o f subjects' performance on the
comparison task, taking into account any small response bias or ‘ time error'
(Hellstrom, 1985) that might influence the comparison. As expected, the perceived
magnitude o f the test tap on Contact trials (M 0.71 SE 0.08; Figure 6-2) was
significantly reduced compared to the baseline set by the Delay trials (M 0.95 SE
0.04; F ,. 9 = 6.4; p = 0.032).
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Figure 6-2 Mean relative magnitude of the comparison tap to the test tap at the point of
perceptual equality as a function of trial type and subject group. E rro r bars represent
±1 S.E.

On infrequent No-Contact trials, unknown to the subject, the force sensor was moved
at the start o f the trial, so that at the go signal the subject made a tapping movement,
but made no contact (Figure 6-1 bottom). On these trials the test tap was triggered
when the subject's finger passed through the position at which contact would have
been made with the force sensor had it not been moved. The perceived magnitude o f
the test tap on these trials was substantially reduced (M 0.73 SE 0.05; Figure 6-2)
compared to Delay trials (F|.y = 15.5; p = 0.0034), and did not differ significantly
from that seen in Contact trials (Fi.y = 0.11; p = 0.75). This is consistent with the
action o f a predictive attenuation mechanism; as the test tap in these trials occurred at
the same time as it would have in a Contact trial, a predictive mechanism would
correctly predict the tap and attenuate it. In contrast, i f attenuation were the result o f a
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postdictive mechanism that integrates sensory input from around the time o f the tap,
then on these trials the test tap would not be recognised as self-generated (as no
contact occurred) and attenuation would not be observed. We can therefore conclude
that a postdictive mechanism is not responsible for tactile sensory attenuation.

This interpretation depends on the assumption that the sensation o f contact in the
active finger is necessary for attenuation in the passive.finger. It may be that the
attenuation mechanism comes to associate the occurrence o f the test tap w ith a
particular movement or location o f the active finger. To test this possibility, a second
group o f subjects (B ) participated in an experiment that was similar, but in which the
active finger never made contact with the force-sensor. The test tap was triggered as
the finger passed through the position at which contact would have been made in the
first experiment either immediately (No-Contact trials, the m ajority o f the trials), or
after a 500 ms delay (Delay trials). In contrast to the first group, the perceived
magnitude o f the test tap did not differ significantly between these two types o f trial
(F 1 9 = 1.1; p = 0.31; Figure 6-2). A significant group-condition interaction (F| is =
12.7; p = 0.0022) confirmed the difference between the two groups. We can conclude
that a consistent relationship between motor activity in one finger and sensation in
another finger is not sufficient to induce attenuation.

An examination o f individual subject data shows that the responses o f the majority o f
subjects were in accordance with the group mean results described above. O f the ten
subjects in group A, seven showed a reduction o f at least 10% in perceived magnitude
on Contact trials compared to Delay trials. O f these subjects who showed clear
attenuation, all but one also showed a reduction o f at least 10% on No-Contact trials.
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In contrast, in group B the difference in perceived magnitude between No-Contact
and Delay trials was less than 10% in every subject.

6.4 Discussion

We have found strong evidence to suggest that attenuation o f self-generated tactile
€

sensation results from a predictive mechanism. When one finger made a tapping
movement above a finger o f the other hand, sensation in the passive finger was
attenuated only when contact was expected between the fingers. The level o f
attenuation observed when contact was expected was the same whether or not the
contact actually

occurred.

These results are inconsistent with

a postdictive

mechanism, which would have access to the actual sensory feedback in determining
the level o f attenuation. Our results are instead consistent with the action o f a
predictive mechanism: an online process that predicts self-generated sensory events
on the basis o f planned motor activity and attenuates the incoming sensory stream so
as to reduce the sensory salience o f those events.

The absence o f attenuation in subjects in group B. who experienced taps in the
passive finger but never experienced a contact event in the active finger, is an
important result for several reasons. Firstly, it serves as a control for effects o f divided
attention. Subjects in group A had to attend to two different tasks at the same time:
generating a tap with the active finger and judging a sensation in the passive finger.
This division o f attention may be less pronounced in Delay trials, where the two tasks
are separated by 500 ms, than in Contact and No-Contact trials, where the two tasks
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are simultaneous. This difference in attentional demand could conceivably be
responsible for the difference in magnitude judgement between these trial types.
However, group B was essentially identical to group A w ith respect to attention:
subjects had to generate tapping movements with amplitudes and velocities matched
to those made by subjects in group A, and the judgement task in the passive finger
was identical in both groups. I f divided attention were responsible for the differences
in magnitude judgement between trials with and without a delay in group A, the same
differences would be seen between No-Contact and Delay trials in group B. As no
such differences are observed we can conclude that the reduction in perceived
magnitude seen in group A is due to a specific attenuation mechanism and not the
attentional demands o f the task.

Secondly, group B serves to rule out a postdictive mechanism based only on motion
cues. In group A, attenuation is observed in the passive fmger even when the active
tap fails to make contact. While this result is precisely what is expected from a
predictive mechanism, it is also consistent w ith a postdictive mechanism that relies
only on motion cues and ignores tactile cues. Such a hypothetical mechanism would
attenuate the sensation o f the tap in the passive finger simply due to its temporal and
spatial proximity to the movement o f the active finger. However, such a mechanism
would also produce attenuation in the No-Contact trials in group B, and this is not
observed. We can conclude that postdictive processes do not play a significant role in
the attenuation o f self-generated tactile sensation.

The attenuation that we have observed in this and the previous chapter is distinct from
the increase in detection threshold to cutaneous stimuli observed in a moving effector
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(Angel and Malenka, 1982) in that it is present in a passive digit and is synchronised
to the expected time o f self-contact. Moreover, a movement-related increase in
detection threshold is also seen in advance o f a passive movement that occurs at an
unpredictable time (W illiam s and Chapman, 2002), suggesting it involves a
postdictive or masking mechanism rather than the kind o f predictive mechanism
demonstrated in this study.
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7.1 1ntroduction

The study described in the previous chapter has shown that the tactile attenuation
observed when one hand makes contact with the other is the result o f a predictive
mechanism. Such a mechanism maps the planned motor activity o f the active hand
into a prediction o f the force that w ill be felt in the passive hand. As discussed in the
introduction, this kind o f prediction may also underlie coordination between different
parts o f the body, such as the anticipatory adjustment o f grip force during object
manipulation. Grip force modulation is one o f many anticipatory mechanisms
involved in maintaining stability o f posture during motor activity. Another example is
the unloading task: when one hand lifts a weight from the palm o f the other hand,
muscle activity in the load bearing arm is decreased in parallel with the lift in order to
minimise the change in posture (see Massion, 1992 for review). This anticipatory
adjustment is thought to depend on a prediction o f the change in load force based on
efference copy, as it does not occur unless the lift is self-generated (Diedrichsen et al.,
2003).
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Anticipatory responses in the unloading task are absent or inaccurate in young
children (Schmitz et al., 1999, 2002) as are anticipatory grip force adjustments during
object manipulation (Forssberg et al., 1991; Forssberg et al., 1992). This suggests that
the prediction required for these tasks is not innate, but rather acquired by experience
during early life. Over shorter timescales, grip force responses have also been shown
to adapt to account for temporal delays between the force applied by one hand and the
force experienced in the other (W itney et al., 1999) and to changes in the relative
direction o f the forces (Witney and Wolpert, 2003). This implies that the underlying
mechanism can adapt to novel contexts in order to continue generating accurate
predictions. In this study we investigate the acquisition o f prediction when subjects
experience an entirely novel relationship between the movement o f one hand and the
force experienced on the other.

W ithin a single limb, adaptation to novel relationships between movement and force
has been extensively investigated by Shadmehr and colleagues. In these studies
(described in detail in Chapter 1), a ‘ force field' is applied to a subject's hand during
target-directed movements, with the force applied at any given moment determined by
the velocity o f the hand. On first exposure, these novel forces cause large deviations
from the intended movement, but these movement errors decrease with practice. I f the
force field is then unexpectedly removed, deviations o f the hand path are observed in
the opposite direction to the earlier errors ( ‘ after-effects'). This implies that the
subject's motor control system generates a prediction o f the expected forces during a
movement and produces opposing forces to compensate.
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Adaptation to such a force field is not purely local to the positions in which it has
been experienced. When subjects subsequently make movements in a new workspace
which requires a change in the posture o f the arm, after-effects are again observed,
im plying that the motor system generalises the adaptation beyond the trained
workspace. An analysis o f these after-effects can reveal the forces the motor system
expects to encounter in the new workspace, and hence the way in which the predictive
mechanism represents the force field. Shadmehr and Mussa-Ivaldi (1994) considered
two alternative coordinate systems in which the force field could be represented:
‘extrinsic,' related to the dynamics o f the external environment, and 'intrinsic,’ related
to the internal dynamics o f the body. In an extrinsic representation, the force field is
modelled as a transformation from the endpoint velocity o f the hand to the force
applied at the hand. When movements are made in a new workspace, such a model
w ill predict identical forces on the hand as for the same movement in the trained
workspace. Alternatively, in an intrinsic representation, the force field is modelled as
a transformation from the angular velocities o f the joints o f the arm to the torques
experienced at those joints. For identical movements o f the hand in external space,
this model w ill predict different forces on the hand for different arm configurations.

When Shadmehr and Mussa-Ivaldi examined generalisation o f after-effects to a new
workspace, they observed substantial differences from the after-effects seen in the
trained workspace. When a force field was then applied in the new workspace,
subjects performed better i f the force field was an intrinsic transformation o f the one
on which they had trained than i f it was identical in extrinsic coordinates. The authors
concluded that the motor system had represented the force field in an intrinsic
coordinate system.
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In this study, we extend the force field learning paradigm to examine the acquisition
o f predictive coordination between the arms. Forces are generated on the left hand
determined by the velocity o f the right hand. Based on examples such as the
unloading task, we predict that the motor system should adapt to the novel context,
maintaining stability o f the left arm by predicting and actively opposing the forces
applied to the left hand. Following adaptation, we test generalisation to new
configurations o f the left and right arms to reveal in which coordinate frames the
transformation from velocity to force is represented. In Shadmehr and Mussa-Ivaldi's
study, changing the arm configuration altered the jo in t coordinates o f both the arm
movement that determined the force and the force itself. In the current study we are
able to examine the representation

o f the movement

independently

o f the

representation o f the force.

To establish the coordinate system in which the movement is represented, we assess
the direction o f forces generated by the subject's left hand during movements under a
new jo in t configuration o f the right arm. I f the movement is represented in an intrinsic
coordinate frame, movements o f the right hand that are identical in Cartesian space
w ill predict different left hand forces under different right arm configurations.
Changing the right arm configuration w ill therefore change the direction o f the
opposing force generated by the subject to counter the expected force. I f the
representation o f the movement is extrinsic, changing the right arm configuration w ill
have no effect.

Similarly, to establish the coordinate system in which the force on the left hand is
represented, we assess the direction o f the opposing force generated by the subject
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under a new configuration o f the left arm. I f the force is represented in intrinsic
coordinates, changing the left arm configuration w ill, for a given right hand
movement, change the direction o f the opposing force; i f the representation o f the
force is extrinsic, the opposing force w ill not change.

7.2 Methods

After providing written informed consent, 6 right-handed subjects (4 male, 2 female,
age 23-32) participated in the experiment. The experimental protocol was approved
by a local ethics committee. While seated, subjects grasped with each hand the handle
o f a vBOT force-generating robotic manipulandum which could be moved w ith
minimal inertia in the horizontal plane (Figure 7-1 A; see Chapter 2 for full details).
The subjects' arms were supported in the horizontal plane by slings. The positions and
velocities o f the hands were calculated online at 1000 Hz. The positions o f the hands
were displayed as spheres (white; 0.8 cm radius) in the plane o f the arm via a
reflected rear-projection system; subjects could not see their hand or arm.

7.2.1 Procedure
The experiment consisted o f a series o f trials in which the subject made out-and-back
movements with the right hand to visually-displayed targets, while attempting to keep
the left hand still. To begin each trial subjects positioned their left and right hands in
home positions displayed as blue cubes (1.6 cm side). A target sphere (magenta; 0.8
cm radius) was then presented at a distance o f 10 cm from the right hand home
position. Subjects were instructed to move their right hand out to the target and back
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to the starting position in a single quick continuous motion. The right manipulandum
was passive throughout the experiment and generated minimal resistance to the
movement. An auditory signal was given 500 ms after the hand left the home position
and subjects were told to time each movement so that they arrived back at the home
position coincident with this signal. Subjects were instructed to keep their left hand as
still as possible throughout each trial.
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Figure 7-1 Apparatus and task. (A ) Posture during the training session. Each trial began
with the hands positioned in home positions (white squares) 43 cm in front and 8 cm to
either side of the subject's midline. Subjects made an out-and-back movement of their
right hand to one of three target locations (1-3, solid circles). Forces were applied to the
left hand determined by the motion of the right hand. Arrows illustrate the direction of
force generated

during a straight-line

outward

movement

to each target.

On

‘intermediate target’ trials, subjects made right hand movements to a fourth target
location (I, empty circle). (B) Posture and target location (L, empty circle) on ‘left arm
rotation' trials. (C) Posture and target location (R, empty circle) on ‘right arm rotation’
trials.

Subjects completed three consecutive experimental sessions. During the initial
familiarisation session (135 trials) subjects practised making right hand movements to
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all targets and in all limb configurations they would experience during the experiment
(Figure 7-1 A, B & C; see below for details). No forces were applied to the left hand
during the familiarisation session, with the exception o f occasional ‘ catch* trials,
described in detail below, in which the left manipulandum was locked in place to
measure any forces generated by the subject.

The familiarisation session was followed by a training session (360 trials) in which
subjects were exposed to a novel force field generated by the manipulandum held in
the left hand. Subjects made movements to three training targets situated at angles o f
180°, 150° and 90° (targets 1, 2 and 3 respectively) from the home position (where 0°
is the forward direction parallel to the subject's mid-saggital plane; Figure 7-1 A,
filled circles). In analogy to studies o f unimanual motor learning (e.g. Brashers-Krug
et al., 1996), the force applied to the left hand was proportional to the instantaneous
velocity o f the right hand and directed 90° clockwise to the velocity vector.
Specifically, the force was given by.

X" =k 0 f
A. -1 0 J
"

r.

w h e r e a n d F , are Cartesian components o f the force applied to the left hand
(respectively perpendicular and parallel to the subject's midline), x l{ and y R are
Cartesian components o f the velocity o f the right hand, and k is 18 Ns/m. The
direction o f the force on the left hand resulting from an outward movement to each
target is illustrated by the arrows in Figure 7-1 A ; the force during the return part o f
the movement is in the opposite direction.
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Subjects completed 60 sets o f 6 trials: within each set each target was presented twice
in a pseudorandom order. Five trials o f each set were ‘ field’ trials in which the force
field was applied to the left hand. The remaining trial was a ‘ catch’ trial, in which the
manipulandum was locked in position at the start o f the trial so that any forces
generated by the subject’ s left hand could be recorded. To achieve this, the left
manipulandum simulated a s tiff spring (20 N/cm spring constant) centred on the
position o f the handle at target onset. The high stiffness o f this virtual spring meant
that forces generated by the subject’ s left hand on the handle were opposed by
approximately equal and opposite forces from the manipulandum, resulting in very
little movement. Visual feedback o f the left hand position was withheld on catch
trials.

In order to encourage subjects to maintain control over left hand posture, on field
trials a circle (red; initial radius 10 cm) was presented centred on the left home
position. Subjects were told to try to keep their left hand within the circle at all times;
i f the left hand moved outside o f the circle during a trial the display flashed red to
signal an error. The radius o f the circle was adjusted on each trial to match the mean
o f the peak left hand displacement on all previous field trials.

The training session was followed by a ‘ generalisation’ session (225 trials). Two in
every set o f three trials was a field trial to one o f the three training targets. The
remaining trial was a catch trial in which forces generated by the subject's left hand
were measured. The catch trials in the generalisation session were o f three types (25
trials o f each in a pseudorandomized order). On ‘ intermediate target' trials subjects
made a right hand movement to a target at 120° from the home position, intermediate
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between training targets 2 and 3 (Figure 7-1 A, empty circle). On ‘ left rotation' trials,
subjects began the trial by moving their left hand into a new home position. This
position was calculated for each subject based on the position o f the shoulder and
lengths o f the upper and lower arm to produce a 30° rotation about the shoulder, with
no elbow rotation (Figure 7-1 B). The trial then proceeded as normal with a right hand
movement to a target at 180° (the same location as training target 1). On ‘ right
rotation’ trials, subjects began the trial by moving their right hand to a new home
position, again calculated to produce a 30° rotation about the shoulder. A right hand
movement was then made to a target at 180° relative to this new home position
(Figure 7-1 C).

7. 2.2 Analysis
A ll force, position, and velocity data from each trial were temporally aligned with the
start o f the right hand movement, defined as the first time the velocity o f the right
hand towards the target exceeded 2.0 cm/s. To enable comparison between different
target directions, force and velocity data were further separated into components
parallel and perpendicular to the direction o f the target from the right home position.
Average time profiles were obtained by calculating mean forces and velocities for
each time point across trials.

The direction and magnitude o f forces generated by the subject on catch trials were
assessed by calculating the left hand force vector at the time o f peak right hand
velocity towards the target. As the left hand moved very little against the virtual
spring (maximum deviation 0.7 cm across all trials and subjects) the system could be
considered to be in equilibrium and the force generated by the subject estimated by
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rotating the manipulandum force vector through 180°. For each subject, the mean
force vector was calculated for each o f the three training targets (averaged across
catch trials in the second half o f the training session) and for each o f the three catch
trial conditions in the generalisation session. Differences in direction and magnitude
between these mean force vectors were assessed using paired-sample t-tests.

7.3 Results
7.3.1 Adaptation over the training session
Subjects made out-and-back movements to targets with their right hand while
attempting to keep their left hand still. Right hand movements were predominantly
accurate in magnitude, with a peak displacement towards the target o f 10.7 cm (1.0
cm s.d. across all subjects and trials), and in direction, with a peak displacement
perpendicular to the target direction o f 0.9 cm (0.4 cm s.d). Mean movement duration
was 678 ms (131 ms s.d.).

The robotic manipulandum applied forces to the subject's left hand proportional to the
velocity o f the right hand and directed at 90° to the direction o f motion. Initially these
novel forces caused substantial deviations o f the left hand during the right hand
movement: the peak displacement o f the left hand from the home position on the first
movement in the force field was 7.4 ± 1.1 cm (mean ± s.e. across subjects). However,
these deviations reduced substantially in magnitude over the early part o f the training
session (Figure 7-2 A) falling to an average o f 2.0 ± 0.3 cm over the second h a lf o f
the session. This performance improvement can also be seen in Figure 7-2 B, which
shows the velocity o f the left hand at the time o f peak right hand velocity towards the
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target: the time at which the first peak occurs in the force on the left hand. This
velocity measure also fell over the course o f the session from 26.7 ± 4.2 cm/s on first
exposure, to 9.4 ± 1.6 cm/s over the second h a lf o f the session, implying that subjects
learned to minimise the acceleration caused by the forces on their left arm.
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This improvement in stability o f the left hand over the training session could result
from an adaptation process in which subjects learned to anticipate the force from the
manipulandum and generate an opposing force at the left hand to counter it.
Alternatively, the improvement could be due to a non-specific co-contraction strategy
in which subjects increased the stiffness o f the muscles o f their left arm to minimise
the movement caused by the imposed force. On occasional 'catch' trials, the handle o f
the left manipulandum was unexpectedly locked in place and forces generated by the
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subject’ s left hand recorded. Prior to the training session only very small forces were
recorded on these trials (0.34 ± 0.05 N at peak velocity to target). Over the early part
o f the training session the forces generated by all subjects on catch trials rapidly
increased (Figure 7-2 C), reaching an asymptote at an average o f 3.8 ± 0.4 N over the
latter half o f the session. This suggests that subjects learned to maintain the posture o f
the left hand by generating opposing forces to counter the expected force from the
manipulandum.

7. 3.2 Timing and direction of forces
The average time course o f forces applied to the left hand by the manipulandum
during field trials is shown by the dotted lines in Figure 7-3 A. Movement o f the right
hand resulted in forces on the left hand perpendicular to the direction o f movement
and proportional to velocity. Therefore on each trial large forces were generated on
the left hand in the direction perpendicular to the target direction (top), and very little
force was generated parallel to the direction o f the target (bottom). The magnitude o f
force reflects the velocity profile o f the right hand, with an initial peak o f 8.9 ± 0.6 N
during the outward movement (labelled a), falling to zero as the right hand reaches the
target, followed during the return movement by a second force peak (b; 8.8 ± 0.3 N)
in the opposite direction to the first.
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Figure 7-3 Time course and direction of left hand forces during the training session. (A)
Mean left hand force perpendicular (top) and parallel (bottom) to the right hand target
direction, as a function of time from right hand movement onset. Dotted line shows
mean force applied by the manipulandum on field trials. Solid lines show mean forces
generated by subjects on the first catch trial (light grey), and averages across catch trials
1-10 (mid-grey), 11-30 (dark grey), and 31-60 (black, grey area represents ± 1 SE across
subjects). (B) Arrows indicate mean force vectors generated by subjects on catch trials
31-60 for each training target, with 95% confidence ellipses (grey). Dotted lines indicate
direction of mean force vector generated by the manipulandum on field trials for each
target.

The black line in Figure 7-3 A shows the average time course o f opposing forces
generated by subjects on catch trials during the latter half o f the training session (i.e.
once the initial phase o f rapid adaptation was complete). In the perpendicular
direction (top), subjects produced opposing forces timed to counter the expected force
from the manipulandum. An initial force peak (a*) was produced on average 231 ms
after the start o f the right hand movement (77 ms s.d. across all subjects and trials).
This closely matched the time o f peak velocity to the target, at 248 ms (63 ms, s.d.),
when the first maximum in the force from the manipulandum would be expected.
Although appropriately timed to counter the expected external force, the magnitude o f
this peak force (4.0 ± 0.4 N) represents only 46% o f the expected force, suggesting
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that adaptation to the force field remained incomplete. The return movement o f the
right hand to the home position generated a second peak in the expected force at 549
ms (98 ms, s.d.) which was again matched by a peak in the opposing force generated
by the subject, also at 549 ms (282 ms, s.d.; b*). This second force peak was much
more variable in tim ing than the first, and weaker (2.1 ± 0.3 N, 23% o f expected
force). This may be because by this stage o f the movement sensory feedback from the
hand and arm had indicated that the force field was absent.

Very little o f the subject-generated force recorded on catch trials was directed parallel
to the target direction (Figure 7-3 A bottom), suggesting that the direction as w ell as
the tim ing o f the force was well matched to oppose the expected force from the
manipulandum. Solid arrows in Figure 7-3 B indicate, for each target, the mean
opposing force vector at peak right hand velocity, i.e. at the time the first peak in
force from the manipulandum would be expected. The direction o f the opposing force
differed significantly between targets (Ft 5 > 42.5, p < 0.002), and for each target did
not differ significantly from a 180° rotation o f the average force applied by the
manipulandum on field trials to the same target (dotted lines; F 1.5 < 3.5, p > 0.12).
This implies that subjects adjusted the direction o f the opposing force for each target
so as to counter the expected external force.

7.3.3 Generalisation of learning to new targets and postures
Following the training session, subjects completed a further session in which we
tested the generalisation o f adaptation to targets and arm postures different from those
on which they had been trained. On ‘ intermediate-target’ trials subjects made righthand movements to a target situated at an angle intermediate between training targets
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2 and 3. Opposing forces generated by the subject's left hand were measured by
locking the left manipulandum in place, as in the catch trials in the training session.
Although subjects never experienced the force field during movements to this target,
after training they nonetheless generated substantial forces with the left hand. The
mean opposing force on these trials (2.9 N ± 0.2 N) did not differ significantly in
magnitude from the mean opposing force for adjacent targets in the latter h a lf o f the
training session (3.3 N ± 0.4 N ; Fj

5

= 3.5, p = 0.12). Had the force field been active

on these trials, right hand movements towards the target (at

120

°) would have resulted

in forces on the left hand at an angle o f 210°, requiring a 30° force from the subject to
counter it. The actual direction o f the mean opposing force vector on these trials (35°
± 4° at peak right hand velocity; Figure 7-4 A, empty arrow) was not significantly
different from this predicted direction (dashed line; F 1 5 = 1.9, p = 0.22), and differed
significantly from the direction o f forces generated on training targets 2 and 3 (F 1.5 >
47.4, p < 0.001). This suggests that adaptation to the force field was not merely local
to the training target movements, but that subjects had instead learned a mapping
between right hand movement and left hand force which could generalise to new
movement directions.

IN

IN

1N

Figure 7-4 Generalisation of learning. Mean force vectors (empty arrows) generated by
subjects on generalisation trials, with 95% confidence ellipses. Training target forces are
re-plotted for comparison (solid arrows). (A) Intermediate target trials. Dashed line
indicates 30°. (B) Left arm rotation trials. (C ) Right arm rotation trials.
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On ‘ left arm rotation’ catch trials, subjects moved their left hand to a new position
corresponding to a 30° rotation at the shoulder (Figure 7-1 B) prior to making a right
hand movement to target 1. Again, despite having never experienced the force field in
this posture, subjects generated substantial opposing forces with the left hand (2.4 ±
0.6 N), although the magnitude was significantly reduced compared to movements to
the same target during the training session (4.5 ± 0.5 N; F 1.5 = 53.2, p < 0.001). The
direction o f force we expect subjects to generate on these trials depends on the way in
which the motor system represents the structure o f the force field. I f the force applied
to the left hand is represented in an extrinsic coordinate frame, then subjects should
generate an opposing force in the same Cartesian direction as on movements to the
same target in the training session. However, i f subjects represent the force in an
intrinsic reference frame related to the muscles and joints o f the arm, for instance as
jo in t torques, then the opposing force should remain constant relative to the joints,
and hence be rotated 30° clockwise. The mean opposing force direction on these trials
(59° ± 7°; Figure 7-4 B, empty arrow) differed significantly from the opposing force
to the same target in the training session (83° ± 3°; Fj

5

= 12.0, p = 0.018). and did not

differ from a 30° clockwise rotation o f that force (F|

5

= 1.0, p = 0.37). This implies

that the force on the left hand is represented in intrinsic coordinates.

On ‘ right arm rotation' catch trials, subjects moved their right hand to a new position
corresponding to a 30° rotation at the shoulder (Figure 7-1 C) prior to making a right
hand movement to a target at 180°. As with the ‘ left arm rotation' trials, opposing
forces generated by the left hand were substantial (2.5 ± 0.5 N), but less than those
produced during the training session. Again, the force we expect subjects to generate
on these trials depends on the way in which the motor system represents the force
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field. The required movement o f the right hand on these trials was identical in
Cartesian coordinates to a movement to target 1 in the training session. However,
because o f the shoulder rotation, the movement required the same changes to the jo in t
angles o f the arm as a movement to target 2 in the training session. Therefore, i f the
right arm movement is represented in extrinsic space, subjects should produce the
same opposing force as for training target

1

, and i f the movement is represented in

intrinsic space the opposing force should be the same as for training target 2. The
mean opposing force direction on these trials (81° ± 2°; Figure 7-4 C, empty arrow)
differed significantly from that generated on movements to target
session (59° ± 2°; F|

5

2

in the training

= 170, p < 0.001), and did not differ from the force generated

on movements to training target 1 (F|

5

= 0.6, p = 0.46). This result implies that the

movement o f the right hand is represented in extrinsic coordinates.

7.4 Discussion

Previous studies o f motor learning have examined adaptation to novel forces applied
to a moving hand. I f the applied forces are determined by some parameter o f the state
o f the hand, such as its velocity, then the motor system is able to minimise the
disturbance to the hand trajectory by producing opposing forces to counter the
external force. On short timescales. this kind o f adaptation may allow the motor
system to maintain desired movement trajectories in novel contexts, such as when
holding a new object in the hand. Over longer time periods, it may allow the motor
system to compensate for developmental changes in the length o f limb segments and
the size and strength o f muscles.
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M oving a limb or limb segment generates a perturbation that can have effects
throughout the body, due to interaction forces arising from the torques at the joints
(Gahery and Massion, 1981; Massion, 1992). When manipulating an object between
the hands, activity o f one hand w ill often result in a force on the other. In both cases,
the motor system must actively generate opposing forces to maintain postural
stability. In this study we have investigated adaptation to a novel relationship between
movement o f the right hand and force on the left. As with unimanual learning, the
novel forces initially produced large deviations o f hand position, but these errors
decreased during an initial period o f rapid adaptation, as subjects learned to produce
appropriate forces to oppose the external perturbation and maintain the stability o f the
left hand. However, at the end o f the initial learning phase these opposing forces had
not reached sufficient magnitude to fu lly counter the external force and the stability o f
the hand had not returned to pre-exposure levels. This finding is qualitatively similar
to the results o f unimanual studies, in which movements in the force field are
generally found not to return fully to the pre-exposure trajectory.

In unimanual learning, adaptation to a force field generalises to new movements on
which forces have not previously been experienced. For example, subjects trained to
make reaching movements in a velocity-dependent force field subsequently show
transfer o f learning to circular movements in the same workspace (Conditt et a L
1997), and to reaching movements o f different velocities and amplitudes (Goodbody
and Wolpert, 1998). I f subjects adapt to a force field for one direction o f reaching
movement, generalisation is observed on movements to neighbouring directions,
decaying with angular distance from the trained direction (Gandolfo et al., 1996).
These results imply that adaptation does not simply consist o f learning a stereotyped
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pattern o f muscle activations for each target, but rather involves the development o f a
more general representation o f the force field. Similar generalisation to neighbouring
directions is observed for adaptation to novel inertial loads (Sainburg et al., 1999). In
the current study, learning was also found to generalise to a new movement direction
in which the force field had not been experienced. This suggests that the motor system
had developed a model o f the force field that could be used to predict the expected
force on the left hand based on the parameters o f the planned right hand movement.

Shadmehr and Mussa-Ivaldi (1994) showed that unimanual force field learning
generalises to new jo in t configurations o f the arm. Based on the pattern o f
generalisation to the new arm configuration, they concluded that the force field was
represented by the motor system in an intrinsic reference frame, related to the
velocities and torques at the joints. In the current study, we also observed
generalisation o f learning to new jo in t configurations o f both the left and right arms.
However, an analysis o f the forces generated by subjects in these new arm postures
revealed a dissociation in representation between the movement o f the right hand and
the force on the left.

When the left arm was rotated about the shoulder prior to a right hand movement, the
direction o f the opposing forces generated by the subject remained constant relative to
the joints o f the arm. This implies that the motor system generates a prediction o f the
expected consequences o f the movement in intrinsic coordinates, for instance as
expected jo in t torques. This was the case despite the fact that the force field generated
by the manipulandum was translation invariant in Cartesian coordinates, and is
consistent with the results for unimanual learning. In contrast, when the right arm was
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rotated at the shoulder prior to movement, the direction o f the opposing force
generated by the subject was the same as on unrotated movements to the same
location in Cartesian coordinates. This was the case even though the movements
involved substantially different jo in t velocities, and implies that the motor system
generates a prediction o f the expected force based on a representation o f the
movement in an extrinsic coordinate frame.

Generalisation in extrinsic coordinates has previously been observed in visuomotor
learning. In studies o f visuomotor learning, the normal relationship between the actual
position o f the hand and its visual location is altered, for instance by prism glasses
(Helmholtz, 1867; Welch, 1985), by a novel mapping between hand position and a
screen cursor (Cunningham, 1989), or in virtual reality (Ghahramani et al., 1996). As
with force field learning, the visual perturbation initially causes movement errors
which decay

with practice, and after-effects areobserved i f the perturbation is

subsequently

removed. Visuomotor learning has

been shown to generalise to

neighbouring

hand positions (Ghahramani et al.,

1996), and jo in t configurations

(Baraduc and

Wolpert, 2002), implying that the motor system developsa model o f the

transformation, as with novel dynamics. Krakauer et al. (2000) trained subjects to
make reaching movements to a single target under a 60° rotation o f visual feedback,
and then tested generalisation o f learning to the same target in a new arm
configuration. Subjects produced movements in the same direction across arm
configurations, even though this involved producing substantially different jo in t
rotations and muscle activations. This result implies that the motor system represented
the visuomotor perturbation in an extrinsic coordinate system.
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In combination with the findings o f Krakauer et al., the results o f the current study
could be taken to imply a dissociation in representation between kinematic and
dynamic planning, with trajectories represented by the motor system in extrinsic
coordinates and forces represented in intrinsic coordinates. I f this is the case, it should
also be reflected in the generalisation o f unimanual force field learning. W hile the
pattern o f generalisation observed by Shadmehr and Mussa-Ivaldi appears to be
consistent with an intrinsic representation both o f movement and force, their study did
not explicitly test the possibility o f an extrinsic representation o f movement combined
with an intrinsic representation o f force, and further investigation w ill be required to
rule this out. Alternatively, the findings o f the current study may relate specifically to
learning o f novel interactions between parts o f the body, which could involve a
mechanism partially or wholly independent o f that involved in compensating for
novel dynamics within a limb.
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8.11ntroduction

Predictive mechanisms may play a range o f key roles in human sensory and motor
systems (Wolpert and Flanagan, 2001; Davidson and Wolpert, 2005). The previous
chapter investigated the role o f prediction in maintaining control o f posture. Earlier
chapters have demonstrated predictive filtering in the tactile sensory system: a process
in which the sensory consequences o f action are anticipated and used to attenuate the
sensory input. A further role o f predictive mechanisms may be to identify movements
as either self- or externally-generated. I f the predicted sensory input associated with a
movement matches the actual sensory input, the movement is labelled as one's own.
However, i f the predicted and actual sensory inputs are discordant, as when one's arm
is passively moved by someone else, the movement is labelled as externallygenerated.

I f the mechanism that predicts the sensory consequences o f action were dysfunctional
and produced inaccurate predictions, this could cause the misattribution o f self
generated actions as externally-generated (Frith, 1992; Frith et al., 2000). Many
patients with schizophrenia demonstrate just such a deficit, in which self-generated
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actions are experienced as being under outside control or self-generated speech is
misperceived as an auditory hallucination (Schneider, 1959).

Both psychophysical and neuroimaging studies support the view that self-monitoring
is dysfunctional in schizophrenia. As discussed in Chapter 1, tactile stimulation is
generally perceived as less ticklish when it is self-generated (Claxton, 1975), but this
is not the case for patients who suffer from auditory hallucinations or delusions o f
control (Blakemore et al., 2000), suggesting a failure to distinguish between self- and
externally-generated sensations. A sim ilar failure may underlie hallucinations: an
fM R I study has shown that both Broca's area and primary auditory cortex are
activated during auditory hallucinations (Dierks et al., 1999). Broca's area is
associated with speech production, but inner speech does not activate primary
auditory cortex in healthy subjects (McGuire et al., 1996). The imaging results
therefore support the view that auditory hallucinations in schizophrenia result from a
dysfunction in the processing o f self-generated speech. Such a dysfunction is also
suggested by an EEG study in which evoked response potentials (ERPs) to speech
sounds were measured (Ford et al., 2001). Healthy subjects showed a reduction in the
N1 component o f the ERP when the speech was self-generated, but patients with
schizophrenia did not.

In this chapter, we directly test the hypothesis that patients with schizophrenia are
defective in predicting the sensory consequences o f their actions. In Chapter 3 it was
shown that while healthy subjects are accurate at reproducing a target force when
using a joystick, they significantly overestimate the force required when it is directly
self-generated. This occurs because self-generated forces are perceived as weaker
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than externally-generated forces o f the same magnitude. The results o f Chapter 6
support the theory that this tactile attenuation results from a predictive mechanism, in
which the sensory consequences o f movement are anticipated and partially removed
from the sensory input. Our hypothesis was that patients with a diagnosis o f
schizophrenia would be more accurate in reproducing an external force compared to
healthy controls. This increased accuracy would reflect the failure o f the normal
sensory attenuation mechanism due to a dysfunctional sensory predictive process. In
contrast, reproducing the force indirectly via the joystick does not engage predictive
mechanisms (Blakemore et al., 1998b) and so we anticipated that both patients and
controls should be accurate at this task.

8.2 Methods

Forty subjects, 20 patients and 20 healthy volunteers, participated after providing
informed consent. The patients all had a diagnosis o f schizophrenia according to
DSM -IV criteria (Diagnostic and Statistical Manual o f Mental Disorders, Fourth
Edition). The experimental protocols were approved by a local ethics board. The
experimental apparatus was identical to that used in the second experiment in Chapter
3. Each subject rested his or her left index finger in a moulded support beneath the
lever o f a torque motor. On each trial the torque motor generated a target force
between 0.5 and 2.75 N for 3 seconds (80 trials in a pseudo-random ized order).
Subjects were then required to reproduce the force they had just experienced, either
by pressing directly with the index finger o f their right hand or indirectly by using a
joystick that controlled the torque motor. Each subject participated in both conditions
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in a counterbalanced order. The applied forces were measured using a force sensor
mounted in the lever o f the torque motor.

8.3 Results

The 20 patients and 20 healthy control subjects were well matched for age (patients M
= 36.4, SD = 13.4; control M = 35.9, SD = 14.0), gender (12 male, 8 female in each
group), handedness (all right-handed) and premorbid IQ (National Adult Reading Test
(Nelson, 1991); patients M = 110, SD = 8; control M = 114, SD = 6). A ll except one
o f the patients were treated with antipsychotic medication but the patients were
nonetheless moderately symptomatic with a mean score o f 36 (SD = 11) on the B rie f
Psychiatric Rating Scale (Overall and Gorham, 1962). Most patients had prominent
positive symptoms: 16 subjects scoring 4 or more points on BPRS items related to
suspiciousness or hallucinatory behaviour. On initial analysis o f data, two participants
(one patient and one healthy subject) were found to have produced matching forces
that did not significantly correlate with the corresponding target forces in either task
(r2 < 0.04; p > 0.10). We concluded that they had not properly understood the
instructions and removed their data from further analysis.
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Figure 8-1 Matching force generated using the right index finger (circles) and joystick
(squares) as a function of the externally-generated target force, for patients (filled
shapes) and healthy volunteers (empty shapes). E rro r bars indicate ±1 SE across
participants. Dashed line represents perfect performance.

As in the previous studies in this thesis, participants consistently applied a greater
force when using their right index finger to match the externally applied target force.
This results from an attenuation o f the self-generated sensation that causes subjects to
underestimate how much force they are applying. To quantify this attenuation in the
patient and control groups, we calculated the percentage o f the matching force by
which the matching force exceeded the target force. The patients were more accurate
at the task showing 27.5% attenuation (Figure 8-1, solid circles) compared to 43.5%
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in the control group (empty circles). When subjects matched the target force using
the joystick, both patients and healthy volunteers reproduced the original force much
more accurately (squares). A repeated measures two-way A N O V A (patients vs.
control group and direct vs. joystick) o f the mean matching force normalised by the
mean target force showed a significant interaction (Fj

36

= 4.88; p = 0.034). This

interaction arose because the patients displayed significantly less attenuation in the
direct force-generation task (F 1.36 = 4.71; p = 0.037) but no significant difference
from the healthy controls in the joystick task (F 1.36 = 0.16; p = 0.69).

8.4 Discussion

The results o f this study show that self-generated forces were attenuated less in the
patient group than controls, suggesting a dysfunction in the patients' ability to predict
the sensory consequences o f their actions. Schizophrenia is characterised by a broad
range o f cognitive and behavioural abnormalities which can lead to non-specific
performance deficits in many different tasks. In the current study, however, the
patient group actually performed better on the experimental task than healthy controls,
in that they were more accurate in reproducing the target forces presented to them.
The present study therefore provides strong evidence for a dysfunctional predictive
mechanism in schizophrenia.

Although most o f the patients were treated with antipsychotic medication, the absence
o f any difference between patients and healthy volunteers in the joystick matching
task suggests that there is no systematic effect o f medication
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performance. The sim ilarity in performance o f patients and controls in the motor
aspects o f the experiment is typical o f the common observation that schizophrenia
does not involve major abnormalities in motor performance. Given the range o f
proposed roles for predictive mechanisms in motor control, this suggests that the
deficit in schizophrenia must be more specific than a general breakdown o f
prediction. W ithin the internal model framework, the forward dynamic model is
responsible for predicting changes to the state o f the body and the environment on the
basis o f planned motor commands. This prediction is used for anticipatory motor
control: for instance to generate appropriate grip forces (Johansson and Cole, 1992;
Flanagan and Wing, 1997) and to maintain posture (see Chapter 7). The forward
sensory model uses this predicted change to the state to generate a prediction o f the
sensory consequences o f the action. It is this sensory prediction that is implicated in
both sensory attenuation and identification o f self-action, and so the current results
suggest that schizophrenia may be associated with a specific deficit in this
mechanism.
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9.11ntroduction

In previous chapters, we have found evidence for a predictive mechanism underlying
tactile sensory attenuation. Such a mechanism generates a prediction o f the expected
sensory consequences o f one’ s actions based on an efference copy o f the motor
command (Sperry, 1950; von Holst and Mittelstaedt, 1950) and a forward internal
model o f the environment (Wolpert et al., 1995; M iall and Wolpert, 1996). The
incoming sensory stream is attenuated on the basis o f this prediction, reducing the
perceived intensity o f self-generated sensations. This prediction may also be used to
decide whether an action is self- or externally-generated, by comparing the predicted
and actual sensory input. The aim o f this study is to investigate the stage o f neural
processing at which the efference copy o f the motor command is generated. We assess
tactile attenuation before and after administration o f a novel rTMS protocol, thetaburst stimulation (TBS), over primary motor cortex (M l).

TBS has recently been shown to produce long lasting effects on the excitability o f
motor cortex (Huang at al., 2005), observed as changes to the amplitude o f motor
evoked potentials (MEPs) elicited by single pulses o f TMS. Two protocols o f TBS are
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used in this study: continuous TBS stimulation (cTBS) has been shown to decrease
MEP amplitudes for up to 40 minutes follow ing stimulation, whereas intermittent
stimulation (iTBS) induces a long lasting increase in MEP amplitudes (see Chapter 2
for more details).

I f efference copy signals arise upstream o f M I, then an increase or decrease in the
excitability o f M I w ill produce a mismatch between the efference copy and the actual
motor command sent to the muscles. This w ill create a discrepancy between the
predicted sensory input, based on efference copy, and the actual sensory input related
to the motor activity (Figure 9-1 A illustrates the effects o f cTBS under this model).
This kind o f discrepancy is usually found when a body part is moved passively by an
external force, so the action may be misinterpreted as having an externally-generated
component. The normal attenuation o f self-generated sensations is therefore likely to
be reduced in this situation. In contrast, i f the efference copy signal is a copy o f the
motor output generated by M I, then changes to the excitability o f M I should affect the
efference copy and the actual motor command equally, and no discrepancy w ill result
(Figure 9-1 B). We would therefore not expect to see any affect on sensory
attenuation.

In this study, tactile attenuation is assessed using the force-matching task (first
described in Chapter 3) prior to and follow ing TBS over left M I. Attenuation is
assessed when the right index finger applies a force to the left index finger, as in
previous chapters, and also with the hands reversed. I f efference copy signals arise
upstream o f M I, a mismatch should be generated between efference copy and motor
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commands sent to the contralateral side o f the body. An effect on tactile attenuation
should therefore be seen only for sensations produced by activity o f the right hand.

Upstream

Upstream

Efference
copy

areas

areas

cTBS

cTBS

M o to r

M o to r
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Forward
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Figure 9-1 Two alternative models of the effect of cTBS on sensory prediction. (A ) A
decrease in excitability of M I induced by cTBS results in a weakening of the motor
command signal. I f efference copy is generated in motor planning areas upstream of M I,
this will result in a discrepancy between predicted and actual sensory inputs, which may
reduce the certainty with which an action can be identified as self-generated. (B) I f
efference copy is generated in or downstream of M I, both the efference copy and the
motor command will be weakened by cTBS, and there will be no sensory discrepancy.
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9.2 Methods

Sixteen healthy right-handed subjects (9 male, 7 female; age 20-31) participated in
the experiments. They were naive to the specific purpose o f the experiment. A ll
participants gave informed consent. The study was conducted in accordance with the
Declaration o f Helsinki and the methodology was approved by the local ethics
committee.

9.2.1 Experimental procedure
The force-matching task was similar to that described in previous chapters, but
whereas previously the right hand has always been used to generate the force, in this
study the matching task was also performed with the hands reversed. Subjects rested
either their left or right index finger in a moulded support. A force sensor (Nano-17 6 axis F/T sensor, A T I Inc.) rested on the tip o f the finger at the end o f a lever attached
to a torque motor (Maxon Motors UK, Model RE35; geared in ratio 1:4.8). To start
each trial the torque motor applied one o f five constant target forces in the range

1

to

3 N to the tip o f the subject's index finger for 3 s. Following an auditory go-signal,
subjects were then required to reproduce the force they had just experienced by
pressing with their opposite index finger on the resting finger through the force
sensor. A fter 3 s an auditory stop-signal indicated the end o f the trial.

Prior to stimulation, subjects completed two blocks o f 20 trials in a pseudorandom
order: one block in which the left finger applied forces to the right and one block in
which the right finger applied forces to the left. Subjects then received either a 20
second train o f continuous TBS

(8

subjects) or a 190 second train o f intermittent TBS
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subjects) over the left primary motor cortex. After TBS, subjects sat with their

hands completely relaxed for 10 min. Subjects then completed two further blocks o f
20 trials in the same order as before. Each block took 7.5 min to complete.

The matching force level generated by the subject was calculated for each trial by
taking the mean force recorded by the force sensor between 2000 and 2500 ms after
the go-signal. As in previous chapters, the attenuation on each trial was then
calculated as the percentage o f the matching force level by which it exceeded the
target force level. This reflects the percentage o f the matching force that is not
perceived. This measure was averaged across trials to give the mean attenuation for
each subject and condition.

To investigate the effects o f continuous and intermittent TBS on attenuation two
separate 2 x 2 repeated-measures A N O V A s were performed (pre- vs. post-TBS; left
vs. right finger active). Within-subject post-hoc comparisons were made using paired
t-tests.

9.2.2 TBS procedure
Prior to TBS stimulation. Focal Transcranial Magnetic Stimulation (TMS) with a
figure-of-eight coil (Magstim Comp., Dyfed, UK; 7 cm diameter coils) was used to
find the optimal focus for the stimulation. Magnetic evoked potentials were elicited in
the first dorsal interosseous muscle o f the relaxed right hand. The coil was kept
tangential to the head. The orientation was approximately perpendicular to the central
sulcus o f the left cortex (45 degrees from the anterior-posterior axis) with the handle
pointing posteriorly. The magnetic evoked potentials were recorded with surface
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electrodes. First, the optimal spot on the skull was determined as the cortical site
where muscle responses could be evoked with the lowest stimulator output intensity.
This position was marked with ink to allow an exact re-positioning o f the coil
throughout the experiment. After the optimal focus was found, subjects were asked to
produce a tonic pinch grip between the index finger and thumb. The active motor
threshold was defined as the stimulator intensity that evoked 5 muscle responses out
o f 10 consecutive single TMS stimulations.

Cortex stimulation was carried out using the recently developed theta-burst
stimulation protocol in which trains o f TMS are delivered in bursts o f 3 pulses at 50
Hz (Huang and Rothwell, 2004). The bursts were either delivered continuously at a
rate o f 5 Hz (200 ms gap between each burst) at 80% active motor threshold over a 20
s period (continuous TBS; cTBS) or in a 2 s train repeated every 10 s for a total o f
190 s (intermittent TBS; iTBS). These stimulation protocols are known to either
depress (cTBS) or increase (iTBS) motor cortex excitability for up to 40 minutes as
shown in a significant reduction or enhancement o f MEP amplitudes (Huang et al.,
2005). This change in cortical excitability is maximal approximately 10 min after
TBS, so subjects were made to rest for 10 min follow ing the end o f stimulation prior
to starting the post-TBS experimental block.

9.3 Results

In the pre-TBS blocks, as in previous chapters, all participants consistently
overestimated the force required to reproduce the target force (Figures 9-2 & 9-3).
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Significant attenuation was observed pre-TBS in both groups whether the matching
force was generated with the left or right finger (28% mean attenuation; F 1.7 > 28.4, p
< 0.002). There was no significant difference in attenuation in either group between
generating the force with the left finger on the right or vice-versa (Fj

7

< 1.2, p >

0.31).

In the group that received continuous TBS, a significant reduction in attenuation was
observed post-stimulation when the matching force was generated with the finger
contralateral to stimulation (pre-TBS attenuation: 30%, post-TBS: 18%; Fi j = 15.4, p
= 0.0057; Figure 9-2 A right). There was no significant effect o f stimulation on
attenuation when the ipsilateral finger generated the force (pre: 27%, post: 26%; F|

7 =

0.15, p = 0.71; Figure 9-2 A left), and the specificity o f the effect to the contralateral
side was confirmed by a significant interaction term

(F 1 .7

= 6.62, p = 0.037).
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Figure 9-2 Effects of continuous TBS on attenuation. (A) Matching force generated with
left or right index finger before (empty circles) and after (filled circles) cTBS over left
M I, as a function of the externally-generated target force. E rro r bars indicate ±1 SE
across subjects. Dashed line represents perfect performance. (B) Mean level of
attenuation pre- and post-cTBS with left or right hand active ( * * indicates p<0.01).
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No significant effects o f intermittent TBS were found for either the left or right finger
(Fi

7

< 0.54, p > 0.48; Figure 9-3), and there was no significant interaction (Fi

7

=

0.03, p = 0.86). Intermittent TBS, therefore, did not alter the amount o f attenuation
seen during the task regardless o f which finger generated the matching force.
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Figure 9-3 Effects of intermittent TBS on attenuation. (A) Matching force generated
with left or right index finger before (empty circles) and after (filled circles) iTBS over
left M I, as a function of the externally-generated target force. E rro r bars indicate ±1 SE
across subjects. Dashed line represents perfect performance. (B) Mean level of
attenuation pre- and post-iTBS with left or right hand active.

9.4 Discussion

In this study we have shown that application o f continuous theta-burst stimulation
(cTBS) over the primary motor cortex reduces the attenuation o f self-generated
sensation. This was observed as an improved ability to reproduce an externallyapplied force following cTBS. We controlled for non-specific effects o f the
stimulation by assessing attenuation both when the finger contralateral to the
stimulation generated the force, and when it was the passive finger to which force was
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applied. Only in the former condition is a motor command generated by the affected
hemisphere. Therefore, the situation in which the finger ipsilateral to the stimulation
site generates the matching force serves as a control condition and our experiment
does not require sham or control-site TMS. The fact that improvement in the task was
only observed when the contralateral finger generated the force excludes the
possibility that attenuation occurred because o f impaired sensory processing due to
current spread to primary sensory areas. Moreover, the results can not be interpreted
as a diffuse ‘ motor impairment’ or weakness resulting from the stimulation, as
subjects post-TBS were still able to generate forces as high as 3 N to match the largest
target forces and yet showed reduced attenuation at all levels o f the target force.

Although intermittent TBS has been shown to facilitate M I, we did not see any
change in attenuation in this condition. However, whereas the effects o f cTBS have
been shown to be robust across subjects and long lasting, the effects o f iTBS show
greater variability across subjects and often only last a short time after stimulation
(Huang et al., 2005).

The reduced attenuation observed in the cTBS group suggests that efference copy
signals arise upstream o f M I, and that the change in the excitability o f M I produces a
mismatch between the actual motor command output and the efference copy. This
mismatch reduces the confidence with which the sensation o f force in the passive
finger can be attributed to self-action, and so the level o f attenuation is reduced. A
similar reduction in attenuation was seen in Chapter 4, when a spatial separation
between active and passive fingers made the context less consistent with selfgeneration. This interpretation is also consistent with the results o f the previous
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chapter, in which patients with schizophrenia were found to have a significantly lower
level o f attenuation than age-matched healthy control subjects. In these patients, the
discrepancy between predicted and actual sensory input may arise from a dysfunction
in the predictive system.

In Chapter 4, changing the gain between the force generated by the active finger and
the force transmitted to the passive finger was found to have no effect on attenuation.
Changing the gain w ill initially create a discrepancy between the actual sensory input
and the sensory input predicted on the basis o f efference copy, as in the current study.
However, unlike the effects o f cTBS, the discrepancy is confined to the sensory input
from the passive finger: the active finger generates the intended force and receives the
expected sensory input. This kind o f discrepancy may simply indicate that the force is
being applied through an object with unexpected properties. The current context
estimate can then be updated so that the predicted sensory input matches the actual
sensory input, and the normal level o f attenuation is maintained. In contrast, i f cTBS
reduces the output force without affecting efference copy, it w ill result in a sensory
discrepancy in both active and passive fingers. This cannot be accounted for by the
properties o f the object between the fingers, and may instead reduce the confidence
with which the sensations are attributed to self-action.

The conclusion that efference copy signals do not arise in primary motor cortex is
consistent with a previous study in which muscle twitches were elicited by TMS over
M I (Chronicle and Glover, 2003). Ticklish sensations produced by the TMS-induced
movements were found to be just as intense as when the same stimuli were generated
by the experimenter. The fact that this self-generated tickle did not undergo normal
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predictive attenuation (Weiskrantz et al., 1971; Claxton, 1975) suggests that TM S o f
M I generates a motor output but not an efference copy.

Our results are also consistent with a study which investigated sensory suppression o f
muscle twitches induced by TMS in the right index finger (Haggard and W hitford,
2004). The perceived intensity o f the muscle twitches was reduced during active
movement o f the finger, in agreement with the widespread finding o f sensory gating
in a moving body part (Angel and Malenka, 1982; Chapman et al., 1987). However, a
TMS pulse delivered to the supplementary motor area (SM A) 10 ms prior to the
stimulus pulse was found to reduce the sensory gating caused by the movement. The
authors suggested that this reduction in sensory suppression reflects a disruption o f an
efference copy signal generated in SMA. This hypothesis is consistent with the
current finding that the efference copy signal involved in predictive attenuation is
generated upstream o f M I. However, as discussed in Chapter 1, the role o f efference
copy in movement-related gating is currently unclear, as similar suppression is also
seen during passive movements (M ilne et al., 1988; W illiams and Chapman, 2002).

Although TBS was carefully focused on the hand area o f M I we cannot entirely
exclude the possibility that the observed results are due to ‘ remote effects' o f the
stimulation. Recent studies show that rTMS over M I can activate a large cortical
network including basal ganglia, premotor and cerebellar regions (Bestmann et al.,
2004). These remote effects could conceivably cause a weakening o f predictive
mechanisms, for example by disrupting activity in the cerebellum, which has been
implicated in the generation o f sensory predictions (see Chapter 10).
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In summary we show an improvement in the perception o f self-generated tactile
stimuli following continuous theta-burst stimulation o f primary motor cortex. This
effect was only observed when the stimulus was generated with the finger
contralateral to the stimulated motor cortex and only when an inhibitory TBS protocol
was used. We propose that TBS over M I interferes with the mechanism o f sensory
attenuation by disrupting motor output without altering efference copy, which we
therefore conclude arises upstream o f M I.
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C h a p t e r 10: D is c u s s io n

10.1 Summary of Experimental Results

The previous chapters have described a series o f psychophysical and behavioural
studies investigating the perception o f self-generated touch. The results demonstrate
that self-generated tactile sensations are attenuated by a predictive mechanism. The
attenuation is temporally tuned to the expected time o f contact and modulated by the
certainty with which a sensation can be attributed to self-action. The underlying
mechanism may predict the sensory consequences o f action based on an internal
model o f the environment and an efference copy o f the motor command. We have
found evidence to suggest that this efference copy arises upstream o f primary motor
cortex. Patients with schizophrenia were found to show less attenuation than healthy
controls, consistent with an underlying deficit in sensory prediction.

Chapter 3 showed that when subjects were instructed to reproduce an external force
felt on their finger by pressing with a finger o f the other hand, they consistently
overestimated the force required. However, subjects were accurate at the task when
they reproduced the force indirectly via a joystick. These results imply that constant
forces are perceived as weaker when they are self-generated. We showed that this
attenuation o f self-generated sensation could produce rapid escalation o f force
between subjects, potentially related to the escalation o f real-world physical conflicts.
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Chapter 4 extended the force-matching paradigm to investigate some o f the factors
that influence attenuation. In this study subjects reproduced target forces applied to
their finger by pressing through a virtual object, simulated by two torque motors. As
in the previous study, subjects overestimated the force required, implying attenuation
o f the self-generated sensation. When a lateral spatial separation was introduced
between the fingers, the level o f attenuation was reduced. This suggests that a spatial
co-alignment between force production and sensation may be one o f the factors by
which sensations are identified as self-generated. In contrast, doubling or halving the
force transmitted from the active finger to the passive finger had no effect on
attenuation in the passive finger. This implies that an equal magnitude o f force
production and sensation is not an important factor in identifying self-generated
sensations.

Chapter 5 investigated the time course o f tactile attenuation. The perception o f force
was assessed when subjects tapped with one finger on another through a virtual
object. By introducing varying time intervals between the action and the resulting
sensation, we revealed a roughly symmetrical and relatively broad period o f
attenuation centred on the precise time at which the action would normally result in a
sensation. Movement o f the active finger without contact was shown to be insufficient
to produce attenuation, as was a sensation o f contact without movement.

Chapter 6 tested the hypothesis that tactile attenuation results from a predictive
mechanism, rather than a postdictive or masking mechanism. Attenuation o f a self
generated tap was shown to occur at the time o f an expected contact between two
fingers even i f the contact did not occur. Movement was again found to be insufficient
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by itself to produce attenuation, even when the stimulus was consistently paired w ith
a particular flexion angle o f the active finger. These results are inconsistent w ith a
postdictive mechanism, which would have access to the actual sensory feedback in
judging whether or not a sensation was self-generated. These results instead suggest
that tactile attenuation results from a predictive mechanism that attenuates self
generated sensations on the basis o f an efference copy o f the motor command.

Chapter 7 investigated how this prediction is acquired. Subjects were exposed to a
novel relationship between the motion o f the right hand and force applied to the left.
With practice, subjects learned to stabilise the left hand by predicting and actively
opposing the force. Once learned this prediction generalised to untrained movements
and postures. The patterns o f generalisation to new postures indicated that the motor
system represented the force on the left hand in intrinsic joint-based coordinates, but
represented the movement o f the right hand in an extrinsic coordinate frame.

The study in Chapter 8 used the force-matching paradigm to investigate tactile
attenuation in patients with schizophrenia. It has previously been proposed that
schizophrenia involves a deficit in self-monitoring, and that this may be the cause o f
the auditory hallucinations and delusions o f control commonly suffered by these
patients. Consistent with this hypothesis, our study found that patients with
schizophrenia show less attenuation o f self-generated sensation than healthy controls.
This suggests that the illness may be specifically characterised by a deficit in
predicting the sensory consequences o f action.
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Chapter 9 investigated the neural basis o f the efference copy signal implicated in
predictive attenuation. A novel protocol o f transcranial magnetic stimulation was used
to modulate the excitability o f primary motor cortex. I f efference copy is generated in
primary motor cortex, we hypothesised that TMS should affect efference copy and
motor output equally, producing no effect on attenuation. Using the force-matching
paradigm, we showed that attenuation was in fact reduced by a decrease in excitability
o f motor cortex contralateral to the active hand. This finding suggests that efference
copy is generated upstream o f primary motor cortex, and that TMS creates a
mismatch between efference copy and motor output which reduces attenuation.

10.2 Meta-analysis of results from the force-matching task

Many o f the studies in this thesis involved variations on the force-matching task first
described in Chapter 3. In the majority o f these studies at least one experimental
condition was identical to the ‘ direct resting* condition in Experiment 2 o f that
chapter, in that the subject reproduced a range o f target forces applied to his or her
resting left index finger by pressing directly with the finger o f the other hand. A total
o f 124 subjects, including participants in pilot experiments and healthy controls in
patient studies, completed a block o f 40 or more trials o f this basic force-matching
task, differing only in the range o f target forces tested. This presents the opportunity
to conduct a meta-analysis with enhanced statistical power to investigate performance
on this task in greater detail.
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Figure 10-1 shows the average matching forces generated by all 124 subjects as a
function o f target force. As expected, subjects produced an exaggerated matching
force at all levels o f the target force tested, im plying that the sensation o f the self
generated matching force was attenuated so as to make it perceptually equal to the
smaller target force. The results o f the first force-matching study (Chapter 3)
suggested that the difference between matching and target forces might involve a
change in slope as well as offset. However, in this much larger data set (which
includes the previous results) it appears that the amount by which the matched force
exceeds the target force (the 'excess force') is approximately constant for all target
forces. 47% o f the total variance in the excess force can be accounted for by fitting
each subject's data with a single offset parameter, representing a constant level o f
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excess force (the average fit is shown by the solid line in Figure 10-1). Adding a
second slope parameter to the model, so the excess force can vary linearly with the
target force, only accounted for an additional

8

% o f the variance. Although this

parameter differed significantly from unity (F 1.123 = 5.0, p = 0.026), it was very small,
on average adding only 0.08 N to the matching force for every 1 N increase in the
target force. Adding further polynomial terms accounted for <2% additional variance.
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Figure 10-2 displays the variation in mean excess force across subjects. The data were
well fit by a normal distribution (Kolm ogorov-Sm im off test, p = 0.21) with a positive
skew (skewness = 1.0). The mean excess force was 1.03 N. Although a small number
o f subjects showed no or very weak attenuation ( 1 0 % o f sample produced mean
excess force <0.2 N), there does not appear to be any substantial bimodality to the
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distribution, and so the performance o f these subjects is best explained by natural
variation around the population mean. Only 4 subjects (3% o f the sample) produced
matching forces on average less than the target force.

In summary, the results o f this meta-analysis suggest that the sensation o f self
generated force is attenuated by a fixed amount, on average equivalent to a 1 N
reduction in the perceived force. It has previously been proposed that sensory
attenuation results from a cancellation process, in which a portion o f the predicted
sensory input is subtracted from the actual input. However, in Chapter 4 it was found
that altering the gain relationship between the fingers did not alter the amount by
which the self-generated force was attenuated, despite substantial differences in the
force produced by the active finger. Two hypotheses were proposed to explain this
finding. One possibility is that attenuation is the result o f a cancellation mechanism
that subtracts a portion o f the predicted sensory input, but that the predictive
mechanism rapidly adapts to the new gain relationship. Alternatively, attenuation
could result from a gating mechanism, in which a constant level o f attenuation is
applied to any site on the body in which self-generated input is expected, and the
predicted sensory input is used only to identify those sites. The results o f this meta
analysis may at first appear to support the latter hypothesis, in that the attenuated
portion o f a self-generated force seems to remain constant while the overall force
increases. However, there is no a priori reason to believe that a constant difference in
force measured on a Newton scale corresponds to a constant subtraction in the
perceived magnitude o f the sensation. We therefore tested the perception o f the
constant forces used in the matching experiment in a group o f 10 subjects using open
magnitude scaling. Forces in the range 1 to 7 N were presented to subjects in the same
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way as target forces in the force-matching task. Subjects were instructed to rate the
intensity o f each stimulus with a number. Each subject’ s responses were subsequently
scaled to the range 0 to 1 so that means across subjects could be calculated. Results
are shown in Figure 10-3.

Figure 10-3 Perceived magnitude
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Subjects' gave forces separated by 1 N significantly different intensity ratings
throughout the tested range (F 1.9 > 9.2, p < 0.02) im plying that the 1 N attenuation
observed on average in the matching task is large enough to produce perceptible
differences in the intensity o f self- and externally-generated forces. The magnitude
rating was found to be approximately linearly related to the force in Newtons over the
range 1 to 5 N (dotted line in Figure 10-3), although the rated intensity began to
saturate at higher force levels and a significantly better fit was achieved overall by a
second-order polynomial (F 1.9 = 61.9, p < 0.001; solid line).
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As the magnitude rating is roughly linearly related to force over the range tested in the
force-matching task, we can conclude that the constant excess force observed in that
task results from an approximately constant subtraction in the perceived intensity o f
the self-generated force. However, we still cannot conclude that the level o f
attenuation is independent o f the magnitude o f the predicted sensory input. To explain
why, it w ill help to consider how a fixed attenuation might be implemented at a
neuronal level. The underlying attenuation mechanism must apply some form o f
operation to the neural code representing the sensory input. For example, the sensory
input could be represented in neuronal firing as a rate code, with the spike rate
proportional to the magnitude o f force in Newtons. There is evidence from primate
studies that for small forces on the fingertip (<0.25 N) the primary sensory afferents
do encode the force in this way (Goodwin et al., 1995), although this may not hold
true for larger forces or at later stages o f sensory processing. Attenuation could then
be achieved by inhibition o f the neurons carrying sensory information from areas
predicted to be sites o f self-contact. However, a mathematically simple operation such
as subtraction is unlikely to result from an equally simple neuronal operation, such as
a fixed inhibitory pre-synaptic potential. Indeed, in order to implement a constant
subtraction at the neuronal level, the level o f inhibition may have to be set by a
network that includes the magnitude o f the sensory input itself as a determining
factor. In this framework, the crucial question becomes whether the factor that
determines the level o f inhibition is the magnitude o f the actual sensory input, or the
magnitude o f the predicted sensory input. This question could potentially be answered
using psychophysical methods i f one created a discrepancy between the actual and
expected magnitude o f a b rie f self-generated force, such as a tap. I f the perceived
intensity o f a tap o f fixed magnitude varied with the expected magnitude, this would
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im ply a cancellation mechanism, whereas i f the perceived force was independent o f
the expected magnitude, this would im ply a gating mechanism. This remains a
potential area for future research.

The distinction between gating and cancellation mechanisms is an important one. The
principle role proposed for tactile attenuation is to increase the salience and
detectability o f externally-generated stimuli. A sensory cancellation mechanism is
ideal for this role: by subtracting a portion o f any self-generated component from the
sensory input, any externally-generated component is enhanced by comparison. In
contrast, a gating mechanism attenuates self- and externally-generated components
equally, with no effect on the relative salience o f the two. By attenuating the sense o f
touch in parts o f the body which expect self-input, a gating mechanism may enhance
the relative salience o f external stim uli elsewhere on the body. However, unlike a
cancellation mechanism, sensory gating cannot assist in detecting external tactile
stimuli against a background o f self-generated sensation. An example o f a situation in
which this is relevant is reading Braille, in which unpredictable tactile stimuli (the
Braille dots) must be detected against a self-generated background stimulation caused
by pressing one's finger to the paper and moving it across the page.

Studies which have examined performance on this kind o f task have generally found
no difference in detection between active touch, in which the subject moves his or her
finger across the surface, and passive touch, in which the finger remains still and the
surface is moved (see Chapman, 1994 for a review). A cancellation mechanism would
be expected to assist in the active task by attenuating the self-generated component o f
the tactile input. The absence o f any advantage o f active over passive touch could
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therefore be taken as evidence against the cancellation hypothesis. However, detection
o f tactile stimuli is known to be reduced in a moving body part even when the
movement is not expected to result in tactile sensation (Angel and Malenka, 1982;
Chapman et al., 1987; W illiams et al., 1998; W illiam s and Chapman, 2002). This
movement-related gating may hide any detection advantage in active touch resulting
from a cancellation mechanism. The effects o f predictive attenuation could potentially
be disentangled

from

the effects o f movement-related

gating by examining

discrimination in a passive finger when the surface is moved over the finger either by
the experimenter or by the subject’ s other hand. A cancellation mechanism should
produce a detection advantage in the case o f self-generated movement, whereas a
gating mechanism would not.

10.3 Neural mechanisms of sensory gating and cancellation
10.3.1 Movement-related sensory gating
As discussed above and in detail in Chapter I, detection thresholds to cutaneous
stimuli are increased in a moving body part. This is an example o f a gating rather than
a cancellation mechanism, in that the stimuli are attenuated despite being externallygenerated and unpredictable. A possible neurophysiological mechanism for this
phenomenon has recently been demonstrated in primates. Seki et al. (2003) stimulated
primary tactile afferents in the superficial radial nerve while a monkey performed an
active wrist movement. They obtained single-unit recordings from spinal intemeurons
that received direct synaptic connections from the stimulated afferents. The activity
generated in these first-order intemeurons by stimulation o f the primary afferent was
found to be reduced during active movement o f the wrist. This is unlikely to reflect
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inhibition o f the intemeurons themselves, as overall activity increased during
movement. Instead, the most likely mechanism is presynaptic inhibition o f the
primary afferents, in which G ABAergic synapse activity depolarises the afferent
fibres, reducing the amount o f transmitter released in response to an action potential
(Eccles et al., 1961; M iller, 1998).

The reduction in the response o f the intemeurons to stimulation preceded the onset o f
EMG activity, im plying that the presynaptic inhibition results from central commands
in descending pathways rather than from peripheral feedback from the movement.
This result is consistent with studies o f sensory perception in humans, which have
demonstrated an increase in detection thresholds prior to EMG onset (W illiam s and
Chapman. 2002). As well as transmitting sensory signals in ascending pathways to
sensory cortex, first-order intemeurons also contribute to spinal circuitry that
generates movement. Electrical microstimulation at the recording sites produced
strong inhibition o f EMG activity related to the wrist movement, suggesting that the
intemeurons are part o f a reflex loop that acts to reduce muscle activity in response to
tactile input. By reducing the activity o f first-order interneurons, presynaptic
inhibition may help overcome this reflex during a planned movement. This raises the
interesting possibility that the gating o f sensory perception during movement is
simply a by-product o f this process, and may have no adaptive value in itself.

Inhibition o f sensory signals at the level o f the spinal cord is also consistent with
evidence obtained from electroencephalography (EEG). Electrical or tactile cutaneous
stimuli result in changes in neuronal activity in somatosensory cortex that can be
detected by surface electrodes. Early components o f these somatosensory evoked
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potentials (SEPs) are reduced in amplitude as a result o f active movement o f the
stimulated body part (Rushton et al., 1981), and this reduction is again observed prior
to the onset o f EMG (Cohen and Starr, 1987; Shimazu et al., 1999). In monkeys,
strong suppression o f SEPs can be experimentally induced by microstimulation o f
sites in primary motor cortex that activate the appropriate muscle groups, even w ith
stimulation intensities too weak to produce movement (Jiang et al., 1990). This
clearly demonstrates the role o f descending motor command signals in producing
sensory gating.

For active movement, the results from single-unit recording, EEG, and sensory
threshold studies all appear to be in agreement. However, data from passive
movement conditions are considerably harder to synthesise. Seki et al. found no
evidence o f presynaptic inhibition during passive wrist movements, yet suppression o f
SEPs is observed during passive movement (Chapman et al., 1988). SEPs are
suppressed only after the onset o f passive movement, and yet an increase in detection
thresholds is observed prior to movement onset and with a time-course very sim ilar to
that for active movement (W illiam s and Chapman, 2002). It seems likely from this
data that movement-related sensory gating cannot be explained by one mechanism
alone, but that there may instead be a number o f different stages o f sensory
transmission and processing at which suppression can occur.

10.3.2 Sensory cancellation mechanisms
Whereas presynaptic inhibition inevitably suppresses self- and externally-generated
sensory input equally, single-unit recording has also revealed mechanisms that
selectively remove only the self-generated component o f the input. The clearest
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evidence for such a cancellation mechanism is found in the electrosensory system o f
the electric fish (Bell, 2001).

Electric fish possess both electroreceptors for sensing current and electric organs
driven by motor commands for discharging current. To prevent the discharge o f a
fish’ s own electric organs interfering with its ability to sense its surroundings, the
self-generated component is removed from the output o f electrosensory cells by an
adaptive predictive mechanism. Bell (1981; 1982; 1986) blocked the electric organs
o f mormyrid fish with curare, and then delivered an artificial electrical stimulus every
time the fish generated a discharge motor command. A t first, the artificial stimuli
produced substantial activation in neurons receiving electrosensory input (Figure 10-4
centre), but these responses were greatly attenuated after a few minutes o f consistent
pairing o f the stimulus with the motor command. When the artificial stimuli were
subsequently stopped, a negative image o f the expected activation was observed in
response to each motor command (Figure 10-4 bottom). This is a clear example o f
predictive cancellation as proposed by Sperry and von Holst: a cancellation signal is
generated based on an efference copy o f the motor command, and subtracted from the
activity o f sensory neurons, removing the predictable component o f the sensory input.

In Chapter 6 o f this thesis we demonstrated that tactile sensation is attenuated at the
predicted time o f self-contact, even i f the contact does not occur. This attenuation
could result from a predictive cancellation mechanism very similar to the one
observed in electric fish, although differing in that only part o f the self-generated
input is removed. In fish, the negative cancellation signal was found to be highly
specific to the timing, location, polarity, and amplitude o f the stimulus paired with the
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motor command. This adaptability is consistent with the principle o f a simple forward
model, transforming planned motor output into predicted sensory input. The
adaptability o f this mechanism in electric fish may also be reflected in humans.
Studies o f anticipatory postural control, such as the one described in Chapter 7, have
demonstrated that the predictive signal used by the human motor system can adapt to
changes in the tim ing and direction o f forces resulting from self-action (Witney et al.,
1999; Witney and Wolpert, 2003). It remains to be seen whether this adaptability is
also demonstrated by the mechanism responsible for attenuating self-generated
sensation in humans.
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In addition to cancellation based on efference copy, electric fish also display
cancellation o f inputs that are predictable only on the basis o f incoming sensory
information such as proprioception. For example, Bastian (1995; 1999) paired an
artificial electrical stimulus with a particular phase o f a passive sinusoidal tail bend.
Consistent pairing over several minutes again resulted in cancellation o f the
predictable input. In this respect it appears that electric fish and humans differ. In
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Chapter 6, we showed that a consistent pairing o f a tactile stimulus with a particular
angle o f active finger flexion was not sufficient to produce attenuation, despite the
tactile input being predictable based both on proprioceptive feedback and on the
motor command. It appears that in the human somatosensory system attenuation
depends on the prediction o f a specific event— contact— rather than affecting any
arbitrarily predictable stimulus.

Another example o f sensory cancellation is found in the primate vestibular system. As
in electric fish, sensory filtering occurs not at the primary afferent stage (Cullen and
Minor, 2002) but at the next stage o f processing. A subclass o f neurons within the
vestibular nucleus receive input from the semicircular canals, and project to spinal
motor neurons that innervate muscles in the neck. These ‘ vestibular-only’ neurons
mediate a reflex which generates compensatory muscle responses in response to head
motion, stabilising the head in space. While beneficial at rest, this reflex would be
inappropriate during active head movements, and these neurons receive a cancellation
signal that attenuates responses to active movements (McCrea et al., 1999; Roy and
Cullen, 2001). I f an actively-generated head rotation is matched by an opposite
passive rotation o f the whole body, so that the predicted vestibular input does not
arise, this cancellation signal is revealed as a negative image in the neuronal
activation (Roy and Cullen. 2004).

Attenuation o f the vestibular signal was not observed when the monkeys generated
head rotations indirectly, by driving a turntable via a steering wheel (Roy and Cullen,
2001). This finding parallels our observation in Chapter 3 that forces generated via a
joystick are not attenuated. Vestibular attenuation was also not seen when monkeys
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attempted to make head movements when their heads were restrained (Roy and
Cullen, 2004). This may reflect an updating o f a predictive model to take into account
the presence o f the head restraint, and hence maintain accurate prediction. The
presence o f the restraint may be identified by a discrepancy between the predicted and
actual neck proprioceptive input resulting from an attempted head movement.
Similarly, in Chapter 9 we suggested that rTMS o f M I reduced attenuation by creating
a discrepancy between the predicted and actual somatosensory input resulting from an
action.

10.3.3 Sensory attenuation and the cerebellum
Converging evidence from theoretical, neurophysiological, and functional imaging
studies suggests a role for the cerebellum in predictive sensory attenuation. The
primate ‘ vestibular-only' neurons described above are thought to receive projections
from the nodulus-uvula region o f the cerebellum (Xiong and Matsushita, 2000). This
region receives input from areas involved in producing head and neck movements as
well as proprioceptive input from the neck. This makes it a strong candidate site for
integrating efference copy and proprioceptive input to generate the predictive
cancellation signal. Similarly, in electric fish, the neurons identified as sites o f
attenuation are found in the electrosensory lobes, regions with a strong anatomical
sim ilarity to the cerebellum. These neurons also receive projections carrying both
proprioceptive input and central input related to the motor command. Adaptation o f
the predictive cancellation signal has been shown to result from plasticity at these
synapses (Bell et al., 1993).
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In humans, the neural basis o f tactile attenuation has been investigated using fM R I
(Blakemore et al., 1998a, 1999b). In these studies a tactile stimulus was moved
sinusoidally across the subject's left hand, either by the subject or by the
experimenter. When the tactile stimulation was externally generated, significant
activation

was

observed

in

contralateral

primary

and

bilateral

secondary

somatosensory cortex. When the stimulation was self-generated, the activation in
secondary somatosensory cortex was significantly reduced. A similar suppression o f
neural activity may underlie the attenuation in the perceived intensity o f tactile stimuli
investigated in this thesis.

These studies also support a role for the cerebellum in tactile attenuation. A ctivity in
the right anterior cerebellar cortex was reduced when the stimulus was self- rather
than externally-generated. This may reflect the generation o f a predictive cancellation
signal in cerebellar areas ipsilateral to the active hand. A significant correlation was
found between activation in the cerebellum and the somatosensory cortex, but only in
the self-generated condition. This is again consistent with modulation o f the input to
sensory areas by a signal originating in the cerebellum.

No significant differences in activation were found in primary somatosensory cortex
(SI) between self- and externally-generated stimulation. This could be taken to
suggest that attenuation in humans occurs only at later stages in sensory processing.
However, there was a significant correlation between activity in contralateral SI and
cerebellum in the self-generated condition, so we cannot rule out the possibility that
attenuation is taking place in SI or even earlier.
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The involvement o f cerebellar areas in sensory attenuation is consistent with
proposals that the cerebellum is a component o f the forward model system that
predicts the consequences o f planned actions (Ito, 1970; M iall et al., 1993; Wolpert
and Kawato, 1998). In support o f this view, patients with degenerative cerebellar
lesions fail to correctly modulate grip force when liftin g objects, suggesting a deficit
in predicting the changes to the load force that w ill result from the movement (M uller
and Dichgans, 1994a). These patients are also less efficient than healthy controls at
adapting their grip force over successive trials to match an object's weight, suggesting
a failure to update the forward model to account for the current context (M uller and
Dichgans, 1994b). Patients with cerebellar damage also show deficits in coordinated
arm movements, and an unusual reliance on visual feedback, that are consistent w ith a
failure in the predictive representation o f limb position (Haggard et al., 1994; Haggard
et al., 1995).

The physiological structure o f the cerebellum makes it a strong candidate for learning
and maintaining internal models. Purkinje cells, the only output neurons from the
cerebellar cortex, receive synaptic inputs from parallel fibres and climbing fibres.
Parallel fibres originate in granule cells which transmit input from association areas o f
the cerebral cortex. Parallel fibres may make as many as 200,000 synapses on a single
Purkinje cell (Ito, 1984), and it has been proposed that the complex transformation
from parallel fibre input to Purkinje cell output may implement an internal model. I f
the parallel fibre input signals desired movement goals, the parallel fibre-Purkinje cell
synapses could implement an inverse model, with the Purkinje cell output signalling
the error in the current motor output (Kawato, 1999). Alternatively, i f the parallel
fibre input carries an efference copy o f the motor command, the Purkinje cell output
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may signal predicted sensory feedback, implementing a forward model (M iall et al.,
1993). The cerebellar architecture appears to be highly modular (Oscarsson, 1979;
Bower and Woolston, 1983), so it is possible that the cerebellum implements many
forward and inverse models simultaneously (Wolpert et al., 1998). This is consistent
with the MOSAIC model discussed in Chapter 1, in which multiple forward and
inverse models work in pairs to represent different sensorimotor contexts (Wolpert
and Kawato, 1998; Haruno et al., 2001).

A key feature o f internal models is their adaptability, and this is paralleled by a
remarkable level o f synaptic plasticity in the cerebellar cortex (Ito, 1984). In addition
to parallel fibre inputs, Purkinje cells receive input from climbing fibres originating in
the inferior olive. The climbing fibre input appears to modulate the efficacy o f the
parallel fibre-Purkinje cell synapses via long-term depression (Marr, 1969; Albus,
1971; Fujita, 1982; Ito, 2001). Electrophysiological studies in primates have observed
increased climbing fibre activity during initial movements under a novel load or
changed visual feedback (Gilbert and Thach, 1977; Ojakangas and Ebner, 1992).
These and other studies (e.g. Gellman et al., 1985; Andersson and Armstrong, 1987)
suggest that climbing fibre inputs signal discrepancies between expected and actual
sensory input. Climbing fibre input may therefore act as a training signal which, via
plasticity o f the parallel flbre-Purkinje cell synapses, adapts the internal model to
minimise errors in prediction.

Several imaging studies support cerebellar involvement in acquiring new internal
models. Imamizu et al. (2000) conducted an fM R I study in which subjects learned to
control a screen cursor using a computer mouse under a novel rotated relationship

145

Chapter 10

Discussion

between hand and cursor position. This kind o f motor learning is believed to involve
the acquisition o f a new internal model in a similar way to the learning o f novel
dynamics discussed in Chapters 1 and 7. Initially, activation was observed in large
regions o f the cerebellum. This activation was proportional to the movement error and
decayed as learning progressed. Once learning was complete activation remained only
in a small region o f the cerebellum near the posterior superior fissure. The authors
interpreted these results within the M OSAIC framework: they suggested that the
initial widespread activation reflects the activity o f multiple internal models as they
compete to minimise the error signal, whereas the subsequent localised activation is
generated by the one or several successful internal models that have become
specialised to represent the hand-cursor transformation.

In a subsequent study in which subjects learned to switch between two different handcursor transformations, cerebellar activation became localised in different areas under
the two different transformations (Imamizu et al., 2003). This may reflect the
acquisition o f distinct internal models implemented in spatially segregated regions o f
the cerebellum's modular architecture.

10.4 Other mechanisms of prediction within the CNS

This thesis has prim arily focused on mechanisms that predict the outcome o f planned
actions based on an efference copy signal. However, it is often valuable to be able to
predict upcoming events that one is not oneself involved in producing, and the CNS
has a number o f mechanisms in place to achieve this.
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One instance where accurate prediction should be possible without efference copy is
in predicting how the environment w ill evolve under the influence o f natural laws,
such as gravity. As discussed in Chapter 5, Johansson & Westling (1988) observed
that when subjects dropped a ball from one hand to the other they generated an
anticipatory grip force increase to maintain posture at the expected time o f contact.
The tim ing o f the grip force response remained accurate across different lengths o f
drop, suggesting that the CNS was at least approximately modelling the laws o f
gravity. In that instance, the start o f the drop could be signalled to a forward model by
an efference copy o f the motor command to release the ball. However, the fact that we
are able to catch an object thrown by someone else suggests that the movement o f an
object under gravity can be predicted based on sensory input alone.

In order to appropriately synchronize the movements involved in catching a ball, the
CNS must be able to predict the time-to-contact o f the approaching object based on
visual input. However, this does not necessarily require an internal model o f gravity: a
first-order approximation o f the time-to-contact can be obtained based only on the
size o f the object's retinal image. The ratio o f the current retinal size to its rate o f
change provides a simple and neurologically plausible way o f estimating the time-tocontact that it has been suggested may be sufficiently accurate for many situations
(Lee et al., 1983; Savelsbergh et al., 1992). However, a mechanism that also took into
account the object's acceleration would be able to time a catch more precisely.

This issue was recently addressed in a study in which subjects on a space shuttle
mission caught a ball in 0 g (M cIntyre et al., 2001). Under these conditions subjects
mistimed their catching movements, with errors that increased with decreasing ball
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velocity. This finding is inconsistent w ith a first-order estimate o f time-to-contact, and
instead suggests that the prediction involves a model o f the acceleration due to Earth's
gravity which becomes inappropriate under 0 g. Over the course o f the 17-day
spaceflight the amplitude o f the erroneous movement decayed and a more accurately
timed movement began to develop. This may be preliminary evidence for an
adaptation o f the internal model to account for the absence o f gravity: similar changes
are seen in grip force responses when a constant delay is introduced in the tim ing o f a
load force (Witney et al., 1999). As yet it is unknown whether the prediction o f object
motion based on sensory input depends on the same underlying mechanism as the
prediction based on efference copy. One approach to this question might be to look
for attenuation in the perception o f force when an object is dropped onto a passive
body part, and investigate differences between self-triggered and externally-triggered
drops.

Outside o f the motor system, prediction may play a substantial role in our perception
o f dynamic events in the external world. One o f the clearest examples o f this is the
phenomenon o f representational momentum, first documented by Freyd and Finke
(1984). In their original paradigm subjects viewed a rotating rectangle and then, after
a brief retention interval, made a judgement about its final orientation. Subjects'
responses suggested that they recalled the rectangle as having rotated slightly further
than it actually had. This basic finding has subsequently been replicated for many
different visual stimuli and varieties o f motion, demonstrating a systematic tendency
for observers to extrapolate dynamic events in memory beyond their actual ending
point.
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Subsequent investigations have shown that the error in the recalled endpoint increases
w ith increasing retention interval (Freyd and Johnson, 1987) and depends on the
velocity and acceleration o f the moving stimulus (Finke et al., 1986). These findings
suggest that the mental extrapolation o f motion might result from an internalisation o f
the physical principle o f momentum. According to this view, the error in the recalled
endpoint reflects a tendency to assign the observed object a physical mass: the
memory o f the observed endpoint is biased by a prediction o f the movement endpoint
based on an internal model o f physical laws. In support o f this theory, the endpoint
error has been shown to depend on the implied weight o f the target (Hubbard, 1997)
and the implied friction experienced by the target (Hubbard, 1995). However,
subsequent research has shown a wider conceptual influence on representational
momentum that does not fit so easily with the idea o f an internal model. For instance,
the error in recalled endpoint o f a moving arrow depends on the direction in which the
arrow is pointing (Freyd and Pantzer, 1995). Also, differences have been observed
between the unconscious extrapolation o f movement endpoints and the judgements
made when subjects are explicitly asked to predict how the motion w ill continue
(Cooper and Munger, 1993). This has led to a number o f alternative explanations for
representational momentum, including the suggestion that errors in localising
endpoints for linear motion may be merely the result o f eye movements follow ing the
disappearance o f the target (Kerzel, 2000). It seems likely that representational
momentum results from a combination o f different mechanisms related to intrinsic
properties o f the visual system, predictive internalisation o f physical laws, and more
general expectations about object behaviour. It must be hoped that future research w ill
disentangle these influences and reveal in more detail the role prediction plays in
perception.
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One area in which prediction undoubtedly plays a key role is associative learning.
According to associative learning theory, an association is acquired when a particular
sensory stimulus or behavioural activity is closely and regularly followed by a
reinforcer: a reward or a punishment. Once formed, this association between the
stimulus or action and the reinforcer can be used to guide future behaviour, by
predicting which activities and situations w ill result in positive outcomes and which
negative (Mackintosh, 1975; Dickinson, 1980). Associative learning represents a
simple and widespread form o f prediction, specifically tuned to events with
motivational significance, and is observed in even the simplest nervous systems such
as that o f the sea slug (Kandel, 1976).

In the earliest formulations o f associative learning, every pairing between the stimulus
or action and the reinforcer was thought to increase the strength o f the association.
However, this simple learning rule is often insufficient to explain the conditions under
which associations are formed. For instance, in a 'blocking' procedure (Kamin, 1969;
Martin and Levey, 1991), a particular stimulus is consistently paired with a reinforcer
until an association is established. A second stimulus is then presented along w ith the
original stimulus, again repeatedly paired with the reinforcer. A simple contiguitybased learning rule suggests that an association w ill be formed between the second
stimulus and the reinforcer, but this is not the case. Based on this finding, Kamin
(1969) suggested that associations form only when a reinforcer is surprising or
unpredicted. This hypothesis was formalised by Rescorla & Wagner (1972), who
proposed a learning algorithm in which the increment in the associative strength is
proportional to the error in the prediction o f the reinforcer.
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Electrophysiological and theoretical studies suggest a primary role for dopamine
neurons in the neural implementation o f associative learning. In primates, midbrain
dopamine neurons show short latency responses to primary reward-related stimuli, for
instance when food or liquid rewards are delivered. However, when a reward is
reliably paired with a stimulus, responses to the primary reward decrease and
dopamine neurons begin to respond to the reward-predicting stimulus instead
(Ljungberg et al., 1992; Schultz et al., 1993; Mirenowicz and Schultz, 1996;
Hollerman and Schultz, 1998). I f a predicted reward does not occur then activity is
depressed at the expected time o f the reward, suggesting that dopamine neurons
receive a predictive cancellation signal similar to the cancellation signals involved in
sensory filtering. The result is that dopamine activity signals the prediction error, as
required by neural network models o f Rescorla and Wagner's associative learning
algorithm (McLaren, 1989). Midbrain dopamine neurons have widespread and
divergent projections which innervate a substantial proportion o f neurons in the
striatum and frontal cortex (Berger et al., 1988; W illiams and Goldman-Rakic, 1993).
By broadcasting a prediction error signal to large populations o f neurons, dopamine
neuron activity may act as a teaching signal, modulating the efficacy o f concurrently
active synapses to affect the generation o f subsequent predictions or to alter future
behaviour (Schultz, 1998).

In summary, prediction is a key mechanism involved in many aspects o f brain
function. W ithin the sensory system, the role o f prediction is thought to extend from
the filtering o f incoming sensory input at the earliest stages o f processing to highlevel influences on representation and perception. In the planning o f motor output, the
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influence o f prediction may extend from low-level preparation and coordination o f
muscle activity to the abstract guidance o f behaviour in the pursuit o f long-term goals.

10.5 Overall conclusions

This thesis has advanced our understanding o f the role o f prediction in human sensory
and motor systems by

investigating the perception o f self-generated touch.

Attenuation o f self-generated tactile sensation has been shown to result from an
internal prediction o f the sensory consequences o f planned actions, and key features
o f this predictive mechanism have been elucidated. A simple force-matching
paradigm has been demonstrated as a powerful approach to the investigation o f
sensory prediction in healthy individuals and o f deficits in prediction caused by
disease.
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