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around the population mean. Only four subjects produced matching forces on average 

less than the target force. 

In summary, the results of this meta-analysis suggest that the sensation of self-generated 
force is attenuated by a fixed amount, on average equivalent to a 1 N reduction in the 
perceived force. 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 of the sensation. For example, it may be that the difference in 
perceived intensity between a 3 N and a 2 N force is smaller than the difference between a 
2 N and a 1 N force. If this is the case, the fixed level of attenuation we have observed ( 1 N 
at all force levels) would actually reflect an attenuation in perceived intensity that varies 

with force level. 
We therefore tested the perception of the constant forces used in the force-matching 

experiment in a group of 10 subjects (five male, five female, aged 22-32 years) using 
open magnitude scaling. Forces in the range 1-7 N were presented to subjects in the same 
way as target forces in the force-matching task. Subjects were instructed to rate the intensity 
of each stimulus with a number (no particular scale was specified). Each subject's 
responses were subsequently scaled to the range 0-1 so that means across subjects could 
be calculated. Results are shown in Figure 16.9. 

Subjects' gave forces separated by 1 N significantly different intensity ratings through­

out the tested range [t(9) > 3.0, p < 0.02] implying that the 1 N attenuation observed on 
average in the matching task is large enough to produce perceptible differences in the 
intensity of self- and externally generated forces. The magnitude rating was found to be 
approximately linearly related to the force in newtons over the range 1-5 N (dotted line 
in Figure 16.9), although the rated intensity began to saturate at higher force levels and 
a significantly better fit was achieved overall by a second-order polynomial [t(9) = 7.9, 
p < 0.001; solid line]. 

Figure 16.9 Perceived 

mag nitude of constant forces 
applied to the fin gertip . 

Mean ± SE rating show n, w ith 

a second-order polynomial fit 

for all forces (solid line) and a 

line of best fit for forces in the 
range 1-5 N (dotted 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 of the self­

generated force. 

General discussion 
Self-generated tactile stimulation is perceived as weaker than the same stimulus applied 
by an external source. This phenomenon has been demonstrated, using a range of tech­

niques, in the sensation of tickle (Weiskrantz et al., 1971; Blakemore et al., 1999), 
constant pressure (Shergill et al., 2003), and brief taps (Bays et al., 2005). The underlying 
mechanism may be similar to the cancellation model proposed by von Holst (1950) and 
Sperry (1950) to account for the stability of the visual scene during eye movements. 

According to this model, the expected sensory input is predicted on the basis of efference 
copy and subtracted from the actual sensory input at an early stage of processing. Our 
investigations have confirmed that tactile attenuation depends on a prediction of contact 
between parts of the body (Bays et al., 2006) that is precise in terms of both time (Bays et al., 

2005) and location (Blakemore et al., 1999). 

Clearly in tactile attenuation the predicted input is not subtracted in its entirety; other­
wise we would not be able to feel our own touch at all. In this chapter we have found 
evidence to suggest that the quantity of sensation subtracted from self-generated touch is 
constant, in the sense that it does not vary with the intensity of the self-generated input. 
This explains both the constant excess force produced at different target force levels in 

the force-matching task, and the fact that artificially changing the gain between force 
input and output does not affect performance in that task. Note that this result does not 
contradict our finding in Experiment 2 that tactile attenuation specifically affects self­
generated forces. A gating mechanism, such as movement-related suppression, that does 
not discriminate between self- and externally generated sensation may nonetheless atten­
uate the sensory input in a way that varies with stimulus intensity. Similarly, a cancella­
tion mechanism that specifically affects self-generated input may nonetheless attenuate 
all self-generated input equally, irrespective of intensity. This appears to be the case for 
tactile attenuation. 

We have found that the level of attenuation can be altered by introducing a spatial 
misalignment between force production and sensation. This suggests that tactile attenua­
tion is modulated by the degree to which the current context is consistent with self­
generation. Spatial co-alignment of force is likely to be just one of many factors that 
interact in determining the level of attenuation. In Experiment 1, in order to limit our 
investigation to the single facto r of spatial separation, we ensured that subjects were 
always aware ( and could see) that there was no real object between their hands: only the 

tactile characteristics of an object were simulated. It is possible that the effects of spatial 
misalignment we observed might not have been found if the visual cues associated with 
a real object had also been present, or if the subjects had been blindfolded and led 

to believe they were interacting with a real object. A further question concerns 
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adaptation: given sufficient interaction with the virtual object under a spatial misalign­

ment, would the consistency of the relationship between force input and output eventually 

cause attenuation to return to normal levels? To date we have found no evidence for this 
kind of adaptation in tactile attenuation, although a comparable effect has been observed 
in grip-force modulation (Witney and Wolpert, 2003). 

As discussed previously in this chapter, theoretical models of sensory prediction 
include a forward model, an internal representation of the body and environment that is 

used to transform planned motor commands into predicted sensory consequences. This 
forward model cannot be fixed, but rather its parameters must be updated whenever the 

environment in which we are operating changes. From this viewpoint, the modulation of 
tactile attenuation by a factor such as spatial co-alignment indicates that this factor is 
taken into account in determining the correct parameters of the forward model. Precisely 

how these parameters are updated is currently unknown, but according to one proposal, 
the MOSAIC model (Haruno et al., 2001), predictions made by multiple competing 

forward models are compared to sensory feedback, and the forward model with the 
smallest prediction error is selected to represent the current context. This model has the 
theoretical advantage that it can be extended to describe certain aspects of social interac­

tion: a system of competing forward models that attempts to predict the observed behav­
iour of other people could potentially underlie action imitation and even theory of mind 
(Wolpert et al., 2003). However, if we are indeed able to predict the sensory consequences 
of another person's action, this does not appear to lead to sensory attenuation. Shergill 

et al. (2003) performed an experiment in which subjects took it in turns to press on each 
other's fingers, with the instruction to each reproduce the last force they had felt. The 
result was a rapid escalation of force, suggesting that while the forces subjects applied 
themselves were attenuated, the forces applied to them by the other participant were not. 

It has been suggested that the purpose of sensory attenuation is to enhance the salience 
of unexpected external events. Consistent with this proposal, in this chapter we have 
shown that tactile attenuation specifically affects self-generated input, leaving unchanged 
externally generated sensations in the same part of the body. However, despite its theo­

retical appeal, there is currently no direct evidence to support the salience hypothesis. 
While it is clear that attenuation takes place, fundamental questions as to its purpose 
remain to be answered. 

References 
Angel, R. W. and Malenka, R. C. (1982) Velocity-dependent suppression of cutaneous sensitivity during 

movement. Experimental N eurology, 77, 266- 274. 

Bays, P. M., Wolpert, D. M. and Flanagan, J. R. (2005) Perception of the consequences of self-action 
is temporally tuned and event driven. Current Biology, 15, 1125-1128. 

Bays, P. M., Flanagan, J. R. and Wolpert, D. M. (2006) Attenuation of self-generated tactile sensations is 
predictive, not postdictive. PLoS Biology, 4, e28. 

Blakemore, S. J., Goodbody, S. J. and Wolpert, D. M. (1998a) Predicting the consequences of our own 
actions: the role of sensorimotor context estimation. Journal of Neuroscience, 18, 7511-7518. 

Blakemore, S. J., Wolpert, D. M. and Frith, C. D. (1998b) Central cancellation of self-produced tickle 
sensation. Nature Neuroscience, l, 635--640. 



SENSORIMOTOR FOUNDATIONS OF HIGHER COGNITION I 357 

Blakemore, S. J., Frith, C. D. and Wolpert, D. M. (1999) Spatio-temporal prediction modulates the 

perception of self-produced stimuli. Journal of Cognitive Neuroscience, 11, 551-559. 

Bridgeman, B., Hendry, D. and Stark, L. (1975) Failure to detect displacement of the visual world during 

saccadic eye movements. Vision Research, 15, 719-722. 

Chapman, C. E., Bushnell, M. C., Miron, D., Duncan, G. H. and Lund, J.P. (1987) Sensory perception 
during movement in man. Experimental Brain Research, 68, 516-524. 

Claxton, G. ( 1975) Why can't we tickle ourselves? Perception and Motor Skills, 41, 335-338. 

Davidson, P.R. and Wolpert, D. M. (2005) Widespread access to predictive models in the motor system: 

a short review. Journal of Neural Engineering, 2, S313-319. 

Delevoye-Turrell, Y., Giersch, A. and Danion, J.M. (2003) Abnormal sequencing of motor actions in 

patients with schizophrenia: evidence from grip force adjustments during object manipulation. 

American Journal of Psychiatry, 160, 134-141. 

Dennett, D. and Kinsbourne, M. (1992) Time and the observer. Behavioral and Brain Sciences, 
15, 183-247. 

Descartes, R. (1664) Treatise of Man. Prometheus Books, Amherst, NY. 

Eagleman, D. M. and Sejnowski, T. J. (2000) Motion integration and postdiction in visual awareness. 

Science, 287, 2036-2038. 

Feinberg, I. (1978) Efference copy and corollary discharge: implications for thinking and its disorders. 

Schizophrenia Bulletin, 4, 636-640. 

Flanagan, ). R. and Wing, A. M. (1997) The role of internal models in motion planning and control: 

evidence from grip force adjustments during movements of hand-held loads. Journal of 
Neuroscience, 17, 1519-1528. 

Frith, C. D. (1992) The Cognitive Neuropsychology of Schizophrenia. Erlbaum, Hillsdale, NJ. 

Frith, C. D., Blakemore, S. and Wolpert, D. M. (2000) Explaining the symptoms of schizophrenia: 
abnormalities in the awareness of action. Brain Research, Brain Research Reviews, 31, 357-363. 

Gahery, Y. and Massion, J. (1981) Co-ordination between posture and movement. Trends in 
Neurosciences, 4, 199-202. 

Grusser, 0. J., Krizic, A. and Weiss, L. R. (1987) Afterimage movement during saccades in the dark. 

Vision Research, 27, 215-226. 

Haruno, M., Wolpert, D. M. and Kawato, M. (2001) Mosaic model for sensorimotor learning and 

control. Neural Computation, 13, 2201-2220. 

Helmholtz, H. (1867) Handbuch der Physiologischen Optik. Voss, Leipzig. 

Johansson, R. S. and Westling, G. (1988) Programmed and triggered actions to rapid load changes 

during precision grip. Experimental Brain Research, 71, 72-86. 

Johansson, R. S. and Cole, K. J. (1992) Sensory-motor coordination during grasping and manipulative 

actions. Current Opinion in Neurobiology, 2, 815-823. 

Jordan, M. I. and Rumelhart, D. E. (1992) Forward models: supervised learning with a distal teacher. 

Cognitive Science, 16, 307-354. 

Kornmuller, A. E. (1930) Eine experimentalle Anesthesie der aussen Augenmuskeln am Menschen und 
ihre Auswirkungen. Journal fur Psychologie und Neurologie, 41, 354-366 

Mach, E. (1885) Analysis of Sensations. New York, Dover 

Mack, A. and Bachant, J. (1969) Perceived movement of the afterimage during eye movements. 

Perception and Psychophysics, 6, 379-384. 

Massion, J. (1992) Movement, posture and equilibrium: interaction and coordination. Progress in 
Neurobiology, 38, 35-56. 

Matin, L., Picoult, E., Stevens, J. K., Edwards, M. W., Jr., Young, D. and MacArthur, R. (1982) 
Oculoparalytic illusion: visual-field dependent spatial mislocalizations by humans partially 

paralyzed with curare. Science, 216, 198-201. 



358 I PREDICTIVE ATTENUATION IN THE PERCEPTION OF TOUCH 

Miall, R. C. and Wolpert, D. M. (1996) Forward models for physiological motor control. Neural 
Networks, 9, 1265-1279. 

Milne, R. J., Aniss, A. M., Kay, N. E. and Gandevia, S. C. (1988) Reduction in perceived intensity of 

cutaneous stimuli during movement: a quantitative study. Experimental Brain Research, 70, 569-576. 

Pelz, J.B. and Hayhoe, M. M. (1995) The role of exocentric reference frames in the perception of visual 

direction. Vision Research, 35, 2267-2275. 

Rao, R. P., Eagleman, D. M. and Sejnowski, T. J. (2001) Optimal smoothing in visual motion perception. 

Neural Computation, 13, 1243-1253. 

Schneider, K. ( 1959) Clinical Psychopathology. Grune & Stratton, New York. 

Shergill, S.S., Bays, P. M., Frith, C. D. and Wolpert, D. M. (2003) Two eyes for an eye: the neuroscience of 

force escalation. Science, 301, 187. 

Shergill, S.S., Samson, G., Bays, P. M., Frith, C. D. and Wolpert, D. M. (2005) Evidence for sensory 

prediction deficits in schizophrenia. American Journal of Psychiatry, 162, 2384-2386. 

Sirigu, A., Duhamel, J. R., Cohen, L., Pillon, B., Dubois, B. and Agid, Y. (1996) The mental representa­

tion of hand movements after parietal cortex damage. Science, 273, 1564-1568. 

Sperry, R. W. (1950) Neural basis of the spontaneous optokinetic response produced by visual inversion. 

Journal of Comparative Physiology and Psychology, 32, 482-489. 

Stevens, J. K., Emerson, R. C., Gerstein, G. L. , Kallos, T., Neufeld, G. R, Nichols, C. W. and Rosenquist, A. C. 

( 1976) Paralysis of the awake human: visual perceptions. Vision Research, 16, 93-98. 

von Holst, E. and Mittelstaedt, H. (1950) Das Reafferenzprincip. Naturwissenschaft, 37, 464-476. 

Voss, M., Ingram, J. N., Haggard, P. and Wolpert, D. M. (2006) Sensorimotor attenuation by central 

motor command signals in the absence of movement. Nature Neuroscience, 9, 26-27. 

Weiskrantz, L., Elliott, J. and Darlington, C. (1971) Preliminary observations on tickling oneself. Nature, 
230,598. 

Williams, S. R. and Chapman, C. E. (2002) Time course and magnitude of movement-related gating of 

tactile detection in humans. III. Effect of motor tasks. Journal of Neurophysiology, 88, 1968-1979. 

Williams, S. R., Shenasa, J. and Chapman, C. E. (1998) Time course and magnitude ofmovement­
related gating of tactile detection in humans. I. Importance of stimulus location. Journal of 
Neurophysiology, 79, 947-963. 

Witney, A. G. and Wolpert, D. M. (2003) Spatial representation of predictive motor learning. 

Journal of Neurophysiology, 89, 1837-1843. 

Wolpert, D. M., Doya, K. and Kawato, M . (2003) A unifying computational framework for motor 

control and social interaction. Philosophical Transactions of the Royal Society of London, B, 358, 

593-602. 


