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We used fMRI to examine neural re sponse s when
subjects experienced a tacti le s timu lus that w as e ither
se lf-produced or externally produced. The somatosen -
sory cortex show ed increased leve ls of activ ity when
the stimu lus w as externally produced. In the cerebe l-
lum there w as le ss activ ity assoc iated w ith a move -
ment that generated a tacti le s timu lus than w ith a
movement that did not. Th is diffe rence sugge sts that
the cerebe llum is involved in predicting the spec ific
sensory consequence s of movements and providing
the s ignal that is u sed to attenuate the sensory re -
sponse to se lf-generated stimu lation . In th is paper, w e
use regre ss ion analyse s to te s t th is hypothe s is explic -
it ly. Spec ifically, w e predicted that activ ity in the
cerebe llum contribu te s to the decrease in somatosen -
sory cortex activ ity during se lf-produced tactile s timu-
lation . Evidence in favor of th is hypothe s is w as ob-
ta ined by demonstrating that activ ity in the thalamus
and primary and secondary somatosensory cortice s
s ign ifican tly regre ssed on activ ity in the cerebe llum
when tactile s timu li w ere se lf-produced but not when
they w ere externally produced. Th is supports the pro-
posal that the cerebe llum is involved in predicting the
sensory consequence s of movements . In the pre sen t
s tudy, th is prediction is accurate when tactile s timu li
are se lf-produced re lative to when they are externally
produced, and is there fore used to attenuate the so-
matosensory re sponse to the former type of tacti le
s timu lation but not the latte r. ! 1999 Academic P re ss

Key Word s: se lf-mon itoring; forw ard mode ls ; tacti le
sensation ; e ffe rence copy;psychophysio logical in terac-
tion .

INTRODUCTION

It is proposed tha t knowledge of our in ten t ions or
motor commands is used to dist inguish the sensory
consequences of our own act ions from externa lly pro-
duced sensory st imuli (J eannerod, 1988; Fr ith , 1992;
Wolper t et al., 1995; Decety, 1996; J eannerod, 1997;
Wolper t , 1997). In order to achieve th is, some kind of

centra l monitor (Fr ith , 1992) or internal ‘‘forward model’’
(Wolper t et al., 1995; Wolper t , 1997) has been postu-
la ted. These models capture the forward or causa l
rela t ionsh ip between act ions, as signa lled by an effer-
ence copy of the motor command (Von Holst , 1954), and
the predicted sensory outcome, or igina lly termed corol-
lary discharge (Sper ry, 1950). By compar ing th is predic-
t ion with the actua l sensory feedback it is possible to
dist inguish the sensory consequences of our move-
ments from sensory signa ls due to changes in the
outside wor ld.
The ability to predict the consequences of our own

act ions may under lie the differen t ia l percept ion of
ident ica l sensory inputs when self-genera ted compared
to when externa lly genera ted. An example of such
differen t ia l percept ion is the phenomenon tha t people
cannot t ickle themselves (Weiskran tz et al., 1971).
Using a robot ic in ter face we have demonst ra ted tha t
self-produced and externa lly produced tact ile sensa-
t ions are perceived differen t ly (Blakemore et al., 1999).
Subjects consisten t ly ra ted a self-produced tact ile sen-
sa t ion on their r igh t pa lm as being significant ly less
‘‘t ickly,’’ ‘‘in tense,’’ and ‘‘pleasant ’’ than an ident ica l
st imulus produced by a robot . Fur thermore, by using
two robots so tha t the mot ion of the left hand on one
robot determined the tact ile sensa t ion (a piece of soft
foam) on the r igh t hand, computer cont rolled delays of
0, 100, 200, and 300 ms were in t roduced between the
act ion of the left hand and the tact ile sensa t ion on the
r igh t . We found a progressive increase in the ‘‘t ickly’’
ra t ing as the delay was increased between 0 ms (cor re-
sponding to the normal situa t ion in which subjects use
their left hand to move a physica l rod across the pa lm of
their r igh t hand) and 200 ms. In a second condit ion
t ra jectory per turba t ions (rota t ions of 30, 60, and 90°)
were in t roduced between the direct ion of the left hand
movement and the direct ion of the tact ile sensa t ion on
the r igh t hand. Again there was a progressive increase
in the ‘‘t ickly’’ra t ing as the t ra jectory per turba t ion was
increased between 0 and 90°. Under a ll delays and
t ra jectory per turba t ions the left hand made the same
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movement and the r igh t hand exper ienced the same
st imulus. Only the tempora l or spa t ia l rela t ionsh ip
between the act ion of the left hand and the sensory
effect on the r igh t hand was a ltered. These resu lt s
suggest tha t the perceptua l a t tenua t ion of self-pro-
duced tact ile st imula t ion is due to a precise cent ra l
a t tenua t ion of the sensory percept ion , based on specific
spa t iotempora l sensory predict ions, ra ther than a non-
specific a t tenua t ion of a ll sensory signa ls.
This perceptua l a t tenua t ion of self-produced tact ile

sensa t ions could be due to ga t ing of act ivity in somato-
sensory cor tex. Neurophysiologica l da ta demonst ra te
tha t neurona l responses in somatosensory cor tex are
indeed a t tenua ted by self-genera ted movement . For
example, act ive touch is ‘‘ga ted’’in SI of ra t s (Chapin &
Woodward, 1982) and monkeys (J iang et al., 1991;
Chapman & Ageran iot i-Belanger, 1991; Chapman ,
1994) compared to passive and externa l touch of an
ident ica l tact ile st imulus. In order for somatosensory
cor tex act ivity to be a t tenua ted to self-produced sen-
sory st imuli, these st imuli need to be predicted accu-
ra tely. The cerebellum is a likely site for a ‘‘forward
model’’ of the motor appara tus tha t provides predic-
t ions of the sensory consequences of motor commands,
which are then compared with the actua l sensory
feedback from the movement . Evidence for th is supposi-
t ion comes from computa t iona l (Ito, 1970; Paulin , 1989;
Mia ll et al., 1993; Wolper t et al., 1998) and neurophysi-
ologica l da ta (Oscarsson , 1980; Gellman et al., 1985;
Andersson & Armst rong, 1985; Andersson & Arm-
st rong, 1987; Simpson et al., 1995). The er ror signa ls
from this compar ison may be used to modify motor
commands dur ing per formance, to modula te neura l
responses to the sensory consequences of the move-
ment , and to upda te the forward model. This proposed
role of the cerebellum is suppor ted by J ueptner &
Weiller (1998) who conclude tha t , based on the resu lt s
of three PET studies, the cerebellum may be concerned
with monitor ing the sensory outcome of movements.
Using fMRI we have examined the neura l basis of the

differen t ia l percept ion of self- and externa lly produced
tact ile st imuli (Blakemore et al., 1998). A tact ile st imu-
la t ion device (see Mater ia ls and Methods and the
legend of Fig. 1 for deta ils) a llowed a sinusoida l tact ile
st imulus to be applied to the subject ’s left pa lm either
by the subject ’s r igh t hand or by the exper imenter. To
examine the neura l cor rela tes of self-produced tact ile
st imuli we employed a factor ia l design with the factors
of self-genera ted movement of the r igh t hand vs rest
and tact ile st imula t ion on the left hand vs no st imula-
t ion (Fig. 2). Using th is design we were able to assess
what bra in act ivity is unique to the self-genera ted
tact ile st imula t ion condit ion by factor ing out act ivity
associa ted with self-genera ted movement or tact ile
st imula t ion a lone.
We found an increase in act ivity of bila tera l second-

ary somatosensory cor tex when subjects exper ienced
an externa lly produced tact ile st imulus on their pa lm
rela t ive to a self-produced tact ile st imulus (Fig. 4a). We
propose tha t th is inh ibit ion of somatosensory cor tex
act ivity by self-genera ted movements could resu lt from
an at tenua t ion of the actua l sensory feedback based on
predict ion—accura te predict ion occurs when a tact ile
st imulus is self-produced. In the cerebellum there was
less act ivity associa ted with a movement tha t gener-
a ted a tact ile st imulus than with a movement tha t did
not (F ig. 4b). We suggest tha t the cerebellum is in-
volved in predict ing the specific sensory consequences
of movements and providing the signa l tha t is used to
a t tenua te the somatosensory response to self-produced
tact ile st imula t ion .
In th is paper we use regression ana lysis to test th is

hypothesis, based on the following pr inciples. If the
act ivity in one region (area A) predict s the act ivity in
another region (area B) then the st rength of the predic-
t ion reflects the influence area A could be exer t ing on
area B. If the st rength of the predict ion (measured by
regression ana lysis) var ies with the psychologica l con-
text in which the physiologica l act ivity is measured
then th is is evidence for a ‘‘psychophysiologica l in terac-
t ion’’ (Fr iston et al., 1997). Using linear regression we
tested an ana tomica lly const ra ined predict ion (see Fig.
3) tha t the influence of the cerebellum on the tha lamus
and somatosensory cor tex would be st rong in condit ions
where sensa t ion could be predicted from movement
(self-genera ted tact ile st imuli), bu t weak when sensa-
t ion could not be predicted (externa lly genera ted tact ile
st imuli).

MATERIALS AND METHODS

S ubjects

Six normal r igh t -handed volunteers (four females
and two males; mean age 33 years) gave informed
consent and par t icipa ted in the study, which was
approved by the Nat iona l Hospita l for Neurology and
Neurosurgery Eth ics Commit tee.

Design

The exper iment was split in to two 12-min sessions.
Each subject underwent 200 fMRI scans in each ses-
sion . With in each session the subject lay supine on the
MRI bed with their r igh t a rm fixed over their chest to
limit movement to the fingers. Their left a rm was
secured to a perspex sheet with the left hand perpen-
dicu la r to the scanning bed about 5 cm from the fingers
of the r igh t hand. A tact ile st imulus device (Fig. 1)
consisted of a piece of soft foam at tached to a plast ic rod
(length 70 cm) which could pivot about it s cen ter. The
rota t ion of the rod was mechanica lly limited to ver t ica l
movements of amplitude 1.5 cm. The rod could be
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moved either by the subject using the r igh t hand or,
from the other end of the rod, which was outside the
scanner, by the exper imenter. A pulley system allowed
the foam st imulus to be ret racted or exposed, under the
exper imenter ’s cont rol, dur ing scanning. When ex-
posed the foam made ligh t contact with the subject ’s
left pa lm.
There were two exper imenta lly manipula ted var i-

ables: whether a tact ile st imulus occur red and whether
the subjects were required to make movements. In the
movement condit ions movements of the rod were a l-
ways made with the index and th ird fingers of the r igh t
hand. Subjects were inst ructed to move the rod up and
down to it s fu ll exten t (amplitude 1.5 cm) a t a frequency
of 2 Hz and were pract iced beforehand to ensure tha t
they could reliably genera te the desired movements.
The tact ile st imulus was ident ica l in force, amplitude,
and frequency throughout the exper iment . Each condi-
t ion lasted 30 s and was followed immedia tely by the
next condit ion . There were four condit ions using a
with in-subject factor ia l design , with a tota l of 12 repli-
ca t ions of each condit ion per subject (F ig. 2). Subjects
were told which condit ion to per form through ear-

phones (cor responding to the words in paren thesis
following each condit ion name).
Condition A—S elf-generated m ovem ents producing

tactile stim ulation (‘‘touch’’). Subjects made ver t ica l
sinusoida l movements of the rod with the r igh t hand.
This movement produced a tact ile st imula t ion on the
pa lm of the left hand.
Condition B—S elf-generated m ovem ents without tac-

tile stim ulation (‘‘m ove’’). Subjects made ver t ica l sinu-
soida l movements of the rod with the r igh t hand. The
tact ile st imulus was removed from the subject ’s left
pa lm so no tact ile st imula t ion was exper ienced.
Condition C—Externally produced tactile stim ula-

tion (‘‘feel’’). No subject movement occur red. The ex-
per imenter moved the tact ile st imulus sinusoida lly
across the subject ’s left pa lm.
Condition D—No movem ent, no tactile stim ulation

(‘‘rest’’). No movement or tact ile sensa t ion occur red.
The exper imenter moved the rod sinusoida lly a t a
frequency of 2 Hz, but the tact ile st imulus did not touch
the subject ’s pa lm.
The order of condit ions was randomized and counter-

FIG. 1. Diagram of exper imenta l set -up. A tact ile st imulus device consisted of a piece of soft foam at tached to a plast ic rod (length 70 cm),
which could pivot about it s cen ter. The rota t ion of the rod was mechanica lly limited to ver t ica l movements of amplitude 1.5 cm. The rod could
be moved either by the subject using their r igh t hand or from the other end of the rod, which was outside the scanner, by the exper imenter. A
pulley system allowed the foam st imulus to be ret racted or exposed, under the exper imenters cont rol, dur ing scanning. When exposed the
foam made ligh t contact with the subjects left pa lm. See text for deta ils.
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balanced with in and between subjects. Scanning took
place in a darkened room and subjects were asked to
keep their eyes closed dur ing the exper iment . The tota l
number of movements made was counted by the exper i-
menter : the average frequency of movements of the rod
in condit ions 1, 2, and 3 was 2.25 Hz.

Data Acquisition

ASiemens VISION system (Siemens, Er langen) oper-
a t ing a t 2 T was used to acquire both axia l gradien t -
echo, echoplanar T2*-weighted image volumes with
blood oxygena t ion level-dependent (BOLD) cont rast
and axia l T1-weighted st ructura l images for ana tomi-
ca l coregist ra t ion . The exper iment began with the
acquisit ion of a T1-weighted ana tomica l image from
each par t icipant . Funct iona l imaging was then per-
formed in two separa te runs with a 3-min break in
between sessions. Each funct iona l-image volume com-
pr ised 48 3-mm axia l slices with in-plane resolu t ion of
3 ! 3 mm posit ioned to cover the whole bra in . Dur ing
each run , volumes were acquired cont inuously every
4.1 s, while par t icipants per formed either epochs of the
exper imenta l task last ing 32.8 s (8 vol) or epochs of rest
(last ing 32.8 s or 8 vol). Each run began with 8
‘‘dummy’’ vol, which were subsequent ly discarded to
a llow for T1 equilibra t ion effect s. Per iods of no move-
ment (condit ions 3 and 4) then a lterna ted with the

movement condit ions (1 and 2) as descr ibed above for
the dura t ion of each run . The tota l dura t ion of the
exper iment was thus around 35 min , dur ing which t ime
400 funct iona l-image volumes were acquired, of which
384 were subsequent ly ana lyzed.

S tatistical Analysis

Funct iona l imaging ana lysis used the technique of
sta t ist ica l parametr ic mapping, implemented in SPM97

FIG. 2. Table illust ra t ing 2 ! 2 factor ia l design . There were four condit ions: In condit ion A subjects made ver t ica l sinusoida l movements of
the rod with their r igh t hand, which produced a tact ile st imula t ion on the pa lm on their left hand; in condit ion B subjects made ver t ica l
sinusoida l movements of the rod with their r igh t hand, and no tact ile st imula t ion was exper ienced; in condit ion C the exper imenter moved the
tact ile st imulus sinusoida lly across the subject ’s left pa lm; in condit ion D no movement or tact ile sensa t ion occur red. There were 12
replica t ions of each condit ion per subject .

FIG. 3. Diagram of ana tomica l pa thways between the cerebellum
and somatosensory cor tex in the monkey, taken from Waxman and
deGroot (1995).
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[Wellcome Depar tment of Cognit ive Neurology, UK,
ht tp://www.fil.ion .ucl.ac.uk/spm]. For each subject , the
imaging t ime ser ies was rea ligned with sinc in terpola -
t ion (Fr iston et al., 1995b). The da ta were adjusted to
remove any signa l cor rela ted with head rota t ion and
mot ion . The scans were then stereotact ica lly normal-
ized using affine regist ra t ion followed by nonlinear
regist ra t ion . The da ta were resampled using sinc in ter-
pola t ion in to the space of Tala irach & Tournoux (1988).
The scans were then smoothed with a Gaussian kernel
of 6 mm full-width ha lf maximum.
The ana lysis of funct iona l imaging da ta enta ils the

crea t ion of sta t ist ica l paramet r ic maps tha t represen t a

sta t ist ica l assessment of condit ion-specific effects cor re-
sponding to the exper imenta l hypotheses (Fr iston et
al., 1990, 1995a ; Fr iston , 1997). Condit ion-specific ef-
fect s were est imated with the Genera l Linear Model
with a delayed boxcar wave form. Low-frequency sine
and cosine waves modeled and removed par t icipant -
specific low-frequency dr ift s in signa l, while globa l
changes in act ivity were removed by propor t iona l sca l-
ing. Areas of sign ificant change in bra in act ivity were
specified by appropr ia tely weighted linear cont rast s of
the condit ion-specific effect s and determined using the t
sta t ist ic on a voxel to voxel basis.
Sta t ist ica l ana lysis was per formed to examine the

FIG. 4. (a ) Shows significant (P " 0.05 cor rected for mult iple compar isons) decreased act ivity in bila tera l secondary somatosensory cor tex
associa ted with the in teract ion between the effect s of self-genera ted movement and tact ile st imula t ion . (b) Shows significant (P " 0.05
cor rected for mult iple compar isons) decreased act ivity in r igh t an ter ior cerebella r cor tex associa ted with the in teract ion between the effect s of
self-genera ted movement and tact ile st imula t ion . In the r igh t hand of (a and b), the condit ion-specific parameter est imates, which reflect the
adjusted BOLD cont rast signa l rela t ive to the fit ted mean and expressed as a percentage of whole bra in mean act ivity, a re shown. In both cases
the effect s a t the voxel of h ighest in tensity are shown, for illust ra t ion , in a single subject . Simila r parameter est imates were obta ined for the
remain ing subjects in th is sta t ist ica l model. The labeling of the condit ions cor responds to A, self-genera ted tact ile st imula t ion ; B,
self-genera ted movement without tact ile st imula t ion ; C, externa lly genera ted tact ile st imula t ion ; D, rest . In (a ), the effect s a t voxels in the
r igh t (42 # 24 18) par ieta l opercu lum are shown. In (b), the effect s a t the voxel 22 # 58 # 22 are shown. The r igh t an ter ior cerebella r cor tex
was the only area of the bra in tha t resu lted from the cont rast A–B.
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main effects of movement ((A $ B) # (C $ D) in Fig. 2)
and tact ile st imula t ion (A $ C) # (B $ D), the in terac-
t ion of these two factors (A # B) # (C # D), and the
simple main effect of movement with tact ile st imula-
t ion compared to movement with no tact ile st imula t ion
(A # B). Examina t ion of the in teract ion reflects the
sta t ist ica lly sign ificant differen t ia l effect s of self- vs
externa lly produced tact ile st imuli while factor ing out
act ivity due to movement or tact ile st imuli a lone. These
sta t ist ica l cont rast s were used to crea te an SPM5t 6,
which was t ransformed in to an SPM5Z 6 and thresh-
olded a t P " 0.001. Resultan t a reas of act iva t ion were
character ized in terms of their peak heights.

Regression Analysis Testing for Psychophysiological
In teractions

Our hypothesis concern ing psychophysiologica l in ter-
act ions was const ra ined on the basis of established
ana tomica l pa thways between the cerebellum and so-
matosensory cor tex in the monkey (Waxman & De-
Groot , 1995; see Fig. 3). We first ident ified a ta rget a rea
in the cerebellum which showed a significant in terac-
t ion between self-genera ted movement and tact ile
st imula t ion . In three subjects th is was in the anter ior
lobe of the cerebellum; in the other three subjects, the
voxel of maximum intensity was in Crus I of the
cerebellum. We then used SPM to ident ify bra in areas
with in the subset shown in Fig. 3 where act ivity was
predicted by act ivity in the ta rget a rea (the cerebellum)
dur ing self-genera ted tact ile st imula t ion , but not dur-
ing externa lly genera ted simula t ion . To do th is a covar i-
a te (or regressor ) of in terest was const ructed by taking

BOLD signa l va lues for the ta rget voxel in the cerebel-
lum over the t ime course of the exper iment (384 scans)
for each subject and mult iplying these by the cont rast
vector for the in teract ion term in the exper imenta l
design . Having removed the confounding effects of
physiologica l component (the act ivity in the cerebel-
lum) and the psychologica l component (the cont rast
vector for the interact ion between movement and touch),
any region in which act ivity can be predicted from the
covar ia te of in terest shows a psychophysiologica l in ter-
act ion of the kind we have hypothesized. Regression
with the covar ia te of in terest a fter taking account of the
two confounding covar ia tes was ca lcu la ted for every
voxel in the relevant bra in regions. The significance of
the regression in a ll these voxels was displayed in a
SPM[t ] map. A significant va lue implies a difference in
the regression slopes linking cerebella r act ivity to
act ivity in other bra in areas in differen t psychologica l
contexts. Where sign ificant effect s were found the two
regression slopes were plot ted in order to visua lize the
effect s revea led by the psychophysiologica l in teract ion .
We predicted tha t act ivity in the cerebellum would
covary with act ivity in the tha lamus and somatosen-
sory cor tex dur ing the exper ience of self-genera ted
tact ile st imuli, bu t not dur ing the exper ience of exter-
na lly genera ted tact ile st imuli.

RESULTS

Examina t ion of the in teract ion ((A # B) # (C # D) in
Fig. 2) reflects the differen t ia l effect s of self- vs exter-
na lly produced tact ile st imuli, while factor ing out act iv-
ity due to movement or tact ile st imuli a lone (Fig. 4a).
This ana lysis demonst ra ted tha t there was signifi-
cant ly less act ivity in bila tera l secondary somatosen-
sory cor tex, the anter ior cingula te gyrus (ACG) and the
anter ior lobe of the r igh t cerebellum when the tact ile
st imula t ion was self-produced rela t ive to when it was
externally produced (Fig. 4b). The locat ion of the second-
ary somatosensory cor tex act iva t ion was very simila r to
the resu lt s of a meta-ana lysis of funct iona l imaging
studies tha t have found SII act iva t ions (Paulesu et al.,
1997). Self-genera ted movements tha t did not touch the
hand, and movements tha t did, resu lted in equa l
act iva t ion of somatosensory cor tex (there was no act iv-
ity in th is a rea in the subt ract ion of condit ions A # B in
Fig. 2). In cont rast , the r igh t an ter ior cerebella r cor tex
was select ively deact iva ted by self-produced move-
ment , which resu lted in a tact ile st imulus, bu t not by
movement a lone, and significant ly act iva ted by exter-
na lly produced tact ile st imuli rela t ive to rest (F ig. 4b).
Deta iled discussion of these resu lt s a re repor ted in
Blakemore et al. (1998).
To test the hypothesis tha t the cerebellum can influ-

ence neura l act ivity in other bra in regions, regression
ana lyses were per formed to test for the presence of

TABLE 1

Regions Showing an Enhanced Cont r ibu t ion from the
Cerebellum Voxel Used as the Regressor dur ing the

Administ ra t ion of Self-Produced Rela t ive to Externa lly
Produced Tact ile St imuli, in Two Representa t ive

Subjects, for Illust ra t ion

Coordina tes
(x, y, z)

Z value
(P " 0.001)

Subject 1
Cerebellum voxel (regressor ) 34, #56, #24 4.62
Postcent ra l gyrus (R) 42, #12, 60 3.96
Par ieta l opercu lum (R) 38 #16 10 3.99
Par ieta l opercu lum (L) #40 #16 2 3.75
Latera l tha lamus (R) 26, #16, #2 3.92
Media l tha lamus (R) 4, #18, 6 5.02

Subject 2
Cerebellum voxel (regressor ) 38, #42, #44 2.62 (P " 0.005)
Postcent ra l gyrus (R) #40, #6, 46 3.63
Par ieta l opercu lum (R) 46, #20, 16 4.09
Par ieta l opercu lum (L) #46, #26, 10 3.88
Latera l tha lamus (R) 38, 2, 4 4.02
Latera l tha lamus (L) #12, #19, 0 3.90
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psychophysiologica l in teract ions (see Mater ia ls and
Methods). Bra in regions of in terest demonst ra t ing sig-
n ificant (P " 0.001) condit ion-specific changes in the
influence of the cerebellum in two subjects a re shown in
Table 1. The da ta from these two subjects a re represen-

ta t ive of those from all six subjects and are shown for
illust ra t ion purposes.
We demonst ra te here tha t , as predicted, act ivity in

the tha lamus (Fig. 5b), r igh t SI, and bila tera l SII
(F ig. 5c) showed a significant regression on act ivity in

FIG. 5. The cerebellum voxel (circled) as the regressor in the psychophysiologica l in teract ion ana lysis and bra in regions (circled) with an
increased cont r ibu t ion from the cerebellum dur ing the self-produced tact ile st imuli a re shown, for illust ra t ion , in a single typica l subject
(subject 1). (a ) Shows the voxel of maximum intensity in the cerebellum showing a significant in teract ion between the effect s of self-genera ted
movement and tact ile st imula t ion , which was used as the regressor in the psychophysiologica l in teract ion ana lysis. (b and c) Show bra in
regions with an increased cont r ibu t ion from the cerebellum dur ing the self-produced tact ile st imuli. The pr imary somatosensory cor tex (b), the
secondary somatosensory cor tex (c), and the tha lamus (c) a re shown.
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the cerebellum (Fig. 5a) dur ing self-produced tact ile
st imuli condit ions and not in condit ions where tact ile
st imuli were externa lly produced. The context -specific
na ture of the infer red connect ivity between the cerebel-
lum and other bra in areas is illust ra ted graphica lly in
Fig. 6. These plots show a posit ive regression slope
between cerebellum BOLD signa l and the tha lamus
(Fig. 6a), r igh t pr imary (Fig. 6b), and secondary (Fig.
6c) somatosensory cor tex BOLD signa l in the self-
produced condit ion and a flat slope in the externa lly
produced condit ion . The difference between these slopes
was significant a t P " 0.001 in a ll six subjects. The
maximum intensity project ion images in Fig. 5 and the
graphica l displays in Fig. 6 illust ra te the psychophysi-
ologica l in teract ion between the cerebellum and the
tha lamus and somatosensory cor t ices in a single repre-
sen ta t ive subject (subject 1), for illust ra t ion .
It is possible tha t the posit ive cor rela t ion between

act ivity in the cerebellum and act ivity in the tha lamus
and somatosensory cor tex is caused by act ivity in a
th ird area . The only other area tha t was act iva ted by

externa lly produced but not by self-produced tact ile
st imula t ion was the ACG. Act ivity in the cerebellum
and the somatosensory cor t ices did not sign ificant ly
regress on act ivity in the voxel of maximum intensity in
the ACG when th is was used as the regressor. Therefore
the hypothesis tha t act ivity in the ACG influenced
act ivity in the cerebellum and the somatosensory cor t i-
ces was not suppor ted.

DISCUSSION

The finding tha t somatosensory cor tex is act iva ted
more by externa lly produced than by self-produced
tact ile st imula t ion is likely to be the physiologica l
cor rela te of the reduced percept ion associa ted with the
la t ter type of st imula t ion (Weiskran tz et al., 1971;
Blakemore et al., 1999). The reduct ion in somatosen-
sory cor tex act ivity to self-produced tact ile st imuli is in
accord with neurophysiologica l exper iments demon-
st ra t ing tha t act ive touch resu lt s in less neurona l fir ing
in SI than passive and externa l touch of the same

FIG. 6. Graphica l displays illust ra t ing the psychophysiologica l in teract ion between the cerebellum and the tha lamus and somatosensory
cor t ices in a single typica l subject (subject 1). The BOLD values for the voxels (x % 34, y % #56, z % #24) in the r igh t cerebellum and (x % 42,
y % #12, z % 60) in the r igh t pr imary somatosensory cor tex (a); (x % 38, y % #16, z % 10) in the r igh t secondary somatosensory cor tex (b); and
(x % 26, y % #16, z % #2) in the la tera l tha lamus (c) a re plot ted aga inst each other in the self-produced tact ile st imuli and externa lly
produced tact ile st imuli condit ions (see Fig. 2). Regression lines have been fit ted to the da ta , demonst ra t ing a posit ive gradien t in the
self-produced tact ile st imuli condit ion and a nega t ive gradien t in the externa lly produced tact ile st imuli condit ion . The cor rela t ion coefficients
(r ) between cerebellum and SI, SII and tha lamic act ivity are 0.58, 0.42, and 0.47, respect ively, for the self-produced tact ile st imuli condit ion ,
and 0.14, #0.02, and #0.06, respect ively, for the externa lly produced tact ile st imuli condit ion . See Mater ia ls and Methods for deta ils of the
regression ana lysis.
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FIG. 6—Continued
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sur face (see Chapman, 1994). The pa t tern of bra in
act ivity we observed in the cerebellum suggests tha t
th is a rea might be a source of the somatosensory
modula t ion . As discussed in a previous paper (Blake-
more et al., 1998) in somatosensory areas act ivity was
a t tenua ted by a ll movement : these areas were equa lly
act iva ted by movement tha t did and tha t did not resu lt
in tact ile st imula t ion , a finding tha t is in line with a
recent fMRI exper iment by J ansma et al. (1998). In
other words th is movement -rela ted somatosensory ga t -
ing does not seem to depend on the specific sensory
consequences of a movement , bu t instead is associa ted
with a ll self-genera ted movements. However, our psy-
chophysica l exper iment descr ibed above suggests tha t
sensory ga t ing is very sensit ive to the consequences of
the movement since very small delays modula ted the
percept ion of the tact ile st imulus (Blakemore et al.,
1999).
We previously found tha t in cont rast to act ivity in

somatosensory cor tex, the r igh t an ter ior cerebella r
cor tex act ivity was not a t tenua ted as a genera l conse-
quence of a ll movement . Instead th is a rea was selec-
t ively deact iva ted by self-produced movement , which
resu lted in a tact ile st imulus (condit ion A), but not by
movement a lone (condit ion B), and significant ly act i-
va ted by externa lly produced tact ile st imuli (condit ion
C) rela t ive to rest (condit ion 4; Fig. 4b; Blakemore et al.,
1998). This pa t tern suggests tha t the cerebellum makes
use of a forward model of the motor appara tus, which
provides a predict ion of the specific sensory conse-
quences of motor commands and therefore differen t i-
a tes between movements depending on their specific
sensory feedback. In our previous study, when the
actua l sensory feedback of a movement matched the
predicted sensory feedback (when tact ile st imuli were
self-produced), cerebella r act ivity decreased and the
somatosensory cor tex was not act iva ted. In cont rast ,
when tact ile st imuli were externa lly produced they
could not be predicted based on efference copy so the
predicted and actua l sensory feedback did not match .
We propose tha t th is discrepancy is signa lled by the
cerebellum in the form of increased act ivity, and act iv-
ity in somatosensory cor tex cannot be predict ively
ga ted.
In the present study, to test explicit ly the hypothesis

tha t the cerebellum might be a source of the somatosen-
sory modula t ion we used regression ana lyses to invest i-
ga te the cont r ibu t ion of cerebellum to the tha lamus and
somatosensory cor tex when st imuli were self-produced
rela t ive to when they were externa lly produced. The
resu lt ing regression slope suggests an influence of
cerebellum on the tha lamus and r igh t pr imary and
bila tera l secondary somatosensory cor tex. As can be
seen in Fig. 6, each regression slope changed when
tact ile st imuli were self-produced compared to when
they were externa lly produced, thus const itu t ing a

psychophysiologica l in teract ion (Fr iston et al., 1997).
These resu lt s suggest tha t the cerebellum output might
modula te act ivity in somatosensory cor tex via the
tha lamus when, and only when, the predicted and
actua l sensory informat ion are matched, i.e., when
tact ile st imuli a re self-genera ted not when they are
externa lly genera ted.
This reasoning is consisten t with the theory tha t the

cerebellum is a component of a system tha t provides
precise predict ions of the sensory consequences of
motor commands (Ito, 1970; Paulin , 1989; Mia ll et al.,
1993; Wolper t et al., 1998). The forward model of the
arm’s dynamics has, as inputs, the cur ren t sta te of the
arm and an efference copy of the motor commands
being issued and produces a new sta te of the arm. This
model therefore captures the sta te changes in the arm
in response to the motor outflow. In addit ion , a forward
sensory output model of the arm predict s the sensory
reafferen t signa ls tha t a re consequent on a par t icu la r
change in sta te. By linking a forward dynamic and
forward sensory output model an est imate of the sen-
sory consequences of a motor command can be achieved.
In the case of the cur ren t exper iment , an est imate of
the tact ile feedback from the hand movement is made
and, when congruent with the actua l sensory conse-
quences, th is est imate is used predict ively to a t tenua te
the percept of the tact ile st imulus.
Empir ica l research suppor t s the proposa l tha t the

cerebellum is implica ted in making sensory predict ions
in the sensor imotor system. The main input to the
cerebellum, the climbing fibers from the infer ior olive,
has been proposed to act as a compara tor between
in tended and achieved movement , signa lling er rors in
motor per formance (Simpson et al., 1995). Evidence for
th is comes from elect rophysiologica l studies, demon-
st ra t ing tha t neurons in the infer ior olive of ca ts
respond to passively applied cutaneous st imuli bu t not
to simila r st imuli produced by a volunta ry movement of
the ca t (except when st imuli were unexpectedly encoun-
tered dur ing movement ; Gellman et al., 1985). Simi-
la r ly, Andersson & Armst rong (1985, 1987) demon-
st ra ted tha t infer ior olive neurons fire when a ca t
walking on a hor izonta l ladder encounters a rung tha t
unexpectedly gives way. Therefore infer ior olivary neu-
rons have been proposed to act as somat ic ‘‘event
detectors’’ responding par t icu la r ly reliably to unex-
pected st imuli (Gellman et al., 1985; Simpson et al.,
1995). The proposal tha t the cerebellum provides predic-
t ions of the sensory consequences of motor commands is
a lso consisten t with research demonst ra t ing the role of
the cerebellum in processing sensory informat ion on
line. Our da ta lend suppor t to theor ies proposing tha t
the cerebellum is involved in the acquisit ion and dis-
cr imina t ion of sensory da ta (Leiner et al., 1995; Gao et
al., 1996; Bower, 1997a , 1997b), a funct ion tha t would
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be necessary for the compar ison between the actua l and
predicted sensory consequences of the movement .

SUMMARY

Our study demonst ra tes tha t self-produced tact ile
st imuli resu lt in less act iva t ion of somatosensory cor tex
than ident ica l tact ile st imuli when externa lly pro-
duced. Differen t ia l sensory responses to a self-gener-
a ted movement do not occur a t the level of somatosen-
sory cor tex. Instead, our resu lt s suggest tha t specific
sensory predict ions occur a t the level of the cerebellum.
We propose tha t the decrease of act ivity in somatosen-
sory cor tex to self-produced tact ile st imuli occurs be-
cause these match the predicted sensory feedback of
the movement . Our regression ana lyses suggest tha t
th is predict ion might take place in the cerebellum since
act ivity in the tha lamus and somatosensory cor tex
sign ificant ly regressed on act ivity in the cerebellum
when tact ile st imuli were self-produced but not when
they were externa lly produced.
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