
1.0 yg of UCN, n = 8) had 30-min access to water 
(days 1 through 6, 8, and 10) or saccharin souton 
(days 7 and 9) d a y  for the durat~on of an I 1  -day 
mult~ple-palring test condit~on~ng procedure. UCN 
was admnstered ICV on days 7 and 9 mmed~atey 
after access to the saccharin. On day 11, a rats 
chose between two choces (water or saccharin) A 
sgnif~cant taste aversion was observed only at 1 0 
pg of UCN Mean t SEM milliliters of sacchar~n 
Intake dur~ng the two-bottle test was as follows ve- 
hicle, 16.4 t 4.5 ml; 0.1 pg of UCN, 12.3 t 3.5 ml; 
and 1 0 of pg UCN, 1 1 -t 0 6 ml. Water intake 
during the same two-bottle test was as follows ve- 
h~cle, 8.1 t 3.1 ml; 0.1 yg of UCN, 9,6 t 2.3 ml; and 
1 0 pg of UCN, 20 3 -t 1.2 m .  Water Intake basel~ne 
on days 1 through 6, when the anmals had access 
only to water, was 19 1 t 1 3 (veh~cle), 21 2 t 1 5 ml 
(0 1 pg of UCN), and 22 2 -t 1 8 m ( I  .O pg of UCN). 

15. The nose-poke apparatus cons~sts of an acrylc plas- 
t c  chamber and wre mesh floor (25 cm by 25 cm by 
25 cm) enclosed within a sound- and ight-attenuat- 
n g  box. Two holes, one for food and one for water, 
were made (2 cm above the floor) In two opposte 
side walls of the chamber. Each nose poke n either 
the food or water hole activated the delivery of a 
45-mg pellet or 100 yl of water, respect~vely, into a 
food or water tray situated next to each hole. Nose 
pokes were recorded by photocell beam ~nterrup- 
tions and a m~crocomputer. Rats (W~star) were ex- 
posed to one session dally for 20 hours and traned 
during several days to obtain an appropriate baselne 
level (220% total food Intake from day to day) Six 
an~mals were Injected CV w~th UCN n a w~thn-sub- 
jects desgn; for example, each rat rece~ved each 
dose (0.01,0.1, and 1 0 pg/2 yl) and veh~ce accord- 
ing to a Latin-square desgn with a minimum of 3 
days between Injections lnject~ons were made at 
19:30 hours, 90 mln after the onset of the dark cycle 
(12 hours, 6 p m, to 6 am.). Water Intake followed 
food Intake on a pranda bass Results showed that 
nose pokes for water showed the same decrease as 
food Intake at the same doses of UCN. The data 
were analyzed at 3, 6, and 12 hours after the injec- 
t~ons. Meals or bouts of feeding were defined as 
continuous sequences of nose-pok~ng for 45-mg 
food pellets with no nter-poke interval greater than 
60 s and a minimum ~nter-bout interval of 15 mln 
This analysis 1s s~mlar to that reported by others, and 
meals or bouts corresponded to those of v~sual ~ n -  
spection of the event recorded. J A Gr~nker, A. 
Drewnowski, M Enns, H. Kiss~leff. Pharmacol. Bio- 
chem. Behav 12, 265 (1 980). 
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190 (1992). The plus-maze apparatus cons~sted of 
two open arms (50 cm long by 10 cm w~de) and two 
enclosed arms of the same s~ze with walls 40 cm 
h~gh. It was elevated 50 cm above the ground. The 
two open arms were exposed to the same amount of 
light (1.5 to 2.0 lux) Rats were acclimated for 2 hours 
to the anteroom adjoining the qulet room where the 
plus-maze was placed Each animal was Injected CV 
w~th one of the doses of UCN (0 01,O 1, or 1 yg/2 PI) 
or vehicle and placed back n its cage After 5 min, ~t 
was placed onto the center of the plus-maze for the 
5-min test Time spent on each arm was recorded 
automat~caly by photocell beams and a computer 
program. The maze was carefully w~ped w~th water 
with a damp sponge after each trial. Each anmal was 
exposed only once to the maze. The experimental 
design for all of the stud~es was an Independent 
group (between-subjects) design where each obser- 
vation was made for a separate anmal A rats used 
in the plus-maze test were naive and had not received 
any behavioral testing before beng tested w~th the 
plus-maze because actvity on the plus-maze is very 
sensitve to prlor handl~ng. However, to save on ani- 
mal use, rats rece~ved addtlonal tests and treatments 
after exposure to the plus-maze For the locomotor 
actlv~ty and food Intake stud~es, separate an~mals 
were assgned to each dose and pept~de w~thln that 
dependent var~able, but most of the anmals had 

been tested prevously wth one of the peptdes on 
another behavioral test No animals rece~ved more 
than a total of three pept~de nject~ons, and at least 1 
week separated each peptide adminstraton. Previ- 
ous work has shown no Interaction of prlor plus-maze 
testing on locomotor activ~ty or the feeding response 
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min Activity was recorded over 3 hours, and behav- 
or  was observed every 30 min. The day before the 
experiment, rats were hab~tuated for 1 hour to the 
room and then for 5 hours to the testing cages On 
the test~ng day, after a 90-m~n hab~tuat~on per~od, 
rats were injected ICV wth UCN (0.1,1, and 10 yg/2 
PI) or vehcle, and the locomotor activ~ty was moni- 
tored for the next 3 hours 
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The Mental Representation of Hand Movements 
After Parietal Cortex Damage 

Angela Sirigu,* Jean-Rene Duhamel, Laurent Cohen, 
Bernard Pillon, Bruno Dubois, Yves Agid 

Recent neuroimagery findings showed that the patterns of cerebral activation durlng the 
mental rehearsal of a motor act are similar to those produced by its actual execution. This 
concurs with the notion that part of the distributed neural activity taklng place during 
movement involves internal simulations, but it is not yet clear what specific contribution 
the different brain areas involved bring to this process. Here, patlents with lesions 
restricted to the parietal cortex were found to be impaired selectively at predicting, 
through mental imagery, the time necessary to perform differenhated finger movements 
and visually guided pointing gestures, in comparison to normal individuals and to a 
patient with damage to the primary motor area. These results suggest that the parletal 
cortex IS important for the ability to generate mental movement representat~ons. 

p . ,  . 
redlctlon 1s essential to many aspects of 

lnotor behavior, from postural compensa- 
tion to the tracking of moving objects and 
the planning of a complex trajectory. The 
capacity of the central nervous system to 
simulate and anticipate the behavior of the 
motor apparatus is a central issue not only 
in experimental and colnputational studies 
of motor control ( I ) ,  but also in the study of 
mental processes. Hiunans can use this ca- 
pacity to llnprove a motor skill or induce 
sensorimotor plasticity through mental re- 
hearsal (2) .  Decety and his colleagues have 
shown that lnotor imagery can be used to 
predict the time needed to complete a 
movement, and that the mental reenact- 
ment of an effortf~ul exercise causes the 

A. Sirlgu, B. P~llon, B. Dubos, Y Ag~d, INSERM U-289, 
47 Boulevard de 'HBptaI, 75013 Paris, France. 

same vegetative changes as its actual per- 
formance (3). Studies of cerebral metabolic 
activity have demonstrated that most of the 
regions that are active during overt move- 
ment execution such as the parietal and 
premotor cortices, the basal ganglia, and 
the cerebellum are active during mental 
simulation as well (4). 

These results suggest that lnotor impair- 
ments caused by a cerebral lesion might also 
affect mentally simulated actions. We re- 
ported a case of a patient with motor cortex 
damage where the simulation of a move- 
ment with the affected limb produced a 
sensation of mental drag and matched that 
limb's reduced motor efficiency (5). Parallel 
impairments in iniagined and executed 
movements were also observed in patients 
with basal ganglia dysfiunction due to Par- 
kinson's disease (6). This observation sug- 

J -R Duhamel, Laborato~re de Physologe de a Percep- gests that the excitatory output produced in 
tion et de I'Acton, CNRS-College de France, 15, rue de the cortico-striatal pathways during motor 'Ecoe de Medecne. 75006 Pars. France. 
L. Cohen, HBp~tal de la Salp&tr~&re, 47 Boulevard de imagery closely mimics what occurs during 
'HBp~tal, 75013 Paris, France. movement execution, and that it is acces- 
=To whom correspondence should be addressed. sible to conscious evaluation. Furthermore, 

SCIENCE VOL. 273 13 SEPTEMBER 1996 



the motor cortex and basal ganglia do not 
appear to be instr~unental in forming or 
maintaining a mental image of a limb in 
action. 

the other patients but showed trial-to-trial 
variations. These results are in contrast 
with those previously reported for patient 
C.P., who has degenerative right motor cor- 

time elapsed between a go signal and the 
participant's report of having completed 
five consecutive cycles of the same move- 
ment pattern. Cumulating several cycles 

In the present study we tested the hy- 
pothesis that the parietal cortex might be 
important for the abillty to generate motor 
Images. Parietal lobe lesions ~roduce aorax- 

tical damage, whose simulated movement 
meed on the metronome task mirrored ex- 

was necessary because of the short duration 
of a single movement and the coarse reso- 

actly the asymmetric motor performance of 
the contra- and i~silesional hands 15, 12) .  

lution of mental movement time measure- 
ments. Particloants first colnoleted the im- - 

ia, an impairment of skilled movements, in 
the absence of elementary sensory or motor 
deficits. Apraxic patients have difficulties in 
performing symbolic gestures and panto- 
mimes, where movements must be guided by 
stored representations rather than by con- 
textual cues'.(?). Anticipatory shaping of the 

. ,  , 

Thus, the ability to estimate manual mo- 
tor performance through lnental imagery is 
disturbed after parietal lobe damage. How- 
ever, from the above results, one cannot 

agery task, then executed each movement 
according to the same ~rocedure. 

u 

In normal individuals, imagined and ex- 
ecuted movements increased in parallel 
from the simplest posture to the most com- 
plex one (Fig. 2B). The patient with a 
primary motor impairment (C.P.) predicted 

distinguish whether the patients showed ex- 
aggerated positive or negative biases in es- 
timating movement time but otherwise 

hand duringbgrasping gestures can be inac- 
curate, indicating an impaired recall of fin- 

formed accurate mental motor images, or 
whether the content of the reoresented 

the time necessary to execute each of the 
four postures with equal accuracy wlth ei- 
ther hand (Fig. 2, C and D). She showed 
asvm~netric lnotor ~erformance, with her 

movements was altered. To address this is- 
sue, we evaluated how closely the imagined 

ger grip patterns (8, 9). Parietal lesions can 
affect both motor production and ideation, 

affected contralesioAa1 hand being most 
slowed when executing postures 2 and 4. 
This had been accurately anticipated during 
the mental simulation trials, before she was 

because some patients with apraxia also 
have difficulty recognizing the meaning of 

movements of patients with parietal lesions 
reflected the variation in lnotor oerfor- 
mance associated with specific task factors; 
namely, (i) the complexity of the motor 
program and (ii) colnpliance to the percep- 
tual demands of the task. If parietal lesions 
impair movement representation, a reduced 
parallelism between the timing of motor 
performance and imagery can be expected. 

gestures (10) or in judging their accuracy 
(9). These findings suggest that the parietal 

allowed to try any of the movement se- 
quences. In contrast, patients with parietal 
damage were unable to simulate the behav- 
ior of the contralesiol~al hand. With patient 
I.D.. executed movement duration in- 

cortex might be important for storing or 
accessing motor representations, or both. 

We investigated mentally simulated 
hand movements in four patients with uni- 
lateral left or right parietal lobe lesions, and 

2 ,  

creased steeply with posture complexity, but 
imagined movement duration did not re- 
flect this accurately (Fig. 2E). In this par- 
ticular example, imagined lnovements ap- 
pear to ilnderebtimate the affected hand's 
slowness, which could suggest that the pa- 
tient was in fact simulating a movement of 

in one patient with a lnotor impairment 
associated with a lesion in the right rolan- 
dic area. All patients experienced move- 
ment difficulties that were restricted to the 
hand and fingers ( I  I ) .  In the first task, 
participants mentally simulated a continu- 
ous thumb-fingers opposition sequence with 
either the left or right hand to the sound of 

In one task, four sets of postures were 
einoiricallv selected on the basis of thelr 
degree of diffic~~lty for a group of controls 
(Fig. 2A). In the lmagery condition, the 
participant simulated one of the movement 
seauences with the ~res~ecified hand. 

A 

Movetnent duration was recorded as the 

- 
a metronome. They imagined touching 
each finger in turn, beginning wirh the 
little finger. The speed of the lnetronoine 
beat, initially set at 40 beats per minute, 
was augmented every 5 s, until the individ- 
ual reported that the imagined hand could 
no longer keep LIP with the imposed speed 
(Fig. 1A). The rnovetnent sequence was sub- 
sequently executed according to the same 
procedure, and the actual perfortnance break 
~ o i n t  was recorded. 

A B C 
Mental simulation of a Contralesional hand losilesional hand 

finger opposition sequence 

The results obtained for nine normal 
individuals showed excellent congruence 
between maxitnum imagined and executed 
movement speeds. In contrast, patients 
with parietal cortex lesions produced esti- 
mates that were svstelnaticallv inaccurate 

Executed (beatslmin) 

Fig. 1. (A) The task consisted of mentally rehearsing a finger opposition sequence to the increasing 
pace of a metronome. The maximum subjective speed achleved was later compared wlth the actual 
break point when the same procedure was physically performed lmaglned movement accuracy was 
estimated as the normalized difference between maximum speed achieved in the imagined and the 
executed movement condltlons [(imagined - executed)/executed] Predlctlon errors in normal indl- 
vlduals ranged from -8% to 0% with a mean of -2.1 %, reflecting a small, statistically nonsignificant 
tendency to underestimate actual movement speed. (B and C) The data are represented as scatter 
plots of executed versus imagined movement speed. Points lying on the 45" llne represent a perfect 
match between the two movement conditions. The x symbols represent Individual data points for the 
left- and rlght-hand performance of nlne normal individuals. Other symbols represent the perfor- 
mance of two rlght (R.K,  and J.D.) and two left (J.J. and R.L . )  parletal leslon patients. All patients were 
able to execute the sequence accurately, although movement speed of the contralesional hand was 
generally less than the normal range. Each patlent repeated the ~maglned-executed movement trials 
three times In nonconsecut~ve blocks durlng a single testing session. Each symbol thus represents 
the relatlon between imagery and execution for a single trial. Note the different accuracy and scatter 
of imagined movement speed for the contralesional and ipsileslonal hands In patients J.D., R . K . ,  and 
J , J ,  

(too fast or too slow) or that wkre inconsis- 
tent from one trial to the next. Three ~ a r i -  
eta1 patients made errors in predicting the 
break point of the impaired contralesional 
hand but were accurate in predicting that of 
the unaffected ipsilesional hand, and a 
fourth was impaired bilaterally (Fig. 1, B 
and C) .  The direction of the error varied 
among patients, shoying either consistent 
overestimation (R.K.) or underestimation 
(J.J. and R.L.) of actual tnotor efficiency. 
For case J.J., the errors were smaller than for 
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Fig. 2. (A) Four pars of 
hand postures used In the 
second motor Imagery 
task, ranked by level of 
complexlty (B) In normal 
control ~ndlvlduals, mental 
movement duration accu- 
rately predlcts actual mo- 
tor performance Imag- 
lned and executed move- 
ment durations Increase 
as a funct~on of posture 
complexlty [F(3,21) = 

34.4, P < 0 0001, all palr- 
wlse comparisons signlfl- 
cant at P < 0 05 or less], 
although a Small but con- 
s~stent bias was observed 
In mental movement du- 
rat~on [F(1,7) = 6 49, P < 
0 041 Error bars repre- 
sent the standard devla- 
tlon of the group's mean 
movement duratlon (C 

1 Controls ( n  = 9) 
8 b C7 b 0 g , ,  

It It It it 5 
o b a p  

(1) (2) (3) (4) g 0 

6) (2, (3) (4) ' 
Hand posture 

Right motor cortex lesion (C.P.) 

S? - 60-1 Contralesional 60 7 lpsilesional 

(1) (2) (3) (4) 
Hand posture 

Right parietal cortex lesion (J.D.) 
to F) Effects of motor COr- . 3 60 7 E Contralesional 6 0 1  - 
tex or parietal damage fi 50 
Each column and error 
bar represents, respec .$ 40 

tlvely, the mean and stan- = 30 
dard devlatlon of flve 20 
nonconsecut~ve rhpllca- g 10 tlons of the same tr~al I 
type The shaded area In 

, , 
the background illus- ~ a n b  posthe ' ' 

trates the range of normal 
performance. Both patients made slower movements wlth the contraleslonal 
hand, but dlffered In thelr ability to match this performance in mental simulatior 

Fig. 3. (A) The manual polntlng A 
task requlred a rapid and accurate 
movement wlth the t ~ p  of a hand- 
held stylus from a starilng positlon 
to a square vlsual target, whlch 
was 1 25, 2 5, 5, 10, or 20 mm 
w~de, across aflxed dlstance of 30 
mm (B) In normal lndlv~duals, 
correlation coefflclents between 
movement duratlon for executed 
and lmaglned movements were 
hlgh for both hands (left, r = 0 88, 
r~qht, r = 0 93) The  lot shows the 

(1) (2) (3) (4) 
Hand posture 

F lpsilesional 

(1) (2) (3)  (4 ' 
Hand posture 

than wlth the ipsilesional 
i trials. 

6 Controls (n  = 9) 

I 
0 5 10 15 20 

Target width (mm) 

mean and standard devlatlon of 
Right parietal lesion (R.K.) 

executed and lmaglned move- 
ment durat~on as a funct~on of tar- C Contralesional D lps~lesional 
get width, and a nonlinear logarith- 

, I I , , , 
e I , , 

mic regresslon fit to both sets of 
data, using the equation f = a + 
p[ln(2 AIW)], where A and W rep- 
resent movement amplitude and 
target wldth, respectlvely. (Coeffl- 
cients obtained for imagery: a = a ...... 8 -............ 
2.6, g = 1.1; for executlon: a = .$ 
3.0, g = 1 . I ) .  A better fit was ob- 
tained wlth logarithmic regresslon 0 5 10 15 20 0 5 10 15 20 
(r2 of 0.61 and 0.65 for imagery Target width (mm) 

and executlon trials, respectively) than with linear regression (r%f 0.52 for both trlal types). (C and D) Motor 
imagery and movement execution for parietal lesion patient R.K. Symbols represent three nonconsecutive 
repllcatlons of the same trial type, and the dashed and solid llnes correspond to the nonlinear regression 
fit applied to the patient's ~ridivldual trial data for Imagined and executed movements, respect~vely. 

the normal hand, disregarding the tnotor 
tmpairment. Comparison of the test results 
for the two hands (Flg. 2, E and F) shows 
that thls is not the case because the mean 
duration and variability differ for three of 
the four postures, depending on whether the 
patient was instructed to simulate a tnove- 
ment of the contralesional or the ipsilesional 
hand. A similar pattern of results was ob- 
served in another patient with a right pari- 
etal lesion (R.K.). In the left parietal patient 
R.L., the tnotor itnagery impairment was 
bilateral and characterized by longer imag- 
ined movement duration cotnpared with ex- 
ecuted tnovetnent duration (Table 1 ). 

In another task the effects of a percep- 
tual rather than a motor variable were test- 
ed. 111 reaching for a visual target, the hand 
must decelerate more slowly as it homes in 
on a small target than on  a large one (1 3). 
This speed-accuracy trade-off is expressed 
in Fitts' law (14), which states that total 
movement duration is inversely related to 
the logarithm of tareet width. T o  test 

L. L. 

whether this relation applies to imagined 
movements, we had ~ a r t i c i ~ a n t s  maintain 
the tip of a hand-heid styl;s stationary at 
the starting location and at  a go signal, 
mentally place it inside a variable-size open 
square (Fig. 3A).  Different combinations of 
target hand and size were randomly inter- 
leaved. As in the previous task, participants 
performed the same movement five consec- 
utive times, and motor imagery trials were 
com~le ted  before actual execution of the 
movements. Imagined and executed move- 
ment times were highly correlated in nor- 
mal individuals, and Fitts' law accounted 
equally well for imagined and executed 
movements (Fig. 3B). In patients with pa- 
rietal lesions, actual movement execution 
was modulated by target size, but motor 
imagery was not. This is illustrated in Fig. 
3 C  for case R.K., whose imagined move- 
ments with the affected hand were too rapid 
and failed to show any sensitivity to target 
size. As in the previous task, simulation of 
ipsilesional hand movements (Fig. 3D) 
showed a very different pattern, ruling out 
the possibility that the patient imagined a 
normal movement when in fact he was in- 
structed to imagine using his affected hand. 

For the two patients with right parietal 
lesions, imagined movements of the intact , 

hand accurately predicted actual motor per- 
formance, indicating that their deficit is a 
selective incapacity to generate a mental 
representation of the contralesional hand's 
movements (Table 1). The  patients with 
left parietal lesions were somewhat different 
in that they showed partial (J.J.) or com- 
plete bilateral impairments (R.L.). Al- 
though this is consistent with the observa- 
tion that left parietal lesions can produce 
bilateral apraxia (15), the possibility of 
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nonspecific mental imagery impairments 
must first be eliminated through appropriate 
control experiments. All patients were test- 
ed for motor imagery of hip, shoulder, elbow, 
and wrist joint movements. Both left and 
right parietal patients showed normal and 
congruent imagined and executed move- 
ment duration with both body sides. In some 
patients, a small asymmetry of performance 
could be detected for imagined wrist move- 
ments. In case R.L., the selectivity of motor 
imagery impairments for distal extremities 
was further confirmed in another pointing 
task involving a rigid arm with rotation at 
the shoU,kler joint and no wrist or finger 
movements. When pointing movements 
were thus restricted to the proximal limb 
joint, executed and imagined movement 
times were well correlated bilaterally (16). 

In two previously investigated brain re- 
gions, the motor cortex and basal ganglia, 
impaired motor behavior was accurately re- 
flected in mental movement rimes (5, 6). 
T o  our knowledge, the present results on 
the effects of parietal lesions constitute the 
instance of focal cerebral damage associated 
with an impaired capacity to mentally sim- 
ulate a movemeht. The selectivity for hand 

movements is in accord with previous stud- 
ies of movement disorders in such patients 
(8, 9 )  and with electrophysiological data 
from nonhuman primates showing that sen- 
sorimotor transformations for complex 
hand movements are performed in the pa- 
rietal cortex (1 7). 

The exact contribution of the parietal 
cortex in predicting manual motor perfor- 
mance remains to be clarified. A t  least two 
mechanisms can be considered. One possi- 
bility is that kinesthetic representations 
stored in parietal cortex must first be acti- 
vated and organized to entrain other brain 
regions that are active during movement 
simulation. Another possibility is that the 
parietal cortex is involved in monitoring 
the motor outflow, through the efference 
copy received from downstream motor ar- 
eas. Such signals do converge on  parietal 
cortex, and it has been shown that parietal 
neurons can predict sensory changes in an- 
ticipation of intended movements (18). A 
broader perspective on  the contribution of 
individual brain areas to mentally simulated 
actions will be gained from further studies 
of motor imagery in patients with other 
lesion locations, for example, in premotor 

structures, such as the supplementary motor 
area, and in the cerebellum, which has re- 
cently been proposed as a substrate for an 
internal model of arm dynamics (19). 
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