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Abstrac t 

We find evidence for a tight coupling between motor action 
and transfonnatio n o f  visua l  menta l  images :  i n a  dual-tas k 
experimen t  involvin g bot h menta l  an d manua l  rotation ,  i t  i s 
foun d tha t  menta l  rotatio n o f  abstrac t  visua l  image s i s faste r 
and les s error-pron e whe n accompanie d b y manua l  rotatio n 
i n th e sam e direction ,  slowe r  an d mor e error-pron e whe n 
moto r  rotatio n i s  i n th e opposit e direction .  Variation s i n 
moto r  speed ,  o n bot h larg e an d smal l  scales ,  ar e 
accompanie d b y correspondin g variations ,  i n th e sam e 
direction ,  i n menta l  rotatio n speed .  W e briefl y speculat e on 
th e mechanism s tha t  coul d giv e ris e t o thi s interaction . 

Introduction 

T h e mai n findin g o f  th e cognitiv e neuroscienc e o f  visua l 
menta l  imager y ha s bee n th e identificatio n o f  perceptua l 
mechanism s i n imager y tasks ,  confirmin g th e intuitio n tha t 
we indee d 'see '  ou r  visua l  menta l  images .  Thi s ha s bee n 
ampl y demonstrate d i n studie s showin g th e interactio n o f 
visua l  menta l  imager y wit h processe s characteristi c o f 
visua l  perception ,  suc h a s objec t  identificatio n an d 
illusions ;  i n brai n activatio n studie s (th e activatio n o f 
occipita l  corte x i n visua l  menta l  imager y tasks) ;  an d i n 
observation s o f  patient s wit h lesion s (se e Kossly n (1994 ) 
fo r  a  review) . 

Alon g wit h thi s ver y importan t  resul t  ha s com e th e 
widesprea d belie f  tha t  visua l  imager y i s  a  purel y visua l 
function .  I f  w e se e image s o f  thing s i n ou r  heads ,  i t  i s 
becaus e w e hav e see n thos e things ,  o r  thei r  parts ,  befor e 
wit h ou r  eyes .  I f  w e ca n transfor m ou r  visua l  images ,  i t  i s 
becaus e w e (o r  ou r  distan t  ancestors )  hav e watche d object s 
translate ,  zoom ,  an d rotate .  Visua l  imager y i s subserve d b y 
th e mechanism s responsibl e fo r  visua l  perception ,  objec t 
recognition ,  an d th e perceptio n o f  rea l  o r  apparen t  motio n 
(Shepard ,  1984) .  Accordin g t o Shepard' s influentia l  view , 
bot h th e transformation  o f  visua l  menta l  images ,  an d 
mechanism s responsibl e fo r  apparen t  visua l  motio n ar e 
''...internalization s o f  curren t  o r  pre\iousl y prevailin g 
externa l  circumstances "  (Shepard .  1984 ,  p .  431) , 
circumstance s experience d throug h (predominantl y visual ) 
perception .  Thi s empiricis t  theor y o f  menta l  imager y i s no t 
new,  an d ca n b e trace d bac k a t  leas t  t o H u m e ,  w h o wa s 
alread y concerne d b y on e o f  th e mai n mysterie s tha t 
currentl y surroun d menta l  imager}- ,  namel y w h y menta l 

image s follo w continuou s trajectorie s w h e n transformed ; 
hi s solutio n i s a s follows : 

'Tis... evident, that as the senses, in changing their objects, are 
necessitate d t o chang e the m regularly ,  an d tak e the m a s the y li e 
contiguou s t o eac h other ,  th e imaginatio n mus t  b y lon g custo m 
acquir e th e sam e metho d o f  thinking ,  an d ru n alon g th e part s o f 
spac e an d tim e i n conceivin g it s objects .  (Hume ,  1739/1985 ,  p . 
58) 

Meanwhile, information has been accumulating on 
menta l  imager y i n anothe r  modality ,  so-calle d 'moto r 
imagery' — th e first-person  imaginatio n o f  voluntar y moto r 
action s (se e Jeannero d (1997 )  fo r  a  review) .  Here ,  too ,  i t 
has bee n foim d tha t  moto r  imager y share s mechanism s wit h 
th e moto r  system ,  fro m premoto r  cortex ,  th e supplementar y 
moto r  are a an d moto r  corte x (activate d durin g moto r 
imager y tasks) ,  b y wa y o f  autonomi c reaction s (simila r  i n 
moto r  imager y an d moto r  tasks) ,  al l  th e wa y d o w n t o th e 
muscle s ( E M G activit y durin g moto r  imagery)—fo r  a 
review ,  se e Jeannero d (1997) .  I t  ha s bee n assume d tha t 
moto r  imager y i s distinc t  fro m visua l  menta l  imagery ,  a s 
th e forme r  i s experience d fro m a  first-person  perspective , 
th e latte r  fro m a  third-perso n poin t  o f  view . 

T h e peacefii l  co-existenc e of ,  o n on e hand ,  visua l 
perceptio n an d visua l  menta l  imagery ,  an d o f  moto r  actio n 
and moto r  imager y o n th e other ,  i s  trouble d b y a  numbe r  o f 
borderlin e cases .  Wha t  ar e w e t o mak e of ,  fo r  instance , 
Parsons' s (1994 )  finding  tha t  th e menta l  rotatio n o f  image s 
of  hand s (i n th e servic e o f  a  typica l  visua l  task ,  objec t 
identification )  i s modulate d b y th e actua l  orientatio n o f  th e 
subject' s hand s durin g th e task ? O r  o f  th e resul t  o f 
Wohlschlage r  &  Wohlschlage r  (1996 )  tha t  menta l  rolnlio n 
i s faste r  whe n accompanie d b y moto r  rotatio n i n th e sam e 
direction ,  slowe r  w h e n th e moto r  rotatio n i s i n th e opposit e 
direction ? O r  o f  th e finding  o f  Shiffra r  &  Frey d (1990 )  tha t 
apparen t  motion ,  a  proces s tha t  ha s bee n closel y associate d 
wit h \isua l  menta l  imager* ,  i s  informe d b y th e kinematic s 
of  bod y parts ? Or ,  indeed ,  o f  th e existenc e o f  a  literatur e 
(albei t  conlro\ersial )  tha t  suggest s tha t  moto r  constraint s 
ar e incorporate d int o th e visua l  syste m a t  fairi y  lo w level s 
of  perceptio n (e.g. ,  Vivian i  &  Stucchi ,  1992) 7 Other . 
indirect ,  evidenc e exist s fo r  th e interactio n betwee n 
movement  (rea l  o r  imagined )  an d visua l  menta l  imagcr\ , 
in\olving ,  fo r  example ,  th e interactio n betwee n rea l  an d 
imagine d movemen t  an d spatia l  memor y (Johnson ,  1982 : 
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Quin n &  Ralston ,  1986 ;  Finke ,  1979) ;  m u c h o f  thi s 
materia l  i s  abl y reviewe d b y Kossly n (1994) . 

I n ligh t  o f  thi s evidenc e betwee n moto r  actio n an d visua l 
menta l  imagery ,  w e pu t  forwar d tii e imagery/moto r 
hypothesis :  th e moto r  syste m i s involve d i n th e voIunlar> ' 
transformation s o f  visua l  menta l  images .  Afte r  all ,  n\os t 
non-menta l  imag e transformation s i n th e environmen t  ar e 
directl y produce d b y th e subject' s manipulatio n o f  medium -
siz e objects .  Coul d i t  b e tha t  th e moto r  syste m guide s imag e 
transformation ,  eve n w h e n th e imag e i s no t  seen ,  bu t 
imagined ? 

Ther e ar e a t  leas t  tw o way s i n whic h th e imagery/moto r 
hjpothesi s m a y b e true .  First ,  moto r  informatio n m a y b e 
statically ,  structurall y incorporate d int o th e visua l  s>'Stem , 
so that ,  fo r  instance ,  i t  m a y b e difilcul t  t o (visually ) 
imagin e trajectorie s tha t  violat e constraint s o n bod y 
movement  (suc h a s th e /?" ^  law ,  tha t  Vivian i  &  Stucch i 
(1992 )  sugges t  m a y b e stnicturall y incorporate d int o visua l 
perception) .  Second ,  th e moto r  syste m m a y pla y a  dynamic , 
'on-line '  rol e i n guidin g visua l  imager y transformations ; 
thi s versio n woul d accoun t  fo r  Parsons' s (1994 )  data . 

The followin g experimen t  wa s carrie d ou t  t o tes t  th e 
Inpothesi s o f  dynami c interactio n betwee n visua l  imager y 
transfomiatio n an d th e moto r  system .  I t  combine s th e 
classi c menta l  rotatio n tas k o f  Coope r  &  Shepar d (1974 ) 
wit h a  moto r  task ,  i n whic h th e subjec t  perform s a 
simultaneou s manua l  rotation .  (Th e manua l  rotatio n wa s 
active ,  bu t  it s spee d wa s nevertheles s controlled—se e 
descriptio n belo w fo r  h o w thi s wa s managed) .  Th e nul l 
hypothesi s predict s a  simpl e dual-tas k effect , 
undifferentiate d accordin g t o th e detail s o f  th e imager y o r 
moto r  tasks .  Th e imagery/moto r  hypothesis ,  o n th e othe r 
hand ,  predict s tha t  th e moto r  syste m i s invohe d i n 
transformation s o f  menta l  images ,  suc h a s menta l  rotation . 
I f  th e moto r  syste m i s occupie d wit h a  manua l  rotatio n task , 
involvin g rotatio n wit h a  give n spee d an d direction ,  th e 
concurren t  menta l  rotatio n tas k shoul d b e impede d t o th e 
exten t  tha t  it s spee d an d directio n clas h wit h thos e o f  th e 
moto r  task . 

Experiment 

What  follow s i s a  summar y o f  th e experimenta l  procedure . 
For  ful l  details ,  se e We.xler ,  Kossly n &  Bertho z (1997) . 

Method 

The experimenta l  apparatu s consiste d o f  a  compute r  scree n 
(a t  subject' s ey e level ,  see n throug h a  visua l  tunnel )  fo r  th e 
presentatio n o f  visua l  stimuli ;  a  joystic k tha t  wa s fre e t o 
tur n i n a  smal l  circl e i n a  plan e paralle l  t o th e compute r 
scree n (locate d belo w th e screen ,  a t  th e leve l  o f  th e 
subject' s  abdomen) ;  an d tw o foot-switches ,  o n whic h th e 
subject' s fee t  rested . 

Each tria l  consiste d o f  tw o tasks ,  th e imager y tas k an d 
tli e moto r  task . 
Imager y Task .  Ver y simila r  t o th e Shepar d &  Coope r 
(1973 )  two-dimensiona l  menta l  rotatio n task .  I t  consiste d o f 
thre e phases :  (1 )  o n th e compute r  screen ,  th e subjec t  sa w 
one o f  th e figure s (illustrate d i n Figur e 1 )  i n it s canonica l 
orientation ,  centere d a t  th e to p o f  th e scree n ( 5 sec) ,  alon g 

wit h a n arro w tha t  pointe d fro m th e cente r  o f  th e scree n t o 
th e figur e ( 5 sec) ;  (2 )  th e figiir e an d arro w disappear ,  an d a 

\  ^  i  ^ 

Fig\ir e 1 :  Stimul i  i n imagery '  task ,  i n thei r  canonica l 
orientation s 

new arrow reappears, pointing from the center of the screen 
t o a  differen t  location ,  differin g b y a n angl e 9  fro m th e 
previou s uprigh t  arro w (1. 5 sec) ;  (3 )  th e figur e reappear s 
(eithe r  th e original ,  o r  it s  mirro r  image )  translate d t o th e 
locatio n indicate d b y th e arro w a s wel l  a s rotate d b y angl e 0 
(lik e numeral s o n som e cloc k faces) .  Th e subject' s tas k wa s 
t o determine ,  a s quickl y a s possible ,  whethe r  thi s las t  figur e 
was a  th e sam e a s th e firs t  (excep t  fo r  a  rotation) ,  o r 
whethe r  i t  wa s als o mirror-reflected ;  th e respons e wa s 
give n b y pressin g on e o f  tw o pedals .  Th e tim e betwee n th e 
onse t  o f  th e thir d stimulu s an d th e pressin g o f  a  peda l  wil l 
be referre d t o a s th e respons e tim e (RT) .  T h e subjec t  w a s 
encourage d t o begi n th e proces s o f  menta l  rotatio n a t  th e 
onse t  o f  phas e 2 . 

Motor task. The simultaneous motor task consisted in 
rotatin g th e joystic k handl e i n a  previousl y specifie d 
directio n (i.e. ,  clockwis e o r  counterclockwise )  an d a t  a 
specifie d angula r  speed ,  c o (eithe r  45°/se c o r  90°/sec) .  I n 
preliminary '  training ,  th e subjec t  learne d t o rotat e th e 
joystic k a t  th e require d spee d withi n a  give n toleranc e 
(45%) .  Th e subjec t  coul d se e neithe r  hi s han d no r  th e 
joystick ,  du e t o th e presenc e o f  th e visua l  tunnel . 

Befor e th e beginnin g o f  eac h bloc k o f  1 6 trials ,  th e 
subjec t  wa s give n (verbally )  th e directio n i n whic h h e wa s 
t o tur n th e joystick ,  an d wa s require d t o produc e manua l 
rotation s unti l  th e angula r  spee d fo r  tw o successi\ e 
rotation s wa s withi n th e toleranc e rang e aroun d th e targe t 
angula r  spee d co .  Th e moto r  tas k wa s synchronize d wit h th e 
iiuager y task :  th e joystic k remaine d fixe d a t  th e 1 2 o'cloc k 
positio n (0° )  durin g phas e 1  o f  th e imager y task ;  th e subjec t 
bega n turnin g th e joystic k a t  th e onse t  o f  phas e 2  o f  th e 
imager y task ,  an d wa s t o kee p turnin g a t  th e constan t  spee d 
CO unti l  a  respons e wa s gi\e n i n th e imager y task . 

Experimental Dcsijjn. The experiment was a 2 (fo=43. 
90°/sec )  X  2  (counter- ,  clockwis e manua l  rotation )  x  8 
(value s o f  angl e 6  i n imager y task ,  evenl y space d b y 45° )  x 
4 (initia l  stimuli )  x  2  (respons e conditions :  mirror-reflecte d 
or  not )  design .  Th e subject s cam e fo r  tw o sessions ,  eac h o f 
whic h consiste d o f  8  block s o f  1 6 trials .  Trial s wiil i  error s 
(eithe r  gî •in g th e wron g answe r  i n th e imager y task ,  o r 
failin g t o tur n withi n th e toleranc e rang e o f  th e targe t 
moto r  speed ,  o )  wer e repeate d a t  th e en d p f  eac h session .  I n 
addition ,  immediatel y followin g th e secon d session . 
subject s repeate d th e task ,  bu t  withou t  th e moto r  rotatio n ( 4 
block s o f  1 6 trial s  each) ,  th e 'no-motor '  condition . 
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Th e subject s wer e divide d int o tw o groups ;  on e grou p 
had moto r  spee d tt)=45°/sec  i n th e firs t  sessio n an d 
co=90°/se c i n th e secon d sessio n (th e 45-9 0 group) ,  an d vic e 
vers a fo r  th e 90-4 5 group .  Withi n eac h session ,  th e 
directio n o f  moto r  rotatio n aUernate d fro m bloc k t o block . 
Th e remainin g orde r  o f  trial s wa s random . 

Data Analysis 

Becaus e o f  it s  complexity ,  onl y th e mai n result s o f  th e 
analysi s wil l  b e give n here ;  fo r  details ,  th e reade r  i s 
referre d t o Wexler ,  Kossly n &  Bertho z (1997) . 

Twelv e pai d \olunteer s participate d a s subject s ( 6 m e n 
an d 6  w o m e n ) .  Subject s ha d n o prio r  laborator y experienc e 
uit h menta l  imagery .  The y wer e divide d randoml y int o th e 
45-9 0 an d 90-4 5 group s ( 3 m e n an d 3  w o m e n i n each) . 

Imagery task. Data was collapsed across the 4x2 stimulus 
an d reflectio n conditions ,  an d acros s subjects .  Figur e 2 
show s a n exampl e o f  th e R T curve s fo r  th e differen t  moto r 
conditions ,  i n th e firs t  sessio n fo r  th e 45-9 0 group . 
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Figur e 2 :  E.xampl e o f  menta l  R T cur\ e fo r  difieren t  mo to r 
conditions :  C W manua l  rotation ,  C C W manua l  rotation , 
and n o manua l  rotation .  Clockwis e angle s ar e positive . 

As can be seen from Figure 2, concurrent manual rotation 
had a  stron g selectiv e effec t  o n th e menta l  rotation .  W h e n 
subject s wer e perfomiin g clockwis e manua l  rotation ,  fo r 
example ,  menta l  rotatio n wa s faste r  clockwis e tha n 
counterclockwise ,  an d vic e vers a fo r  counterclockwis e 
manual  rotation .  T h e effec t  wa s stron g enoug h t o shif t  th e 
m i n i m u m o f  th e R T cur\e .  I n ordinar y menta l  rotatio n 
experiments ,  th e minima l  R T i s a t  9=0° ,  a s i t  i s  i n ou r  no -
moto r  conditio n (th e dotte d curve) ;  i t  i s  easies t  t o compar e 
tw o successiv e stimul i  whe n the y ar e a t  th e sam e 
orientation .  Thi s i s no t  s o whe n th e menta l  rotatio n i s 
accompanie d b y moto r  rotation .  W h e n subject s perfor m a 
moto r  rotation ,  the y fin d i t  easies t  t o compar e th e tw o 
stimul i  w h e n th e secon d stimulu s i s rotate d b y 45 °  wit h 
respec t  t o th e first ,  i n th e directio n o f  tli c  moto r  rotation ! 

Simila r  result s wer e obtaine d fo r  th e 90-4 5 grou p i n th e 
firs t  sessio n (excep t  tha t  th e R T minim a wer e no t  shifte d 

fro m 0°) .  I n th e secon d session ,  however ,  th e effec t  al l  bu t 
disappears .  I n orde r  t o stud y thi s imagery/moto r  interactio n 
effec t  quantitatively ,  w e performe d a n A N O V A. 
categorizin g trial s a s compatibl e i f  th e menta l  rotatio n i s i n 
th e sam e directio n a s th e manua l  rotation ,  an d 
incompatibl e otherwise .  O n sessio n 1  dat a alone ,  th e 
A N O VA yield s a  significan t  effec t  o f  compatibilil v 
(F(l,10)=9.49 ,  p=.Ol) ,  bu t  no t  o n sessio n 2  (F(l,10)=.69 , 
U.S.) . 

I n th e analysi s o f  errors ,  a  simila r  effec t  o f 
imagery/moto r  compatibilit y  wa s obtained .  I n th e first 
session ,  error s ar e highe r  i n th e incompatibl e cas e ( 3 6 % o f 
trials )  tha n i n th e compatibl e cas e (28%) ,  givin g 
F(l,10)=4.43 ,  p=.06 .  B y th e secon d session ,  th e effec t 
disappear s ( 1 5 % an d 1 6 % ,  respectively ,  F(l,10)=.02) . 

I s ther e an y relatio n betwee n th e spee d o f  menta l  rotatio n 
and th e moto r  speed ? Th e imagery/moto r  hypothesi s 
predict s that ,  al l  els e bein g equal ,  highe r  moto r  spee d o 
woul d spee d u p menta l  rotation ,  an d lowe r  c o woul d slo w i t 
down Thi s ca n b e checke d b y comparin g th e averag e 
menta l  rotatio n speed s o f  th e tw o group s o f  subject s (th e 
45-9 0 an d th e 90-4 5 groups )  i n th e tw o sessions .  Thi s effec t 
must  b e distinguishe d fro m tw o uninterestin g effects ,  a 
possibl e inter-grou p differenc e i n menta l  rotatio n spee d 
(cause d b y individua l  difference s a m o n g th e subject s wh o 
happe n t o b e i n eac h group) ,  an d a n overal l  speedin g u p o f 
menta l  rotatio n wit h practice .  Defin e th e menta l  rotatio n 
spee d a s |9|/RT .  Averagin g b y grou p an d session ,  w e obtai n 
th e result s i n Figur e 3 . 
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Figur e 3 :  M e a n menta l  rotatio n spee d b y grou p an d 
session .  Grou p 45-9 0 manuall y rotate d slowe r  i n th e first 
session ,  faste r  i n th e second :  vic e vers a fo r  grou p 90-45 . 

Both of the uninteresting effects mentioned above arc 
presen t  i n th e data :  grou p 90-4 5 i s somewha t  slowe r  a t 
menta l  rotatio n tha n grou p 45-9 0 (no t  surprisin g give n th e 
siz e o f  th e group s an d th e larg e variation s i n th e 
population) ,  an d ther e i s a n overal l  tren d fo r  highe r  spee d 
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i n th e sessio n 2 .  Superimpose d o n these ,  ho\ve\er ,  i s a  ver y 
larg e an d interestin g inter-grou p difTercncc :  grou p 45-9 0 
(whic h manuall y rotate d faste r  i n sessio n 2 )  become s m u c h 
faste r  a t  menta l  rotatio n i n sessio n 2 ,  wherea s grou p 90-4 5 
(whic h manuall y rotate d slowe r  i n sessio n 2 )  actuall y ha s 
somewhat  slowe r  menta l  rotatio n i n sessio n 2 .  Thi s effec t  i s 
highl y significan t  statistically ,  F(l,10)=21.49 ,  ;7<.00 1 fo r 
th e grou p x  sessio n interaction .  Thi s i s  stron g suppor t  fo r 
th e motor-imager y hypothesis ;  al l  els e bein g equal ,  menta l 
rotatio n i s faste r  i n th e presenc e o f  fas t  moto r  rotation ,  an d 
slowe r  i n th e presenc e o f  slo w moto r  rotation .  W e wil l  se e 
more evidenc e fo r  th e relatio n betwee n menta l  an d moto r 
speed s below . 

Motor and imagery tasks. Although we have already seen 
fro m th e analysi s o f  R T s an d error s tha t  ther e i s  ver y 
specifi c  interferenc e betwee n th e moto r  an d menta l  rotatio n 
tasks ,  t o ge t  t o th e hear t  o f  th e relationshi p betwee n menta l 
and moto r  rotation s w e mus t  examin e th e subjects '  moto r 
trajectorie s i n mor e detail . 

We firs t  analyze d th e relationshi p betwee n th e angl e 9  -
th e angl e betwee n th e tw o stimul i  i n th e imager y tas k -  an d 
what  w e wil l  cal l  th e moto r  angle ,  6m ,  th e angl e throug h 
whic h th e subjec t  ha d rotate d th e joystic k handl e a t  tim e o f 
respons e t o th e imager y task .  I f  menta l  rotatio n follow s th e 
moto r  rotation ,  ther e shoul d b e a  positiv e correlatio n 
betwee n th e absolut e value s o f  th e angle s |9 |  an d |9m| .  Bu t 
thi s i s  no t  a  ver y goo d test ,  becaus e eve n i f  th e tw o rotation s 
wer e entirel y unrelate d w e stil l  woul d expec t  a  positiv e 
correlation ,  give n tha t  menta l  rotatio n take s mor e tim e fo r 
large r  |e |  an d s o doe s moto r  rotatio n fo r  |9m| .  I f  th e tw o 
rotation s i n fac t  procee d together ,  th e correlatio n betwee n 
th e angle s shoul d b e m u c h weake r  w h e n th e rotation s ar e 
incompatibl e (i.e. ,  i n opposit e directions )  tha n w h e n the y 
ar e compatible :  havin g one' s menta l  imag e a t  orientatio n 
6 m a s a  resul t  o f  th e moto r  rotatio n woul d no t  d o th e 
subjec t  muc h goo d i f  th e tes t  stimulu s i s a t  th e opposit e 
orientation ,  -6m . 

The correlatio n analysi s wa s carrie d ou t  individuall y fo r 
eac h subject .  Al l  non-erro r  trial s wit h Q^O ,  180 °  (i n orde r 
t o allo w analysi s o f  th e compatibilit} '  factor )  an d |9m l  < 
360 °  wer e classifie d b y subject ,  sessio n an d compatibility ; 
i n eac h se t  th e coefficien t  o f  correlatio n betwee n |9 |  an d 
|9,ii| ,  r ,  wa s calculated .  Th e mea n correlation s b y 
compatibilit y an d sessio n ar e summarize d i n Tabl e 1 .  Eac h 
of  th e number s i n Tabl e 1  i s a n averag e ove r  th e individua l 
coefficient s o f  correlation ;  fo r  example ,  fo r  sessio n 1 
compatibility ,  th e r' s  range d betwee n -.0 5 an d .81 .  Th e 
correlation s ar e consistentl y positive ,  an d thu s al l  mea n 
value s o f  r ,  excep t  th e lo w valu e fo r  sessio n 1  incompatible , 
ar e significantl y positiv e a t  /?<.0 1 (two-taile d t  test) .  I n 
sessio n I ,  th e resul t  i s  a s predicted :  ther e i s a  significan t 
correlatio n betwee n th e angle s i n th e compatibl e trials ,  an d 
essentiall y n o correlatio n (r(ll)=1.07 ,  p=.3 )  i n th e 
incompatibl e case .  Moreover ,  th e relatio n r(compat. )  > 
Kincomp. )  hold s individuall y fo r  1 1 ou t  o f  1 2 subject s i n 
sessio n 1 ,  an d a  t  tes t  fo r  th e compatibilit> '  yield s 
/(11)=2.48,;7=.0 2 (two-tailed) .  A s i n th e result s fo r  th e R T s 
and errors ,  thi s effect ,  althoug h robus t  i n th e firs t  session . 

seems t o was h ou t  b y th e secon d sessio n (th e t  tes t  fo r  th e 
compatibilit y  effec t  give s r( l  1)=,09 ,  n  s) . 

Tabic 1: Correlations between motor and imagery task 
angles ,  b y sessio n an d compatibilit) -  condition s 

Session 1 Session 2 
Compatibl e 
Incompatibl e 

.38 5 

.08 3 
.25 7 
.26 4 

Finally ,  w e compar e th e speed s o f  th e menta l  an d moto r 
rotations .  I n eac h session ,  th e subjec t  ha d a  targe t  spee d fo r 
moto r  rotation ,  co ,  equa l  t o eithe r  4 5 o r  90°/s .  W e hav e 
alread y see n tha t  th e spee d o f  menta l  rotatio n roughl y 
followe d th e moto r  speed ;  w h e n th e moto r  spee d decrease d 
i n th e sessio n 2  th e menta l  spee d als o decreased ,  an d vic e 
versa .  However ,  withi n eac h sessio n ther e wer e 
spontaneou s variation s i n th e actua l  moto r  speed ,  becaus e 
th e subjec t  neve r  precisel y achieve d th e goa l  co ,  an d wa s 
allowe d a  margi n o f  erro r  o f  4 5 % .  W e n o w as k whethe r 
thes e spontaneou s variation s o f  moto r  spee d aroun d c o ar e 
als o positi\el y correlate d wit h variation s i n th e menta l 
rotatio n speed . 

I n eac h trial ,  defin e th e moto r  spee d a s th e m e a n angula r 
spee d o f  moto r  rotatio n durin g th e tes t  phas e o f  th e tria l 
(i.e. .  Phas e 3) ,  an d th e menta l  spee d a s befor e (i.e. ,  th e 
angl e 9  divide d b y th e R T ) .  Fo r  eac h subjec t  an d eac h 
session ,  w e perfor m a  quantil e analysi s o f  moto r  versu s 
menta l  spee d wit h fou r  levels .  Namely ,  w e sor t  th e trial s 
(fo r  eac h subject ,  session ,  angl e (45° ,  90° ,  an d 135° )  an d 
compatibilit y  condition ,  whic h make s 3 2 trials )  b y moto r 
speed ,  i n ascendin g order .  W e the n grou p trial s togethe r  b y 
25-percentil e block s (i.e. ,  trial s whos e moto r  spee d fall s i n 
th e lowes t  2 5 % ar e groupe d togethe r  ("firs t  quantile") ,  the n 
trial s whos e moto r  spee d fall s betwee n 2 5 % an d 5 0 % 
("secon d quantile") ,  an d s o on ,  makin g a  tota l  o f  fou r 
levels) .  W e the n analyz e th e menta l  spee d a s a  functio n o f 
quantile ,  sessio n an d compatibility ,  averagin g ove r  subject s 
an d angles . 
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Figur e 4 :  Dependenc e o f  menta l  rotatio n spee d o n moio r 
spee d (th e latte r  expresse d a s a  quantile) . 
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Figur e 4  show s m e a n menta l  spee d a s a  functio n o f  tl\ e 
moto r  spee d quantile ,  fo r  compatibl e an d incompatibl e 
trial s average d ove r  bot h sessions .  A s i s evident ,  ther e i s a 
stron g positiv e correlatio n betwee n th e menta l  an d moto r 
speeds ;  menta l  rotatio n wa s slowe r  o n trial s wher e moto r 
rotatio n wa s slower ,  an d \ic e versa .  Ther e i s a  lawfu l 
relationshi p betwee n th e tw o speeds :  th e cune s i n Figur e 4 
hav e menta l  spee d steadil y an d monotonicall y increasin g 
wit h moto r  spee d quantile :  roughl y speaking ,  fo r  ever y 
increas e i n th e moto r  spee d ther e i s a n increas e i n th e 
menta l  speed .  T h e eflfec t  o f  quantil e i s highl y significant , 
F(3,30) = 136.90 ,  p<.0001 ,  fo r  bot h session s together .  Thi s 
efiec t  remain s significan t  i f  th e firs t  an d secon d session s 
ar e analyze d separately ,  wit h F(3,30)=103.4 1 i n th e first 
sessio n an d F(4,36)=92,7 6 i n th e secon d (bot h giv e 
p<.OOOI) .  I n addition ,  w e not e a n effec t  o f  compatibility , 
tha t  remain s significan t  i n th e secon d session .  Th e effect s 
of  th e moto r  rotatio n o n th e menta l  rotatio n spee d ar e 
highl y specifi c  (menta l  rotatio n spee d increase s steadil y 
wit h moto r  speed ,  an d i s menta l  rotatio n i s faste r  whe n it s 
directio n i s compatibl e wit h th e moto r  rotation) ;  the y prov e 
t o be ,  moreover ,  mor e robus t  t o th e effec t  o f  practic e tha n 
th e simpl e R T s an d error s a s analyze d i n th e previou s 
section ,  as  the y remai n highl y significan t  i n th e secon d 
session . 

Anothe r  w a y t o asses s th e significanc e o f  th e effec t  o f 
moto r  spee d o n menta l  rotatio n spee d i s t o repea t  tli e 
quantil e analysi s fo r  onl y tw o levels ;  tha t  is ,  t o grou p 
togethe r  trial s accordin g t o whethe r  th e moto r  spee d wa s 
abov e o r  belo w th e media n (fo r  tha t  particula r  subjec t  an d 
session) .  Her e w e find  tha t  fo r  al l  1 2 subjects ,  menta l  spee d 
i n th e slow-moto r  trial s i s belo w menta l  spee d i n th e fast -
moto r  trials ;  moreover ,  thi s i s th e cas e fo r  bot h th e first  an d 
th e secon d sessions .  Thus ,  w e hav e foun d tha t  bot h large -
scal e variation s (fro m on e sessio n t o another )  an d small -
scal e variation s (spontaneou s variation s withi n eac h 
session )  i n moto r  spee d lea d t o correspondin g variation s i n 
th e menta l  rotatio n speed . 

Discussion 

Briefiy ,  ou r  mai n result s ar e a s follows .  Menta l  rotatio n i s 
faste r  an d les s error-pron e w h e n accompanie d b y moto r 
rotatio n i n th e sam e direction ,  slowe r  an d mor e error-pron e 
w h en moto r  rotatio n i s i n th e opposit e direction .  Variation s 
i n moto r  speed ,  o n bot h larg e an d smal l  scales ,  ar e 
accompanie d b y correspondin g variations ,  i n th e sam e 
direction ,  i n menta l  rotatio n speed .  Th e first  o f  thes e result s 
confirm s tha t  o f  Wohlschljige r  &  Wohlschlage r  (1996) .  Th e 
secon d resul t  i s  new ,  an d i s importan t  i n tha t  i t  show s th e 
detai l  o f  th e interactio n betwee n th e moto r  syste m an d 
menta l  imag e transformation . 

T h e result s strongl y suppor t  th e imager\/moto r 
Inpothesis ,  i n it s dynami c form :  th e subject' s moto r  actio n 
has a  clea r  effec t  o n th e concurren t  menta l  rotation ,  t o suc h 
an exten t  tha t  th e menta l  rotation ,  i n bot h it s directio n an d 
speed ,  ca n almos t  b e sai d t o b e mimickin g th e moto r  action . 

Anothe r  importan t  finding  i s th e practic e effect .  Th e 
subjects '  performanc e o n bot h th e imager y an d th e moto r 
task s improve d i n th e cours e o f  th e tw o experimenta l 
sessions ,  whic h i s unremarkable ;  wha t  i s mor e interestin g 

i s tha t  o n som e measure s (th e R T an d erro r  A N O V A s .  an d 
angl e correlations) ,  bu t  no t  o n other s (menta l  vs .  moto r 
spee d correlations) ,  th e interactio n betwee n th e tw o task s 
went  fro m a  stron g effec t  i n sessio n 1  t o virtuall y ni l  b y th e 
end o f  sessio n 2 . 

Ther e ar e a t  leas t  tw o plausibl e explanation s fo r  th e 
effec t  o f  practice ,  neithe r  o f  whic h i s i n conflic t  wit h th e 
imager>7moto r  Inpothesis .  First ,  fro m th e imager )  side , 
menta l  rotatio n ha s bee n foun d t o b e extremel y sensitis e t o 
practic e (sec ,  fo r  example ,  Tar r  an d Pinker ,  1989) ,  an d th e 
overal l  tren d fo r  increasin g R T s foun d i n thi s stud y i s n o 
exception .  Ther e i s certainl y mor e tha n on e wa y t o compar e 
tw o image s a t  differen t  orientations ,  an d effortful ,  voluntary ' 
menta l  rotatio n (th e onl y kin d o f  menta l  imag e 
transformatio n relevan t  t o th e imagery/moto r  hypothesis )  i s 
onl y on e o f  them .  Indeed ,  a  numbe r  o f  subject s 
spontaneousl y reporte d tha t  ove r  th e cours e o f  th e 
experimen t  tht y shifte d fro m menta l  rotation— a strateg y 
the y wer e instmcte d t o use—t o landmark -  o r  memorj-base d 
strategies .  S o m e o f  thes e ma y involv e menta l  mechanism s 
tha t  ar e les s coupled ,  o r  no t  couple d a t  all ,  t o moto r 
mechanisms . 

Anothe r  possibl e reaso n fo r  th e decreas e i n couplin g 
betwee n th e menta l  an d moto r  rotation s i n th e secon d 
sessio n woul d b e a  chang e i n th e subjects '  organizatio n o f 
th e moto r  task .  Namely ,  th e tas k o f  turnin g th e joystic k 
handl e a t  a  fixe d spee d wa s a t  first  difficul t  fo r  mos t 
subjects ,  an d require d muc h deliberat e planning .  B y th e 
end o f  th e experiment ,  however ,  th e tas k wa s t o a  larg e 
exten t  automated ,  a s evidence d b y a  decreasin g rat e o f 
moto r  error .  I n a  recen t  study ,  Seit z an d Rolan d (1992 ) 
hav e foun d tha t  th e activatio n o f  th e supplementar y moto r 
are a ( S M A )  wa s modifie d durin g th e learnin g an d 
automatio n o f  a  moto r  task :  S M A activatio n wa s highes t  a t 
th e beginnin g o f  th e learnin g phase,  an d decrease d a s th e 
performanc e o f  th e tas k becam e automatic .  A s i t  i s 
precisel y th e moto r  plannin g area s suc h a s th e S M A tha t 
ar e expecte d t o b e responsibl e fo r  th e interactio n wit h 
menta l  imag e transformatio n (se e discussio n below) ,  a 
simila r  automatio n o f  th e moto r  tas k i n ou r  experimen t 
coul d accoun t  fo r  th e partia l  decreas e o f  th e motor-imager y 
interactio n i n th e secon d session .  Th e practic e effec t  tha t 
we hav e observe d thu s provide s indirec t  evidenc e tha t  i t  i s 
th e highe r  moto r  areas ,  suc h a s th e S M A an d prcmoto r 
cortex ,  an d whos e activatio n decrease s wit h practice ,  tha t 
ar e responsibl e fo r  th e motor/imager> '  interaction . 

I n anothe r  P E T study ,  Deibe r  e t  al .  (1991 )  showe d tha t 
premoto r  corte x an d th e S M A ar e mor e strongl y acti\atc d 
i n endogenou s movement .  O n e wa y t o tes t  th e foregoin g 
explanatio n o f  th e effec t  o f  practice ,  a s wel l  a s th e 
invohcmcn t  o f  moto r  plannin g mechanism s i n th e 
imagcr\/moto r  interaction ,  woul d therefor e b e t o repea t  tii c 
presen t  stud y wit h a  conditio n i n whic h th e subjec t 
randoml y choose s th e directio n o f  rotatio n o n eac h trial .  I n 
ligl u o f  th e result s o f  Deibe r  e t  al. .  th e inotor-imagcr > 
interactio n shoul d b e eve n stronge r  i n suc h a  procedur e 
tha n tha t  see n i n th e presen t  study ,  an d shoul d decreas e 
slowe r  wit h practice . 

What  ca n b e th e natur e o f  th e imager\/moto r  interaction ? 
We propos e tha t  i t  ha s t o d o wit h anticipation .  I n plannin g 
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moto r  action ,  th e brai n routinel y anticipate s th e sensor y 
consequence s o f  th e action .  Fo r  example ,  Duliamel ,  Colb y 
& Goldber g (1992 )  foun d neuron s i n th e parieta l  corte x o f 
th e monke y tha t  modif y thei r  relinotopi c receptiv e fields 
immediatel y befor e a n ey e movement ,  b y th e sam e amoun t 
as th e intende d saccade .  Georgopoulo s e t  al .  (1989 )  hav e 
foun d a  typ e o f  menta l  rotatio n i n th e moto r  corte x tha t 
may anticipat e th e result s o f  objec t  manipulation . 

Now,  eve n i n th e absenc e o f  over t  movement s (whic h ar e 
ofte n costl y an d irreversible) ,  anticipator y mechanism s 
coul d fiimish  a  visua l  menta l  imag e o f  th e result s o f  a 
putativ e actio n (Kosslyn ,  1994) .  Th e actio n woul d b e 
planne d (whic h woul d involv e suc h fronta l  moto r  plannin g 
area s a s th e supplementar y moto r  are a an d premoto r 
cortex—se e Deibe r  e t  al. ,  1991) ,  bu t  no t  overtl y executed . 
For  instance ,  i f  yo u hav e a  visua l  menta l  imag e o f  a n 
object ,  an d yo u imagin e rotatin g th e correspondin g objec t 
(tha t  is ,  yo u hav e a  moto r  image ,  whic h certainl y mobilize s 
th e moto r  plannin g center s o f  th e cortex) ,  th e moto r 
anticipator y mechanism s woul d fiirnish  a  visua l  imag e o f 
th e rotatin g object .  O n thi s view ,  th e moto r  syste m woul d 
guid e th e transformatio n o f  menta l  imagery ,  no t  onl y o f 
one' s body ,  bu t  o f  abstrac t  object s a s well .  Ou r 
experimenta l  result s d o no t  directl y confin n thi s admittedl y 
speculativ e mode l  ("visua l  menta l  imag e transformatio n a s 
visual-moto r  anticipation") ,  bu t  the y d o provid e evidenc e o f 
rathe r  tigh t  couplin g betwee n moto r  actio n an d visua l 
imag e transfonnation .  Mor e direct s tes t  o f  thi s hypothesi s 
ar e i n progress . 

The vie w presente d here ,  th e importanc e o f  moto r  actio n 
i n th e guidanc e o f  menta l  imag e transformation ,  goe s 
somewhat  agains t  th e grai n o f  thinkin g i n cognitiv e 
science ,  whic h typicall y assign s t o actio n th e rol e o f  mer e 
output—rathe r  tha n participant—o f  highe r  cognitiv e 
processes ,  amon g whic h w e ma y includ e visua l  menta l 
imagery .  Th e rol e o f  actio n ha s recentl y bee n re-evaluated , 
i n suc h divers e fields  a s linguistic s (Lakoff ,  1987 )  an d 
robotic s (Brook s &  Stein ,  1993) .  Kirs h (1995) ,  fo r  instance , 
has discovere d situation s wher e over t  actio n play s a n 
importan t  par t  i n spatia l  reasoning .  I t  ma y wel l  tur n ou t 
tha t  moto r  mechanisms ,  throug h eithe r  over t  o r  cover t 
channels ,  pla y a  constructiv e rol e i n cognition . 
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