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Department s o f  Psycholog y an d Radiology ,  Progra m i n Neuroscienc e 
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Abs t rac t 

We examined brain activation, as measured by functional 
magneti c resonanc e imaging ,  durin g mathematica l  proble m 
solvin g i n si x young ,  health y participants .  Participant s 
solve d problem s selecte d fro m th e Necessar y Arithmeti c 
Operation s Tes t  (NAOT )  whic h i s know n t o correlat e wit h 
flui d reasonin g tasks .  I n thre e conditions ,  participant s 
solve d problem s requirin g (1 )  on e operatio n (Eas y 
problems) ,  (2 )  tw o operation s (Har d problems )  o r  (3 ) 
simpl e readin g an d matchin g o f  word s (Matc h problems )  i n 
orde r  t o contro l  fo r  perceptual ,  moto r  an d tex t  readin g 
demands o f  th e N A O T problems .  Majo r  bilatera l  fronta l 
activatio n an d minima l  posterio r  activatio n wa s observe d 
whil e subject s solve d Eas y problem s relativ e t o Matc h 
problems .  Mino r  bilatera l  frontal ,  tempora l  an d lateralize d 
activatio n o f  lef t  parieta l  region s wa s observe d i n th e Har d 
problem s relativ e t o Eas y problems .  Al l  o f  thes e region s 
wer e activate d mor e b y Har d tha n b y Matc h problems . 
Many o f  thes e activation s occurre d i n region s associate d 
wit h workin g memory .  Thes e result s sugges t  tha t  flui d 
reasonin g i s mediate d b y a  composit e o f  workin g memor y 
system s tha t  includ e centra l  executiv e an d domai n specifi c 
numerica l  an d verba l  workin g memory . 

Introduction 
Mathematica l  proble m solvin g i s  a  multicomponen t 

cognitiv e tas k whic h require s al l  facet s o f  workin g 
m e m o r y ,  slav e system s an d centra l  executive .  Executio n 
of  arithmeti c operation s i s on e well-studie d componen t  o f 
mathematica l  proble m solving .  A  numbe r  o f  lesio n an d 
brai n imagin g studie s hav e localize d th e brai n region s 
critica l  fo r  arithmeti c operation s t o area s associate d wit h 
workin g m e m o r y .  Durin g executio n o f  basi c arithmeti c 
operations ,  workin g m e m o r y i s  inquire d a s intermediat e 
products ,  necessar y fo r  late r  operations ,  mus t  b e activel y 
maintaine d unti l  curren t  processin g i s completed . 

Anothe r  componen t  o f  mathematica l  proble m solvin g 
tha t  ha s no t  receive d a s m u c h attentio n i s  arithmeti c 
reasoning .  Arithmeti c reasonin g i s  require d i n mor e 
comple x problem s t o determin e whic h arithmeti c 
operation s ar e require d t o solv e a  give n problem .  Durin g 
executio n o f  arithmeti c reasoning ,  goa l  management , 
strateg y shifting ,  an d plannin g ar e require d a s evaluation s 

of  intermediat e product s mus t  b e mad e an d neccessar y 
subsequen t  operation s mus t  b e determined . 

A variet y o f  method s includin g lesio n studie s an d brai n 
imagin g studie s hav e bee n utilize d i n attempt s t o localiz e 
basi c arithmeti c operation s i n th e h u m a n brain .  Acalculi a 
(th e inabilit y t o perfor m arithmeti c operations )  wa s 
initiall y  describe d b y Hensche n (1919 )  w h o localize d thi s 
disorde r  t o posterio r  brai n regions ,  mainl y th e angula r 
gyrus .  Similarly ,  Gerstman n (1930 )  describe d a  syndrom e 
whic h include d agraphia ,  acalculia ,  finger  agnosi a an d 
right/lef t  disorientatio n i n patient s wit h damag e involvin g 
th e lef t  angula r  gyrus .  M o r e recen t  studie s hav e show n 
broade r  region s o f  involvemen t  i n acalculia .  Jackso n & 
Warringto n (1986) ,  fo r  instance ,  examine d performanc e o f 
righ t  an d lef t  hemispher e lesio n patient s o n W A I S 
arithmeti c subtests ,  digi t  span ,  an d a  "Grade d Difficult y 
Arithmeti c test. "  Thei r  result s indicate d tha t  a  lef t 
hemispher e grou p showe d greate r  deficit s i n th e Grade d 
Difficult y Arithmeti c tes t  compare d t o a  right  hemispher e 
grou p an d control s (se e als o Warringto n e t  al. ,  1986) . 
Similady ,  Grafma n e t  al .  (1982 )  subdivide d patient s int o 
left-anterior ,  left-posterior ,  right-anterior  an d right-
posterio r  lesio n groups .  M e a n quantitativ e an d qualitativ e 
erro r  score s fro m simpl e arithmeti c operation s reveale d 
tha t  left-posterio r  patient s wer e mor e impaire d tha n othe r 
groups .  Whil e th e abov e studie s appea r  t o localiz e basi c 
arithmeti c operation s i n th e parieta l  o r  parietooccipita l 
regions ,  lesio n studie s occasionall y implicat e fronta l 
region s (e.g. ,  Luria ,  1973) .  Brai n imagin g studie s hav e 
als o indicate d involvemen t  o f  fronta l  region s i n 
performanc e o f  arithmeti c operations .  Burrau d e t  al . 
(1995 )  performe d functiona l  M R I  (fMRI )  o n normal s 
whil e the y seriall y  subtracte d prim e numbers .  Thei r 
result s indicate d activatio n mainl y i n lef t  dorsolatera l 
prefronta l  corte x ( B A 46) .  Thei r  stud y was ,  however , 
limite d t o investigatin g prefronta l  regions .  Rolan d & 
Frieber g (1985 )  utilize d P E T imagin g whil e subject s 
seriall y  subtracte d b y 3s .  Thei r  result s indicate d bilatera l 
prefronta l  activation . 

Odie r  studie s hav e mor e finely  parse d whic h brai n 
region s m a y b e mediatin g differen t  component s o f  thes e 
arithmeti c operations .  Chas e e t  al .  (1984) ,  fo r  instance , 
performe d 2d g P E T o n Alzheimer' s Diseas e patient s an d 
normal s whil e the y performe d W A I S task s includin g th e 
arithmeti c an d digi t  spa n subtests .  Thei r  result s showe d 
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iha t  ih e arithmeti c test s activate d lef t  angula r  gyru s whil e 
digi t  spa n activate d anterio r  fronta l  area s bilaterally . 
Petride s e l  al .  (1993 )  hav e als o show n maintenanc e 
component s o f  workin g memor y t o b e localize d i n fronta l 
region s (bu t  se e Paules u e t  al ,  1993) . 

The lesio n studie s an d imagin g studie s cite d thu s fa r 
lea d t o th e conclusio n tha t  bot h anterio r  an d posterio r 
brai n region s contribut e t o processin g o f  basi c arithmeti c 
operations .  Th e result s o f  thes e studie s ar e consisten t 
wit h th e notio n tha t  processin g element s o f  arithmeti c 
operation s ar e mediate d b y posterio r  brai n region s whil e 
activ e maintenanc e o f  intermediat e product s i s mediate d b y 
dorsolatera l  fronta l  region s (viz. ,  Goldman-Rakic ,  1987) . 
Thi s face t  o f  workin g memor y essentia l  fo r  performin g 
comple x cognitiv e tasks ,  comprehension ,  learnin g an d 
reasonin g ha s bee n referre d t o b y Baddele y (1986 )  a s th e 
Centra l  Executive ,  i n contras t  t o th e mor e periphera l 
visua l  an d phonologica l  Slav e Systems .  Th e relatio n o f 
individua l  difference s i n centra l  executiv e workin g 
memory t o difference s i n reasonin g abilitie s ha s bee n 
capture d i n a  computationa l  mode l  o f  huma n performanc e 
on well-studie d reasonin g task s suc h a s th e Rave n 
Progressiv e Matrice s (Carpenter ,  Jus t  &  Shell ,  1990) . 

Snow e t  al .  (1984 )  hav e suggeste d tha t  comple x 
reasonin g task s lik e th e Rave n Progressiv e Matrice s 
reflec t  executiv e processe s necessar y t o structur e behavio r 
and analyz e problems .  The y hav e propose d a  "radex " 
model  fo r  flui d reasoning .  I n thi s multidimensiona l 
scalin g solution ,  test s nea r  th e peripher y (e.g. ,  digi t  span , 
addition ,  multiplication ,  subtraction )  cluste r  b y conten t 
and ma y reflec t  slav e system s primaril y use d fo r  th e basi c 
operation s o f  transformatio n an d calculatio n i n particula r 
processin g domains .  Comple x task s suc h a s th e Rave n 
Progressiv e Matrices ,  Sternber g Verba l  Analogie s an d th e 
Necessar y Arithmeti c Operation s Tas k ( N A O T )  cluste r 
tightl y togethe r  nea r  th e cente r  despit e difference s i n 
conten t  an d ar e believe d t o reflec t  executiv e processe s 
importan t  fo r  reasonin g an d c o m m o n t o al l  thes e tasks . 

Whil e previou s studie s hav e examine d basi c arithmeti c 
operations ,  w e sough t  t o understan d th e basi c neura l 
substrate s involve d i n arithmeti c reasoning .  Sinc e th e 
N A OT appear s nea r  th e cente r  o f  th e rade x mode l  an d 
correlate s highl y wit h othe r  flui d reasonin g tasks ,  w e 
constructe d ou r  mathematica l  reasonin g tas k usin g thes e 
wor d problems .  Solvin g wor d problem s involve s bot h 
arithmeti c reasonin g an d basi c arithmeti c operations .  Th e 
N A O T,  however ,  i s  compose d o f  wor d problem s whic h 
requir e th e subjec t  t o determin e th e mathematica l 
operation s necessar y t o solv e a  give n proble m rathe r  tha n 
th e actua l  executio n o f  thes e operations .  Thi s tes t  allow s 
us t o examin e arithmeti c reasonin g processe s whil e 
minimizin g involvemen t  o f  basi c arithmeti c operations . 

The computationa l  processe s o f  solvin g wor d problem s 
hav e bee n modele d b y Nathan ,  Kintsch ,  an d Youn g 
(1992) .  Word-proble m comprehensio n i s conceptualize d 
t o involv e textua l  representatio n (textbase) ,  a  situatio n 
model  ( a conceptua l  understandin g o f  th e proble m t o b e 
solved )  an d th e proble m mode l  ( a mathematica l 
formalizatio n o f  th e proble m t o b e solved) . 

Developmen t  o f  th e situatio n mode l  an d translatio n int o 
a proble m mode l  m a y b e though t  o f  a s executiv e an d 
contro l  processe s (i.e. ,  mathematica l  reasoning )  an d m a y 
be tappe d b y test s tha t  appea r  nea r  th e cente r  o f  th e rade x 
model  suc h a s th e N A O T .  Executio n o f  th e proble m 
model ,  calculatio n an d transformatio n o f  information ,  m a y 

be though t  o f  a s basi c operation s an d m a y b e tappe d b y 
test s tha t  appea r  nea r  th e peripher y o f  th e rade x model . 

Kintsc h an d Green o (1985 )  teas e apar t  th e distinction s 
of  th e proble m mode l  an d th e situatio n mode l  b y 
distinguishin g th e representation s o f  thes e tw o model s -
(representatio n o f  event s i n mind -  th e situatio n model ; 
representatio n o f  forma l  relation s i n min d -  th e proble m 
model) .  T o comprehen d a  problem ,  th e subjec t  mus t 
make a  correspondenc e betwee n th e forma l  equation s an d 
th e subject s o w n informa l  understandin g o f  th e situatio n 
described .  Accordin g t o Green o (1989) ,  difficul t  wor d 
problem s requir e tha t  inference s b e mad e relatin g th e tw o 
disconnecte d system s o f  situationa l  mode l  an d proble m 
model  fo r  th e succesfu l  completio n o f  th e problem ,  whil e 
easie r  wor d problem s ca n b e solve d wit h manipulatio n o f 
forma l  mathematica l  expression s withou t  reasonin g abou t 
relate d real-wor d events . 

The ai m o f  th e presen t  stud y wa s t o understan d th e basi c 
neura l  substrate s involve d i n arithmeti c reasoning .  I n ou r 
stud y w e ha d subject s carr y ou t  difficul t  an d eas y wor d 
problem s draw n fro m th e N A O T durin g f M R I  scanning . 
Earlie r  researc h b y Prabhakara n e t  al .  (i n press )  utilizin g a 
flui d reasonin g task ,  th e Rave n Progressiv e Matrices ,  ha s 
isolate d brai n region s involve d i n fluid  reasoning .  I n tha t 
stud y w e foun d activatio n o f  bilatera l  fronta l  an d left -
lateralize d activatio n i n parietal ,  tempora l  an d occipita l 
regions .  Sinc e th e Rave n Tas k an d th e N A O T ar e highl y 
correlate d (Sno w e t  al. ,  1984) ,  w e expecte d t o observ e 
region s o f  activatio n involve d i n goa l  managment , 
strateg y shiftin g an d inductio n o f  abstrac t  relations , 
simila r  t o tha t  see n durin g th e Rave n Task .  Sinc e th e 
N A OT require s subject s t o reaso n fro m verba l  description s 
of  problem s whil e th e Rave n Tas k doe s no t  requir e wor d 
proble m comprehension ,  w e expecte d t o se e activatio n o f 
region s i n fronta l  an d tempora l  region s no t  observe d 
durin g th e Rave n Task . 

Metho d 

Participant s 
The participant s wer e graduat e student s fro m Stanfor d 

University .  Al l  o f  the m wer e right-hande d ( 3 m e n an d 4 
w o m e n)  an d betwee n th e ag e o f  2 3 an d 3 0 ( M =  26) .  Eac h 
participan t  provide d a  writte n consen t  whic h wa s approve d 
by th e Institutiona l  Revie w Boar d a t  Stanfor d University . 

Procedur e 
Prio r  t o enterin g th e scanner ,  subject s wer e give n 

instruction s an d show n 3  sampl e problem s t o familiariz e 
the m wit h th e task .  A t  th e outse t  o f  eac h trial ,  a  wor d 
proble m (draw n fro m Necessar y Arithmeti c Operation s 
Test ;  se e Figur e 1)  wa s presente d o n th e scree n fo r  3 0 
second s wit h 4  answe r  choice s belo w it .  I n th e las t  5 
second s on e o f  th e answe r  choice s wa s highlighted .  Th e 
answer  choice s consiste d o f  on e o r  tw o mathematica l 
operation s (e.g. ,  addition ,  division) .  Th e subjec t  squeeze d 
a squeez e bal l  t o indicat e whethe r  th e highlighte d choic e 
was th e correc t  answe r  t o th e problem . 

Tas k P ^ s i s P 
Th e N A O T consist s o f  standar d wor d problem s i n 

mathematic s tha t  utiliz e basi c addition ,  subtraction , 
multiplicatio n an d divisio n operation s t o solv e th e 
problems .  Instea d o f  solvin g th e wor d problem s an d 
finding  a n answer ,  th e tas k i s t o indicat e whic h arithmeti c 
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operation s woul d b e use d t o solv e th e problem .  Th e 
origina l  tas k wa s modifie d fo r  th e scanner . 

Tlire e type s o f  problem s wer e create d wit h increasin g 
level s o f  difficulty .  Proble m difficult y wa s 
operationalize d b y th e numbe r  o f  mathematica l  operation s 
require d i n th e problem . 

Eas y p r o b l e m s wer e chose n fro m th e se t  o f  N A O T 
problem s whic h require d onl y on e operatio n (e.g . 
multiplication) .  Sinc e subject s neede d t o discer n onl y on e 
operatio n neccessar y t o solv e thes e problems ,  constructio n 
of  a  proble m mode l  wa s al l  tha t  wa s necessar y i n orde r  t o 
solv e them ;  minima l  reasonin g fro m a  relate d real-wor d 
situatio n wa s required . 

H a r d p r o b l e m s require d tw o operation s (e.g . 
multiplicatio n an d addition) .  Sinc e subject s neede d t o 
discer n whic h tw o operation s wer e neccessar y t o solv e th e 
problem ,  understandin g an d reasonin g fro m a  relate d real -
worl d situatio n wa s necessar y t o determin e th e forma l 
operation s require d t o solv e th e problem . 

M a t c h p r o b l e m s consiste d o f  wor d problem s i n 
whic h th e solutio n wa s provide d i n th e tex t  o f  th e 
proble m an d th e subject s wer e aske d t o matc h th e answe r 
wit h th e choice s provide d below .  Th e Matc h problem s 
wer e use d t o contro l  fo r  cognitive ,  sensor y an d moto r 
activatio n (e.g .  readin g th e wor d problem ,  visua l 
inspectio n o f  stimuli ,  ey e movements ,  moto r  response ) 
tha t  wer e irrelevan t  t o th e cognitiv e factor s o f  interest . 

Thre e set s o f  problem s wer e presente d t o subject s i n th e 
scanner .  Th e first  tw o set s containe d 1 2 problem s o r  6 
cycle s o f  alternatin g proble m type s o f  Eas y an d Han d 
followe d b y Matc h (Easy-Match ,  Hard-Match) .  Th e thir d 
set  containe d 1 2 problem s o r  6  cycle s o f  alternatin g 
proble m type s o f  Har d followe d b y Eas y problem s (th e 
Hard-Eas y condition) .  Th e presentatio n o f  th e thre e set s 
of  problem s wer e counterbalance d acros s subject s t o 
eliminat e an y effect s fro m th e orde r  o f  presentation . 

f M R I  M e t h o d o l o g v 
Imagin g wa s performe d wit h a  1.5 T whole-bod y M R I 

scanne r  (Genera l  Electri c Medica l  System s Signa ,  Rev . 
5.5) .  Fo r  functiona l  imaging ,  tw o 5  inc h diamete r  loca l 
receiv e coil s wer e use d fo r  signa l  amplification .  Hea d 
movement  wa s minimize d usin g a  bite-ba r  forme d wit h 
eac h subject' s denta l  impression .  A  T 2 *  sensitiv e 
gradien t  ech o spira l  sequenc e (Meyer ,  H u ,  Nishimura ,  & 
Macovski ,  1992) ,  whic h i s relativel y insensitiv e t o cardia c 
pulsatilit y  motio n artifact s (Noll ,  Cohen ,  Meyer ,  & 
Schneider ,  1995) ,  wa s use d fo r  functiona l  imagin g wit h 
parameter s o f  T R =  90 0 mse c ,  T E =  4 0 msec ,  an d flip 
angl e =  6 5 degrees .  4  interleave s wer e obtaine d fo r  eac h 
image ,  wit h a  tota l  acquisitio n tim e (samplin g interval )  o f 
2.8 8 se c pe r  image .  Tl-weighted ,  flo w compensate d spin -
war p anatom y image s (TR=500msec ;  m i n i m u m T E )  wer e 
acquire d fo r  al l  section s tha t  receive d functiona l  scans ,  an d 
pixel s foun d t o b e significantl y activate d durin g th e 
functiona l  sca n wer e overlai d o n thes e structura l  images . 
Eigh t  6  m m thic k slice s wer e acquire d i n th e horizonta l 
plan e o f  th e Talairac h an d T o u m o u x atla s (1988 )  startin g 
fro m 7 .5m m belo w th e anterio r  commisur e (AC ) 
posterio r  commisur e (PC )  line ,  wit h a  1.5m m inter-slic e 
interval .  Stimul i  wer e generate d fro m a  compute r  an d 
back-projecte d ont o a  scree n locate d abov e th e subject' s 
nec k vi a a  magnet-compatibl e projector .  Visua l  image s 
wer e viewe d fro m a  mirro r  mounte d abov e th e subject' s 
head .  Th e sequenc e o f  th e presentation s o f  th e stimul i 

wer e synchronize d wit h th e imagin g sequenc e o f  th e 
scanner . 

Dat a Ana lys i s 
Imag e analysi s wa s performe d off-lin e b y transferrin g 

th e ra w dat a t o a  Su n SparcStation .  A  griddin g algorith m 
was employe d t o resampl e th e ra w dat a int o a  cartesia n 
matri x prio r  t o processin g wit h 2 d FFT .  Onc e individua l 
image s wer e reconsu-ucted ,  tim e serie s o f  eac h pixe l  wa s 
obtaine d an d correlatio n method s tha t  tak e advantag e o f 
periodicall y oscillatin g paradigm s wer e use d t o analyz e 
functiona l  activatio n (Friston ,  Jezzard ,  an d Turner ,  1994) . 
As describe d b y Fristo n e t  al .  (1994) ,  th e referenc e 
functio n wa s compute d b y convolvin g a  square-wav e a t 
th e tas k frequenc y wit h a  data-derive d estimat e o f  th e 
hemodynami c respons e function .  Th e frequency  o f  th e 
square-wav e wa s compute d fro m th e numbe r  o f  tas k cycle s 
divide d b y th e tota l  tim e o f  th e experiment .  Fo r  th e 
experiments ,  on e tas k cycl e consiste d o f  a  contro l  bloc k 
and a n experimenta l  bloc k eac h o f  equa l  duration .  Ther e 
wer e si x cycle s presente d ove r  a  36 0 se c sca n (frequenc y 
-0.016 6 H z ) .  Correlation s betwee n th e referenc e functio n 
and th e pixe l  respons e time-serie s wer e compute d an d 
normalize d (se e Fristo n e t  al. ,  1994) . 

T o construc t  functiona l  activatio n maps ,  pixel s tha t 
satisfie d th e criterio n o f  2>1.9 6 (representin g a 
significanc e a t  e<.025 ,  one-tailed )  wer e selected .  Thi s ma p 
was the n processe d wit h a  media n filter  wit h a  spatia l 
widt h o f  2  t o emphasiz e spatiall y  coheren t  pattern s o f 
activation .  Th e filter  wa s use d o n th e assumptio n tha t 
pixel s wit h spuriousl y hig h z  value s (i.e. ,  fals e positive s 
due t o typ e I  errors )  ar e les s likel y t o occu r  i n cluster s 
tha n pixel s wit h genuinel y hig h z  values ,  an d thu s 
cluster s o f  pixel s wit h hig h j ,  value s ar e mor e likel y t o 
reflec t  a n activ e region .  Th e resultin g m a p i s overlai d o n 
a Tl-weighte d structura l  image . 

T o obtai n composit e map s o f  activatio n ove r  al l 
subjects ,  averag e functiona l  activatio n map s wer e create d 
by transformin g eac h sectio n fro m eac h subjec t  t o a 
correspondin g standardize d horizonta l  sectio n (Talairac h & 
T o u m o u x ,  1988 )  a t  th e sam e distanc e abov e an d belo w th e 
A C / P C plan e (Desmon d e t  al.,1995) .  Thi s transformatio n 
was don e individuall y fo r  al l  horizonta l  sections . 
Followin g transformation ,  th e averag e z-valu e fo r  eac h 
pixe l  i n a  sectio n wa s compute d acros s subject s an d pixel s 
tha t  reache d a  statistica l  threshol d o f  g  <  .1 0 o r  lowe r  ar e 
displaye d o n eac h map . 

R e s u l t s 

Behaviora l  Pe r fo rmanc e 
Participant s performe d wit h hig h accurac y o n th e Matc h 

problem s ( M =  97.2%) ,  slightl y les s wel l  o n th e Eas y 
problem s ( M =  93.1%) ,  an d leas t  wel l  o n th e Har d 
problem s ( M =  77.8%) .  Performanc e o n eac h proble m 
typ e di d no t  diffe r  significantl y acros s scans .  Therefore , 
score s fo r  eac h proble m typ e wer e combine d acros s scan s 
and examine d i n a  repeated-measure s analysi s o f  varianc e 
( A N O V A ) .  Score s differe d significantl y fo r  th e thre e 
proble m types ,  F  (2 ,  5 )  =  24.114 ,  g  <  .0001 . 
Participant s performe d significantl y bette r  o n Har d tha n 
Matc h problems ,  1  (5 )  =  11.76 ,  g  <  .000 1 (one-tailed )  an d 
on Har d tha n Eas y problems ,  i  (5 )  =  4.61 ,  g  <  .0058 .  N o 
significan t  differenc e wa s foun d betwee n Eas y an d Matc h 
problems ,  1  (5 )  =  1.18 ,  g  <  .29 . 
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{  E M B E D Word.Picture. 6 } 

Figure { SEQ Figure \* ARABIC }. Activation patterns for Hard-Match , Easy-Match, and Hard-Easy conditions. 

f M R l  g c a n s 
The Hard/Matc h sca n yielde d a  numbe r  o f  cortica l 

activation s tha t  wer e al l  greate r  fo r  Har d tha n fo r  Matc h 
problems .  Majo r  foc i  o f  activit y occurre d bilaterall y i n th e 
superior ,  middl e an d inferio r  fronta l  gyr i  an d premoto r 
area s (Brodman n area s 6 ,  8 ,  9 ,  10 ,  44 ,  4 5 an d 46) . 
Activatio n als o occurre d i n superio r  an d inferio r  parieta l 
area s (area s 7  an d 40) ,  mor e o n th e lef t  tha n th e right . 
Earl y visua l  areas ,  precuneus ,  media l  occipita l  gyri ,  an d 
lingua l  gyru s (area s 7 ,  1 8 an d 19 )  als o showe d significan t 
activation .  Inferior ,  middl e an d superio r  tempora l  gyr i 
(area s 21 ,  22 ,  3 7 an d 39 )  wer e activated .  Lef t  parieta l 
area s i n supramargina l  an d angula r  gyr i  (are a 39 )  wer e 
activated .  Mino r  foc i  o f  activit y wer e see n bilaterall y i n 
th e anterio r  cingulat e (are a 32) . 

The Easy/Matc h sca n yielde d activation s tha t  wer e 
greate r  fo r  Eas y tha n Matc h problems .  I n contras t  t o th e 
Hard-Matc h activations ,  Easy/Matc h activation s wer e 
fewe r  an d les s pronounce d whe n occurrin g i n th e sam e 
region .  Majo r  foc i  o f  activit y occurre d bilaterall y i n th e 
middle ,  inferio r  fronta l  gyr i  an d premoto r  area s (Brodman n 
area s 6 ,  8 ,  9 ,  10 ,  44 ,  4 5 an d 46) .  Mino r  foc i  o f  activatio n 
was observe d i n posterio r  regions ,  bilatera l 
supramarginal/anguia r  gyr i  an d i n superio r  an d inferio r 
parieta l  region s (area s 7 ,  3 9 an d 40) .  Inferio r  an d middl e 
tempora l  gyr i  (area s 2 1 an d 37 )  als o showe d activation . 

The Hard/Eas y sca n yielde d activation s tha t  wer e greate r 
fo r  Har d tha n Eas y problems .  Majo r  foc i  o f  activit y 
occurre d bilaterall y i n th e middle ,  inferio r  fronta l  gyr i  an d 
premoto r  area s (Brodman n area s 6 ,  8 ,  9 ,  10 ,  44 ,  4 5 an d 
46) .  Th e posterio r  corte x showe d asymmetricall y greate r 
activit y i n lef t  versu s right  superio r  parietal ,  inferio r 
parietal ,  angular ,  an d supramargina l  gyr i  (area s 7 ,  39 ,  an d 
40) .  Bilatera l  activatio n wa s see n i n inferio r  an d middl e 
tempora l  gyr i  (area s 37 ,  21 ,  an d 19 )  an d i n precuneus , 
media l  occipita l  an d lingua l  gyr i  (area s 18 ,  19 ,  an d 37) . 
Mino r  foc i  o f  activit y wer e see n bilaterall y i n th e anterio r 
cingulat e (are a 32) . 

D i s c u s s i o n 

Mathematica l  reasonin g invoke d b y N A O T performance 
yielde d f M R I  activatio n o f  a n extensive ,  bu t  specific , 
networ k o f  cortica l  regions .  Th e Hard/Matc h compariso n 
reveale d activation s i n bilatera l  frontal ,  parietal ,  tempora l 
and occipita l  region s wit h parieta l  activatio n bein g 
lateralize d t o th e lef t  hemisphere .  Th e Easy/Matc h 
compariso n reveale d predominantl y bilatera l  fronta l 
activation s an d minima l  activit y wa s observe d i n othe r 
regions .  Th e Hard/Eas y sca n reveale d bilatera l  fronta l  an d 
tempora l  activation s an d left-hemispher e parieta l 
activations .  Temporo-occipita l  activation s wer e 
diminishe d i n th e Hard/Eas y scan ,  i n contras t  wit h th e 
Hard/Matc h scan .  Thi s resul t  suggest s tha t  temporo -
occipita l  region s wer e engage d i n th e Easy/Matc h sca n bu t 
at  a  sub-threshol d level . 

The psychologica l  mode l  o f  word-proble m solvin g an d 
comprehensio n propose d b y Nathan ,  Kintsch ,  an d Youn g 
(1992 )  posit s tha t  th e understandin g an d solvin g o f  wor d 
problem s require s thre e mutuall y constrainin g level s o f 
representatio n tha t  mus t  b e constructe d b y th e solver :  a )  a 
representatio n o f  th e textua l  inpu t  itself -  th e text-base ,  b ) 

a mode l  o f  th e situatio n conveye d b y th e tex t  i n everyda y 
terms -  th e situatio n model ,  an d c )  th e formalizatio n o f  tha t 
situation -  th e proble m model .  I n thi s view ,  performanc e 
on Har d problem s i n th e curren t  stud y require d Centra l 
Executiv e coordinatio n o f  situatio n an d proble m models . 
Easy problem s wer e solve d wit h a  m i n i m u m o f 
coordinatio n betwee n thes e tw o level s o f  representation . 
Bot h problem s require d representatio n o f  th e text-base .  I n 
our  study ,  Hard/Eas y scan s showe d th e greates t 
dimininutio n o f  activatio n i n tempora l  an d occipita l  areas , 
relativ e t o th e Hard/Matc h scan .  Othe r  studie s hav e show n 
tha t  tempora l  lobe s ar e involve d i n sentenc e processin g 
(i. e formin g th e tex t  base ;  Partio t  e t  al. ,  1996 ;  Jus t  e t  al. , 
1996) .  Thu s w e speculat e tha t  thes e area s ar e involve d i n 
constructin g th e text-base . 

Extensiv e activatio n o f  bilatera l  fronta l  region s wa s 
observe d i n Hard/Eas y an d Hard/Matc h scans .  Othe r 
studie s hav e show n tha t  thes e region s ar e engage d b y task s 
requirin g themati c codin g o f  stories ,  generatin g menta l 
models ,  tempora l  orderin g o f  events ,  goal-managemen t 
and plannin g (e.g. ,  Partio t  e t  al. ,  1996 ;  Bake r  e t  al. , 
1996) .  W e speculat e tha t  th e fronta l  region s ar e involve d 
i n generatin g an d coordinatin g situationa l  an d conceptua l 
model s i n word-proble m solving .  Green o (1989 )  argue d 
tha t  abstrac t  symbol-spac e representation s an d 
transformation s (conceptua l  model) ,  an d real-wor d o r 
situationa l  representation s (situatio n model )  coexis t  a s 
disconnecte d systems .  Ou r  bilatera l  fronta l  activatio n m a y 
indicat e representatio n o f  th e tw o differen t  model s i n thes e 
disconnecte d systems .  S o m e evidenc e fo r  thi s 
hemispheri c distinctio n come s fro m a  recen t  hemispheri c 
E CT stud y b y Degli n an d K insboum e (1996) .  Thes e 
author s demonstrated ,  usin g a  syllogis m task ,  tha t  unde r 
condition s o f  left-hemispher e suppression ,  th e righ t 
hemispher e solve d syllogism s usin g prio r  knowledg e o f 
real-wori d facts .  Unde r  condition s o f  righ t  hemispher e 
suppression ,  th e left-hemispher e use d mor e formal-logica l 
operations . 

Furthe r  evidenc e fo r  thi s hemispheri c dissociatio n 
comes fro m a  recen t  f M R I  stud y o f  Raven' s Progressiv e 
Matrice s (Prabhakara n e t  al. ,  i n press) .  Thes e researcher s 
demonstrate d tha t  th e left-hemispher e wa s activate d mor e 
whil e subject s solve d "Analytic "  problem s tha t  require d 
forma l  logica l  operation s tha n "Figural "  problem s wher e 
onl y visuospatia l  analysi s wa s required . 

Goal  managemen t  i s a  fundamenta l  Centra l  Executiv e 
proces s tha t  ha s als o bee n attribute d t o fronta l  lobes . 
Task s tha t  emphasiz e thi s proces s suc h a s Tower-typ e 
task s (Towe r  o f  London ,  Towe r  o f  Hano i  an d Towe r  o f 
Toronto )  an d Wisconsi n Car d Sor t  hav e show n activatio n 
principall y i n dorsolatera l  prefronta l  regions .  O n e P E T 
stud y o f  th e Towe r  o f  Londo n tas k (Bake r  e t  al. ,  1996 ) 
showe d increase d activit y i n dorsolatera l  an d rostroiatera l 
prefronta l  area s wit h increasin g tas k difficulty .  The y 
posited ,  base d o n previou s imagin g an d lesio n studies , 
tha t  th e rostra l  prefronta l  are a i s involve d i n non-routin e 
selectio n o f  cognitiv e strategie s whil e th e dorsolatera l 
prefronta l  are a i s involve d i n goa l  managemen t  o r  i n 
representin g intermediat e proble m state s i n visuospatia l 
workin g memory .  Activatio n o f  th e rostroiatera l  prefronta l 
corte x ha s als o bee n observe d i n sequenc e learnin g 
paradigm s (e.g. ,  Jenkins ,  Brooks ,  Nixon ,  Frackowiak ,  & 665 



Passingham ,  1994) .  Thes e task s requir e plannin g o r 
strategy-shiftin g an d selectio n an d evaluatio n o f  possibl e 
alternative s t o solvin g a  problem .  Additiona l  evidenc e fo r 
prefronta l  mediatio n o f  goa l  managemen t  processe s come s 
fro m imagin g studie s wit h dual-tas k procedure s an d fro m 
studie s tha t  requir e simultaneou s storag e an d manipulatio n 
of  information ,  (e.g. ,  Jonide s e t  al. ,  i n press ;  D'Esposit o 
et  al. ,  1995) . 

The tempora l  orderin g o f  event s i s on e operatio n 
neccessar y fo r  generatin g a  menta l  mode l  (Partio t  e t  al. , 
1996) .  Ou r  task s require d constructio n o f  menta l  model s 
fo r  proble m solving .  Area s activate d durin g N A O T 
performance ,  righ t  dorsolatera l  prefronta l  areas ,  correspon d 
t o activatio n pattern s see n i n imagin g studie s o f  task s tha t 
involv e th e orderin g o f  events .  (Petrides ,  Alivisatos , 
Meyer ,  &  Evans ,  1993 ;  Prabhakara n e t  al. ,  i n press ) 

I n additio n t o region s correspondin g t o centra l  executiv e 
systems ,  region s correspondin g t o slav e system s ar e als o 
activate d durin g N A O T performance ,  furthe r  indicatin g th e 
clos e lin k betwee n reasonin g an d workin g memory . 
Region s though t  t o mediat e storag e an d transformationa l 
processe s o f  verba l  an d numerica l  informatio n (e.g. , 
letters ,  digit s an d semanti c information) ,  includ e lef t 
inferio r  fronta l  operculum ,  Broca' s are a (44 ,  4 5 an d 47) , 
premoto r  are a (6) ,  an d lef t  parieta l  region s (supramargina l 
and angula r  gyru s 39 ,  40 ;  Paulesu ,  Frit h &  Frackowiak , 
1993 ;  Petride s e t  al. ,  1993 ;  Gabriel i  e t  al. ,  1996 ;  Raichl e 
et  al. ,  1994 ;  Rolan d &  Frieberg ,  1985) . 

The presen t  study ,  provide s a  ne w an d direc t  vie w o f  th e 
neura l  networ k underlyin g a  fundamenta l  huma n ability , 
th e abilit y  t o reaso n mathematically .  Har d wor d problem s 
wer e associate d wit h region s mediatin g constructio n o f 
situationa l  an d conceptua l  menta l  models ,  processe s tha t 
involv e goa l  management ,  strateg y shiftin g an d tempora l 
orderin g o f  events .  Simila r  t o othe r  studie s o f  high-leve l 
reasonin g (e.g. .  Rave n Progressiv e Matrices )  wor d 
proble m solvin g wa s associate d wit h area s mediatin g 
workin g memor y centra l  executiv e an d verba l  o r  numerica l 
workin g memory . 

A c k n o w l e d g e m e n t s 

We than k Richar d Sno w fo r  advic e an d materials . 
The researc h reporte d herei n wa s supporte d b y grant s 

fro m th e O N R (NOOO14-92- M 84 )  an d NI H 
(NIAAG12995 )  t o Joh n Gabriel i  an d a  N R S A gran t  fro m 
th e NI A (AG05701 )  t o Bar t  Rypma . 

References 

Baddeley ,  A .  (Eds.) .  (1986) .  Workin g Memory . 
Oxford :  Oxfor d Universit y Press . 

Baker ,  S .  C ,  Rogers ,  R .  D. ,  Owen ,  A .  M. ,  Frith , 
C.  D. ,  Dolan ,  R .  J. ,  Frackowiak .  R .  S .  J. ,  &  Robbins , 

T.  W .  (1996) .  Neura l  system s engage d b y planning :  a 
P ET stud y o f  th e Towe r  o f  Londo n task . 
Neuropsvchologia .  34 .  515-526 . 

Burbaud ,  P. ,  Degreze ,  P. ,  Lafon ,  P. ,  Franconi ,  J. , 
Bouligand ,  B. ,  Bioulac ,  B. .  Caille ,  J. ,  &  Allard ,  M . 
(1995) .  Lateralizatio n o f  Prefronta l  activatio n durin g 
interna l  menta l  calculation :  a  functiona l  magneti c 

resonanc e imagin g study .  Journa l  o f  Neurophysiology . 

24.2194-2200 . 

Carpenter .  P .  A. .  Just ,  M .  A. ,  &  Shell .  P .  (1990) . 

What  on e intelligenc e tes t  measures :  A  theoretica l  accoun t 

of  th e processin g i n th e Rave n Progressiv e Matrice s Test . 
Psychologica l  Review .  97 .  404-431 . 

Chase ,  T .  N. ,  Fedio .  P. ,  Foster ,  N .  L. ,  Brooks ,  R. . 

Di  Chiro .  G. ,  &  Mansi ,  L .  (1984) .  Wechsle r  adul t 

intelligenc e scal e performance :  Cortica l  localizatio n b y 
Ruorodeoxyglucos e F18-positro n emissio n tomography . 
Archive s o f  Neurology .  41 .  1244-1247 . 

D'Esposito .  M. ,  Detre ,  J .  A. ,  Alsop ,  D .  C ,  Shin , 

R,  K. .  Atlas .  S. ,  &  Grossman .  M .  (1995) .  Th e neura l 
basi s o f  th e centra l  executiv e syste m o f  workin g memory . 

Nalurg .  378 .  279-281 . 

Deglin .  V .  L. ,  &  Kinsboume ,  M .  (1996) .  Divergen t 
thinkin g style s o f  th e hemispheres :  H o w syllogism s ar e 
solvin g durin g transitor y hemispher e suppression ? Brai n 

andCpgnitjon .  31 .  285-307 . 

Desmond,  J .  E. ,  Sum ,  J .  M. .  Wagner .  A .  D. ,  Demb . 
J.  B. ,  Shear ,  P .  K. .  Glover ,  G .  H. ,  Gabrieli ,  J .  D .  E. .  & 

Morell ,  M .  J .  (1995) .  Functiona l  M R I  measuremen t  o f 
languag e lateralizatio n i n Wada-teste d patients .  Brain .  118 . 

1411-1419 . 
Friston .  K .  J. ,  Jezzard ,  P. ,  &  Turner .  R .  (1994) . 

Analysi s o f  functiona l  M R I  time-series .  Huma n Brai n 

Mapping .  1 .  153-171 . 

Gabrieli .  J .  D .  E. .  Desmond ,  J .  E. ,  Demb ,  J .  B. , 
Wagner ,  A .  D. ,  Stone ,  M .  V. ,  Vaidya ,  C .  J. ,  &  Glover , 

G.  H .  (1996) .  Functiona l  magneti c resonanc e imagin g o f 
semanti c memor y processe s i n th e fronta l  lobes . 

P?ych9l08iC3 '  Sgigngg ,  7 ,  278-283 . 

Gerstmann ,  J .  (1930) .  Zu r  Symptomatologi e de r 

Himlasione n i m Ubergangsgebie t  de r  untere n Parietal-un d 
mittlere n Occipitalwindung .  Nervenarzt .  3 .  691-695 . 

Goldman-Rakic ,  P .  S .  (1987) .  Circuitr y o f  primat e 
prefronta l  corte x an d regulatio n o f  behavio r  b y 
representationa l  memory .  I n F.Plu m (Eds.) ,  Handboo k o f 
Physiology -  Th e Nervou s Syste m V(pp .  373-417) .  N e w 
York :  Oxfor d Universit y Press . 

Grafman ,  J. ,  Passafiume .  D. .  Faglioni ,  P. .  &  Boiler . 
F.  (1982) .  Calculatio n disturbance s i n adult s wit h foca l 
hemispheri c damage .  Cortex .  18 .  37-50 . 

Greeno ,  J .  G .  (1989) .  Situatio n models ,  menta l 
models ,  an d generativ e knowledge .  I n D .  K .  & .  K . 
Kotovsk y (Eds.) .  Comple x informatio n processing :  Th e 
impac t  o f  Herber t  A .  Simo n Hillsdale ,  NJ :  Lawrenc e 
Erlbau m Associates ,  Inc . 

Henschen ,  S .  E .  (1919) .  Uebe r  Sprach- .  Musik- ,  un d 
Rechenmechanisme n un d ihr e Lokalisatio n i m Grosshim . 

Zgjtschrif i  fi T di e gg^amt g NeurQiQgi e un d Psychiatri? .  ?2 . 
273-298 . 

666 



Jackson ,  M. ,  &  Warrington ,  E .  K .  (1986) . 

Arithmeti c skill s  i n patient s wit h unilatera l  cerebra l 
lesions .  Cortex .  22 .  611-620 . 

Jenkins ,  I .  H. ,  Brooks ,  D .  J. ,  Nixon ,  P .  D. , 

Frackowiak ,  R .  S .  J. ,  &  Passingham ,  R .  E .  (1994) . 
Moto r  sequenc e learning :  A  stud y wit h positro n emissio n 
tomography .  Journa l  o f  Neuroscience .  14 .  3774-3790 . 

Just ,  M .  A. ,  Carpenter ,  P .  A. ,  Keller ,  T .  A. ,  Eddy , 
W.  F. .  &  Thulborn ,  K .  R .  (1996) .  Brai n activate d 
modulate d b y sentenc e comprehension .  Science .  274 .  114 -

116. 
Kintsch ,  W. ,  &  Greeno ,  J .  G .  (1985) .  Understandin g 

and solvin g wor d arithmeti c problems .  Psychologica l 

Review .  92 .  109-129 . 

Lee .  A .  T. ,  Glover ,  G .  H. ,  &  Meyer ,  C .  H .  (1995) . 
Discriminatio n o f  larg e venou s vessel s i n time-cours e 
spira l  blood-oxygen-level-dependen t  magnetic-resonanc e 
functiona l  neuroimaging .  Magneti c Resonanc e i n 

Medicine .  33 .  745-754 . 

Luria ,  A .  R .  (1973) .  Th e Workin g Brain :  A n 

Introductio n t o Neuropsychology .  London :  Penguin-Alle n 
Lane . 

Meyer ,  C .  H. ,  Hu ,  B .  S. ,  Nishimura ,  D .  G. ,  & 
Macovski ,  A .  (1992) .  Fas t  spira l  coronar y arter y imaging . 

Magn t̂i g HgjQpaPc e i n Medipjng ,  28 .  202 . 

Nathan ,  M .  J. .  Kintsch ,  W. .  &  Young .  E .  (1992) .  A 
theor y o f  algebra-word-proble m comprehensio n an d it s 
implication s fo r  th e desig n o f  learnin g environments . 
Cognitio n an d Instruction .  9 .  329-389 . 

Noll ,  D .  C ,  Cohen ,  J .  D. .  Meyer ,  C .  H. ,  & 
Schneider ,  W .  (1995) .  Spira l  k-spac e M R I  o f  cortica l 
activation .  Journa l  o f  Magneti c Resonanc e Imaging .  5 . 

49-56 . 
Partiot .  A. .  Grafman .  J. ,  Sadato ,  N. .  Hitman .  S. ,  & 

Wild ,  K .  (1996) .  Brai n activatio n durin g scrip t  even t 
processing .  Neuroreport .  7 .  761-766 . 

Paulesu ,  E. .  Frith .  C .  D. .  &  Frackowiak .  R .  S .  J . 
(1993) .  Th e neura l  correlate s o f  th e verba l  componen t  o f 
workin g memory .  Nature .  362 .  342-345 . 

Petrides ,  M. ,  Alivisatos ,  B. ,  Meyer ,  E. .  &  Evans , 
A.  C .  (1993) .  Functiona l  activatio n o f  th e huma n fronta l 
corte x durin g th e performanc e o f  verba l  workin g memor y 
tasks .  Prog ,  Natl .  Agqd ,  Sci ,  U S A .  90 .  878-882 . 

Prabhakaran ,  V. ,  Smith ,  J .  A .  L. ,  Desmond .  J .  E. , 
Glover .  G .  H. .  &  Gabrieii .  J .  D .  E .  (i n press) .  Neura l 
substrate s o f  flui d reasoning :  A n fMR I  stud y o f 
neocortica l  activatio n durin g performanc e o f  th e Raven' s 
Progressiv e Matrice s Test . 

Raichle .  M .  E. .  Fiez ,  J .  A. .  Videen .  T .  O. . 
MacLeod .  A .  K. .  Pardo .  J .  V. .  Fox .  P .  E. .  &  Petersen .  S . 
E.  (1994) .  Practice-relate d change s i n huma n brai n 
functiona l  anatom y durin g nonmoto r  learning .  Cerebra l 

Congx .  4 .  8-26 . 

Roland ,  P .  E. .  &  Frieberg .  L .  (1985) .  Localizatio n 

of  cortica l  area s activate d b y thinking .  Journa l  o f 

NeurophvsinlQgv .  53 .  1219-1243 . 

Snow,  R .  E. ,  Kyllonen .  C .  P. ,  &  Marshalek ,  B . 

(1984) .  Th e topograph y o f  abilit y  an d learnin g 
correlations .  I n R .  J .  Sternber g (Eds.) ,  Advance s i n th e 
Psycholog y o f  H u m a n Intelligenc e (pp .  47-103) . 

Hillsdale ,  NJ :  Lawrenc e Eribaum . 
Warrington .  E .  K. .  James ,  M. ,  &  Maciejewski .  C . 

(1986) .  Th e Wai s a s a  lateralizin g an d localizin g diagnosti c 
instrument :  a  stud y o f  65 6 patient s wit h unilatera l  cerebra l 
lesions .  Neuropsvchologia .  24 .  223-239 . 

667 


	cogsci_1997_662-667



