
reverse correlation algorithm is used to identify the 
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ner, Vision Res. 22, 101 (1982); IEEE Trans. Sys. 
Man Cybem. 13, 907 (1983); D. A. Pollen, J. P. 
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A2, 284 (1985); R. C. Emerson, M. J. Korenberg, 
M. C. Citron, in Advanced Methods oJ Physiological 
System Modeling, V .  Z .  Marmarelis, Ed. (Plenum, 
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function with the same extent and spatial frequency as 
the two-dimensional function. 

1-1 G(L Y ) ~ Y  = 1: aw(-.X2 - Py2i  

cos(2.nJx + 8)dy = A exp(-ax2)cos(2~Jx + 8) 

where a and p are constants, Jis the frequency, 8 is 
the phase, and A is an integration constant. It is not 
necessary for the model to have even an odd symme- 
try for the RFs of quadrature pairs. Therefore, the 
model does not conflict with a previous finding that 
simple RF profiles are not generally even or odd 
symmeuic [D. J. Field and D. J. Tolhurst, Proc. R .  
Sac. London Ser. B 228, 379 (1986)l. 
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Activation of Extrastriate and Frontal Cortical 
Areas by Visual Words and Word-Like Stimuli 

Visual presentation of words activates extrastriate regions of the occipital lobes of the 
brain. When analyzed by positron emission tomography (PET), certain areas in the 
left, medial extrastriate visual cortex were activated by visually presented pseudowords 
that obey English spelling rules, as well as by actual words. These areas were not 
activated by nonsense strings of letters or letter-like forms. Thus visual word form 
computations are based on learned distinctions between words and nonwords. In 
addition, during passive presentation of words, but not pseudowords, activation 
occurred in a left frontal area that is related to semantic processing. These findings 
support distinctions made in cognitive psychology and computational modeling 
between high-level visual and semantic computations on single words and describe the 
anatomy that may underlie these distinctions. 

S TUDIES IN COGNITIVE PSYCHOLOGY often been argued that some lexical and 
(1-3) and neurology (4) have sup- semantic processing is carried out automati- 
ported the idea that there are complex cally whenever a word is presented (7 ) .  This 

computations made on words and word-like processing may involve areas within the left 
letter strings that link the visual input into a prefrontal cortex ( 8 ) ,  but there was no evi- 
unit. For example, each letter of a word can dence of activation of the left frontal area 
be ~erceived at-a lower threshold than when 
that letter is presented alone or as part of a 
nonsense string of letters (3). This perceptu- 
a1 advantage extends to pseudowords, mean- 
ingless letter strings that are similar to words 
(for example, POLT), but not to random 
strings of letters (for example, PXQLO) 
suggesting that this effect does not involve 
the meaning of the string but its regularity, 
that is, its similarity to strings of letters that 
would be words ( 5 ) .  

\ ,  

In an earlier study of single word process- 
ing, we showed that passively presented 
visual words activated a number of extra- 
striate areas bilaterally in the occipital lobes 
(6). In that study, only words were used as 
stimuli. thus there was no evidence that 

during passive presentation of words (6). To 
explore these issues further, we designed 
PET experiments to compare the areas acti- 
vated during the visual-representation of 
four different sets of word-like stimuli. 

Subjects were normal volunteers between 
18 and 49 years old. All subjects (n = 8, five 
males and three females) were native English 
speakers and strongly right-handed. Most 
subjects were students in the medical, allied 
health, or graduate schools of Washington 
University. These people, as a group, were 
assumed to be normal or above in reading 
skills and general intelligence. 

The PET imaging, general task design, 
and data analysis strategies have been de- 
scribed and include ii) the use of 150- 

\ ,  

these activations were unique to words. labeled water as a blood flow tracer [the 
Additionally, when subjects were required short radioactive half-life (123 s) and scan 
to generate the meaning of visual or audi- time (40 s) of [ ' 5 0 ] ~ 2 0  allow eight scans 
tory words, or to monitor a list of words for to be done in a single session (9)]; (ii) paired 
a semantic category, an area of the left (task minus control) image subtraction to 
prefrontal cortex was active, suggesting that isolate areas of change between active and 
this frontal region is related to semantic control conditions (10); (iii) intersubject 
processing (6)- In cognitive studies it has image averaging to increase the signal 

strength of active regions compared to the 
noise background (11); (iv) a two-stage 
(omnibus A d  post hoc) statistical analysis 
to describe the significance of the foci in the 
averaged subtraction images (11). 

Seven scans were ~erformed on each sub- 
ject. A fixation-point-only control scan was 
obtained while the subject fixated on a blank 
screen inter~osed between each offour stim- 
ulus-set scans (12). The order of prcscnta- 
tion of stimulus sets was counterbalanced 

*Present address: The Johns Hopkins Hospital, Neuro- among and the order of presen- 
radiology Section, Meyer 8-140, Baltimore, MD 21205. tation within sets was pseudorandomized. 

31 AUGUST I990 REPORTS I041 



Fig. 1. PET images (single slices) taken from 
subtraction images averaged from all elght sub- 
jects show areas of increased blood flow (9) when 
presented with four di&rcnt scts of word-like 
stimuli (compared to fixation point control). 
Each slice is taken from the same sagittal location 
2 an left of the mi-ttal plane. The location of 
the slices is represented by the vertical dashed line 
in Fig. 3B. Anterior is at the left ofeach image. At 
the top of each section is a sample from the 
stimulus set that produced this activation. For 
both the false-font (A) and letter suing (B) 
stimulus presentation there is little activation in 
the inferior and posterior part of the image. 
Pronounceable nonword (C) and real word stim- 
ulus presentation (D) produce dear activation, 
which consists of duec identifiable foci (15). 

There were four different sets of stimuli. 
During a single scan, members of only one 
set were presented. The four stimulus sets 
were (i) single common nouns (real words); 
(ii) nonwords that followed the spelling 
rules of English, that is, pseudoword strings 
like FLOOP and TOGLO (pseudowords); 
(iii) orthographically irregular groups of 
English characters like JVJFC (consonant 
letter strings); and (iv) strings of letter-like 
forms (false fonts) (13). These stimuli were 
designed to separate activations related to 
processing at the level of the simple visual 
properties of the stimuh, letters, ortho- 
graphic and phonological regularity, or lexi- 
cal-semantic processing where real words 
are discriminated h m  other letter strings 
on the basis of meaning. 

All four stimulus sets ~roduced lateral 
extramiate responses. This activation indi- 
cates processing at a level common to all 
four stimulus sets, that is, the complex visual 
features of the stimuli. The foci of activation 

NLPFZ 

for each of these four conditions were iden- 
tified by subtraction of a fixation scan h m  
the test scan. 

Real words and pseudowords produce 
responses in the left, medial extrastriate cor- 
tex (Fig. 1, C and D) (14) that are not seen 
with false fonts (Fig. 1A) or letter strings 
(Fig. 1B). Two explanations for the medial 
exnastriate activation by real and 
pseudowords were considered: (i) the acti- 
vation is due to the fact that the string of 
letters follows the spelling rules of English 
and could be seen as a legitimate visual word 
form or (ii) the activation represents the 
difference between the pronounceability 

(phonological characteristics) of the 
pseudowords and real words on the one 
hand, and the false font and letter strings on 
the other. We believe that the visual word 
fbrm argument seems stronger. The activa- 
tion is posteriorly located near regions oth- 
erwise devoted to aspects of visual process- 
ing (4). These regions are activated by the 
visual presentation of words, but not by the 
auditory presentation of words (6). [An area 
in temporoparietal cortex that is commonly 
activated by auditory word presentation and 
by a task in which subjects had to make a 
phonological judgment on visually present- 
ed material have been desaibed (6); howev- 

Flg. 2. PET i m ~  (single slices) taken h m  subaaction images averaged (boxes) during the simple presentation of real words (B) and during an 
from all elght sub~ects show no increase in blood flow during presentation of explicit semantic processlng task (C) (6). The level of these slices is shown as 
pseudowords (A) but dear increased blood flow (9) in left prefrontal cortex the lower horizontal dashed line in Fig. 3B. 
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Fig. 1 6. S. E. Petersen, P. T.  Fox, M. I. Posner, M. A. 
Mintun, M. E. Raichle, .Wature 331, 585 (1988); J. 
Cogn. Neurosii. 1, 153 (1989). For a review of other 
PET studies, see J .  C. Mazziota and E. J .  Metter, 
Language, Communiiation, and the Brain [F. Plum, Ed. 
(Raven, New York, 1988), pp. 245-2661, 

7. M. I. Posner and C. R. Snyder, Attention and Perjorrn- 
anif V ,  P. M. Rabbit, Ed. (Academic Press, New 
York, 1975); A. J .  Marcel, C o g t ~ .  Psyihol. 15, 197 
(1983). 

8. W. Milberg, S. E. Blumstein, B. Dworetzky, Brait1 
Latlg. 31, 138 (1987); G. Sartori, J. Masterson, R. 
Job, The  Cognitive Neuropsychology of Larzguage, M. 
Coltheart, G. Sartori, R. Job, Eds. (Erlbaum, Hills- 
dale, NJ, 1987), pp. 59-77; D. Swinney, E. Zurif, J. 
Nicol. J. Cogn. h'eurosii. 1, 25 (1989). 

9. M. E. Raichle, W. R. W. Martin, P. Herscovitch, M. - Mintun, J. Markham, J. .Wnil. Med. 24,790 (1983). 
20 mm Because of the linear relation between blood flow - (BF) and radioactivity in the tissue as measured by 

20 mm PET [P. Herscovitch, J .  Markham, M. E. Raichle, 
ibid., p. 782; P. T.  Fox, M. A. Mintun, P. Hersco- 

Fig. 3. (A) The medial extrastriate area activated by real words (filled square) and pronounceable vitch, M. E. Raichle, J. Cereb. Blood Flow Metab. 4, 
nonwords (pseudowords) (shaded square). This area is not activated by presentation of letter strings 329 (1984)], we chose to forego measurement of 
and false font stimuli. The position of this slice is shown in (B); the position of the PET slices in Fig. 1 is arterial blood radioactivity in these studies and 
shown. (B) A lateral view of the left hemisphere showing the inferior frontal areas activated by real repofl our results simply as radioactive counts. 

words but not pseudowords. The orientation of the PET slice in Fig. 2 is shown. Visible presentation of heads are within a 

real words produced activation at coordinates (r, x , y )  = (0, +29, +55) (shaded circle), whereas the ~~~~~c$~~'u~ ~ ~ ~ ~ d ; ~ ~ ~ ~ a ~ ~ $ ~ ~ ~ i ~ e ~ ~  task in which people were asked to generate a semantlc associate for a visually presented word produced with 1 5 0  acting as a BF is as an 
activation at (-6, t28,  + 50) (filled circle). intravenous bolus of 8 to 10 ml of saline containing 

50 to 70 mCi. A 40-s scan is initiated when the 
bolus enters the brain. The PETI VI system is used 
in the low-resolution mode, simultaneously acquir- 

er, this lateral temporoparietal "phonologi- very close to that activated by semantic zcy:!' f:iall-:z$ ~ ~ ' ' r ~ ~ ~ ~ ; ~ ~ ~ d ~ ;  
cal" area is distant from the medial extra- processing tasks in our earlier studies (Fig. fltered backprojection to a resolution of 18 - at 
striate areas we describe in this report.] 2C) (6). full width at half maximum. The reconstructed 

Lesions in left occipitotemporal cortex often The activation of a region of left frontal izE ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ a ~ ~ s ~ ~ ~ ~ ~ ;  
produce pure alexia, the inability to read cortex by passive viewing of real words, but each experimental condition by subtracting one 
without other language deficit (4). not pseudowords, and also by explicit se- image from another. These images are created after 

linear normalization that negates the erects of global Rules of spelling and orthography are mantic processing tasks (6) argues that this BF both inter. and intrasubject, 
specific to each language. The presence of a area is generally involved in some semantic Through the use of a set of anatomical standardiza- 

left-lateralized area in posterior, extrastriate computation on single words. Left frontal tion techniques [P. T. Fox, J. S. Perlmutter, M. E. 
Raichle, J. Comput. Assist. Tornogr. 9, 141 (1985)], 

cortex that distinguishes between letter activation by passive presentation of visual single subtraction images are converted into 
strings that do and do not conform to words is the first indication from a PET tomically standardized images and averaged across 

English spelling rules argues that access to smdy that this frontal region could be takrng ~ ~ ~ ~ ~ ~ , t ~ ~ [ ~ ~ ~ ~ ~ ~ f ~ ~ ~ ~ t i ~ d ~ ~ ~ ~ ~ ~ ~ ~ ~  
information specific to English orthography part in more automatic semantic priming searched by an automatic maximum-detection dgo- 
is present very early in the visual processing tasks that are preferentially affected by fron- rithm to identify and record by magnitude and 

location ( x ,  y ,  z stereotactic coordinates) all positive 
stream. These areas may represent the neural tal lesions ( 8 )  and that are separable from and negative local mawima, The of BF 
mechanism underlying the perceptual ad- earlier types of processes, such as preseman- change magnitudes obtained represents the signal 

vantage that words and pseudowords show tic perceptual priming (15, 16). plus noise distribution of an image. Most local 
maxima and minima in a subtraction image are noise 

over irregular letter strings. Furthermore, Our results indicate that separate brain ,d randomly distributed. I~~~~ averaging sup- 
such an area may be the cortical site for regions are activated by the presentation of presses noise while it fails to suppress the spatially 

priming of word perception occurring at a stimulus sets that can be processed in differ- ~e~~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ g ~ ~ ~ $ ~ ~ n ~ ~ ~ ~ $ ~ ~  
presemantic level (15). ent ways (at the visual feature level, ortho- magnitude than noise and are identified on that 

The statistical methodology that is used graphically, and semantically). These obser- basis. The staristical is nvo-tiered. First, an 
omnibus test (gamma-nvo statistic) is used to deter- 

(9 )  is conservative in nature and encourages vations are consistent with distinctions from mine whether an image has any significant responses 
utilizing more subtle subtraction pairs if the performance studies (1) that isolate these (distribution outliers). Secpnd, as a post hoc analy- 

possibility exists. For example, the false font different processes, and aid in our under- 
~ ~ ~ ~ s $ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ &  

conditions can act as the control condition standing of the specific functional anatomy distribution delriation); [ ( IT);  P. T. 
for the other three stimulus sets, in essence underlying them. and M. A. Mintun, J. NucI. Med. 30, 141 (1989)l. 

subtracting away areas related to simple 10. P. T. Fox et a/. ,  Nature 323, 806 (1986); P. T. Fox, 
F. M. Miezin, J. M. Allman, I>. C. Van Essen, M. E. 

visual feature processing, isolating areas re- REFERENCES AND NOTES Raichle, J. Neurosii. 7, 913 (1987). 
lated to processes not shared in all condi- M, I, Posner, Chronometric Explorations ojMind (Ox. 11. M. A. Mintun, P. T. Fox, M. E. Raichle, 1. Cereb. 

tions. As would be expected, activation is ford Univ. Press, New York, 1986); D. LaBerge and 'loui 9, 96 T. Fox, M. 
Mintun, E. M. Reiman, M. E. Raichle, ibid. 8, 642 

seen in left medial extrastriate cortex for J. Samuels, c o ~ t l .  P ~ ~ c h o l .  6, 293 (1974). 
2. J.  L. McClelland and D. E. Rumelhart, Psychol. Rev.  (19"). 

both the real word and pseudoword subtrac- 88, 375 (1981j, 12. During all scans, subjects were instructed to h a t e  
tions. However, there is also a significant 3. G. M. Reicher, J .  E x p .  Psychol. 81, 274 (1969). on a small cross hair presented on a cathode ray tube 

dlference bemeen these new images for real 4. A. R. Damasio and H. Damasio, Neurology 33, 1573 l2 inches the 
(1983). subject's head. 

words and pseudowords. There is signifi- 5. For a review see T, H, Carr and A. Pollatsek, in 13. iV1 four stimulus sets were equated for distribution 
cant activation in the left frontal cortex in Readit12 Research: Advances it1 Theory and Practiie, of string lengths, which varied between 3 and 10 

Volurne 5 [D .  Besner, T.  G. Waller, G.  E. MacKin- characters (mean, 5.5; mode, 5). The real word list the but not the pseudoword non, Eds. (Academic Press, New York, 1985), pp. was comprised of 256 animals and familiar house- 
condition (Fig. 2, A and B). This locus is 1-82], hold items (for example, FISH and CONTAINER). 
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The pscudowords wcre matched to the real words in foci were based on our system of anatomical localiza- chirality as 2R,3S-isocitrate, is a substrate 
probability of occunrncc of each individual letter. don with PET. The coordinates (2, x, y) were for 
The letter strings consisted of consonants. The false- real words: (+2, +29, -53), (+2, +21, -63), and IDH, whereas 2S-malate is 
font chanctcrs were compoxdofcontiguous ~ c d  (+6, +21, -41) for pscudowords: (+4, +23, -65) expected, the Michaelis constant (K,) of the 
and straight-he segments designed m be at once and (-47, +4, +19). 
dissimilar from any of the alphabetical symbols, but 15. For a recent review of priming and human memory 

substrate analog is larger, and the maximum 
equivalent in the content of primitive visual f ea~fcs .  a E. Twg and D. L, schactcr, ScimE velocity is smaller than for the natural sub- 
Each character was generated on a 7 by 5 pixd grid. 247, 301 (1990). strate isocitrate (Table 1). However, 2R- 
ALI four stimulus sets wcre matched in average 16. M. I. Posner, J. Sandson, M. Dhawan, G. L. malate is also a substrate for the phosphory- number of pixels illuminated; vutical, horizontal, Shulman, J. Cogn. Neurosri. 1, 50 (1989). 
and oblique conmurs; and approximately matched 17. Supported by NIH (NS 06833, NS 25233, HL lated enzyme, whereas 2R,aS-i=itrate is 
in curvature, corners, and line segment intersections. 13851) and the M c D o ~ d l  center for S d c s  of not. In fact, phosphorylation has little effect 
Thcsc stimuli wcre presented once per second with Higher Brain Function of Washington University. 
an on-time of 150 ms. thank M, Posncr for his and H, on the Michaelis constant for 2R-malate 

14. ll-~c area of left, medial temporal cortex activated by Mcssmcr for manuscript preparation. (Table 1). Whereas substitutions with dif- 
visually presented words and pxudowords was 
composed of several idendable foci of blood flow ferent amino acids for Ser1I3 have dramatic 
change. The stereotactic atlas coordinates of thcsc 8 February 1990; accepted 18 June 1990 effects on the kinetic constants for 2R,3S- 

isocitrate, the effects on the kinetic constants 
for 2R-malate are much smaller. Thus, direct 
interactions between the y carboxyl group 
of isocitrate and the side chain of residue Electrostatic and Steric Contributions to Regulation 113, p r i m d y  rcspsible for the 

at the Active Site of Isofitrate Dehydrogenase tion of IDH activity (Fig. 1). 
The effects of phosphorylation can now 

be addressed quantitatively. Approximately, 
ANTONY M. DEAN AND DANIEL E. KOSHLAND, JR. twofold changes in the isocitrate Michaelis 

constant and maximum activity can be at- 
The Wtrate dehydrogenase of Escherichia coli is regulated by covalent modilication at tributed to the loss of the hydrogen bond 
the active site rather than, as expected, at an dosteric site. As a means of evaluating the with the y carboxyl group of isocitrate as 
mechanism of regulation, the kinetics of the substrate, 2R,3S-Wtrate, and a determined by the replacement of Ser1I3 
substrate analog, 2R-malate, were compared for the native, phosphorylated, and with alanine (VmlV,,.scr = 0.08; Km-~laI 
mutant enzymes. Phosphorylation decreases activity by more than a factor of lo6 for K,,,-scr = 1.8 (5). The crystallographic struc- 
the true substrate, but causes minor changes in the activity of the substrate analog. The tures show that overlaps between the Van 
kinetic results indicate that electrostatic repulsion and steric hindrance between the der Wads radii of the side chains of gluta- 
phosphoryl moiety and the y carboxyl group of 2R,3S-isocitrate are the major causes mate, aspartate, phosphoserine, tyrosine, 
of the inactivation, with a lesser contribution from the loss of a hydrogen bond. and lysine at site 113, and the y carboxyl 

group of isocitrate are possible (2). The 

C OVALENT REGULATION, PARTICU- isocitrate, a compound (2R-malate) retain- tyrosine and lysine residues, which have 
larly by phosphorylation, is ubiqui- ing the reactive groups of 2R,3S-isocitrate, large overlaps, cause decreases in VIK, by 
tous in biological systems (1). The but lacking the y carboxyl that interacts with factors of 8.5 x lo3 and 3.5 x lo3, respec- 

discovery of covalent modification at the the phosphoryl moiety, might bind and tively (Table 1). The positively charged arni- 
active site (2) raises questions concerning serve as a substrate for the phosphorylated no group of lysine may have an activating 
the mechanism of regulation. Phosphoryl- enzyme (Fig. 1). effect, but this is probably small because the 
ation of a Ser'13 completely inactivates the Indeed 2R-malate, which has the same amino group is so far removed from the y 
isocitrate dehydrogenase (IDH) of Escherich- 
ia coli (3-5) by preventing isocitrate binding 
(6) and without significant conformational 

Fig. 1. 2R-malate (shaded Arg 129 
changes (7). Substitution for ser113 by as- spheres) 2R,3S-uai- 
partate and glutamate also inactivates IDH, (shaded and dashed 
whereas substitutions by other amino acids spheres) in the acdve site of .----.. 
do not (5, 6). It was postulated that electro- IDH. The Y carboxyl group 

A 
'"gN O+p 311 

static factors may play a dominant role in 2R33s-isocimte (dashed 
spheres) hydrogen bonds to H2 H2 00' 

inactivation (5),  and calculations suggest & , I I ~ ,  which is also the site 
that Such a repdsion could explain the find- of phosphorylation. The a, 
ings Given (2). the uncertainties in the electrostatic 2R93S-isocitrate p, and Y cwbonil P U P  hydro of A , ~  1 <a , N H 2 w  $qsp 283 

bond to three kgR9, 2 , o calculations on complex surfaces (8), inde- ~ ~ 1 2 9 ,  and Arg153. The a 
pendent corroborative evidence is required carboyl and a hy- .--.. .---. , , v- - - .  

zp 'Asp 307 

for assessing the relative contributions of droxvl moup are &elated to , .  H 2 N  Arg 153 

various factors. To do this, the kinetic prop- a k ' e s i u k  ion associated 
erdes of a substrate, 2R,3S-isocitrate, and a with Asp283 and Asp3m , . , 

the p carboxyl group hydro- *. * - -0 
substrate analog, 2R-malate, were compared gen bonds to T y r ~ 6 ~  and H ". ....,, 
with the use of native, phosphorylated, and ~ ~ 2 3 0 .  During catalysis, the 
mutant enzymes. Since catalysis occurs at loss of a proton from the a 
the a and p carboxy~ groups of 2R,3S- h~drox~l  group and the Tyr 160 transfer of the hydrogen 

from the a carbon to nico- 

d f o m i a ,  Berkeley, CA P4720. 
Dc merit of M o l d a r  and Biology, University of tinamide adenine dinucleotide phosphate (NADP) results in dehydrogenation. The loss of the p 

carboxyl group as C02  is followed by protonation of the p carbon to form a-ketoglutarate. 

1044 SCIENCE, VOL. 249 




