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Functional neuroimaging previously has been consid-
red to provide inadequate temporal resolution to
tudy changes of brain states as a function of cognitive
omputations; however, we have obtained evidence of
ifferential amounts of brain activity related to high-

evel cognition (sentence processing) within 1.5 s of
timulus onset. The study used an event-related para-
igm with high-speed echoplanar functional magnetic
esonance imaging (fMRI) to trace the time course of
he brain activation in the temporal and parietal re-
ions as participants comprehended single sentences
escribing a spatial configuration. Within the first set
f images, on average 1 s from when the participant
egins to read a sentence, there was significant activa-
ion in a key cortical area involved in language compre-
ension (the left posterior temporal gyrus) and visuos-
atial processing (the left and right parietal regions).
n all three areas, the amount of activation during
entence comprehension was higher for negative sen-
ences than for their affirmative counterparts, which
re linguistically less complex. The effect of negation
ndicates that the activation in these areas is modu-
ated by the difficulty of the linguistic processing.
hese results suggest a relatively rapid coactivation in
oth linguistic and spatial cortical regions to support
he integration of information from multiple process-
ng streams.

INTRODUCTION

Ever since the time of Broca and Wernicke, behav-
oral data from aphasic patients have implicated the
eft inferior frontal and left posterior superior temporal
egions in some aspects of language processing. With
he onset of neuroimaging techniques, however, it has
ecome possible to examine the involvement of various
rain areas in language processing among normal
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ubjects. The emerging view suggests a dynamic corti-
al involvement, determined by the quantitative diffi-
ulty as well as on the qualitative nature of the
anguage processes. Specifically, in a functional mag-
etic resonance imaging (fMRI) study, we measured the
mount of cortical activation while participants read
nd answered questions about structurally simpler
entences (conjoined active clauses) or more complex
entences (with embedded object-relative clauses) (Just
t al., 1996). The results showed that with increasing
inguistic complexity, there were increasing amounts of
MRI-measured activation in the classic left cortical
egions (roughly, Broca’s and Wernicke’s areas) as well
s in their right homologues. Because the sentence
ypes were balanced for word length and superficial
exical structure, the increases were attributed to the
ncreased complexity of the underlying comprehension
rocesses. Such data suggest that the mapping of
anguage processing functions to the cortical systems
hat support them does not depend solely on the type of
rocessing, but also on the quantitative difficulty of the
rocessing.
The current study extends this approach by using an

vent-related method to examine the time course of
ctivation that is associated with language processing
n a complex cognitive task that involves intermodal
ntegration. The task involves reading a sentence, such
s, ‘‘It is (isn’t) true that the star is above the plus,’’ and
hen verifying it as true or false with respect to a
ubsequently presented picture, which might depict a
tar above a plus. The event-related method assesses
he time course of activation during the sentence phase
nd then during the picture-processing phase, rather
han relying on asymptotic activation that sums across
ifferent phases of the task. The averaged single-trial
ethod has been used successfully to study simpler

rocesses, such as the time course of activation while
articipants completed single word stems (Buckner et
l., 1996) or processed briefly flashed visual stimuli
Savoy et al., 1995). The current study involves a more

omplex cognitive task.
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217TIME COURSE OF ACTIVATION
This study assesses whether fMRI-measured activa-
ion increases with the complexity of sentence process-
ng, when complexity is operationalized by comparing
he comprehension of negative sentences to their affir-
ative counterparts. Numerous behavioral studies in-

icate that negative sentences are more difficult to
rocess than affirmatives, resulting in increased read-
ng time and errors (Chase and Clark, 1972; Carpenter
nd Just, 1975). The modal processing model for nega-
ion suggests that negative sentences are encoded as an
ffirmative core with an additional linguistic marker
ignaling the negation. The participant initially pro-
esses the affirmative core and then must reverse the
olarity of the representation to accommodate the
egation. Both the construction and maintenance of the
epresentation during comprehension is more complex
or the negative sentences. It is this processing demand
hat leads to the prediction of higher levels of fMRI-
easured activation during the comprehension of nega-

ive sentences than affirmative sentences in the left
osterior temporal region, a region that is classically
ssociated with language. Activation has been found in
his region in several neuroimaging studies including
entence reading (Bavelier et al., 1997; Just et al., 1996)
nd sentence listening comprehension (Binder et al.,
994; Mazoyer et al., 1993). Although there is as yet no
greed upon characterization of its precise role in
anguage comprehension, one hypothesis is that it
articipates in coordinating the linguistic representa-
ions used in interpreting speech and written text
Howard et al., 1992; Mesulam, 1990).

Greater activation in this region for negative than
ffirmative sentences would support the more general
ypothesis that the cortical activation in a region is
elated to the amount of demand for the processes
xecuted in that cortical region (Just et al., 1996). The
ffects of task demand on cortical activation have been
ound not only in language processing, as in the Just et
l. (1996) study, but also in neuroimaging studies that
ave examined mental rotation (Carpenter et al., 1999),
hort-term memory word span (Grasby et al., 1994),
nd n-back short-term letter recognition (Braver et al.,
997). Although such conventional blocked-design stud-
es of task difficulty demonstrate more activation for

ore demanding task items, the more demanding
tems typically take a longer time to process. So, the
omparison of activation levels is somewhat compro-
ised by the inequality of the processing times (al-

hough the processing times can be statistically
quated). An advantage of an event-related paradigm is
hat it reveals not just the amount, but the time course
f the brain activation. Consequently, the activation in
he easier and harder conditions can be compared at
arious time intervals after the stimulus onset, regard-
ess of whether there is any difference in their total

rocessing times. t
A second contribution of the study is that it examines
ctivation not just in the posterior temporal region but
lso in the parietal regions, which are associated with
arious visuospatial processes, such as mental rota-
ion, and covert and overt changes in spatial attention
nd eye movements (Alivisatos and Petrides, 1997;
arpenter et al., 1999; Cohen et al., 1996; Corbetta et
l., 1998; Luna et al., 1998; Lynch et al., 1977; Tagaris
t al., 1997). The reason for examining activation in the
arietal regions is that during sentence reading in this
ask, the participant is preparing to compare the
inguistic representation to a picture. On one hypoth-
sis, the initial sentence reading consists of linguistic
rocessing that is encapsulated from any representa-
ion or processing of the spatial configuration to which
he sentence refers.According to this linguistic encapsu-
ation hypothesis, the reading of the sentence entails
he representation of its lexical and syntactic content,
ithout immediately constructing a spatial representa-

ion of the sentence referent. In that case, one would
xpect little or no activation in the parietal regions
elated to the initial sentence comprehension. (Parietal
ctivation related to the processing of the picture would
ot be expected until after the picture had been pre-
ented.) Alternatively, according to a more interactive
ypothesis, the neural processing of sentences that
efer to a spatial configuration is not encapsulated but
lso involves some activation in the parietal system
hat may participate in constructing a representation
f the sentence’s spatial referent. The study examined
he degree and onset time of the activation in parietal
egions during the processing of the sentence only,
efore the picture was presented, to adjudicate between
he encapsulation hypothesis and the interactive hy-
othesis. The experiment’s ability to make this adjudi-
ation was increased by the manipulation of the linguis-
ic variable of negation-affirmation. If this variable,
amely the presence or absence of negation, were to
ffect the activation in the parietal areas prior to
icture onset, it would constitute strong evidence for
he interactive hypothesis. Also, an effect of negation on
arietal activation greatly decreases the plausibility
hat the parietal activation is due to processes unre-
ated to language processing, such as the eye move-

ents in reading.
Finally, we also examined the activation in these

ortical regions during the picture-processing phase.
ecause the picture presentation almost immediately

ollowed the sentence presentation, the fMRI-mea-
ured activation during this phase is likely to reflect
ome combination of the activation due to the preceding
entence processing and to the picture processing.
In sum, the study examined the time course of

MRI-measured activation in posterior temporal and
arietal regions while the participant read a sentence

hat described a spatial configuration and verified it
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218 CARPENTER ET AL.
gainst a subsequently presented picture. In order to
ample the activation frequently during sentence read-
ng, we restricted the study to a short TR (1.5 s) and
even coronal slices, which excluded the frontal and
ccipital regions from the field of view. In addition, to
urther control the temporal relation between the task
nd MR imaging, the MR data acquisition was coordi-
ated with the sentence presentation and with the
ubsequent picture presentation, as shown in Fig. 1.

MATERIALS AND METHODS

ubjects

The participants were eight healthy, right-handed
ollege student volunteers (four males, four females)
ho gave signed, informed consent that had been
pproved by the University of Pittsburgh and the
arnegie Mellon Institutional Review boards. The par-

icipants were familiarized with the sentence-verifica-
ion task before the imaging study through instructions
nd participation in a short pilot study. They were also
amiliarized with the scanner and the scanning proce-
ure before the actual study began.

ask and Stimulus Materials

Each trial began with either an affirmative or nega-
ive sentence, such as, ‘‘It is (not) true that the star is
bove the plus.’’ The sentence was rear-projected on a
creen 45 cm away from the participant on a single line
hat subtended approximately 15° of visual angle.

hen the participant finished reading the sentence,
e/she pressed a button to terminate the sentence and

FIG. 1. The time line for a trial. A trial began with either an affirm
he plus.’’ The participant read the sentence and then pressed a button
star above a plus. The participant responded by pressing a button t

iewed a fixation point during a 20-s intertrial interval, the last 1
eginning of the sentence presentation and picture presentation

chematically by the seven slices being acquired in successive 1500-ms a
tart the pictorial display. The latter displayed a pic-
ure (such as a plus above a star or a star above a plus),
o which participants responded by pressing a button to
ndicate ‘‘true’’ or ‘‘false.’’ The baseline activation was
he mean of the activation observations for the last 14 s
f the 20-s fixation intervals that intervened between
ach trial.
The stimuli consisted of 14 affirmative and 14 nega-

ive randomly ordered sentences that included varia-
ion in the preposition (above or below), figures (star/
lus/dollar), and truth value (true/false). To defeat the
trategy of simply preparing for a fixed picture, half of
he pictures included a symbol (a 135° arc terminating
ith an arrow), indicating that the picture should be
entally rotated by 135° counterclockwise prior to

omparison to the sentence. To further discourage
articipants from mentally converting negative sen-
ences into an affirmative converse, a third symbol was
ometimes used. For example, the sentence might be,
‘It is not true that the star is above the plus,’’ and the
icture might show a star above a dollar sign. Such
timuli were used frequently in the practice pilot
ession to decrease the likelihood that the participant
ould adopt a conversion strategy, but they were used
nly twice in the actual study.

canning Procedures

Both the sentence and picture presentations were
ynchronized electronically with the scanner. The acqui-
ition interval to acquire all seven slices was 1500 ms.
or the five slices (of the seven total) that defined the
osterior temporal regions, the center of k-space was

ve or negative sentence, such as, ‘‘It is (not) true that the star is above
terminate the sentence display and start the pictorial display, such as
dicate true or false and terminate the picture. Then the participant
of which were used to measure the baseline activation level. The
ere synchronized electronically with the MR scanner, indicated
ati
to
o in
4 s

w

cquisition intervals.
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219TIME COURSE OF ACTIVATION
cquired approximately 0.4, 0.6, 1, 1.2, and 1.4 s from
he sentence onset, with a mean elapsed time of 940 ms
or the first acquisition interval, 2440 ms for the
econd, and 3940 ms for the third interval. For the five
lices that defined the parietal regions, the correspond-
ng times were approximately 0.2, 0.4, 0.6, 1.2, and 1.4
, with a mean elapsed time of 850 and 2350 ms for the
rst and second acquisition intervals.
Cerebral activation was measured using blood oxygen-

tion level-dependent (BOLD) contrast. Imaging was
n a 1.5T scanner at the MR Research Center at the
niversity of Pittsburgh Medical Center (Thulborn et
l., 1996a,1996b). The acquisition parameters for the
radient-echo EPI with 7 coronal slices were TR 5 1.5 s,
E 5 50 ms, flip angle 5 90°, 128 3 64 acquisition
atrix, 5-mm thickness, 1-mm gap, RF whole-head

oil. The structural images were high-resolution T1-
eighted spin echo images, with TR 5 400 ms, TE 5 11
s, 256 3 256 acquisition matrix, 5-mm slice thick-

ess, and 1-mm gap.

ata Analysis

The functional activation was assessed in two major
egions of interest (ROI’s) that were defined in each
emisphere using a parcellation method that relies on

imiting sulci and anatomically landmarked coronal
lanes to segment cortical regions (Caviness et al.,
996; Rademacher et al., 1992). The ROI’s in the
unctional images were defined for each participant
ith respect to coregistered structural images that had
een acquired during the same scanning session. The
emporal ROI’s included the posterior superior (T1p or
A 22) and the middle temporal gyrus regions (T2p,
nd TO2 or BA 22 and 37). The parietal ROI’s included
he superior parietal lobule (SPL, BA 5, and 7), the
osterior supramarginal gyrus (SGp, BA 40) and the
ngular gyrus (AG, BA 39), as shown in Fig. 2.
The voxels of interest were identified by first comput-

ng separate voxel-wise t statistics (using a threshold of
$ 4.5) that compared the activation for the affirma-
ive condition and negative condition to the baseline
ctivation during the sentence presentation and sepa-
ately, during the picture presentation (including 6 s
eyond picture offset to take advantage of the lag in the
emodynamic response). The voxels of interest were
hose that reached significance in either the affirmative
r negative conditions for either presentation phase,
nd it was the time course of their averaged activation
hat was of primary interest. The mean activation level
or a time period for a voxel was based on the raw
ime-series data for any subset of the 14 sentences of
hat type that were still processed during that 1.5-s
cquisition interval. The average time-series data for
ach voxel were fit with a mixed linear model, with

oxels nested within subjects and crossed with acquisi- a
ion interval and sentence type (affirmative or nega-
ive).

The image preprocessing corrected for in-plane head
otion and signal drift using procedures and software

eveloped by Eddy et al. (1996). The in-plane head
otion of the data sets averaged less than 0.2 voxels,

nd data sets with greater in-plane or out-of-plane
otion were discarded without further analysis.

RESULTS

As expected, negative sentences took longer to pro-
ess than affirmatives. The mean reading time was
511 ms for affirmative and 4100 ms for negative
entences (t(7) 5 3.09, P , 0.01), and the picture pro-
essing times were 2924 and 4266 ms for the affirma-
ive and negative conditions (t(7) 5 3.91, P , 0.01),
espectively. The times for the combined picture process-
ng and verification phase were substantially greater
or the negative condition than for the affirmative
ondition for seven of the eight participants. This
uggests that the sentences were maintained in a
erbal code rather than converted into images during
he sentence presentation phase because the conver-
ion to an image would have (a) eliminated or lessened
he difference between the conditions during the picture-
resentation phase and (b) consumed substantially
ore time during the sentence-presentation phase for

he negative sentence. The maintenance of a verbal
ode would also be consistent with earlier behavioral
tudies of the processing of negative sentences that
sed this paradigm (Chase and Clark, 1972; Clark and
hase, 1972). Those studies found that image genera-

ion was less likely to occur if the picture immediately
ollowed the sentence. Finally, the differences in process-
ng time between affirmative and negative sentences
annot account for the differences in activation, which
ere observed at fixed intervals after stimulus onset

or both types of sentences. Of primary interest was the
rowth of fMRI-measured activation during the sen-
ence-processing phase.

The total number of activated voxels across the eight
articipants was 118 in the left temporal ROI. In the
eft temporal region (Fig. 3a), the average percentage
hange in signal intensity over the baseline was signifi-
antly greater overall for the negative than the affirma-
ive sentences, F(1, 110) 5 10.30, P , 0.01. The greater
ctivation for the negative sentences indicates that the
mount of neural activity is influenced by sentence
omplexity. In the first acquisition interval, acquired an
verage of 940 ms after sentence onset, the activation
or negative sentences was significantly above the
esting baseline, t(117) 5 3.30, P , 0.01. In the second
nterval, acquired on average 2440 ms after the sen-
ence presentation, the activation was significantly

bove baseline for both negative and affirmative sen-



t
t
g
p
d
b
h

r
p
f
d
p
v
h
c
p

p
v
s
t
n
t
n
t
p
s
e
w
t

t

220 CARPENTER ET AL.
ences, t(117) 5 7.34 and 3.16, respectively. The activa-
ion in the negative condition was not significantly
reater than in the affirmative during the picture-
rocessing phase. As mentioned earlier, the activation
uring the picture-processing phase reflects some com-
ination of processes associated with sentence compre-
ension and picture processing.
A total of 95 voxels was significantly activated in the

ight posterior temporal region across the eight partici-
ants, but the activation was not significantly higher
or the negative condition than for the affirmative
uring either sentence processing or picture processing
hases. This comparatively high proportion of acti-
ated voxels in the right homologue is more than we
ave observed in other fMRI studies involving sentence
omprehension, and it may be partially related to the

FIG. 2. The slice prescriptions and the tem
ictorial referents of the sentences in the current task. t
A total of 434 voxels were activated in the left
arietal region (Fig. 3b). The activation level of these
oxels was significantly above baseline for the negative
entences during the first acquisition interval of sen-
ence processing (t(433) 5 2.22, P , 0.05) and overall,
egative sentences induced higher activation levels
han affirmatives, F(1, 426) 5 4.68, P , 0.05. (The
egative condition also had significantly greater activa-
ion than the affirmative during the picture processing
hase, F(1, 421) 5 15.47, P , 0.01.) These results
trongly support the interactive hypothesis over the
ncapsulation hypothesis; the processing of sentences
ith spatial referents is accompanied by activation in

he parietal areas related to spatial processing.
The 336 voxels that were significantly activated in

he right parietal region showed a pattern similar to

al and parietal ROI’s for a typical participant.
por
hose in the left parietal region, including significantly
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221TIME COURSE OF ACTIVATION
ore activation for negative than affirmative condi-
ions during the sentence and picture processing phases,
(1, 328) 5 7.7, P , 0.01 and F(1, 321) 5 14.30, P ,
.01, respectively. The lower activation in the parietal
egion than in the temporal region is suggestive of a
ascade of activation during sentence processing in
hich the processing in the temporal region has a

light temporal precedence over the processing in the
arietal region. However, this conclusion must be tem-
ered by the possibility that the parietal and temporal
egions may be differentially activated during the
ntertrial interval; this could differentially affect the
aseline activation measures in the two regions and,
ence, make it difficult to compare the intercepts across
egions.
Most of the parietal activation was in and around the

ntraparietal sulcus (as illustrated in Fig. 4), a region
lso activated by spatial processes such as mental
otation (Carpenter et al., 1999) and variation in spa-
ial attention, including those accompanying eye fixa-
ions (Luna et al., 1998). A smaller proportion of the
ctivation was in the superior parietal gyrus and the
ngular gyrus, a region (on the left) that is more

FIG. 3. The percentage of change in MR signal over the resting b
emporal ROI (a) and left parietal ROI (b) for the sentence and pict
entence processing in both regions. For the temporal region, the ac
uring the first acquisition interval and significant for both sentence t
tandard errors of the means. Only two acquisition intervals are plot
rocessing time was shorter for the affirmative than the negative sent
he third data acquisition interval.
ssociated with the visual aspects of reading.
DISCUSSION

The results support the two major hypotheses that
otivated this study. The first was that the comprehen-

ion of linguistically more complex negative sentences
ould result in more fMRI-measured cortical activa-

ion than the comprehension of affirmative sentences in
he left temporal region. This result supports the
eneral view that fMRI-measured activation in the
ask-relevant cortical regions increases with cognitive
emand (Just et al., 1996). The second main result, the
ffect of negation on activation in the parietal region,
ndicates that the impact of linguistic difficulty extends
o regions other than the traditional language process-
ng areas, supporting an interactive rather than an
ncapsulated view of sentence comprehension. The
ctivation in the parietal regions, which are associated
ith visuospatial processes, suggests that comprehend-

ng a locative sentence may involve accessing some
eatures of the spatial representation of the sentence’s
eferent. In this section, we consider some alternative
nterpretations of these results as well as their further
mplications.

line for successive acquisition intervals for relevant voxels in the left
processing phases. There is a significant effect of negation during

ation was significantly over the baseline for the negative sentences
s during the second acquisition interval. The error bars represent the
for the affirmative condition because the subject-controlled sentence
es, resulting in fewer (over 30%) observations in this condition during
ase
ure
tiv
ype
ted
enc
Some of the parietal activation may be attributable
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222 CARPENTER ET AL.
o the attentional switches and the accompanying eye
xations that are associated with reading sentences,
ut these processes are unlikely to account for all of it.
t is known that activation in the parietal region is
ssociated with overt switches in visual attention accom-
anied by saccadic eye movements (Corbetta et al.,
998; Luna et al., 1998). However, the event-related
aradigm permits the analysis of the amount of activa-
ion associated with processing the affirmative and
egative sentences at the same points in time. Because
ost eye fixations in reading consume approximately

30–300 ms (Just and Carpenter, 1987), it is unlikely
hat many more fixations occurred for the negative
entence than the affirmative within the same fixed
cquisition interval. Moreover, the hypothesis that eye
ovements are unlikely to be the main source of the

arietal activation is also supported by a listening
omprehension study in our laboratory. In that study,
ignificantly more parietal activation was associated
ith sentences that had visuospatial referents (e.g.,

‘On a map of Europe, Spain is to the left of France’’)
han with sentences of the same length that had

FIG. 4. An activation map showing one slice from one participa
ignificantly above threshold, and their activation levels, along wit
ctivated voxels toward the center bottom of the cortex above the cer
hose toward the center top region also were not analyzed and repres
bstract referents. Thus, parietal activation can be s
ignificantly associated with processing visuo-spatial
entences, even when no reading eye fixations are
nvolved. Such evidence is consistent with the current
ypothesis that the parietal activation is not simply
ue to eye movements and that the additional parietal
ctivation for negative sentences is due primarily to
omprehension-related processes.
Several features of the experimental method discour-

ged generation of the entire image before the picture
as displayed. The success of these precautions was

ndicated by the fact that participants required more
ime to complete the picture phase with the negative
entences than with the affirmative sentences. How-
ver, even when a complete image is not explicitly
enerated, comprehending locative sentences may in-
olve activating a representation of some aspects of
heir referents, resulting in the co-activation of the
emporal and parietal regions. This conclusion is sup-
orted by a recent fMRI experiment in which partici-
ants performed the sentence-picture verification task
sing two strategies: a verbal strategy (i.e., what
ubjects in the current study did) and a visual-imagery

(the same one as in Fig. 2). The white voxels are those that were
hose of other voxels in the ROI’s, entered into the analyses. (The
llum represent visual regions that were not included in the analysis.
voxels associated with the superior sagittal sinus.)
nt
h t

ebe
trategy (i.e., subjects generated mental images of the
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223TIME COURSE OF ACTIVATION
entences before the picture was presented) (Reichle et
l., in press). Although the strategies tended to differen-
ially activate the language and parietal regions, the
wo strategies also produced a substantial level of
oactivation. Thus, language comprehension (at least
n the case of locatives) may be partially dependent
pon those cortical systems that mediate visuospatial
rocessing.
The greater activation in the temporal region for the

egative sentence condition is likely to reflect the
dded computational demand associated with under-
tanding such sentences. Negative sentences by defini-
ion have an additional morpheme (the negation), but
he additional encoding of this small marker by itself
onsumes very little time (Clark and Chase, 1972) and
s unlikely to account for much of the added activation
n the temporal region. Moreover, the current results
re consistent with those from the study by Just et al.
1996) cited earlier, in which the comprehension of
tructurally more complex sentences evoked more tem-
oral activation than did the comprehension of structur-
lly simpler sentences, even though those sentences
ere matched for length and lexical content. More
enerally, these results are consistent with a resource
iew of comprehension (Just and Carpenter, 1992). The
omprehension of more complex structures requires
ore work and hence, may consume more biological

esources, a facet of which is reflected by the hemody-
amic response that is assessed by fMRI-measured
ctivation.
The time-locked and rapid effect of negation on

MRI-measured activation is likely to reflect the added
omputational burden imposed by the processing of the
egation and cannot be due to longer processing time
ssociated with negative sentences per se. The rapid
oactivation of the parietal region during sentence
eading suggests that the interpretation of the locative
entence entails the representation of the spatial refer-
nt. This suggests that the difficulty of the language-
nitiated computational processing is a determinant of
he amount of activation in more than one node in a
etwork of cortical areas. Neuroimaging studies (with
ultiple trials per epoch) have shown that the difficulty

f a cognitive operation affects the amount of cortical
ctivation in one or more centrally involved cortical
egions for the domains of language comprehension
Just et al., 1996), mental rotation (Carpenter et al.,
999), and short-term word or letter recognition (Braver
t al., 1997; Grasby et al., 1994). The converging results
n these various domains suggest that the relation
etween computational load and neural activation may
e a general principle that applies across various types
f cognitive computations.
The temporal resolution of echoplanar fMRI can

istinguish between differential levels of cortical activa-

ion within 1.5 s of stimulus onset and can trace the
rowth of activation over the course of 3 s of sentence
rocessing and a similar amount of time for the subse-
uent picture processing. The time-series data are
oteworthy in view of previous findings indicating that
he rise time of localized blood oxygenation concentra-
ions in the primary visual cortex in response to visual
timuli is also between 1 and 2 s (De Yoe et al., 1994).
he fact that robust activation is detectable within the
rst acquisition interval indicates that fMRI should be
seful in tracking the coordination of cortical activation

n multiple regions in complex cognitive tasks that
equire the integration of multiple information streams.
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