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Abstract

B In this stdy, we compare regional cerebral blood flow
{rCBF) while French monolingual subjects listen to continuous
speech in an unknown language, 1o lists of French words, ar
to meaningful and distoried stories in French. Our results show
that, in additon 1o regions devoled 10 single-word comprehen-
sion, processing of meaningful stories activares the left middle

INTRODUCTION

The emergence of language is one of the finest accom-
plishments of the human mind. This competence mani-
fests itself by oral or written language in most adults.
These language modalities are not at all equivalent. In-
deed, while speech comes naturally and spontaneously
1o most children, reading requires explicit instruction
for it to emerge. Therefore, the study of speech is likely
1o contribute more to our understanding of the biolog-
ical foundations of language than the study of reading
and writing (Lennenberg, 1967).

Psycholinguistic models have tried to explain how the
acoustic wave is mapped onto phonemes, how the se-
quence of phonemes contacts the lexicon, and how
words are concatenated into phrases 1o which a meaning
can be atributed. One may also ask, not only how these
cognitive processes are organized and structured, but
also how they are implemenied in the brain.

Positron emission tomography (FET) makes it possible
10 observe active cerebral areas while normal subjects
process language (Alavi, Reivich, Greenberg, Hand, Ro-
senquist, Rintelman, Christman, Fowler, Goldman,
MacGregor, & Wolf, 1981; Mazziotta, Phelps, Carson, &
Kuhl, 1982; Mazzioua, Phelps, & Halgren, 1983; Kushner,
Schwartz, Alavi, Dann, Rosen, Silver, & Reivich, 1987;
Petersen, Fox, Posner, Mintun, & Raichle, 1988; Petersen,
Fox, Snyder, & Raichle, 1990; Wise, Chollet, Hadar, Fris-
ton, Hoffner, & Frackowiak, 1991; Frith, Friston, Liddle,
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temporal gyrus, the lefi and right temporal poles, and a supe-
rior prefrontal area in the left fronal lobe. Among these re-
gions, only the emporal poles remain activaied whenever
sentences with accepable synax and prosody are pre-
sented. W

& Frackowiak, 1991). So far, PET studies have mainly
examined the corical anatomy of single-word compre-
hension and production (Petersen et al., 1988, 1990; Wise
et al, 1991; Frith et al, 1991). Both visual and auditory
word presentations have been used. However, no PET
studies on the comprehension of connected speech have
come 10 our aention. Connected speech is a smooth
and effortless mode of communication that humans gen-
erally use. However, it is this smooth and effortless aspect
of speach that has made it so difficult to study. Brain
imaging techniques can help 1o uncover the cortical areas
that are involved in speech understanding and the inter-
actions in which these regions get involved.

To perceive and understand speech, one must deal
with the acoustical, phonological, lexical, prosodic, syn-
tactic, and conceptual information conveyed by the sig-
nal. The auditory stimulus has first 1o be mapped into a
phonological code. This code is invariant across speak-
ers, speech rate, and accent. When a sequence of pho-
nemes combines into an existing word, the mental
lexicon is activated. For example, the word BED is rec-
ognized in the mental lexicon as a familiar item with a
given meaning. This is not the case when one listens to
a pseudoword, e.g., DEB. Eventually, syntactic processes
specify the structure of the sentence, making it possible
1o interpret its meaning.

During language acquisition, these components be-
come atuned to the properties of the target language.
Thus, infants encode the acoustic signal into a phonetic
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sequence. Afier a few months of experience, the code
becomes dependent on the language the infant has been
exposed to. A lexicon can then be acquired, allowing for
the comprehension of single words and ultimately of
connected speech.

The purpose of our study is to evaluate the existence,
in the human brain, of specialized cerebral regions cor-
responding 1w these levels of linguistic analysis. Neuro-
psychology and experimental psycholinguistics have
pursued similar aims with results that are accepted with
varying degrees of confidence by most practitioners. By
and large, most neuropsychologists accept that in most
subjects the left hemisphere is more involved with
speech than the right hemisphere. Aphasiology has es-
tablished that lesions in and around Broca's area can
yvield aphemia and even more elaborate comprehension
and production deficits. Likewise, lesions to the left pos-
terior temporal lobe can produce sentence comprehen-
sion deficits in so-called Wernicke's aphasics. Some
neuropsychologists (Ross, 1985) claim that difficulny un-
derstariding and controlling prosody may arise after right
rather than after left hemisphere lesions.

In this study subjects listen o speech stimuli designed
to evaluate the regions involved in the processing of the
acoustic signal, of the phonological sequence, of lexical
items, and of the prosodic struciure as well as the syn-
tactic and conceptual structures (Table 1),

In a first protocol, we investigated the areas that are
involved when listening to continuous speech in one's
maternal tongue. Subjects were asked 1o listen attentively
to stories in French or in a language unknown o them,
i.e., Tamil, a Dravidian language spoken in India and Sri
Lanka. Tamil was chosen because it sounds subjectively
unfamiliar to French speakers. We thought that the
comparison of brain activation patterns across these mo

Table 1. Experimemal Design®

conditions would uncover areas responsible for phon-
ological, lexical, and syntactic processing as well as se-
mantic integration. A second protocol was designed 10
select, among these areas, those responsible for contin-
uous speech analysis in contrast to those that deal with
single-word processes. Finally, a third protocol attempted
to disrupt semantic imegration while preserving syntax
and prosody. Subjects listened 1o stories that were dis-
torted either by replacing each content word with a
pseudoword, or by replacing each content word with a
semantically unrelated word of the same frequency,
grammatical category, syllabic length, and imageability.

The 16 voluntary French young male subjects were
first given an MRI study at the same axial brain levels as
the PET slices, which were gathered subsequently. Each
subject received & injections of oxygen-15-labeled water.
Following each injection, a single 80-sec scan was ac-
quired, with subjecs listening to one of the prerecorded
tapes, except for the silent rest control condition.

RESULTS

In the first prowocol (see Table 2, Figs. 1 and 2), seven
regions of interest were uncovered after the examination
of a parcellation of the brain into 80 regions of interest
having anatomical boundaries (Rademacher, Galaburda,
Kennedy, Filipek, & Caviness, 1992): the left and right
superior emporal gyri (LST, MST), the left and right
temporal poles (LTP, RTP), the left middle temporal gyrus
{LMT), the lefi inferior frontal gyrus (LIF), and a lef
superior prefronual region corresponding to Brodmann's
area 8 (LBAB). These and only these regions (and their
contralateral counterparns) were used to present the re-
sults of the three protocols. No other region was ob-
served as being activated in the last two protocols.

Distorted Stories
Semantically

Story in List of French Sentences with Anomalous Story in

Tamil Words FPseudowords Seritences French
ot v, v 7 v /

Phonological - v v v v |

Lexical - v - v v
Prosodic = - v v v
Syntactic — — v v v
Conceprual - - — —_ v

“Five caregories of speech stimuli are used 10 neuiralize specific components within a hierarchy of puartive speech processing systems, Acoustical
processing is performed in all conditions. Language-specific phonological analysis is possible for our French monolingual subjecs only with
French stimuli, but not with Tamil stimuli. Lexical processing is possible with lists of words, semantically anomalous senences, and stories in
French. Prasodic and syntactic analysis is available only with distorted and meaningful stories. Finally, the conceprual level is amained only when

listening to meaningful stories in French.
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Table 2. Summary of Analyses of Variance”

Protocol 1 Protocol 2 Protocol 3

Tiash Repl fnver Task Repl Irter Task Repl Incer
Right superior iemporal 0.002 082 0.24 <1074 0.36 013 0.0007 0.63 0.73
Left superior temporal <107* 0.44 0.59 <10™* 0.004 0.34 0.013 0.71 012
Right middle remporal 0.87 0.28 0.68 a15, D016 0.04 022 0.47 0.94
Lefi middle remporal 0.004 0.49 038 0.0 0.053 0.11 0.38 .28 0.028
Right temporal pole 0.008 0.23 0.37 0.004 0.081 0.33 0012 0.58 0.07
Left temporal pole Q0002 0.055 012 0002 (.00 012 017 0.90 0.30
Right inferior fronal 0.38 0.63 0.94 025 0.356 0.60 0.097 025 0.13
Left inferior froneal 0024 0.93 0358 0041 0.069 0.45 0.091 Q.19 0.010
Right superior prefrontal 0.45 (.78 0.16 0.57 0.85 0.08 a.7? 0.87 0.04
Left superior prefrontal 0.027 0.53 017 0033 0.28 0.59 0.58 i3 .50

“Results of the analvies of variance conducted In the three protocols. Within each anmomical ROL NrCBF was estimated in the PET images as the
ratio (in percemt) of the radicactivity concenration in the region o that of the whole brain. Regional data were anahzed as a 3 (1asks) by 2
(replicates) factorial design with repeated measurements on the subject facor (¥ = 5 or 6).

Both left and right superior temporal gvri were acti-
vated in all conditions of auditory stimulation (Tables 3,
4, and 5, Fig. 1). These were the only regions active while
listening to the stories in Tamil (Tables 2, 3). In the first
protocol (Table 3), listening to the stories in French
activared three additional temporal regions (Figs. 1, 2,
and 3): the left and right temporal poles, and the left
middle temporal gyrus. The only significant exaratem-
poral activations were found within the left frontl lobe,
namely in the inferior frontal gyvrus and in a superior
frontal area (see Tables 2, 3, and 6). Even in regions that
were bilaterally activated, i.e., the superior temporal gvri
and the temporal poles, activation was always signifi-
cantly higher in the left hemisphere than in the right
(Table 7, Fig. 3). These results were replicated in the
second protocol using two new stories in French.

The word list condition activated only a subset of the
regions active during story listening (Table 4): the left
and right superior temporal gyri common to all condi-
tions, and the inferior frontal gyvrus on the left (Fig. 1),
By subtraction, one may infer that the activarions in the
left middle temporal gyrus, in the temporal poles, and
in the superior frontal area on the left side reflect pro-
cessing beyond the single-word level. Among these, only
the temporal poles were significantly activated when lis-
tening 1o distorted stories (Table 5, Fig. 3). In both npes
of distorted stories, there was also a significant asvm-
mefry in the middle temporal gyrus, the left being more
active than the right (Table 7, Fig. 3). Only when listening
10 sentences with pseudowords was there an additional
activation of the right inferior frontal gyrus.

DISCUSSION

How do these results improve our understanding of the
cerebral bases of speech comprehension? We shall first

consider in wrn the successive stages of analysis of the
speech signal (acoustical, phonological, lexical, prosodic/
syniactic, and conceptual), and their puiative localizations
based on our results. We shall then discuss more broadly
how our resulis fit with a serial-stage framework of lan-
guage processing, and emphasize an alternative view of
the cooperation berween brain areas involved in lan-
guage comprehension,

Acoustical Analysis

The acoustical level of analvsis can be mapped to bilateral
activations of the superior temporal gvrus, a region that
includes primary and secondary auditory areas. The su-
perior temporal gyri have been reported in previous PET
studies with auditory stimuli (Alavi eval,, 1981; Mazziotta
er al, 1982, 1983; Kushner et al., 1987; Petersen et al,,
1988, 1990; Wise et al.,, 1991; Frith et al., 1991; Zaorre,
Evans, Meyer, & Gjedde, 1992), and were the only regions
to be activated by continuous speech regardless of
whether it was understandable 1o the subject (French)
or not (Tamil), However, the stories in French, contrary
to those in Tamil, vielded an asymmetrical activation of
these regions favoring the left hemisphere (Table 7). This
suggests that this anatomically defined region of interest
might include several brain areas with differing func-
tional roles other than general-purpose acoustical anal-
vsis. One such area, localized to the lefi hemisphere,
might be specialized for the mother language (see be-
low).

Fhonological Analysis
Speech, as opposed to other sounds, is composed of
phonemes that may differ from one language to the next.
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GINV, CEA-SHF.J, Orsay
LPSC, CNRS. INSERM & ENESS, Poris
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Figure 1. Active brain reglons in the five experimental condidons: listening 10 a story in Tamil (& = 5), w0 a list of French words (¥ = 3), w
sentences with pieudowords (¥ = &), to semantically anomalous sentences (W = 6), and o a story in French (& = 10). Observed average
regionsl activapons were mapped on a reconstruction of the external brain surfage of subject 10 based on high-resolution magnetic resonance
images, The anterior commissure vertical plane (VAC) and the bicommisural plane (AC-PC) were used o limit the projection of the remporal
pole region (TPL The inferior frontal gyrus region (IFG) Includes the pars opercularss, riangularis, and orbitaris of the third fronml gyrus, A
superior prefrontal ares corresponding 10 Brodmann's area 8 (Area 8) was defined on individual MRI using a sterotactic atlas. 5TG, superior

temporal gymus region; MTG, middle wemporil gyrus region,
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Table 3. Activations during Protocol 17

Tamil versis Rest

Story int French versus Rest

Mean 5D p Value Mean 5D p Value

Right superior temporal 6.45 2.58 <ot 6.86 3s2 0.0002
Left superior temporal 8.06 201 <107* 10.25 3354 <10~
Right middle temporal =015 1.38 073 Q.77 2.00 0.7
Left middle temporal 039 302 0.62 5.03 397 0.003
Right temporal pole 240 4.28 0.11 B.O5 477 0.000%
Left temporal pole 192 415 017 13.7 531 <107
Right inferior frontal 1.24 264 0.17 0.82 238 030
Left inferfor frontal 033 217 0.64 207 319 0.07
Right superior prefrontal 0.74 4.85 0.16 -138 4.87 039
Leift superior prefrontal 1.40 4.03 0.30 237 4.09 0.10

“Average percentage varlaions (in percent, as compared to the silent resting condition) of normalized cerebral blood flow (NrCBF) in selected
regions of interest during protocol 1. p values are for Student’s paired rtest with ¥ = 10

Table 4. Activations during Protocol 27

Word List versis Rest Story in French versus Rest
Mear 5D p Vialue Mean 5D p Vialiee

Right superior temporal 617 263 <107* 479 2,57 0.0002
Left superiar temparal 812 2.58 =107 861 296 <107
Right middle temporal =092 225 0.22 —1.3% 27 015
Left middle temporal 158 22 0.053 4.03 305 Q.002
Right temporal pole 022 4.29 0.87 549 4.24 0.002
Left temporal pole 0.84 4.03 0.52 772 512 0001
Right Inferior fronial 0.86 2,39 0.28 —0.98 LE 0.38
Left inferior froneal 330 324 0.010 1.66 3.67 0.18
Right superior prefronzal =0.66 5.11 072 1.41 4.51 0.40
Left superior prefrontal 0.86 2.41 034 455 3.93 Q.13

“Average percentage variations (in percent, as compared to the silent resting condition) of normalized cerebral blood flow (NrCBF) in seleced
regions of interest during protogol 2. p values are for Student’s paired ¢ test with ¥ = 10

A brain area specialized for phonological analysis should
therefore be active whenever the subject i processing
words or sentences in his mother language, but not when
hearing speech samples from a radically different lan-
guage. Only one region of interest followed this pre-
dicted partern (Table 7, Fig. 3). In the middle temporal
gyrus, there was always a significant asymmetry in favor
of the left when listening 1o French stimuli, but not when
listening to Tamil stimuli. This suggests a role for the
left middle temporal gyrus in language-specific phono-
logical analysis, even though the activation of this region
by itself did not always reach significance when com-
pared 1o its resting value, This hypothesis is corrob-
orated by another study (Zatorre et al, 1992) that
found the left middle temporal gyrus w be active
when subjecis listen 10 monosyllabic words or w
pseudowords that followed the phonological rules of
their mother language.

472 Jowrmnal of Cogritive Newrascience

Lexical Analysis

Another level of structure in the speech signal is the
word level. In our study, the left inferior frontal region
was activated during the presentation of lists of words,
pointing to is involvement in lexical functions. Indeed,
other studies have also found left inferior frontal activa-
tions in language rasks such as silent reading of words
(Petersen et al,, 1990) or the silent generation of verbs
associated with nouns (Wise et al, 1991). This region
encompasses the critical area for Broca's aphasia. Neu-
ropsychology has established that while lesions restricted
to the frontal operculum may yield pure anarthria
(Schiff, Alexander, Naeser, & Galaburda, 1983), larger
lesions lead 1o both production and comprehension
deficits. The present results confirm that this region is
concerned with word comprehension and not just with
production.

Velunte 5, Number 4



Table 5. Activations during Protocol 3°

Pseudoword Senuenices Semantically Anomalous
versies Rest Serrerices versus Resr
Mean 5D p Value Mean 5D p Value

Right superior temporal 565 383 L0004 4.27 2.86 0.0003
Left superior tempaoral 5,56 533 004 557 495 0.002
Right middle temporal =0.65 1.92 0.26 -1.11 1.79 0.055
Lefi middle temporal 0.97 2.57 022 0.88 212 0.17
Right temporal pole 3.30 3.51 0.007 3.44 3.23 0.003
Left temporal pole 3.42 3n 0.009 4.50 375 0.001
Right inferior frontal 2.30 3.03 0.023 1.10 3.27 0.26
Left inferior frontal 1.18 3.79 0.30 0.34 206 0.69
Right superior prefrontal =031 285 071 =034 293 0.69
Left superior prefrontal -0.27 3.42 0.78 =094 283 0.27

“Average perceniage variations (in percent, as compared to the silent resting condition) of normalized cerebral blood flow (NrCBF) in selecied
regions of interest during prowocol 3, o values are for Student’s paired 1 test with & = 13,

In spite of its activation by single words, the left infe-
rior frontal region ceased 10 be differendally activated
while the subjects listened to semantically anomalous
sentences that contined very similar- words. This result
may seem paradoxical, especially since it is widely ac-
cepted that lexical access is auwtomatic {Stroop, 1935,
Marslen-Wilson, 1987). However, task demands may
modulate the depth of lexical processing and the amount
of awention allocated 1o the lexical level (Cutler, Mehler,
Norris, & Segui, 1987), and there is evidence that
the PET methodology is especially sensitive to
anention allocation (Corbena, Miezen, Dobmeyer,
Schulman, & Petersen, 1990). It should be noted that
this region is not always active during the passive
presentation of words (Wise er al., 1991). We speculate
that listening 10 meaningless sentences discourages
subjects from awending to word meaning to such an
extent that the residual activation becomes undetect-
able,

Conceptual, Syntactic, and Prosodic Analysis
of Continuous Speech

Turning now to story comprehension processes, we ob-
served a significantly asymmetrical activation of the su-
perior temporal gyri only when listening 10 meaningful
stories in French. The stories in French were also the
only stimuli to activate the left middle temporal gyrus
significantly as compared to rest. Even though there was
already a comparable asymmetry in this region with all
French stimuli, meaningful stories acuivared it to a sig-
nificantly higher degree. This suggests that in addition to
their role in acoustical and phonological analvsis, these
regions of interest might also encompass a functional
brain area involved in sentence-level processing. Indeed,
lesions in the left posterior emporal lobe can yield

sentence comprehension deficits in patients referred to
as Wernicke's aphasics. There is some consensus that the
critical site for Wernicke's aphasia is the posterior par
of the left superior tempaoral gyrus. Moreover, some le-
sion studies have emphasized the role of the middle
emporal gyrus (Maeser, Helm-Estabrooks, Haas, Auer-
bach, & Srinivasan, 1987: Damasio, 1990) while others
have favored the left inferior parietal lobule (Damasio,
1990). Lesions of the inferior parietal lobule have long
been known to induce language impairments such as
conduction aphasia, However, the critical anatomical
structure responsible for the deficit may not be the gray
mauer itself, but rather the subcomical fiber bundles
running below it (arcuate fasciculus (Geschwind, 1965).
In our study, as in previous PET investigations (Petersen
et al., 1988, 1990; Wise et al.,, 1991: Frith et al., 1991), no
activation was found in the left supramarginal and an-
gular gyri. We speculate that the arcuate fasciculus was
functional during story listening, bur failed 1o be uncov-
ered by PET scanning, a technique that is mostly sensitive
to synaptic acuviry.

Whart could be the functional role of the left superior
and middle temporal areas found active during listening
1o meaningful stories? Listening 1o meaningless distorted
stories did not give rise to a similar strong activity in
these regions. This would seem to suggest that they are
highlighted only when the meaning of a sentence is
computed. Indeed, the inferior part of the left temporal
lobe has been implicated in the generation of mental
images from verbal stimuli (Mazziota et al, 1983; Gol-
denberg, Podreka, Steiner, & Willmes, 1987, Farah, Ham-
mond, Levine, & Calvanio, 1988), a process that might
be triggered during the comprehension of concrete sto-
ries. An alternadve hypothesis, however, is that these
regions may be truly devoted to sentence-level process-
ing, including syntactic parsing, but these routines are
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Figure 3. Individual percentage variation in normalized cerebral blood flow (NrCBF) in selecied regions of interest when listening to a story
in Tamil (subjects 1 to 5). 1o a2 list of French words (subjects 5 1o 10), to sentences with pseudowords (subjects 11 1o 16), 10 semantically
anomalous semences (subjects 11 to 16), or to a story in French (subjecs 1 w 10). Open bars, right side region; closed bars, left side region.
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Table 6. Activations during Story in French (All Subjecis Pooled

Story in Frencl versus Rest

Mean 5D p Vialne

Right superior temporal 582 318 <107
Lefi superior tempaoral 43 3.28 <107
Right middle wemporal —0.59 244 0.29
Left middle iemporal 4.54 348 <107
Right ternporal pole 6" 4.59 =107
Left temporal pole 10.71 5.93 <1077
Right inferior frontal -0.08 am 0.90
Left inferior frontal 1.57 335 0.022
Right superior prefrontal —0.14 4.79 0.90
Left superior prefrontal 3 4.06 0.002

“average percentage variations {in percent, as compared 1o the silent resting condition) of normalized cerebral blood flow (MrCBF) in seleced
regions of interest while subjecs listened to stories in their mother language (protocols 1 and 2 were pooled). o values are for Swdents paired

£ test with & = 20

Table 7. Activation Asvmmetries {Lefi-Right)®

Semantically
Stories in FPseudoword Anomalous Stordes in
Tamil Word List Senrences Senterices French

Superior temporal 1.6l 1.95 =0.09 1.29 3.60

(298, 0.12) (3,40, 010} {4.38, 0.94) {3.90,0.27) (4.16, 0.001)
Middle temporal 0.54 2.50 1.62 1.99 5.13

(3.03, 0.58) (1.61, 0.0008) (2.40, 0.039) (1.88, 0.003) {3.76, <1077)
Temporal pole —0.48 0.62 012 1.06 3.94

(5.49, 0.78) (3.B8, 0.62) (3.60, 0.91) (3.11, 0.26) (4.19, 0.0005)
Inferior front -0.91 244 -1.12 =0.76 1.95

(2.79, 0.32) (2.34, 0.0092) (3.20, 0.22) (3.41, 0.45) (4.04, 0.044)
Superior prefrontal 0.66 1.62 0.03 —0.60 3.48

(3.72, 0.38) (4.84, 0.40) (3.82, 0.97) (3.09, 0.51) (4.83, 0.007)

“Left minws right average percentage variations (in percent, 15 compared 10 the stlent resting conditon ) of normalized cerebral blood flow (NrCBF)}
in selected regions of interest during the various auditory stimuli used in the theee protocols. p values are for Student's paired £ test with ¥ = 10

{colums 1 and 2}, & = 12 {columns 3 and 4), or ¥ = 20 (column 5).

largely disrupted when listening 1o stories that have been
distorted either by introducing pseudowords or by elim-
inating the semantic relations berween words.

In our paradigm, regions that are dedicated to syntactic
parsing or prosodic analysis should have been system-
atically activated by continuous speech in French, re-
gardless of its meaning (Table 1}. The only regions that
correspond to this definition are the left and right tem-
poral poles. These areas were initially thought to be
active during high anxiety (Reiman, Fusselman, Fox, &
Raichle, 1989a) or panic amack (Reiman, Raichle, Robins,
Mintun, Fusselman, Fox, Price, & Hackman, 1989b), but
the results were in fact contaminated by the contraction
of facial muscles during anxiety (Dreverts, Videen, Mac-
Leod, Haller, & Raichle, 1992). Anxiety and the ensuing

muscular contractions constitute equally unlikely expla-
nations for our findings because heart rare, which was
monitored only during the third protocol, did not vary
during listening to distorted stories as compared 1o rest.
Moreover, we also failed 1o observe blood flow modifi-
cations in the temporal muscle areas. Neuropsychology,
however, has demonstrated that the anterior temporal
region of the dominant hemisphere plays a central role
in verbal learning and memory. Patients with damage 10
the left anterior temporal region typically show an im-
poverished recall of stories (Milner, 1958) despite intact
sentence comprehension and working memory capaciry
(Frisk & Milner, 1990). Our dawa show an increasing
activation of the left temporal pole as the stimuli engage
more levels of linguistic processing. Whereas listening
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to the melody of an unknown language, Tamil, activated
both temporal poles moderately and symmetrically, lis-
tening to meaningful stories more than doubled this
activation level and led to a significant asymmetry in favor
of the lefi. While the left temporal pole may be relaed
1o memory for the linguistic content of the stimuli, the
additional activation of the right temporal pole may re-
flea the encoding and storage of the pragmatic, prosodic,
and other discursive aspects of the stories (Zatorre et al,,
1992; Ercoff, 1990).

CONCLUSIONS

Our results are in many ways compatible with the stan-
dard reachings of neuropsychology. First, they demon-
strate a clear superiority of the lefi hemisphere for
speech processing, which was more pronounced as the
stimuli increased in linguistic complexity. When subjects
listened to a meaningful story in their mother language,
all active brain areas showed a highly significant asym-
metry in favor of the left hemisphere. Second, brain areas

corresponding to- the. classical language centers. were.

identified in our protocols. In that respect, the present
study offered several advantages over the lesion method,
by allowing for a precise anatomical definition of these
regions separately for each subject, and by permitting, at
least in some cases, o ascribe functions for each region
(e.g., lexical processing for the left inferior frontal gyvrus,
and phonological processing for the left middle temporal
gyrus). Moreover, our study also uncovered new brain
areas related 1o speech processing. Indeed, one striking
result of our swudy was the bilateral activation of the
temporal poles whenever continuous speech was pre-
sented. Whether this activation reflects verbal and non-
verbal memory processes, or an overlooked
specialization of these regions for syntactic and prosodic
processing, will be the focus of further experiments.
Finally, what view of the neural architecture of speech
processing do our results imply? We hoped to idemify
the corical correlates of specific subsystems of speech
processing by a stepwise increase in the complexity of
the linguistic content of the stimuli presented to subjects
(Table 1). This approach was only partly successful. While
the acoustical, phonological, and lexical components lent
themselves to such an analysis in terms of serial siapges,
the distinction berween syntactic, prosodic, and concep-
wal processes remained more elusive. According to a
serial view of language processing, the semantically
anomalous sentences should have permined analysis up
to and including the lexical and syntactic level. The pat-
tern of activation in this condition should therefore have
been close o that observed with meaningful stories,
except for the absence of a conceptual component. The
results, however, indicated that the large lefi-hemispheric
nerwork of areas active with meaningful stories reduced
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10 a sparse and weakly lateralized set when syntactically
correct but meaningless sentences were presented, We
believe that the speech processing system of the human
brain is not organized, at the neural level, in a hierarchy
of areas thar successively and automartically come into
play whenever they receive an adequately structured
stimulus. Rather, speech processing seems to imply the
coordination of a nerwork of areas, each of which may
be specialized in one aspect of speech processing, but
requires coherent support from the others in order to
reach a high level of activation.

METHODS
Subjects

Sixteen right-handed French healthy male medical sw-
dents participated in this study. Mean subject age was
23.6 years (SD = 2.3 years). The study was approved by
the Atomic Energy Commission Ethic Commiunee and all
subjects gave writen informed consent.

Task Design

Our first protocol investigated the brain areas for contin-
vous speech in the mother tongue, Five right-handed
French subjects were asked to listen anentively to stories
in French or in a language unknown to them, i.e., Tamil,
a Dravidian language spoken in India and Sri Lanka.
Tamil was chosen because it sounds subjectively unfa-
miliar 1o French speakers. All stories were read by a
female bilingual speaker with comparable pitch, intona-
tion, and volume. The second protocol was designed to
select, among these areas, those responsible for contin-
uous speech analysis as opposed to single-word pro-
cessing. Five other right-handed French subjects listened
to stories in French or to lists of French words. The
words of the lists were matched 10 the content words of
the stories for grammatical category, frequency, syllabic
length, and imageability. Function words and morpho-
logical inflexions were omitted. Finally, in the third pro-
tocol, six other right-handed French subjects listened wo
stories that were distorted either by replacing each con-
tent word with a pseudoword, or by replacing each con-
tent word with a semantically unrelated word of the same
frequency, grammatical category, syllabic length, and im-
ageability. The pseudowords respected the phonological
rules of French, and morphological affixes were added
whenever required 10 maintain senténce coherence.
Both sentences with pseudowords and semantically
anomalous sentences were read with adequaie prosody.
In each protocol, the instructions were as follows: sub-
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jects were informed of the kind of protocol they were
part of. They were explicitly told what kind of spoken
stimuli they would listen to 30 sec prior 10 exposure and
were instructed to passively but attentively listen o the
speech stimuli.

Scanning Procedure

Using PET and oxygen-15-labeled water, normalized re-
gional cerebral blood flow (NrCBF) was measured six
times in each subject by replicating twice a series of
three conditions: control, listening 10 a story in Tamil,
listening 1o a story in French (protocol 1, subjects 1 1w
5); control, listening to a list of French words, listening
to a story in French (protocol 2, subjects 6 1o 10); and
control, listening 1o sentences with pseudowords, listen-
ing to semantically anomalous sentences (protocol 3,
subjects 11 to 16). In all three protwocols, the control
condition consisted in resting silently with eves closed
with no particular consign except to relax. All audiory
stimuli were presented binaurally over earphones, start-
ing 45 sec before water injection, different speech stimuli
being used for each replication.

For each condition, seven contiguous brain slices were
simultaneously acquired on a time-of-flight PET system
(Mazoyer, Trebossen, Schoukroun, Verrey, Svrota, Vacher,
Lemasson, Monnet, Bouvier, & Lecomite, 1990). Following
intravenous bolus injection of oxvgen-15-labeled water
(Herscovitch, Markham, & Raichle, 1983) a single 80-sec
scan was reconstructed (including correction for head
anenuation) starting at the arrival of the radioactiviry in
the brain, the scan duration being chosen to improve
the signal-to-noise ratio in the difference images (Kanno,
lida, & Miura, 1991). Berween-scan interval was 15 min.
A series of 3-mm-thick Tl-weighted high-resolution mag-
netic resonance images (MRI), at the same axial brain
levels as the PET slices, were obtained in each subject.

Data Analysis

Our data analysis method has been detailed elsewhere
(Petit, Orssaud, Tzourio, Salamon, Mazoyer, & Berthoz,
1993). It is aimed at detecting increases of cerebral blood
flow in cerebral structures with anatomical boundaries.
It is based on a parcellation of the brain similar to that
recently proposed by others (Rademacher et al., 1992).
In a first step, a derailed analysis of each subject brain
anatomy was performed by means of a dedicated sofi-
ware (Voxtool, General Electric, Buc, France), MRI slices
were used 1o reconstruct a three-dimensional brain vol-
ume that was further segmented and allowed the display
of the external and internal surfaces of both hemi-

spheres. The major gvri could then be identified and
their limits automartically marked onto the MRI axial
slices. Using these anatomical landmarks, cortical regions
of interest (ROI) with anatomical boundaries, corre-
sponding to the intersection of the gyri with the MRI
axial slices, were delineated on each subject’s MRI images
(see Fig. 2). Subconical regions were directly delineated
on MRI images. This method does not require complex
operations of normalization to a fixed brain atlas, and
takes into account interindividual anatomical differences
{Galaburda, Rosen, & Sherman, 1990; Steinmetz & Seitz,
1991) as well as hemispheric anatomical asymmetries
(Geschwind & Levitsky, 1968; Habib, Renucci, Vanier,
Corbaz, & Salamon, 1984; Steinmetz, Volkmann, Jincke,
& Freund, 1991). It also makes the RO! boundaries in-
dependent of the CBF PET images and provides regional
activation values for each individual (Fig. 3). To computs
regional normalized regional cerebral blood flow values
(NrCBF), the seven PET slices acquired on each trial were
then aligned with the subject high-resolution magnetic
resonance images (MRI) by visually aligning three sets
of isodensity contours automatically drawn on corre-
sponding attenuation, blood flow, and MRI slices. Within
each anatomical ROI, NrCBF was estimated as the ratio
(in- percent) .of the radioactivity concentration in.the.
region to that of the whole brain as measured in the PET
images.

Statistical Analysis

The first protocol served for hypothesis generation by
assuming that the larger number of activated ROIs would
be observed while subjects listened to stories in their
mother language and that other tasks would activate only
a subser of these. Through this first step, a subset of
seven regions of interest was selected that were further
analyzed in the subsequent protocols. This strategy was
selected o reduce the overall type 1 error. NrCBF within
each anatomical region was compared across the three
experimental conditions in each prowocol, and berween
homologous regions in the left and right hemispheres.
Regional data were analyzed as a 3 (tasks) by 2 (repli-
cates) factorial design with repeaied measurements on
the subject factor (N = 5 or 6). Whenever the ANOVA
global F test was found significant in a region at the 0.05
level (rwo-tailed), pairs of NrCBF values during task and
control were compared with Student’s paired ¢ tests.
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