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Abstract: The location of brain regions essential for auditory language comprehension is an important
consideration in the planning of neurosurgical procedures that involve resections within the dominant
temporal lobe. Language testing during intraoperative and extraoperative cortical stimulation has been the
primary method for localizing these regions; however, noninvasive alternatives using functional neuroim-
aging have been sought. Here we report on a study of 14 subjects who listened passively to alternating
sentences spoken in their native English language and in unfamiliar Turkish while functional magnetic
resonance images were acquired. The English sentences produced strong activation within the left superior
temporal sulcus in all subjects. Lesser activation was seen in homotopic right hemisphere locations in
several subjects. In addition to these posterior temporal activations, 8 subjects also showed activation to
English sentences in the left inferior frontal gyrus. Turkish sentences evoked no coherent region of
activation in any subject. As both the Turkish and English sentences were read by the same speaker, and
were matched for length, volume, and intonation, we conclude that the activation pattern evoked by the
English sentences reflects auditory comprehension. This conclusion is further supported by additional
control studies that have shown a markedly different pattern of activation by pure tone frequency glides.
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INTRODUCTION

The localization within the human brain of cortex
specialized for language processing has important
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clinical value in planning surgery in the dominant
hemisphere. Presurgical language assessment usually
includes the sodium amobarbital test which can be
used to determine language laterality [Wada, 1949;
Wada and Rasmussen, 1960], but which provides no
information about the location of “eloquent” cortex
within the dominant hemisphere. When a planned
procedure puts language cortex at risk, intraoperative
language mapping using cortical stimulation is fre-
quently performed [Lebrun and Leleux, 1993; Oje-
mann et al., 1989; Ojemann, 1993; Lesser et al., 1994;
Buchtel et al., 1995]. Depending upon the planned
resection, cortical stimulation mapping usually at-
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Figure 2.
Position of Talairach coordinates of the left posterior temporal
lobe activation and left inferior frontal activation for the English-
Turkish task for 11 subjects studied in axial slices. Individual subject
data are represented as black diamonds, and group average data as
white circles. The center of mass of each subject’s activation is
superimposed on a representative brain slice atz = +12.

tempts to identify the location and extent of inferior
frontal (Broca’s area) or posterior temporal (Wernicke’s
area) language regions. While the historical division of
these respective regions into productive and receptive
language regions has proved overly simplistic [Lebrun
and Leleux, 1993; Ojemann et al., 1989; Ojemann, 1993;
Schaffler et al., 1996], inferior frontal language regions

Figure 1.

Functional MRI activation to English sentences overlaid upon
T1-weighted high-resolution axial oblique MR images. t-maps for all
subjects were thresholded at a t-value of 1.96. Color scale
represents increasing t-values from red to white. Four subjects
(A-D) are shown at approximately the same slice location (slice 4).
Activation is seen in the superior temporal sulcus and extends into
the middle temporal gyrus or superior temporal gyrus in each
subject. In this and all anatomical images, the left side of the brain is
represented on the right side of the image.

¢ 2 e



+ fMRI of Auditory Comprehensione

TABLE I. Location in the coordinates of Talairach and Tournoux [1988] of centers of
activation for this task and in previous studies of language comprehension*

Study Auditory task Location X Y z
Schlosser et al., 1997 English-Turkish L post-STS —52 —44 12
Petersen et al., 1988 Single words L post-STS -50 —45 15
Wise et al., 1991 Noun comparison L post-STG —43 —38 8
Fiez et al., 1996 Single words L post-STS —53 —55 18
Price et al., 1992 Single words L post-STG —58 -34 12
Howard et al., 1992 Single words L post-STG —48 —38 4

Average post-STG/STS —504 —420 114
Schlosser et al., 1997 English-Turkish L anterior STS —53 -21 5
L IFG —47 24 12
R STG 51 -27 8

Frequency sweep L anterior STG —53 =21 145

R Sylvian 53 3 —-1.2
Demonet et al., 1992 Nonwords (phonemes) L anterior STG —56 -12 4
Petersen et al., 1989 Generate words L IFG —33 30 —6
Wise et al., 1991 Verb generation LIFG —40 14 16

*Top half: Across-subjects average Talairach coordinates for the left posterior superior temporal sulcus
(L post-STS) in the English-Turkish comparison of the present study are shown in boldface.
Coordinates for similar regions in related language activation studies are shown in normal typeface.
Bottom half: Average Talairach coordinates for the left inferior frontal (IFG) and left anterior superior
temporal sulcus (STS) for the English/Turkish task, and for the left anterior superior temporal gyrus
(STG) and right Sylvian fissure for the frequency sweep task of the present study, are shown in
boldface. Locations of related studies are shown in normal typeface.

are readily identified by stimulation-induced disrup-
tion or arrest of speech. In our experience, language
deficits following stimulation of posterior temporal
regions are often more subtle and usually involve
deficits in naming and/or auditory comprehension.
Intraoperative stimulation provides language localiza-
tion with high anatomical resolution [Ojemann, 1993;
Lesser etal., 1994], but its requirement of an awake and
cooperative patient, and its attendant time demands
during surgery, have led to the development of alterna-
tive noninvasive procedures which can be performed
prior to surgery using neuroimaging [Leblanc et al.,
1992; Martin et al., 1993; Latchaw et al., 1995; Maldjion
et al., 1996] and/or neurophysiological [Eulitz et al.,
1994] procedures.

Neuroimaging studies using positron emission to-
mography (PET) and functional magnetic resonance
imaging (fMRI) have demonstrated activation of the
left inferior frontal cortex in a variety of language tasks
involving noun reading, verb generation, silent speech,
and naming [Buckner et al., 1995; Cuenod et al., 1995;
Desmond et al., 1995; Eulitz et al., 1994; Hinke et al.,
1993; Leblanc et al., 1992; Liotti et al., 1995; McCarthy
et al., 1993; Petersen et al., 1990; Price et al., 1996;
Yetkin et al., 1995]. Studies of single-word auditory

comprehension using PET have shown reliable activa-
tion of the left posterior superior temporal lobe [Demo-
net et al., 1992, 1994; Fiez et al., 1996; Howard et al.,
1992; Petersen et al., 1988, 1989, 1993; Price et al., 1992,
1996; Stromswold et al., 1996; Wise et al., 1991]. For
example, Demonet et al. [1992] compared phonological
and lexico-semantic processing in a **O PET study and
found that phonological processing activated both the
left superior temporal and inferior frontal gyri. Lexico-
semantic processing activated the left middle and
inferior temporal gyri, and left parietal and superior
prefrontal regions. The same temporal lobe regions
were also activated by passive word presentation and
repetition tasks [Binder et al., 1995, 1997; Demonet et
al., 1994; Fiez et al., 1996; Karbe et al., 1995; Petersen et
al., 1988, 1989, 1993; Price et al., 1992, 1996; Wise et al.,
1991]. Stromswold et al. [1996] compared semantic
judgments about normal sentences and those contain-
ing nonsense words using *0 PET and demonstrated
that sentence processing was localized to the left
perisylvian association cortex. Several studies have
compared the pattern of activation in neuroimaging
studies of language to the results of the sodium
amobarbital or Wada test in the same subjects [Des-
mond et al., 1995; Brint et al., 1996; Pardo and Fox,
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1993]. For example, Desmond et al. [1995] showed that
semantic processing of visually presented words acti-
vated the inferior frontal cortex in the speech domi-
nant hemisphere as determined by the Wada test.

With few exceptions [Desmond et al., 1995; Herholz
et al.,, 1996; Pardo and Fox, 1993], PET studies of
posterior temporal language processing have relied
upon group averages, which has limited their clinical
usefulness. Functional MRI has the potential to map
posterior temporal regions in individual patients, but
to date few studies have been completed [Alsop et al.,
1996; Binder et al., 1995, 1997], and the results of these
studies appear to indicate much larger areas of activa-
tion than the focal areas mapped with cortical stimula-
tion. This may, in part, be related to task design. For
example, Alsop et al. [1996] compared auditory lan-
guage stimulation in a semantic judgment task to a
baseline condition in which no auditory stimulus was
present. The large activated regions they identified
likely reflect primary auditory processing in addition
to processing specific for auditory comprehension.

In our clinical intraoperative and extraoperative
stimulation mapping studies, we have found auditory
comprehension tasks to be sensitive indicators of
posterior-temporal language areas, and preservation
of auditory comprehension is an important consider-
ation during dominant temporal lobe surgery [Lebrun
and Leleux, 1993]. Here we demonstrate reliable focal
activation of the posterior temporal cortex using a task
designed to isolate auditory comprehension in indi-
vidual subjects.

SUBJECTS AND METHODS
Subjects

A total of 14 neurologically normal volunteer sub-
jects (7 male) participated in the auditory language
comprehension studies. Subjects ranged in age from
22-42 (mean, 26.5 years), and all were right-handed.
All subjects were native English speakers and none
could comprehend the Turkish language. Yale Univer-
sity’s Human Investigation Committee approved the
experimental protocol, and all subjects provided in-

Figure 3.
Functional MRI activation to English sentences overlaid on T1-
weighted high-resolution coronal oblique MR images. t-maps were
thresholded at a t-value of 1.96. Five subjects are shown at an
equivalent slice location (slice 2) in the posterior temporal lobe.
Activation can be seen in the superior temporal sulcus in all 5
subjects.
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formed consent. Eleven subjects were tested using
axial slices, while 3 subjects were tested using coronal
slices. Three subjects participated in both axial and
coronal test sessions that were separated by several
months. In addition to language testing, 5 subjects also
participated in additional control activation studies
using pure tone frequency glides.

Stimuli

Stimuli for the auditory comprehension task con-
sisted of 112 digitized auditory segments. Each seg-
ment consisted of one or two sentences lasting for a
total duration of 4.8-5.8 sec. Half of the segments were
spoken in English, while in half the same sentences
were spoken in Turkish. The same female speaker
produced both language segments and she attempted
to closely match intonation and prosody. Words that
sounded similar in each language were avoided. The
segments were processed by software to equalize their
amplitude range and to ensure that each segment
began precisely with the onset of the first word.

Subjects were presented with four runs, each consist-
ing of an alternating series of English and Turkish
auditory segments with 6 sec between the onsets of
successive segments. Twenty-eight segments were pre-
sented in each run. Two runs started with English
(E-T-E-T .. .) and the remaining two runs started with
Turkish (T-E-T-E .. .). Successive English and Turkish
segments were never the same sentences. Stimulation
began 12 sec after the onset of image acquisition.
Subjects were instructed to listen to all sentences for
comprehension. Subjects were informed that half of
the sentences would be in Turkish but were unaware
that the same sentences were presented in each lan-
guage over the course of the four runs. Experimental
timing was controlled by computer, and the digitized
sounds were reproduced using a computer sound-
board. The sounds were conducted into the MRI
system using plastic tubing that terminated in insert
ear plugs. All stimuli were binaural.

In addition to the language stimuli, a 5.9-sec digi-
tized segment was created consisting of two frequency
glides from 200-5,000 Hz (voice range) embedded
within a background of white noise with the same
overall amplitude as the sentences. A second segment
consisting only of the white noise was also created.
These segments were alternated in the same manner as
the Turkish and English segments in a subset of 5
subjects who also participated in the language compre-
hension study.

Imaging parameters

Images were acquired with a 1.5 T General Electric
(Milwaukee, WI) Signa scanner equipped with a stan-
dard quadrature head coil and an ANMR (Wilming-
ton, MA) echoplanar subsystem. The subject’s head
was positioned along the canthomeatal line and immo-
bilized using a vacuum cushion and a forehead strap.
T1-weighted sagittal scans were obtained, and the
midsagittal image was used to identify the anterior
(AC) and posterior (PC) commissures. For subjects
participating in the axial study, a series of seven slices
was selected parallel to the AC-PC plane, with the
most inferior image taken at the level of the top of the
pons on a midline sagittal image. For subjects partici-
pating in the coronal study, a series of seven slices was
selected perpendicular to the angle of the Sylvian
fissure, with the most anterior slice at the anterior tip
of the temporal lobe. Functional images were acquired
using a gradient-echo echoplanar sequence (TR = 1,500,
TE =45, « = 60°, NEX =1, FOV = 40 X 20 cm, slice
thickness =9 mm, skip =2 mm, imaging ma-
trix = 128 X 64, voxel size = 3.2 X 3.2 X 9 mm). The im-
ages for each of the seven slices were acquired in
equally spaced time intervals over the 1.5-sec TR in the
slice order 1-3-5-7-2-4-6. Each of the four imaging
runs consisted of 128 images per slice (196-sec scan
time) preceded by four radio frequency (RF)
excitations to achieve steady-state transverse mag-
netization. T1l-weighted scans were acquired for
anatomical coregistration at the same locations and in
the same plane (axial or coronal) as the functional
images.

Data analysis

Three consecutive images (per slice) were selected
from each of the 56 (14 cycles X 4 runs) English
segments and were compared to an equal number of
images selected in the same manner from the Turkish
segments, using an unpaired t-test on a voxel-by-voxel
basis. The first image of each consecutive three images
occurred at approximately 5 sec after the onset of
either the English or Turkish segment to compensate
for hemodynamic delay. The delay was corrected for
the slice acquisition order. Voxels exceeding a t-value
of =1.96 were counted for each slice and hemisphere in
the uninterpolated t-maps. These thresholded t-maps
also were depicted as color overlays upon anatomical
MR images. Because the functional images were lower
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in resolution than the anatomical images, the t-maps
were linearly interpolated prior to overlay. Since MR
signal during English segments was compared to
activation during Turkish segments, voxels with t-
values corresponding to the positive tail of the t-
distribution had greater signal during English than
Turkish segments. Voxels with t-values corresponding
to the negative tail of the distribution had greater
signal during Turkish than English segments. All t-test
analyses were performed on unsmoothed images.

In addition, a within-subjects analysis of variance
(ANOVA) was performed in which the dependent
variable was the number of activated voxels, and the
independent variables were language, hemisphere,
and slice. The significance of each independent vari-
able was tested, using its interaction with subject as the
error term. A similar ANOVA was performed using the
t-statistic associated with each activated voxel as the
dependent variable to get a sense of the strength of the
activation. Finally, a between-subjects ANOVA was
performed to test whether there were significant sex
differences in the number of activated voxels.

RESULTS
Axial studies

A consistent pattern of activation was observed in
the 11 subjects studied with axial slices. Images ac-
quired following onset of the English sentences showed
significant activation of the posterior temporal lobe,
confined primarily to the left superior temporal sulcus
(STS), including the superior bank of the middle
temporal gyrus (MTG) and the inferior bank of the
superior temporal gyrus (STG). This pattern is illus-
trated in Figure 1, which presents results at the same
anatomical slice for 4 individuals (Fig. 1A-D). In
addition to this large posterior activation, smaller
areas of activation were observed in the left inferior
frontal region (Fig. 1B) and in the right STS (Fig. 1D). In
contrast to this consistent anatomical pattern of activa-
tion evoked by English segments, there were no areas
of focal cortical activation to the Turkish sentences.

To summarize the mean activation pattern across
subjects, the centroid of activation in each subject was
measured in the coordinate system of the atlas of
Talairach and Tournoux [1988] for all 11 subjects.
Figure 2 illustrates the location for the left posterior
STS activation and the left inferior frontal activation in
11 subjects (black squares) and the mean activation
across subjects (white circles). A comparison of these
average centroids to results of other studies of audi-
tory word processing is shown in Table I.

Coronal studies

The pattern of activation seen in the axial slices was
confirmed in the 6 subjects tested with coronal slices.
Figure 3 presents activations for 5 of these subjects
from a slice approximately perpendicular to the poste-
rior temporal activations seen in Figure 1, affirming
that the superior temporal sulcus was the principal site
of activation. Figure 4 shows activation to both English
and Turkish for all seven slices in one subject. The left
STS activation is visible in slices 5-7, while activation
of the left inferior frontal region can be seen in slices
1-2.

Combining axial and coronal studies, the most
consistent finding was activation of the left posterior
superior temporal sulcus, which was observed in all 14
subjects. This activation sometimes extended into the
adjacent middle temporal gyrus and into the superior
temporal gyrus (Brodmann’s area 22). In 6 subjects,
there was also a lesser activation in the right superior
temporal gyrus. In addition to the posterior activation,
8 subjects showed activation in the anterior temporal
lobe. In 6 of these subjects, the anterior temporal
activation was bilateral. In all cases, the anterior
temporal activation was discontinuous from the poste-
rior activation. Finally, 8 subjects showed activation in
the left inferior frontal region, and no subject showed
activation of the homotopic region in the right hemi-
sphere.

The results from the ANOVA confirmed that signifi-
cantly more voxels were activated by the English
segments in the left than right hemisphere (F(Z,
16) = 35.23, P =0.0001). In addition, the activated
voxels from the left hemisphere had significantly
greater t-values (F(1, 16) = 7.64, P = 0.01). The interac-
tion of hemisphere by language was significant (F(Z1,
16) = 8.51, P = 0.01) and indicated that the relatively
few voxels activated by Turkish had a symmetric
pattern of activation, while those activated by English
were strongly lateralized to the left hemisphere. These
findings were confirmed by additional ANOVAs per-
formed separately upon the axial and coronal studies.
There were no significant differences in the number of

Figure 4.

Functional MRI activation for one subject is shown in seven coronal
oblique slices. English activation is shown in the red color scale
(thresholded at a value of 1.96) and Turkish in the blue color scale
(thresholded at a value of —1.96). Activation to English is seen in
the inferior frontal regions and middle temporal regions and in the
superior temporal sulcus in the anterior and posterior temporal
lobe. Activation to Turkish is nearly absent.
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activated voxels or their hemispheric pattern (F(1,
4) = 0.24, P = 0.6326 for axials; F(1,4) = 0.04, P = 0.85
for coronals) as a function of the subject’s sex.

The mean number of activated voxels per slice is
shown in Figure 5 for the left and right hemispheres for
the axial (Fig. 5A) and coronal (Fig. 5B) studies. The left
hemisphere asymmetry is clearly apparent in both
series. The difference between hemispheres signifi-
cantly increased in slices 3-5 for the axial series (F(6,
60) = 4.57, P = 0.001) which included the middle and
superior temporal gyri, and in slices 1-2 for the coronal
series (F(6, 30) = 2.15, P = 0.076) which included the
middle and superior temporal sulci of the posterior
temporal lobe.

Frequency sweep control task

The auditory frequency sweeps produced a consis-
tent pattern of activation that differed from that of the
English sentences. Figure 6 presents an overlay of
activated voxels evoked by English (Fig. 6A) and
frequency sweeps (Fig. 6B) for five slices in the same
subject (tested 3 months apart). The English sentences
evoked strong activation in the posterior aspect of the
left superior temporal sulcus (Fig. 6A, bottom slice)
and in the left inferior frontal gyrus (Fig. 6A, top slice).
In contrast, the frequency sweeps activated the right
superior temporal gyrus and perisylvian region across
several middle slices (Fig. 6B). Tested across subjects,
there were more right than left hemisphere activations
for the frequency sweeps (Fig. 7), but this difference
was not statistically significant in this small sample.
However, the t-values of activated voxels within the
right hemisphere were significantly greater than those
obtained in the left hemisphere (F(1,4) = 8.4, P = 0.04),
in contrast to the result obtained for English sentences.
The anterior-posterior activation pattern also differen-
tiated voxels activated by English compared to voxels
activated by frequency sweeps. While English seg-
ments produced the greatest number of activations in
posterior temporal slices (see Fig. 5B), the activation by
frequency sweeps was greatest in the middle and
anterior temporal lobe (Fig. 7).

DISCUSSION

Auditory sentences read in English produced focal
activation in the posterior aspect of the left superior
temporal sulcus and the immediately adjacent lateral
cortex in all subjects. No anatomically coherent activa-
tions to sentences read in Turkish were obtained in any
subject. Since the English and Turkish sentences were
read by the same speaker and were controlled for

length, prosody, and overall volume, the differential
activation pattern is presumed to be due to auditory
comprehension and not to simple physical stimulus
differences.

Prior PET studies have shown activation of posterior
temporal language areas in both visual and auditory
language tasks [Demonet et al., 1992; Karbe et al., 1995;
Petersen et al., 1988, 1989, 1993; Wise et al., 1991].
Examination of Table | reveals similar loci of activa-
tion; indeed, the average location of the center of
activation for the six studies referenced in Table | is
within 2 mm in any dimension from the centroid of
activation in this study. The PET findings represent the
across-subjects average of spatially normalized data, a
procedure that limits the clinical utility of PET in
individual patients. In the present study, the activation
pattern was clearly visible in individual subjects, and
was reproducible in the 3 subjects tested twice in
sessions separated by many months. In one subject,
five different imaging sessions over a 1-year interval
yielded virtually identical activation foci in the left
posterior temporal lobe.

It is notable that the extent of the posterior activa-
tions obtained in the present study appears smaller
than those reported in several recent fMRI studies
[Alsop et al., 1996; Binder et al., 1995, 1997]. In each of
these studies, auditory verbal stimuli (semantic judg-
ment task) were compared to nonlinguistic sounds
[Binder et al., 1995, 1997], or to nonstimulus baseline
[Alsop et al., 1996]. We assert that the more focal
activations in the present study likely reflect the
isolation of language comprehension from lower-level
auditory processing.

The activation of the left posterior region by English
sentences was quantified by comparing the number of
activated voxels for English and Turkish, and by
comparing the strength of the activation as reflected by
the magnitude of the t-value. English sentences pro-
duced significantly more activations of the left hemi-
sphere, and these activated voxels had significantly
greater t-values. A more conservative threshold than

Figure 5.

A: Average voxel counts in the left and right hemispheres for all 11
axial studies. Voxels with a t-value above 1.96 (activation to
English) and located within the brain are included. Slice 1 is the
most inferior and slice 7 the most superior. Left hemisphere
showed significantly (P = 0.0001) more activation to English. B:
Average voxel counts in left and right hemispheres for coronal
studies. Slice 1 is most posterior and slice 7 is most anterior.
Greater activation is seen in the left hemisphere, though more
equally distributed by slice than in A.

X



JUNOY) [9XOA

JUNOY [9XOA

Figure 5.



# Schlosser et al.¢

the value of 1.96 that was used would have largely
eliminated the randomly distributed voxels “acti-
vated” by the Turkish sentences without diminishing
the focal English sentence activations, suggesting that
the Turkish sentence activations were primarily false
positives [McCarthy et al., 1996].

Although our task showed a strong bias towards left
posterior temporal activation, lesser activation was
frequently observed in approximately homotopic re-
gions of the right hemisphere. Laterality was therefore
determined by the significantly greater (i.e., more
voxels and higher t-values) activation in the left hemi-
sphere. This is consistent with the group data from
prior PET studies [Petersen et al., 1988, 1989, 1993]
where bilateral, but clearly left dominant, posterior
temporal activation was obtained.

While comprehensible speech differentially acti-
vated the left hemisphere, frequency sweeps activated
the temporal lobe bilaterally, with more activation of
the right hemisphere measured by the number of
activated voxels and by strength of activation as
measured by their associated t-values. Furthermore,
frequency sweeps activated a region of the temporal
lobe anterior and superior to those regions activated
by comprehensible speech. As shown in Table I, the
position in the left superior temporal gyrus activated
by frequency sweeps closely matches the area found to
be sensitive to phoneme monitoring in nonwords as
shown by Demonet et al. [1992]. This supports our
assertion that the activation by comprehensible speech
was not due to the acoustic properties of the stimuli, or
to phoneme monitoring.

The practical goal of this study was to reliably
activate posterior temporal language regions in indi-
vidual subjects using auditory comprehension tasks
derived from our clinical experience with auditory
comprehension tasks in cortical stimulation mapping.
While this goal was attained, it is interesting that
significant activation was found in the left inferior
frontal region in 8 subjects. Prior neuroimaging studies
have shown activation of left inferior frontal regions
during overt and silent word production [Buckner et

Figure 6.

Functional MRI activation in a single subject, comparing auditory
comprehension and frequency sweep tasks. Studies were com-
pleted 3 months apart but slices were taken at the same locations
and with the same imaging parameters. T-maps shown for both
tasks were thresholded to values above 1.96. A: Activation to
English in over five continuous coronal-oblique slices overlaid upon
T1-weighted images. B: Activation to frequency sweeps in the
same subject at the same slice locations.
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Voxel Count

Slice

Figure 7.
Average voxel counts for frequency sweep in a background of white noise. Voxels with a t-value
above 1.96 and located within the brain were included. All frequency sweep studies were done on
coronal-oblique slices, and the scale of the plot is identical to that in the coronal voxel counts for
English activation shown in Figure 5B. More activation is seen in the right hemisphere than the left in

this task.

al., 1995; Cuenod et al., 1995; Desmond et al., 1995;
Eulitz et al., 1994; Hinke et al., 1993; Liotti et al., 1995;
McCarthy et al., 1993; Price et al., 1996; Yetkin et al.,
1995]. This suggests that our subjects may have been
silently repeating or rehearsing the English sentences.
However, Schaffler et al. [1996] also found that stimula-
tion of both left inferior frontal and posterior temporal
regions was associated with deficits in auditory com-
prehension, suggesting that frontal language areas
may play a more direct role in comprehension.

While two languages were used as stimuli, none of
the subjects were bilingual. Preliminary data have
been obtained from 2 subjects whose native language
was neither English nor Turkish. The pattern of activa-
tion seen to English in these subjects was more exten-
sive and far less localized than in native English
speakers. This result suggests that activation patterns
may differ in bilingual subjects. From this anecdotal
data one can conclude: 1) that clinical utility of this
method may depend upon utilizing patients’ native
language and a suitable control language, and 2) that

the alternating procedure used here may prove useful
for studying differential activation of language in
bilingual subjects.

Though functional mapping of language has been
compared to preoperative Wada testing [Brint et al.,
1996; Desmond et al., 1995; Pardo and Fox, 1993], these
studies considered productive language and frontal
lobe language areas. The goal of this study was to
develop a task suitable for preoperative language
mapping in patients who will undergo dominant
temporal lobe surgery. A preliminary study of 2 pa-
tients in which the activation produced by this task
was compared to intraoperative stimulation mapping
has shown good correspondence [Schlosser et al.,
1997]. Further studies are underway.

ACKNOWLEDGMENTS

This work was supported by the Department of
Veterans Affairs, by NIMH grant MH-05286, by NINDS

¢ 11 o



# Schlosser et al.¢

grant NS-33332, and by a Howard Hughes Fellowship
(to M.J.S.). We thank A. Anderson and H. Sarofin for
assistance, and A. Belger for generating the auditory
stimuli.

REFERENCES

Alsop DC, Detre JA, Desposito M, Howard RS, Maldjion JA,
Grossman M, Listerud J, Flamm ES, Judy KD, Atlas SW (1996):
Functional activation during an auditory comprehension task in
patients with temporal lobe lesions. Neuroimage 4:55-59.

Binder JR, Rao SM, Hammeke TA, Frost JA, Bandettini PA, Jesmanow-
icz A, Hyde JS (1995): Lateralized human brain language systems
demonstrated by task subtraction functional magnetic resonance
imaging. Arch Neurol 52:593-601.

Binder JR, Frost JA, Hammeke TA, Cox RW, Rao SM, Prieto T (1997):
Human brain language areas identified by functional magnetic
resonance imaging. J Neurosci 17:353-362.

Brint SU, Hier DB, Sychra J, Pavel D, Yoon WB, Martin E, Charbel F
(1996): Bilateral language representation demonstrated by lan-
guage-activated SPECT and Wada test. Neurol Res 18:209-211.

Buchtel HA, Kluin KJ, Ross DA, Selwa LM (1995): Language
mapping in epilepsy patients undergoing dominant hemisphere
anterior temporal lobectomy. Epilepsia 36:1164-1165.

Buckner RL, Raichle ME, Petersen SE (1995): Dissociation of human
prefrontal cortical areas across different speech production tasks
and gender groups. J Neurophysiol 74:2163-2173.

Cuenod CA, Bookheimer SY, Hertz-Pannier L, Zeffiro TA, Theodore
WH, Le Bihan D (1995): Functional MRI during word generation,
using conventional equipment: A potential tool for language
localization in the clinical environment. Neurology 45:1821-1827.

Demonet JF, Chollet F, Ramsay S, Cardebat D, Nespoulous JL, Wise
R, Rascol A, Frackowiak R (1992): The anatomy of phonological
and semantic processing in normal subjects. Brain 115:1753-1768.

Demonet JF, Price C, Wise R, Frackowiak RS (1994): Differential
activation of right and left posterior sylvian regions by semantic
and phonological tasks: A positron emission tomography study
in normal human subjects. Neurosci Lett 182:25-28.

Desmond JE, Sum JM, Wagner AD, Demb JB, Shear PK, Glover GH,
Gabrieli JD, Morrell MJ (1995): Functional MRI measurement of
language lateralization in Wada-tested patients. Brain 118:1411-
1419.

Eulitz C, Elbert T, Bartenstein P, Weiller C, Muller SP, Pantev C
(1994): Comparison of magnetic and metabolic brain activity
during a verb generation task. Neuroreport 6:97-100.

Fiez JA, Raichle ME, Balota DA, Tallal P, Petersen SE (1996): PET
activation of posterior temporal regions during auditory word
presentation and verb generation. Cereb Cortex 6:1-10.

Herholz K, Thiel A, Wienhard K, Pietrzyk U, von Stockhausen HM,
Karbe H, Kessler J, Bruckbauer T, Halber M, Heiss WD (1996):
Individual functional anatomy of verb generation. Neuroimage
3:185-194.

Hinke RM, Hu X, Stillman AE, Kim SG, Merkle H, Salmi R, Ugurbil
K (1993): Functional magnetic resonance imaging of Broca’s area
during internal speech. Neuroreport 4:675-678.

Howard D, Patterson K, Wise R, Brown WD, Friston KJ, Weiller C,
Frackowiak RS (1992): The cortical localization of the lexicons.
Brain 115:1769-1782.

Karbe H, Wurker M, Herholz K, Ghaemi M, Pietrzyk U, Kessler J,
Heiss WD (1995): Planum temporale and Brodmann’s area 22.
Magnetic resonance imaging and high-resolution positron emis-
sion tomography demonstrate functional left-right asymmetry.
Arch Neurol 52:869-874.

Latchaw RE, Hu X, Ugurbil K, Hall WA, Madison MT, Heros RC
(1995): Functional magnetic resonance imaging as a management
tool for cerebral arteriovenous malformations. Neurosurgery
37:618-625.

Leblanc R, Meyer E, Bub D, Zatorre RJ, Evans AC (1992): Language
localization with activation positron emission tomography scan-
ning. Neurosurgery 31:369-373.

Lebrun Y, Leleux C (1993): The effects of electrostimulation and of
resective and stereotactic surgery on language and speech. Acta
Neurochir (Wien) [Suppl] 56:40-51.

Lesser R, Gordon B, Uematsu S (1994): Electrical stimulation and
language. J Clin Neurophysiol 11:191-204.

Liotti M, Gay CT, Fox PT (1995): Functional imaging and language:
Evidence from positron emission tomography. J Clin Neuro-
physiol 11:175-190.

Maldjion J, Atlas SW, Howard RS, Greenstein E, Alsop D, Detre JA,
Listerud J, D’Esposito M, Flamm ES (1996): Functional magnetic
resonance imaging of regional brain activity in patients with
intracranial arteriovenous malformations before surgical or endo-
vascular therapy. J Neurosurg 84:477-483.

Martin NA, Beatty J, Johnson RA, Collaer ML, Vinuela F, Becker DP,
Nuwer MR (1993): Magnetoencephalographic localization of a
language processing cortical area adjacent to a cerebral arteriove-
nous malformation. Case report. J Neurosurg 79:584-588.

McCarthy G, Blamire AM, Rothman DL, Gruetter R, Shulman RG
(1993): Echoplanar magnetic resonance imaging studies of frontal
cortex activation during word generation in humans. Proc Natl
Acad Sci USA 90:4952-4956.

McCarthy G, Puce A, Luby M, Belger A, Allison T (1996): Magnetic
resonance imaging studies of functional brain activation: Analy-
sis and interpretation. Electroencephalogr Clin Neurophysiol
[Suppl] 47:15-31.

Ojemann GA (1993): Functional mapping of cortical language areas
in adults: Intraoperative approaches. Adv Neurol 63:155-163.
Ojemann GA, Ojemann J, Lettich E, Berger M (1989): Cortical
language localization in left, dominant hemisphere. An electrical
stimulation mapping investigation in 117 patients. J Neurosurg

71:316-326.

Pardo JV, Fox PT (1993): Preoperative assessment of the cerebral
hemispheric dominance for language with CBF PET. Hum Brain
Mapping 1:57-68.

Petersen SE, Fox PT, Posner MI, Mintun M, Raichle ME (1988):
Positron emission tomographic studies of the cortical anatomy of
single-word processing. Nature 331:585-589.

Petersen SE, Fox PT, Posner MI, Mintum M, Raichle ME (1989):
Positron emission tomography studies of the processing of single
words. J Cogn Neurosci 1:153-170.

Petersen SE, Fox PT, Snyder AZ, Raichle ME (1990): Activation of
extrastriate and frontal cortical areas by visual words and
word-like stimuli. Science 249:1041-1044.

Price C, Wise R, Ramsay S, Friston KJ, Howard D, Patterson K,
Frackowiak RS (1992): Regional response differences within the
human auditory cortex when listening to words. Neurosci Lett
146:179-182.

Price CJ, Wise RJ, Warburton EA, Moore CJ, Howard D, Patterson K,
Frackowiak RS, Friston KJ (1996): Hearing and saying. The

¢ 12 ¢



+ fMRI of Auditory Comprehensione

functional neuro-anatomy of auditory word processing. Brain
119:919-931.

Schaffler L, Luders HO, Beck GJ (1996): Quantitative comparison of
language deficits produced by extraoperative electrical stimula-
tion of Broca’s, Wernicke’s, and basal temporal language areas.
Epilepsia 37:463-475.

Schlosser MJ, Awad A, Spencer DD, Piepmeier JM, McCarthy G
(1997): Mapping auditory comprehension in neurosurgical pa-
tients: Comparison of functional magnetic resonance imaging
with electrophysiological methods. Abstract presented at the
47th Annual Meeting of the Congress of Neurological Surgeons,
New Orleans.

Stromswold K, Caplan D, Alpert N, Rauch S (1996): Localization of
syntactic comprehension by positron emission tomography. Brain
Lang 52:452-473.

Talairach J, Tournoux P (1988): Co-Planer Stereotaxic Atlas of the
Human Brain. Three-Dimensional Proportional System: An Ap-

proach to Cerebral Imaging. New York: Thieme Medical Publish-
ers, Inc.

Wada J (1949): A new method for determination of the side of
cerebral speech dominance: A preliminary report on the intraca-
rotid injection of sodium amytal in man. Igaku Seibutsugaku
4:221-222.

Wada J, Rasmussen T (1960): Intracarotid injection of sodium amytal
for the lateralization of cerebral speech dominance: Experimental
and clinical observations. J Neurosurg 17:266-282.

Wise R, Hadar U, Howard D, Patterson K (1991): Language activa-
tion studies with positron emission tomography. Ciba Found
Symp 163:218-234.

Yetkin FZ, Hammeke TA, Swanson SJ, Morris GL, Mueller WM,
McAuliffe TL, Haughton VM (1995): A comparison of functional
MR activation patterns during silent and audible language tasks.
AINR 16:1087-1092.

¢ 13 ¢



	INTRODUCTION
	SUBJECTS AND METHODS
	RESULTS
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	TABLE I

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

