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Abstract: Functional magnetic resonance imaging (FMRI) has been successfully used to non-invasively
map language function, but has several disadvantages. These include severe motion sensitivity, which
limits overt verbal responses in behavioral paradigms, such as word generation. The lack of overt
responses prevents behavioral validation, making data interpretation difficult. Our objective was to
compare the FMRI activation patterns of a novel silent rhyme determination task requiring a non-verbal
response, to covert word generation from visually presented letters. Five strongly right-handed subjects
performed both tasks during multi-slice coronal echo-planar T2*~weighted FMRI. Single subject activa-
tion maps were generated for each task by correlation analysis of single pixel time series to a boxcar
reference function. These maps for the two tasks were separately interpolated to 256, transformed into
Talairach space, summed, and thresholded at t>6. Combined activation maps from both tasks showed
similar robust perisylvian language area activation, including inferior frontal gyrus, posterior superior
temporal lobe, and fusiform gyrus. Subjects performed well on the rhyming task, which activated left
hemisphere cortical regions more selectively than the word generation task. The rhyming task showed less
activation than the word generation task in areas typically not considered specifically related to language
function, such as the dorsolateral prefrontal cortex and anterior cingulate. The rhyming task is a useful
tool for brain mapping and clinical applications, potentially more specific to cortical language areas than

verbal fluency. Hum. Brain Mapping 10:99-106, 2000.
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INTRODUCTION

The ability to determine non-invasively the cerebral
localization of language functions is important in
many clinical settings, such as pre-surgical planning
for patients with epilepsy or brain neoplasms. The
precise cerebral localization of language sub-functions
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in the normal human remains unclear. It is difficult to
infer cortical localization of function from clinical le-
sions, which may disrupt many interrelated functional
systems. This problem has become more apparent be-
cause of the wealth of data from functional brain
imaging studies of language, many of which challenge
the traditional models of cortical language organiza-
tion (Binder, 1997).

Functional magnetic resonance imaging (FMRI) is a
relatively new brain activation technique which is use-
ful for mapping many brain areas, such as sensory
cortex (Courtney and Ungerleider, 1997; Yetkin et al.,
1995b) and various motor areas (Van Oostende et al.,
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1997; Wexler et al., 1997), and association cortex in-
volved in memory (Epstein and Kanwisher, 1998; Fer-
nandez et al, 1998) and language (Binder, 1997;
FitzGerald et al., 1997). The major advantage of using
FMRI in language mapping is the ability to perform
noninvasively a complete battery of tasks designed to
probe various language sub-functions in single sub-
jects. This is possible because FMRI uses no ionizing
radiation and has high sensitivity. The major disad-
vantages of FMRI in language mapping are the loud
scanner noise, which makes it difficult to present au-
ditory stimuli, and extreme motion sensitivity (Wu et
al., 1997), which makes overt verbal responses from
the subject problematic.

Word generation (“verbal fluency”) is a well studied
and commonly applied behavioral and FMRI para-
digm (Cuenod et al., 1995; Hinke et al., 1993; Stuss et
al., 1998). However, data quality and level of brain
activation depend on many behavioral factors, includ-
ing whether the subject’s response is spoken or silent
(Yetkin et al., 1995a). Although silent paradigms cause
significantly less motion artifact (Yetkin et al., 1995a),
there is no way to verify performance or correlate
behavior with functional activation. We have devel-
oped a silent word rhyming paradigm that activates
peri-sylvian language areas (Kareken, et al., 2000) and
provides behavioral performance data. Direct compar-
ison of brain activation patterns of a single group of
subjects performing both the silent fluency and word
rhyming tasks should provide important information
about the relative efficacy and specificity of dominant
hemisphere language activation in these two tasks.

MATERIALS AND METHODS

Five healthy, right-handed subjects (3 females;
mean age 27, standard deviation 2.7 years; education
17.6 * 2.7 years) were recruited and provided written
informed consent. The protocol was approved by the
local Institutional Review Board. Subjects were in-
structed in the performance of a novel rhyming task
and the fluency task. Both tasks consisted of five 32
second control periods alternated with four 32 second
activation periods.

The activation period for the rhyming task consisted
of determining whether two visually presented com-
mon English words rhymed (Fig. 1A) and then press-
ing the corresponding button on a response pad using
the right hand. To force subvocal articulation and
prevent responses based on word appearance, rhym-
ing word pairs (n = 20) were orthographically differ-
ent and non-rhyming pairs (n = 20) were orthograph-
ically similar to varying degrees. The control period

consisted of determining whether two sets of line ar-
rays were identical (Fig. 1B) and responding with the
appropriate button press. Ten pairs of words or line
arrays were presented during each control or activa-
tion period.

The activation periods of the fluency task consisted
of sequential visual presentation of two letters of the
English alphabet (Fig. 2A). The eight letters were se-
lected and balanced across the four activation periods
according to their associative frequencies (Borkowski
et al., 1967). Subjects were instructed to silently gen-
erate as many words as possible beginning with the
presented letter (Cuenod et al., 1995; Yetkin et al.,
1995a), with the exception of proper names and dif-
ferent grammatical forms of the same word (e.g. come,
coming) (Benton et al., 1994). During the control pe-
riod, subjects were instructed to visually fixate a
meaningless non-letter symbol (Fig. 2B), which was
either a character from a foreign language script, such
as Arabic, Hebrew, or Mandarin, or an abstract “letter-
like” line drawing.

Subjects were observed while practicing each task to
ensure proper performance before being placed into
the MRI scanner. All visual stimuli were computer
generated and presented using an MRI compatible
binocular fiberoptic display (Avotec, Inc. Jensen Beach,
Florida, USA). The timing of the stimulus presentation
was controlled and subject responses were recorded
using Stim (Neuroscan, Inc. Sterling, VA, USA).

Subjects were placed in a birdcage head coil and
fitted to a bite bar attached to the coil to reduce head
motion. All MRI studies were performed on a General
Electric (Wisconsin, USA) 1.5 Tesla Signa Echospeed
scanner. Anatomic scans, including a heavily T1-
weighted 3D spoiled grass sequence, were obtained
prior to functional images. Whole brain gradient echo
echoplanar FMRI was performed with the following
imaging parameters: 15 coronal slices of thickness
7mm with inter-slice gap of 2mm; TR 2s, TE 50ms; 90°
flip angle; 64 X 64 matrix; bandwidth 125 kHz; and
field of view 24cm. Each set of 15 images was collected
every 2 seconds during both the control and activation
states for the rhyming and fluency tasks. The locations
of the coronal functional scans were chosen to cover
the entire peri-sylvian region and as much of the
frontal and occipital lobes as possible. The order of
performance of the rhyming and fluency tasks was
randomized across subjects.

The raw image data were Hamming filtered (Lowe
and Sorenson, 1997) to improve signal to noise ratio
with minimal reduction in spatial resolution. A least-
squares fit of each single pixel time series to a boxcar
function, which represents the idealized activation
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Figure 1.
A. The word pairs may look different, but still rhyme (top left), or look similar, but not rhyme
(bottom left). Orthographically similar word pairs which rhyme and orthographically different word
pairs which do not rhyme were also presented. B. The stick pairs which were not identical were

usually quite similar (bottom right).

paradigm, was performed using three free parameters
and a baseline slope and intercept (Lowe and Russell,
1999). The fit amplitude divided by the error gives a
t-statistic for each pixel. These activation maps were
thresholded at t > 3.5 and superimposed on coronal
T1-weighted anatomic images.

These single subject activation maps were combined
as follows. The maps were interpolated to 256> and
then transformed to the true coronal (Talairach and
Tournoux, 1988) plane. The five maps were summed
pixel by pixel and the combined map was thresholded
at t > 6 (corresponding to a single pixel confidence
level of roughly 10™%") and displayed on T1-weighted
anatomic scans from one of the subjects, also trans-
formed into the Talairach coronal plane. The locations

of regions of activation were determined from the
Talairach coordinates.

RESULTS

The fluency task resulted in significant activation
for combined subject data in several left cerebral hemi-
sphere areas (Table I; Fig. 3, middle column), includ-
ing: a confluent region of activated foci extending
from the motor cortex to the junction of areas 9/46
(these are not listed separately in Table I because of
inability to separate reliably into individual peaks);
Broca’s area; a band from deep to the posterior supe-
rior temporal gyrus to the posterior middle temporal
gyrus; supramarginal gyrus; posterior lateral fusiform
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Figure 2.
Examples of stimuli used for the fluency task. English letter (A). Foreign language character (B),
which is “letter-like” in appearance, but meaningless to the subjects.

gyrus; a band from the supplementary motor area to
the anterior cingulate cortex; a band from the upper to
lower inferior parietal lobule; and caudate nucleus.
Few right hemisphere areas were activated: the mid-
dle frontal gyrus; inferior frontal gyrus bordering the
anterior insula; deep to area 22 in the posterior supe-
rior temporal gyrus. Activation was also noted in the
superior and inferior cerebellar cortex, right more than
left.

Subjects performed accurately on both the activa-
tion (87.5 = 5.9% correct) and control (90.0 = 8.9%
correct) portions of the rhyming task. The rhyming
task (Table I; Fig. 3, left column) combined subject
data showed activation in the left dorsolateral prefron-
tal cortex (BA 9/46) less in spatial extent and lower in
statistical significance as compared to the fluency task.
Activation in Broca’s area and the posterior lateral
fusiform gyrus was very similar in location and sig-
nificance to the fluency task. The activation in the
supramarginal gyrus was more significant than in the
fluency task. The activation in the posterior superior
temporal gyrus was much less significant. A band of
activation deep to and within the superior bank of the
left middle temporal gyrus was noted. The right hemi-
sphere showed only minimal activation in the homo-

logue to Broca’s area. There was no activation in the
left inferior parietal lobule outside the supramarginal
gyrus, caudate, anterior cingulate, SMA or premotor
cortex, the right DLPFC, or on either side of the cere-
bellum.

Single subject activation maps were similar to the
combined subject maps as shown in Figure 4.

DISCUSSION

There are many similarities between the regions
activated here and those of other FMRI studies em-
ploying silent verbal fluency. Most studies have
shown activation in the major peri-sylvian language
regions, including Broca’s area (Chee et al., 1999; Cue-
nod et al., 1995; Hinke et al., 1993; Ojemann et al., 1998;
Sadato et al., 1998) and posterior temporal and parietal
opercular foci (Chee et al., 1999; Cuenod et al., 1995;
Sadato et al., 1998). Activation in other regions is more
variable. For example, the posterior fusiform gyrus,
was seen in most, (Chee et al., 1999; Cuenod et al.,
1995; Sadato et al., 1998), but not all studies (Ojemann
et al., 1998) and similar variability was noted for the
anterior cingulate, supplementary motor area, and the
dorsolateral prefrontal cortex.
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TABLE I. Centroids and peak t score of activated regions

Talairach Brodmann Peak t
coordinates Brain region area Rhyming  Fluency
Left
(—58, —54, 6) MTG 21 25.7
(=56, =32, 8) STG 22 (Wernicke) 20.3
(—46, —51, —19)  Fusiform gyrus 37 21.0
(—43, —61, 45) IPL near IPS 40 (near 7) 21.8
(—33, —60, 38) IPL deep in IPS 40 18.2
(—47, —48, 42) IPL 40 19.5
(=5, 9, 46) Anterior cingulate in sulcus 32 38.5
(=5, —8, 58) SMA 6 32.8
(=53, 14, 6) IFG 44 (Broca) 30.6
(=27, =57, —24) Superior cerebellum 14.9
(—46, 32, 25) MEG 9, 46 (DLPEC) 20.2
(—49, 11, 32) Junction MFG, IFG 8,9 21.0
(=55,13,7) IFG 44 (Broca) 235
(—63, =31, 26) Supramarginal gyrus 40 30.0
(=57, —46, 1) MTG in bank STS 21 16.1
(—44, —59, —18) Fusiform gyrus 37 18.9
Right
(46, —47,17) STG near STS 22 23.6
(40, 21, 11) Junction IFG, insula 44/45 15.7
(35, 32, 41) MEG 8 17.3
(33, =59, —28) Superior cerebellum 24.4
(28, —60, —54) Inferior cerebellum 23.6
(55, 7, 6) IFG 44 12.6

Abbreviations for Table: IFG, MFG = inferior, middle frontal gyrus; MTG, STG = middle, superior
temporal gyrus; IPL = inferior parietal lobule; IPS = intraparietal sulcus; STS = superior temporal
sulcus; SMA = supplementary motor area; DLPFC = dorsolateral prefrontal cortex.

Both rhyming and fluency give excellent peri-syl-
vian language area activation. The differences ob-
served here between regional activation in the rhym-
ing task and fluency task indicate that the rhyming
task has more “specific” activation of language re-
gions. The SMA and anterior cingulate are activated in
a variety of tasks, many of which have no apparent
language component, and are generally not consid-
ered language regions. The rhyming task may not
show activation in these regions because, unlike the
fluency task, both activation and control periods have
similar stimulus characteristics and response de-
mands. Both require similar visual scanning of the
stimuli, sustained attention, and response selection.
Impaired verbal fluency also often reflects frontal lobe
impairment in the absence of aphasia or other lan-
guage abnormalities (Baldo and Shimamura, 1998;
Stuss et al., 1998). As such, it is commonly interpreted
as a measure of “executive function” requiring inter-
nally generated response initiation, mental flexibility,
and a relatively unconstrained strategic search of the

mental lexicon. A greater expanse of dorsolateral
prefrontal cortex may therefore be apparent in the
fluency task because of the executive demands of the
activation task. However, more importantly, it is likely
that the lack of a matched control task requiring exec-
utive function that leads to the relative nonspecificity
of the fluency task, which also evoked more right
hemisphere activation than the rhyming task. Al-
though left dorsolateral prefrontal cortex damage
clearly impairs verbal fluency, right superior medial
damage also impairs fluency (Stuss et al., 1998). Thus,
the right frontal lobe likely participates in this task as
well.

The rhyming task has several advantages over the
fluency task. Behavioral performance is easily quanti-
fied, allowing for more confident interpretation of the
activation maps. The activation noted in the rhyming
task is more restricted, but not completely so, to cor-
tical regions generally considered language areas.
There is stronger hemispheric lateralization, which
could prove useful in clinical applications, such as for
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Fluency Anatomy

Figure 3.

Activation Student t maps for the rhyming (left) and fluency
(middle) tasks superimposed on coronal Tl—-weighted anatomic
images (right) from anterior (A) to posterior (E). The images are
displayed in radiographic convention (left hemisphere on right of
image) and the Talairach antero-posterior (y) coordinates of the
coronal sections are given. Activated regions include: bilateral
dorsolateral prefrontal cortex (green arrow); Broca’s area (yellow

arrow); anterior cingulate cortex (red arrow); left posterior area
22 (white arrow); left supramarginal gyrus (blue arrow); cortex
deep to posterior area 21/22 (grey arrow); left posterior fusiform
gyrus (black arrow); left inferior parietal lobule (orange arrows,
area 39); bilateral superior and inferior cerebellar lobules; and left
caudate.



Figure 4.
Activation Student t maps (threshold t > 3.5, single pixel confidence level approximately 10~%) for
two individual subjects superimposed on five coronal anatomic sections arranged from posterior to
anterior reading left to right. Maps from both the rhyming (A, C) and fluency (B, D) tasks are
similar to the combined activation maps (see Fig. 3). The images are displayed in radiographic
convention and colored arrows label the same structures as in Figure 3.




¢ Lurito et al. ¢

a non-invasive alternative to the Wada test for hemi-
spheric dominance.

CONCLUSION

The rhyming task is useful for using FMRI to local-
ize cerebral language regions. Future research on clin-
ical patients and in subjects with atypical language
dominance are required to confirm its usefulness for
both brain mapping and clinical applications.
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