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Human brain imaging studies have found that in-
creases in functional activation in left-frontal cortex
during cognitive tasks are often accompanied by simi-
lar increases in right-cerebellar regions. The present
study used functional magnetic resonance imaging
(fMRI) to investigate the distinctive contributions of
these regions using a word stem completion task.
Stems with many possible completions (MANY condi-
tion) were alternately presented with stems that had
few possible completions (FEW condition), and sub-
jects were asked to covertly complete each stem with a
word and press a response switch for each successful
completion. Prominent increases in activation in the
MANY, relative to the FEW, condition were observed in
the left middle frontal gyrus (Brodmann areas 9/10)
and left caudate nucleus. In contrast, portions of the
right-cerebellar hemisphere (posterior quadrangular
lobule and superior semilunar lobule) and cerebellar
vermis exhibited increases in the FEW, relative to the
MANY, condition. This double dissociation suggests
that the frontal and cerebellar regions make distinc-
tive contributions to cognitive performance, with left-
frontal (and striatal) activations reflecting response
selection, which increases in difficulty when there are
many appropriate responses, and right-cerebellar acti-
vation reflecting the search for responses, which in-
creases in difficulty when even a single appropriate
response is hard to retrieve. r 1998 Academic Press
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Functional neuroimaging studies have identified pat-
terns of frontocerebellar coactivation that are impor-
tant for language, memory, and thought. The coactiva-
tion was initially revealed in a positron emission
tomography (PET) study finding greater left-frontal
and right-cerebellar activation when subjects gener-
ated verbs to presented nouns than when they read the
nouns aloud (Petersen et al., 1988). The activation was
interpreted as reflecting the greater semantic chal-
lenge of generating a related word than reading a
presented word. After subjects repeatedly generated

verbs to nouns, left-frontal and right-cerebellar activa-
tions decreased (Raichle et al., 1994). Thus, left-frontal
and right-cerebellar activations increased or decreased
in tandem across conditions. Verbal working memory
studies have also reported correlated left-frontal and
right-cerebellar activations associated with increased
working memory demands (Paulesu et al., 1993, 1995;
Grasby et al., 1994; Awh et al., 1996; Fiez et al., 1996;
Jonides et al., 1997). Although semantic retrieval and
verbal working memory involve different processes
mediated by different subregions of the left-frontal
lobe, they both invoke correlated left-frontal and right-
cerebellar activations. Close coupling of frontal and
cerebellar regions is also evident in clinical reports of
cerebellar hypometabolism occurring after contralat-
eral frontal lobe lesions, i.e., crossed cerebellar diaschi-
sis (Fulham et al., 1992; Tanaka et al., 1992; Miura et
al., 1994), and frontal hypometabolism subsequent to
cerebellar damage (Boni et al., 1992). Accordingly,
cerebellar damaged patients often exhibit signs of
frontal lobe damage, as measured by tests of initiation/
perseveration and verbal fluency (Appollonio et al.,
1993), planning (Botez et al., 1989; Grafman et al.,
1992), agrammatism (Silveri et al., 1994), and associa-
tive learning (Bracke-Tolkmitt et al., 1989; Canavan et
al., 1994; Tucker et al., 1996). Interactions between
frontal and cerebellar regions can occur via anatomical
pathways that connect the cerebellum with prefrontal
cortex (Middleton and Strick, 1994).

Although functional activations in frontal cortex are
correlated with those of the contralateral cerebellum, it
is not known whether these activations reflect the
identical process. No study has provided evidence about
what distinguishes the functions of these two anatomi-
cally disparate brain regions. The aim of the present
study was to dissociate left-frontal and right-cerebellar
activations in order to elucidate the distinctive func-
tions of the two regions. To address this problem, we
employed a variation of a word stem completion task, a
task that has been shown to elicit frontal and cerebellar
activation (Buckner et al., 1995), and has been em-
ployed in studies of implicit and explicit memory pro-
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cesses (Squire et al., 1992; Buckner et al., 1995; Schac-
ter et al., 1996). We used fMRI to compare activations
when subjects completed three-letter word stems that
had either many possible completions (e.g., STA )
or few possible completions (e.g., PSA ) into the
first word that came to mind. When subjects complete
stems with many possible answers, they may retrieve
many words before selecting one response, but for
stems with few possible answers, they may have to
sustain a longer time searching for a legitimate comple-
tion. Given that frontal-lobe damage has been shown to
result in response selection deficits (Decary and Richer,
1995), we hypothesized that left-frontal activation re-
flects how much knowledge is retrieved in task perfor-
mance, including selection of the appropriate informa-
tion, and that left-frontal activation would therefore be
greater when completing stems with many possible
completions. If the right cerebellum is involved in the
identical cognitive operation, then right-cerebellar acti-
vation would be expected to exhibit the typical pattern
of activating in tandem with the left-frontal regions.
However, if right-cerebellar activation reflects a differ-
ent process, e.g., the sustained search for knowledge
required to complete the task, then right-cerebellar
activation would be greater when completing stems
with few possible completions.

MATERIALS AND METHODS

Subjects

Six right-handed female subjects gave their informed
consent to participate in this study, which was ap-
proved by the Institutional Review Board at Stanford
University. The mean age of the subjects was 33.3
years 6 9.0 (SD).

Stimuli

The stimuli consisted of 144, uppercase, three-letter
sets (stems) that were generated from a Macintosh
computer (Apple Computer, Inc., Cupertino, CA) using
PsyScope software (Cohen et al., 1993). For half the
stems, the letters formed the beginning of relatively
few words (FEW condition) and for the other half, the
letters formed the beginning of many, at least 10
different, words (MANY condition). Based on the data-
base of Kucera and Francis (1967), the median 6
interquartile deviation of the number of completions for
the FEW stems was 3 6 1.0, whereas for the MANY
stems it was 74 6 26.5. This difference was significant
(Mann–Whitney U 5 5184, P , 0.0001).

Two analyses, based on frequency values of Kucera
and Francis (1967), were conducted to assess the
frequencies of all possible word completions for the
stems. The first analysis was based on the mean word
frequency per stem. For these data, the median 6

interquartile deviation was 4.0 6 4.64 for the FEW
stems and 10.09 6 5.60 for the MANY stems. This
difference was significant (Mann–Whitney U 5 4050,
P , 0.0001). The second analysis was based on the
median frequency of completions for each stem. The
median 6 interquartile deviation for these values was
2.5 6 2.75 for the FEW stems and 2.0 6 0.0 for the
MANY stems. This difference, which was in the oppo-
site direction to that found using the mean frequency
per stem, was also significant (Mann–Whitney
U 5 3131.5, P 5 0.031). To investigate further which of
these analyses was more likely to reflect the stem
completion behavior of subjects, stem completion re-
sponses were tape-recorded in a separate behavioral
study from six subjects, and median word frequency for
FEW and MANY stems was obtained for each subject.
The mean 6 SD of the median frequencies was 6.83 6
1.33 for the words completed for the FEW stems and
14.67 6 6.55 for the MANY stems. A paired t test
indicated that word frequencies for the MANY stem
completions was significantly greater than those for the
FEW stems (t(5) 5 3.00, P 5 0.03). These data suggest
that the first analysis of differences in all possible FEW
and MANY stem completions, based upon the mean
frequency per stem, more accurately predicts the
completion behavior of subjects than the analysis based
on median frequencies per stem.

The stems were visually presented to the subject in
the scanner by back-projecting the images, via a magnet-
compatible projector (Resonance Technology, Inc., Van
Nuys, CA), onto a screen located above the subject’s
neck. Visual images were viewed from a mirror mounted
above the subject’s head.

Task

Subjects were presented with a stem every 2.5 s, and
each stem was on for 0.5 s. To avoid artifacts from head
motion associated with overt speech during an MRI
scan, subjects were instructed to covertly complete the
stem into a real word and, once they had successfully
generated a valid completion, to then immediately
press a fiber-optic-based switch with their right hand.
The switch therefore provided information regarding
stem completion success and response times. Eight
alternating blocks (18 stems/block) of FEW and MANY
stems were presented continuously over a 6-min scan.
Whether FEW or MANY stems were presented first
was counterbalanced across subjects, and subjects were
not cued as to which type of stem they were seeing.

Data Acquisition and Analysis

Imaging was performed with a 1.5 T whole body MRI
scanner (General Electric Medical Systems Signa, Rev.
5.5, Waukesha, WI), using a custom built quadrature
‘‘top hat’’ elliptical bird cage head coil (Hayes and
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Mathias, 1996). Head movement was minimized using
a ‘‘bite-bar’’ that was formed with the subject’s dental
impression, and further corrected using the method of
Woods et al. (1992). A T2* sensitive gradient echo spiral
sequence (Meyer et al., 1992) was used for functional
imaging with parameters of TR 5 630 ms, TE 5 40 ms,
and flip angle 5 66°. Four interleaves were obtained for
each image, so total acquisition time per image was
2.52 s. Seven 6-mm-thick slices (inplane resolution of
2.35 mm, 1 mm interslice interval) were acquired in an
oblique axial plane that was rotated 25° with respect to
the AC-PC line, as illustrated in Fig. 1. This angle
optimized acquisition of both cerebellar and frontal
lobe structures. A total of 144 images per slice were
acquired continuously for the duration of each experi-
ment. T1-weighted anatomy images were acquired in
the same plane as the functional images using a
spin-echo pulse sequence with parameters of TR 5 500
ms, TE 5 20 ms, NEX 5 1, matrix 5 256 3 192. Pixels
that were found to be significantly activated during the
functional scan were overlaid on these structural im-
ages. T2-weighted anatomy images were also obtained
in the sagittal plane and in an oblique coronal plane
that was parallel to the brainstem using a fast spin
echo pulse sequence and the following parameters:
TR 5 3000 ms, TE 5 85 ms, echo train length 5 8,
NEX 5 1, matrix 5 256 3 192, 5-mm-thick, 0-mm
interslice interval. The latter acquistions were used for
remapping the functional data onto different planes.
Remapping was performed by extracting the scanner
coordinates for each slice from the image header and
computing the transformation needed to map func-
tional data from the acquired sections to the other
planes (see Fig. 2). Because the oblique axial acquisi-
tion plane is different from the anterior commissure–
posterior commissure-based axial plane found in pub-

lished neuroantomical atlases, such as that of Talairach
and Tourneaux (1988), the sagittal plane was used for
inspecting frontal lobe activation loci and estimating
their Talairach coordinates. The oblique coronal sec-
tions were used for inspecting cerebellar hemispheric
activations.

For data analysis, image reconstruction was per-
formed offline by transferring the raw data to a Sun
SparcStation (Sun Microsystems, Inc., Mountain View,
CA). The data were resampled into a Cartesian matrix
and then processed with a 2d FFT. The reconstructed
image files were then Gaussian filtered spatially using
a FWHM of 4.8 mm. Time series of each pixel were
correlated with a reference waveform and transformed
into a Z score map, SPM5Z6 (Friston et al., 1994). The
waveform was calculated by convolving a square wave
representing the time course of the alternating condi-
tions (MANY–FEW or FEW–MANY) with a data-
derived estimate of the hemodynamic response func-
tion. SPM5Z6 map averaging was used to analyze
patterns of functional activation across subjects. Aver-
aging was performed by first manually tracing the
perimeter of each section using an anatomy image of a
representative subject to form a template for that slice.
Then each subject’s functional map at each section was
transformed into the region specified by the template
as previously described (Desmond et al., 1995b). This
procedure consisted of the following steps: (1) translat-
ing, scaling, and rotating the functional map to match
the centroid and dimensions of the template; (2) defin-
ing a matching set of points around the perimeter of the
functional map and that of the template; (3) creating a
grid of points from the perimeter points of the func-
tional map and a corresponding grid of the template
such that a one-to-one mapping existed for the grid
points in each set; and (4) mapping the values from the
grid points of the functional image to the grid points of
the template. The resulting averaged functional maps
were then intensity thresholded at a P , 0.05 level
(two-tailed) and each slice was subjected to a cluster
analysis procedure (Xiong et al., 1995) to correct for
multiple statistical comparisons, using a spatial extent
threshold that yielded a P , 0.05 significance level over
the entire image (taking into account the 4.8-mm
FWHM spatial smoothing and the 2.35-mm inherent
resolution of the images, a smoothness FWHM of
(4.82 1 2.352)1/2 5 5.3 mm was used for the cluster
analysis procedure).

RESULTS

Behavioral data collected during the scan revealed
that subjects pressed the response switch to indicate a
successful completion significantly more often, t(5) 5
11.07, P , 0.0001), for stems with MANY completions
(99.1 6 1.7%, mean 6 SD, of the MANY stem trials)

FIG. 1. Midline sagittal section illustrating the locations of the
seven planes acquired during the fMRI experiment.
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than for stems with FEW completions (82.9 6 3.1% of
the FEW stem trials). Mean median response times
were 709.6 6 175.4 ms for FEW stems and 626.4 6
114.3 ms for MANY stems; the difference approached
significance (t(5) 5 22.27, P 5 0.0727). Thus, subjects
completed stems with many possible completions more
often and more quickly than stems with few possible
completions.

Regions of functional activation averaged across the
six subjects are illustrated in Fig. 2. Relative to the
FEW condition, increases in activation during MANY
stem completion was observed in the left middle frontal
gyrus at a relatively superior and medial location (Figs.
2A, 2B, and 2D; Brodmann area 9/10; Talairach coordi-
nates 225, 44, 27), and to a lesser extent, at a more
inferior and lateral position (Brodman area 10/46;

FIG. 2. Averaged fMRI activation over 6 subjects depicted on averaged T1-weighted oblique axial sections (top row, obtained using the
angled approach depicted in Fig. 1), averaged T2-weighted sagittal sections (middle row), and averaged T2-weighted oblique coronal sections
(bottom row, taken parallel to the floor of the 4th ventricle). A, B, and C represent in-plane sections 6, 5, and 3, respectively, depicted in Fig. 1.
D depicts a left sagittal view located 25 mm from midline. E depicts a right sagittal view located 30 mm from midline. F, G, and H depict the
cerebellum at 35, 30, and 25 mm, respectively, posterior to the floor of the 4th ventricle. Regions depicted in red–yellow represent areas that
exhibited increased activation when subjects completed MANY, relative to FEW, stems, whereas regions in blue–light blue represent areas
that exhibited increases during the FEW, relative to MANY, condition. The color scale at the bottom of the figure represents the significance
levels (two-tailed P values) of the averaged Z score intensities (corrected for multiple comparisons at an overall significance of P , 0.05 per
image). The right side of the brain is depicted on the right side of the figure for the oblique axial (top row) and oblique coronal (bottom row)
sections. The left-frontal activation indicated by arrows on A and B is indicated by arrow on sagittal D.
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coordinates 247, 42, 1). A less extensive activation was
also observed in the right middle frontal gyrus (Fig. 2C;
Brodmann area 10; coordinates 131.5, 53, 15). In-
creased activation during the MANY condition was also
observed in the left cingulate gyrus (Fig. 2C; Brodmann
areas 24/32; coordinates 29, 37, 5), the left caudate
nucleus (Fig. 2C; coordinates 25, 14, 0), the left postcen-
tral gyrus (Brodmann area 43; coordinates 247, 213,
16), and in the left anterior quandragular lobule of the
cerebellum (Fig. 2B).

In contrast to these regions, increases in activation
during the FEW relative to MANY stem completion
condition were observed in several portions of the
cerebellar vermis, including the declive (Fig. 2F;
Larsell’s lobule VI), folium and tuber vermis (Fig. 2F;
VII), and pyramid (Fig. 2G; VIII), as well as in large
portions of the right-cerebellar hemisphere (Figs. 2F–
2H), including the posterior quadrangular lobule (HVI),
the superior semilunar lobule (superior HVIIA), and, to
a lesser extent, the inferior semilunar lobule (inferior
HVIIA). Increased activation during the FEW condi-
tion was also observed in the right inferior frontal
gyrus (Fig. 2E; Brodmann area 47, coordinates 30, 25,
25), along the midline in the superior frontal gyrus
(Fig. 2A; Brodmann area 8, coordinates 63, 44, 34), and
bilaterally in the fusiform gyrus (Fig. 2D; Brodmann
area 37/19, coordinates 640, 270, 27; also right Brod-
mann area 37, coordinates 130, 237, 211).

To confirm the double dissociation in frontal and
cerebellar activation during the FEW and MANY stem
blocks, right-cerebellar and left-frontal regions of inter-
est (ROIs) were identified based on the activations
found in the averaged functional maps. Then for each
subject, the mean signal intensity during the FEW and
MANY stem blocks (averaged across all blocks) was
obtained for the left-frontal and right-cerebellar ROIs.
An analysis of variance on these data revealed no main
effects, but a significant REGION 3 STEM-TYPE
interaction (F1,5 5 15.36, P 5 0.011) was found. Com-
parisons of the means revealed that signal intensity for
the MANY stems was significantly greater than that of
the FEW stems for the left frontal ROI (F1,5 5 8.3,
P 5 0.035), whereas intensity for MANY stems was
significantly less than that of the FEW stems for the
right cerebellar ROI (F1,5 5 7.08, P 5 0.045).

DISCUSSION

Subjects completed stems with many completions
more often and more quickly than stems with few
completions. The differential demands of the kinds of
stem completion yielded a double dissociation between
left-frontal and right-cerebellar regions that in prior
studies have always shown associated activations. Left-

frontal regions were more active when subjects com-
pleted stems with many than with few possible comple-
tions, whereas right-cerebellar regions were more active
when subjects completed stems with few than with
many completions. These results do not challenge the
many prior findings indicating that left-frontal and
right-cerebellar regions regularly interact in verbal
performance, but rather indicate for the first time that
these two regions make distinctive contributions to
that interaction and provide some clues about the
nature of those unique contributions. Specifically, the
present study indicates that left-frontal activations
reflect selection of response, whereas cerebellar activa-
tions reflect search for response.

Left-Frontal Activation

Left-frontal activation was greater when subjects
completed stems with many than with few possible
completions. Although only one response was required
for each stem, it is likely that more words were
considered and more selection had to be made among
competing candidate responses when stems had many
rather than few possible completions. Indeed, greater
activation in the MANY condition reveals the covert,
incidental, and perhaps partial retrieval of candidate
completions that were not selected as the one required
completion. The left-frontal activation cannot be ac-
counted for by task difficulty per se because perfor-
mance was easier with MANY stems—subjects per-
formed 16% more accurately and 84 ms more quickly
with MANY than with FEW stems.

The specific location of left-frontal activation in the
present study, i.e., Brodmann area 9/10, in the middle-
frontal gyrus differs from left-frontal areas activated in
related studies, but this is likely due to the nature of
the contrast between two highly similar stem comple-
tion conditions. Buckner et al. (1995) reported in-
creases in left inferior frontal gyrus (Brodmann area
45) when comparing stem completion with a fixation
baseline. The left inferior frontal gyrus is also the major
locus of activation in many semantic tasks, including
generation (Petersen et al., 1988; McCarthy et al., 1993)
and classification tasks (Kapur et al., 1994; Demb et al.,
1995; Desmond et al., 1995b; Gabrieli et al., 1996).
These generation and classification studies make com-
parisons between conditions that differ substantially in
phonological, lexical, and semantic demands. Many of
these differences are absent in our comparison between
two kinds of stem completion. The middle-frontal locus
of activation in the present study is nearly identical to
that reported by Price et al. (1996) when comparing
activation for a letter-feature detection task in real
words versus pronounceable pseudowords. Because
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neither stem completion nor letter-feature detection
requires overt semantic analysis, these results suggest
that the middle-frontal activation is related to nonse-
mantic lexical processes invoked by stems with many
relative to few completions or by real words versus
meaningless letter strings.

The present findings suggest that left-frontal activa-
tion increases across tasks as a function of the amount
of verbal information retrieved and the selection of
task-relevant information. In most studies, amount
and selection are correlated, with more selection re-
quired as more information is retrieved. In the present
study, MANY stems may have accessed many comple-
tions and required selection of one completion. In the
letter-feature detection task, real words would access
more knowledge than nonwords and require selection
of relevant information (letter shapes rather than word
meaning or associations). Verb generation requires
more semantic information than noun reading because
more information is required to generate an appropri-
ate verb than to read a presented noun. At the same
time, there are always more alternative verbs to select
among (EAT, SLICE, BAKE) than the one presented
noun (CAKE) (Petersen et al., 1988). Similarly, there is
more left-frontal activation when subjects must gener-
ate the typical color or use of an object than the name of
that object (Martin et al., 1995). Generating typical
color or use requires more semantic information than
naming the object because most objects have one iden-
tity but can appear in more than one color and have
more than one use. Thus, a common principle emerging
across different tasks is that greater left-frontal activa-
tion occurs for the task that involves more knowledge
and more selection of an appropriate response from
that knowledge. At present, it is unknown whether
amount and selection of information are inherently
correlated or whether those two processing dimensions
can be dissociated. Amount and selection may be inevi-
tably intertwined because greater amounts of retrieved
knowledge require more selection to isolate the knowl-
edge salient for task response.

The present results show that a subtle increase in the
demand for response selection within a stem-comple-
tion task can have a substantial influence on left-
frontal activation. This finding is consistent with a
report of greater left-frontal activation (cerebellum was
not included in their scan) in three different semantic
tasks during high selection relative to low selection
conditions (Thompson-Schill et al., 1997), and is also in
accord with a broad range of findings indicating that
dorsolateral prefrontal cortex is important for response
selection on many tasks (Cohen and Servan-Schreiber,
1992; Kimberg and Farah, 1993; Decary and Richer,
1995). It may be that different frontal regions mediate
response selection for different domains. Indeed, the
focus of left-frontal activation in the present study

occurred in the middle rather than the inferior gyrus
where activations are more pronounced in semantic
tasks.

Right-Cerebellar Activation

Right-cerebellar activation was greater when sub-
jects completed stems with few than with many pos-
sible completions. These results conflict with two pos-
sible explanations for cerebellar involvement in
cognition. The first is a motor explanation; that is,
consistent with traditional views of cerebellar function,
cerebellar activation in cognition is related to prepar-
ing for the motor output requirements of the task.
Thus, to the extent that selection is occurring and the
frontal lobe is engaged in processing more possible
alternative responses, the cerebellum would have to
prepare for these alternatives, and its activation would
be expected to increase. A second explanation—based
upon evidence of crossed cerebellar diaschisis as well as
correlated functional activation of frontal and contralat-
eral cerebellar regions—is that regardless of motor
output, the cerebellum is a slave system that supports
frontal lobe computations, but does not provide a
unique contribution to cognitive operations.

The increased right-cerebellar activation during the
FEW stem condition is inconsistent with both the
motor and the frontal-slave explanations, both of which
predict that contralateral cerebellar activation should
increase in concert with the left-frontal lobe during the
MANY condition. [A variation of the motor explanation,
that the cerebellum prepares for the finger press re-
sponse, would also predict cerebellar increases during
the MANY condition because subjects successfully com-
pleted more stems, and consequently pressed more,
during the MANY condition. In addition, activation due
to finger movement is located considerably more ante-
rior and medial to the locations found in the present
study (Desmond et al., 1995a, 1997b)]. Our results
therefore suggest that the cerebellum has a unique
contribution to cognitive processes that is independent
of the motor requirements of response preparation. The
exact nature of this contribution is unclear, but one
possibility that could link motor control aspects of
cerebellar function with cognition is that cerebellar
activation reflects greater subvocal articulatory re-
hearsal processes corresponding to the sustained de-
mand for working memory needed while searching for
completions for FEW stems. This explanation would be
consistent with the slightly longer response latencies
observed for these stems. The activations in posterior
vermis and right HVI and superior HVIIA are similar
to cerebellar activations we have observed during a
Sternberg verbal working memory task (Desmond et
al., 1995a, 1997b).

In addition to the increased need for working memory
resources required for the search for responses, the
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FEW stem condition may also require more error
corrections in order to reject similar but incorrect
matches that would likely occur more often for FEW
than MANY stems. Thus, the right cerebellar activa-
tions may also reflect such error correction operations.
This explanation would be consistent with the case
study reported by Fiez et al. (1992) of a patient with a
large lesion in the right-cerebellar hemisphere. This
patient was found to produce ‘‘a large number of
inappropriate responses across a variety of rule-based
generation tasks’’ (Fiez et al., 1992) such as verb
generation.

Other Possible Influences on Activations

Although stems were chosen on the basis of the
number of word completions, both the stems and their
completions are likely to have a number of correlated
differences besides the number of completions. For
example, our analyses of the frequency characteristics
of the stem completions suggest that more high-
frequency words are available for selection in the
MANY stem condition than in the FEW stem condition.
The effect of word frequency on stem completion activa-
tion is unknown, but if high-frequency words are those
which are more likely to have been seen recently by
subjects, then it is plausible that the word frequency
effect would resemble that observed during priming.
Priming studies of word stem completion have shown
reductions of activation in occipital regions when stems
presented can be completed by recently seen words
(Squire et al., 1992; Buckner et al., 1995). Although our
increased activation in fusiform areas during the FEW
condition is consistent with these priming results, the
similar activation patterns for the FEW stems that we
observed in the cerebellum along with opposite pat-
terns in left frontal areas are not consistent.

A second possibility is that the MANY and FEW
conditions may have resulted in differences in the
number of phonologically regular completions. Data
reported by Fiez and Petersen (1998) and Herbster et
al. (1997) indicate that activation in left-frontal lobe
may be greater for pronunciation of low-frequency
exception words than for low-frequency regular words,
although the regions implicated tend to be located in
the left-frontal operculum rather than in middle-
frontal regions observed in the present study. In the
Herbster et al. study (1997), activation in right lateral
cerebellum was found during pronunciation of regular
words relative to a repetitive speaking control condi-
tion. However, direct comparisons of regular vs irregu-
lar word pronunciation resulted in differences only in
the left inferior frontal gyrus, with irregular word
pronunciation showing greater activation than that of
regular word pronunciation. Although further investi-
gations are needed, these findings do not favor phono-

logical regularity as the main source of the difference
between the FEW and MANY conditions.

Activations in Other Regions

The present study focused on dissociating left-frontal
and right-cerebellar processes, but several other activa-
tions were noted. Of particular interest were the left-
cingulate and left-caudate activations that shadowed
the left-frontal activation for MANY relative to FEW
stems. Cingulate and basal ganglia areas have been
associated with selective attention and mental effort
(Posner and Petersen, 1990; Pardo et al., 1991; Braver
et al., 1997) but the present results indicate that these
areas are more involved in the effort required for
selection per se—consistent with the response-selec-
tion role of the striatum hypothesized by Wallesh
(Wallesch, 1985; Wallesch and Papagno, 1988)—than
that involved in sustained search. These results, there-
fore, distinguish between striatal and cerebellar inter-
actions with prefrontal cortex. The bilateral fusiform
activation for FEW relative to MANY stems may reflect
the longer visual inspection required for the more
difficult-to-complete FEW stems. The additional activa-
tions are difficult to interpret at present, but must be
additional components of the two networks that sup-
port search or selection for le mot juste.
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