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In fMRI studies of language processing, it would be
extremely useful to obtain high-quality images during
tasks requiring spoken output. Recent studies have
suggested that this may be possible, particularly if
event-related fMRI methods are used. This study as-
sesses the feasibility of acquiring interpretable images
during speech by applying event-related methods to
visual word stem completion, a task that has been
studied extensively. On each trial, a different three-
letter word stem (e.g., COU) was presented visually
and subjects were required to generate a word begin-
ning with that stem (e.g., COUSIN). In covert runs,
subjects were instructed to say the word once to them-
selves, without moving their lips. In overt runs, sub-
jects were instructed to say the word once aloud. Ten
subjects were scanned during six overt runs and six
covert runs at three presentation rates. Data were
analyzed using an implementation of the general lin-
ear model making no assumptions about response
shape. Images were relatively free of artifacts, and
regions demonstrating task-related activation were
similar to those reported in previous imaging studies.
Regions active during overt task performance were
similar to those active during covert task perfor-
mance, with the addition of several regions commonly
associated with motor aspects of speech production.
Consistent with other studies, magnitude of activation
was greater in the overt condition than in the covert
condition, and there was a modest decrease in magni-
tude at the fastest presentation rate. Together, these
results help to validate the use of event-related fMRI
during tasks that require spoken output. © 2001 Academic

ress

INTRODUCTION

In the study of language, tasks traditionally used in
eurology and cognitive psychology often rely upon
poken responses. These tasks include reading aloud,
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Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
icture naming, verbal fluency (generate as many
ords as possible beginning with a given letter or in a
articular semantic category), verb generation (pro-
uce a verb associated with a given noun), and word-
tem completion (produce a word beginning with a
iven letter string). In recent years, functional mag-
etic resonance imaging (fMRI) has become a valuable
ool for examining brain activity underlying cognitive
unctions including language processes. On first prin-
iples, imaging studies would benefit from the use of
asks comparable to those used in earlier behavioral
nd neuropsychological studies. This is true both be-
ause of preexisting theoretical and empirical knowl-
dge about the processes underlying these tasks and
ecause of informative comparisons between behav-
oral responses obtained in imaging studies and those
btained in strictly behavioral studies.
Speech production, however, has presented a prob-

em for fMRI because movement of the jaw and mouth
an produce motion artifacts and magnetic susceptibil-
ty artifacts (e.g., Barch et al., 1999; Birn et al., 1999).
hese artifacts can both obscure the true neural signal
hanges and produce misleading activations. As a re-
ult, there have been few fMRI studies involving the
poken-output tasks typically used in behavioral stud-
es of language processing. It is, of course, possible to
ave subjects perform those same tasks silently, but
his is less desirable for a number of reasons.

First, without spoken responses, it is difficult for the
xperimenter to know whether subjects are performing
asks according to instructions, and indeed, whether
hey are doing the tasks at all (e.g., Barch et al., 1999).
urthermore, useful behavioral data such as reaction
ime and accuracy cannot be obtained directly. Behav-
oral procedures to build confidence that subjects are
erforming tasks under covert conditions have been
mplemented (e.g., Buckner et al., 2000), but these
rocedures cannot be generalized to all situations. In
ddition, brain activity underlying silent performance
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of a language task may differ from activity that occurs
when the task is performed aloud, including regions
not directly involved in the motor aspects of speaking
(e.g., Barch et al., 1999).

Clearly, obtaining high-quality functional images
while subjects speak in the scanner will be very desir-
able in using fMRI to advance knowledge about lan-
guage processing. However, the risk of movement ar-
tifacts and magnetic susceptibility artifacts associated
with speech has been prohibitive. As a result, there
have been few fMRI studies in which tasks involving
spoken verbal responses have been attempted and
fewer still in which the effects of speaking in the scan-
ner have been examined systematically. Two notable
exceptions are studies by Barch et al. (1999) and Birn
et al. (1999).

Barch et al. (1999) used blocked-design fMRI to ob-
tain images while subjects performed overt and covert
versions of the same tasks. This allowed a direct com-
parison of patterns of activation, susceptibility arti-
facts, and signal-to-noise ratios when the tasks were
done silently and aloud. Among other findings, they
reported that it is possible to obtain interpretable im-
ages when data from multiple subjects are averaged
together and comparisons are made between condi-
tions that use overt verbal responses. It should be
noted that this study did not use whole-brain imaging;
rather, regions near the plane of the throat and mouth
were avoided. Nonetheless, their results provide some
evidence that overt responses may be feasible, even in
a blocked design.

In the study by Birn et al. (1999), a blocked design
and an event-related (single-trial) paradigm were used
to obtain images while subjects made various brief
movements, including saying single words out loud.
For each type of movement task, images were acquired
through motor cortex (the eight slices were shifted
slightly in the spoken response task to include areas
typically involved in language production). Images
from both paradigms contained some movement-re-
lated artifact, but it was possible to effectively mini-
mize this artifact in the event-related paradigm by
taking advantage of the different temporal character-
istics of the hemodynamic response and the motion-
related signal change (Birn et al., 1999). Thus, inter-
pretable, relatively artifact-free images of tasks
involving overt verbal responses were obtained using
event-related fMRI.

The present study expanded on the findings of Birn
et al. (1999) by applying event-related methods to a
comparison of overt and covert visual word stem com-
pletion, a task that has been well-studied with func-
tional imaging (e.g., Squire et al., 1992; Buckner et al.,
1995; Desmond et al., 1998; Ojemann et al., 1998).
Replication of patterns of activation typically observed
in covert word stem completion in fMRI and overt word
stem completion in positron emission tomography
(PET) would help to validate the use of spoken verbal
responses in fMRI. In addition, the feasibility of obtain-
ing artifact-free images in a task involving overt
speech was assessed in this study through an analysis
of head movement and noise across the time course of
the hemodynamic response.

This study allowed within-subject comparisons
based on response mode (overt or covert) using whole-
brain fMRI, which speaks directly to whether the pro-
cessing involved in the performance of word stem com-
pletion is the same (aside from motor-related activity)
when the task is performed aloud as when it is per-
formed silently. The issue of presentation rate in
event-related fMRI was also addressed. This was ac-
complished by having subjects perform visual word
stem completion silently or aloud at three different
presentation rates. Some of these data were presented
briefly in Rosen et al. (2000).

METHODS

Subjects

Ten normal volunteers (5 male, 5 female) with a
mean age of 27.3 years (range, 18–34) served as sub-
jects. All were right-handed native English speakers.
Informed consent was given by all subjects, and they
were paid $25 an hour for their participation. Individ-
uals with metal implants, heart arrhythmias, claustro-
phobia, or history of head trauma were excluded. The
study was approved by the Washington University Hu-
man Studies Committee.

Task

Subjects performed a visual word stem completion
task. On each trial, a different three-letter word stem
(e.g., COU) was presented and subjects were required
to generate a word beginning with that stem (e.g.,
COUSIN). In Covert runs, subjects were instructed to
say the word once to themselves, without moving their
lips. In Overt runs, subjects were instructed to say the
word once aloud. In between trials, subjects were in-
structed to maintain fixation on a visual crosshair.
Subjects were asked to minimize head movement, even
while speaking.

Stimuli

Stimuli were drawn from a set of 375 three-letter
word stems used in an earlier study (Ojemann et al.,
1998). At least five different words (excluding proper
nouns) with a frequency greater than one per million
(Kucera & Francis, 1967) could be formed from each of
the word stems.

Stimuli were presented using a Power Macintosh
7100 computer (Apple Computer, Inc., Cupertino, CA)
with Psyscope software (Cohen et al., 1993). They were
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184 PALMER ET AL.
projected via an AmPro (AmPro Corporation, Mel-
bourne, FL) LCD-150 projector (800 3 600 pixel reso-
ution) onto a screen positioned behind the subject’s
ead. Subjects viewed stimuli on the screen through a
irror positioned above the head coil. A fixation cross-
air was presented in the center of the screen at the
eginning of each run and remained on the screen for
he duration of the run. The fixation crosshair was
lack 24-point bold Geneva font on a white back-
round, subtending an approximate visual angle of
.26°. Word stems were displayed in black 32-point
old Geneva font on a white background, approxi-
ately 1.32° below the crosshair and centered horizon-

ally on the screen. Letters each subtended an average
isual angle of 0.5°. Each word stem remained on the
creen for 150 ms.

xperimental Design

Three different presentation rates were used. They
ill be designated the Slow, Moderate, and Fast con-
itions. In the Slow condition, stimuli were widely
paced, with a fixed interval of 16.8 s between stimulus
nsets (similar to Buckner et al., 1996). In the Moder-
te condition, the interval between stimulus onsets
as jittered with an average of 9.6 s (typically 13

ntervals of 4.8 s, 7 intervals of 9.6 s, 2 intervals of
4.4 s, 3 intervals of 19.2 s, and 2 intervals of 24.0 s). In
he Fast condition, the interval between stimulus on-
ets was jittered with an average of 4.8 s (typically 28
ntervals of 2.4 s, 12 intervals of 4.8 s, 6 intervals of
.2 s, 7 intervals of 9.6 s, and 2 intervals of 12.0 s).
ach functional run lasted approximately 5 1

2 min, and
here was a 2-min delay between runs. The number of
ord stems presented in each functional run varied by

ask condition: Slow condition runs each contained 16
ord stems, Moderate condition runs each contained
8 word stems, and Fast condition runs each contained
6 word stems. Within each of the Moderate and Fast
uns, intervals between stimuli were generated such
hat the interval between stimulus n and stimulus n 1

could not be predicted from the interval between
timulus n 2 1 and stimulus n.
Each subject completed twelve runs (two Overt and

wo Covert runs at each of the three presentation
ates). This resulted in a total of 400 trials, thus 25 of
he 375 available word stems were repeated within
ach subject. The repeating word stems were randomly
elected, and the same word stem never occurred twice
n the same run. The order in which the functional
uns were performed was randomly determined for the
rst five subjects and then those five orderings were
eused with the response mode (Overt or Covert) re-
ersed for the final five subjects. For example, if subject
had Overt Fast as the first run, subject 6 had Covert
ast as the first run. Word stems were randomly or-
ered, but the same order was used for each pair of
ubjects (e.g., subjects 1 and 6). This ensured that each
ord stem occurred in an Overt condition as often as it
id in a Covert condition.

maging Procedures

To help stabilize head position, each subject was
tted with a thermoplastic mask affixed to holders on
he head coil. This mask extended from the top of the
orehead to the tip of the nose and was molded so that
t hardened to the contours of the subject’s face. Images
ere obtained with a Siemens MAGNETOM Vision 1.5
esla scanner (Erlangen, Germany). Following auto-
atic shimming, a T1-weighted sagittal MPRAGE

tructural image (TE 5 4 ms, TR 5 9 ms, IT 5 300 ms,
ip angle 5 12°, 80 slices with 1 3 2 3 2 mm voxels)

(Mugler & Brookeman, 1990) was obtained. The ante-
rior commissure–posterior commissure (AC–PC) plane
was identified from the MPRAGE structural image,
and functional images were obtained parallel to this
plane.

Functional imaging was performed using a blood
oxygenation level-dependent (BOLD) contrast sensi-
tive asymmetric spin-echo echoplanar sequence (TR 5
2364 ms, T2* evolution time 5 50 ms, a 5 90°, in-plane
resolution 3.75 3 3.75 mm). Each run consisted of
124–128 MR frames (whole brain EPI acquisitions of
16 contiguous, 8-mm-thick axial slices; Conturo et al.,
1996). The difference in number of frames affected
stimulus presentation only in the number of blank
frames presented after the final word stem in a run.
Steady-state was considered to be reached after three
frames, so functional imaging began with frame 4. The
first frame of each run was used for alignment of struc-
tural and functional image acquisitions.

Analysis

Preprocessing of raw data. Initial data processing
to remove noise and artifacts was carried out using a
series of automated steps (see also Ojemann et al.,
1998). The first step was removal of a single pixel spike
caused by signal offset. The value of the pixel with the
largest timeseries variance was replaced with the local
pixel average. Second was a slice-by-slice normaliza-
tion to correct for changes in signal intensity intro-
duced by the acquisition of interleaved slices. This was
accomplished by applying, as a correction factor, the
value that minimized differences in slice intensities
when added to the even-numbered slices and sub-
tracted from the odd-numbered slices. Next, rigid-body
translation and rotation (see also Snyder, 1996) was
applied to each frame in order to realign images within
and across runs. A three-dimensional cubic spline in-
terpolation (Friston et al., 1994) was used to minimize
artifacts. Finally, to allow across-subject comparisons,
the mode voxel value was normalized to 1000.

In order to identify any runs that were likely to
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contain excessive motion, an analysis of head position
was conducted. Following the rigid body translation
and rotation, data on the adjustments required for
realignment of each image at each MR frame were
available. This reflects an indirect measure of head
movement. Translations and rotations in the x, y, and
z planes were plotted for each MR frame of each run in
each subject and examined for significant displace-
ments. Visual inspection revealed very few displace-
ments greater than 0.5 mm in any direction, even in
the Overt conditions. The time course of the changes in
head position that were present were examined in a
subsequent analysis.

Generation of activation images. To detect task-re-
lated activations, the functional data were analyzed
using an implementation of the general linear model
(GLM) in which no assumptions about the shape of the
hemodynamic response were made (Friston et al.,
1994; Worsley & Friston, 1995; Josephs et al., 1997;
Zarahn et al., 1997; Miezin et al., 2000). The design of
the GLM included the seven MR frames following pre-
sentation of the stimulus; thus, the hemodynamic re-
sponse function was modeled over a period of 16.5 s (7
frames, each lasting 2.36 s). This time series was then
cross-correlated with a three-parameter (peak percent
signal change, time to response onset, time to response
peak) gamma function (Boynton et al., 1996). Z statis-
tical maps based on this cross-correlation at each voxel
were generated for each run, for each subject, in a
fixed-effects model. These images were transformed
into the stereotactic space of Talairach and Tournoux
(1988).

Selection and definition of regions of interest. In
order to create a grand average image from which
regions of interest could be identified in an unbiased
manner, the statistical images (10 subjects, 12 runs
each, in atlas space) were averaged, reflecting equal
contributions from each voxel. A peak-finding algo-
rithm was then used to obtain coordinates of active
voxels in this all-conditions image (Mintun et al.,
1989). Peak activations with Z scores greater than 7.0
were selected for subsequent analysis. This value was
selected as a cutoff because it appeared to capture
peaks from regions that were consistently active across
the images of each condition (Overt, Covert, Slow, Mod-
erate, or Fast). Z scores for these regions in the single
condition images were 4.5 or greater, thus they would
pass a Bonferroni correction with a significance level of
P , 0.05.

The all-conditions image was then used for defining
regions of interest. Regions were defined by manually
selecting active pixels surrounding each peak. Judge-
ments about the extent of each region were made by
visual inspection of the image, in an effort to maintain
the anatomical contours of the activated region. Thus,
the regions differed somewhat from each other in
shape and size.

Regions-based analysis. Time series from the re-
gions selected and defined above were subjected to a
3-Factor (Mode: Overt or Covert, Presentation Rate:
Fast, Moderate, or Slow, MR Frame: 1–7) random ef-
fects analysis of variance (ANOVA) (see also Shulman
et al., 1999; Corbetta et al., 2000). Significant interac-
tions (P , 0.05, uncorrected) between time and Mode
or time and Presentation Rate were noted. A signifi-
cant interaction between time and Mode in a given
region indicates that the time course of the response in
that region had a different shape in the Overt condi-
tions than in the Covert conditions. Similarly, a signif-
icant interaction between time and Rate indicates dif-
ferent time course shapes among the three rates. The
nature of the shape differences was evident in the time
courses for each region, which were plotted so that the
effects of Mode and Presentation Rate over time could
be visualized. For regions in which a significant inter-
action between time and Presentation Rate was found,
contrasts were made to quantify differences among the
three rates.

Analysis of speech-related movement and noise.
Given that the typical reaction time in a visual word
stem completion task is less than one second, the ver-
bal response should be complete before the onset of the
hemodynamic response. Therefore, one might expect
head movement and noise related to overt speech to be
greatest in the first MR frame (0–2.5 s following the
stimulus), if they are present at all. To quantify head
movement and noise at each of the seven MR frames
following the stimulus, and to compare values across
Overt and Covert conditions, three analyses were car-
ried out. For each of these analyses, only data from the
Slow conditions were included so as to avoid contami-
nation from overlapping hemodynamic response func-
tions.

In the first analysis, head position data for transla-
tion and rotation in the x, y, and z planes were consid-
ered. Data from three subjects (those exhibiting the
most head movement) were used for this analysis. For
each run in each subject, an average head position was
computed for each of the six dimensions. This average
was then subtracted from the actual head position at
each of the seven MR frames, resulting in a residual
value. The absolute values of the residuals in each of
the six dimensions were then averaged together across
runs and subjects for each of the seven MR frames.
This was done separately for Overt and Covert condi-
tions. These values were then subjected to a 2-Factor
(Mode: Overt or Covert, MR Frame: 1–7) ANOVA.

The second analysis was based on the fact that in
brain regions that are not active during a task, the
hemodynamic response function should be close to zero
percent signal change. Thus, deviation from zero ob-
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served at any time point of the hemodynamic response
function would likely be a result of noise. In this anal-
ysis, deviation from zero at each of the seven MR
frames following the stimulus was used to assess noise
in the Overt compared to the Covert condition. Two
brain regions were selected for analysis. One was rel-
atively high in the brain (approximate atlas coordi-
nates 29, 21, 26), where susceptibility effects from
mouth movement should be minimal, and the other
was relatively low in the brain (approximate atlas co-
ordinates 25, 43, 0), where mouth movement would be
likely to have the greatest effect. Both were nonactive
regions of anterior right frontal cortex, as determined
by examination of time courses. The regions were at a
border between gray matter and white matter to max-
imize effects of movement.

For each of the 10 subjects, time courses were ex-
tracted from each of the two regions, separately for the
Overt and Covert conditions. Again, only the Slow con-
ditions were considered. For each time course, the ab-
solute deviation from zero at each of the seven MR
frames following the stimulus was computed. These
absolute deviations were then averaged across subjects
and subjected to a 3-Factor (Region: High or Low,
Mode: Overt or Covert, MR Frame: 1–7) ANOVA.

The third analysis was similar to the time course
analysis, but took advantage of information provided
by examining how the general linear model fit the data.
For each of the 10 subjects, estimates of model fit were
extracted from each of the regions used in the time
course analysis. Residual values (difference between
model and data) were computed separately for the
Overt and Covert conditions for each of the seven MR
frames following the stimulus. Again, absolute values
of the residuals were averaged across subjects and a

FIG. 1. Z statistical images of covert and overt word stem comple
subject (right). Slices are taken at Z 5 24. Area 6/44, previously assoc
conditions. Primary motor cortex is visible in the overt condition only.
motor cortex.
3-factor (Region: High or Low, Mode: Overt or Covert,
MR Frame: 1–7) ANOVA was performed.

RESULTS

Statistical Images

Z statistical images were created for Overt and Co-
vert stem completion separately (averaged across pre-
sentation rates), both for individual subjects and aver-
aged across subjects. Interpretable images, relatively
free of movement artifact, were obtained in the across-
subjects analysis (60 runs per condition) as well as in
the individual subjects analysis (6 runs per condition).
The Overt and Covert images averaged across all ten
subjects and for a representative individual subject are
displayed in Fig. 1. Overall, the Overt and Covert im-
ages both contained regions of activation previously
observed in PET and fMRI studies of visual word stem
completion (e.g., Ojemann et al., 1998). These included
bilateral 6/44, bilateral inferior frontal gyrus, anterior
cingulate, bilateral inferior parietal lobe, left fusiform
gyrus, and right lateral cerebellum. Additionally, re-
gions typically related to motor processes, including
bilateral primary motor cortex and medial cerebellum,
were visible in the Overt images (e.g., Fiez & Petersen,
1993; Petersen & Fiez, 1993; Buckner et al., 1995).

Task-Related Activations

The peak finding algorithm used to detect task-re-
lated activations in the all-conditions image revealed a
number of peak activations. Regions of interest were
defined by manually selecting active pixels surround-
ing these peaks. These regions are listed along with the

averaged across 10 subjects (left) and in a representative individual
ed with word stem completion, is visible in both the overt and covert
left 6/44; B, left primary motor cortex; C, right 6/44; D, right primary
tion
iat
A,
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atlas coordinates of their peaks in Table 1. The re-
gions are separated into those often observed in covert
visual word stem completion and those commonly as-

TABLE 1

Regions of Increased Activation
in the All-Conditions Image

Region Coordinates
Mode 3 time

P value

Often observed in stem completion
Left

frontal
BA 6/44 (245 3 18) 0.35
BA 6/44 (251 3 10) 0.004
IFG (BA 45) (231 19 4) 0.066

Right
frontal

BA 6/44 (47 23 30) P , 0.001*
IFG (BA 44) (43 9 26) 0.323
BA 47/IFG (33 21 0) P , 0.001*

Midline
frontal

Anterior cingulate (25 17 38) P , 0.001*
Anterior cingulate (5 19 36) P , 0.001*
SMA (25 23 56) P , 0.001*
SMA (23 5 48) 0.002

Inferior
parietal

Left BA 7 (225 269 46) 0.023
Right BA 7 (27 263 46) 0.304

Left occipital L. fusiform (241 259 216) 0.006
R. cerebellum R. lateral cbl. (41 255 218) P , 0.001*

ypically motor-related
Left motor BA 3/4 (251 29 44) P , 0.001*

BA 4 (249 213 30) P , 0.001*
Right motor BA 6 (51 23 42) P , 0.001*

BA 4 (45 213 38) P , 0.001*
BA 3/4 (51 29 24) P , 0.001*

L. cerebellum L. cbl. (237 267 228) 0.002
R. cerebellum R. lat. cbl. (29 263 228) P , 0.001*
L. subcortical Thalamus (223 221 18) P , 0.001*

Thalamus (27 223 6) P , 0.001*
Medial thalamus (27 211 12) 0.047
Red nucleus (27 227 26) 0.02

R. subcortical Thalamus (9 219 6) P , 0.001*

Note. BA, approximate Brodmann area; IFG, inferior frontal gy-
rus; SMA, supplementary motor area. * Values that pass a Bonfer-
roni correction for multiple comparisons at a significance level of P ,
0.05.

FIG. 2. Representative time courses of overt and covert word ste
nonmotor region (left 6/44). Data were averaged across the three
sociated with motor processes (cf. Ojemann et al., 1998;
etersen et al., 1989).

Regions-Based Analysis of Condition Effects

Responses of all regions defined from peak activa-
tions in the all-conditions image were subjected to a
3-Factor (Mode: Overt or Covert, Presentation Rate:
Slow, Moderate, or Fast, and Time: MR frame 1–7)
ANOVA. Interactions between Mode and Time and
between Rate and Time are discussed. Significant in-
teractions indicate regions in which the shape of the
time course differed among levels of a condition (Mode
or Presentation Rate).

Interactions between time and mode. For all regions
in which the Mode x Time interaction was significant
(P , 0.05, uncorrected), the magnitude of activation
was greater in the Overt condition than in the Covert
condition. These regions were bilateral 6/44, anterior
cingulate (2 regions), SMA (2 regions), bilateral pri-
mary motor cortex, bilateral cerebellum, and bilateral
thalamus. The P value for the Mode 3 Time interaction
for each region is given in Table 1. Two patterns of
activation were noted. For the typically motor-related
regions, the time course was nearly flat for the Covert
condition but large and peaked for the Overt condi-
tions. In other regions, the response was peaked for
both conditions but of greater magnitude in the Overt
condition. Representative time courses of both types
are shown in Fig. 2.

In addition to the regions of increased activation,
several regions of decreased blood flow were observed.
These regions correspond to “classic” regions of de-
creased activation observed in many other neuroimag-
ing studies (e.g., Shulman et al., 1997). These regions,
along with the atlas coordinates of their peaks and
Time 3 Mode P-values are listed in Table 2.

ompletion for a motor-related region (left primary motor cortex) and
sentation rates. x-axis is time at end of each MR frame.
m c
pre
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Interactions between time and presentation rate.
Time courses were extracted from the regions of inter-
est derived from the all-conditions image and plotted so
that the effect of Presentation Rate (Fast, Moderate, or
Slow) over time could be visualized. A set of represen-
tative time courses (from left fusiform gyrus) is pre-
sented in Fig. 3. Although the response is evident at
each of the presentation rates, a slight decrease in
magnitude can be observed as the presentation rate
increases from the Slow to the Fast condition.

Means comparisons were carried out on cortical re-
gions of positive activation that showed a significant
Time 3 Presentation Rate interaction (P , 0.05).
These regions were anterior cingulate (two regions),
right primary motor cortex, left 6/44, and right inferior
frontal gyrus. The atlas coordinates for the peaks of
these regions are presented in Table 3, along with their
P values for the Time 3 Presentation Rate interaction,
mean and standard deviation of the time course mag-
nitude (collapsed over MR frames 1–7), and a summary
of the results of the means comparisons.

The mean time course magnitudes suggest that the
significant differences among the three rates were
driven by the overall magnitude of the time courses
rather than dramatically different shapes or other fac-
tors. In the two anterior cingulate regions, left 6/44,

TABLE 2

Regions of Decreased Activation
in the All-Conditions Image

Region Coordinates
Mode 3 time

P value

Left
frontal

Left 10 (215 53 12) P , 0.001*
L. precuneus (213 263 28) 0.322
L. 8 (med. frt. g.) (29 37 42) P , 0.001*
L. 9/32 (229 23 36) P , 0.001*

ight
frontal

Right 31 (11 253 24) 0.112
Right 8 (9 41 36) 0.001*
R. 8 (sup. frt. g.) (9 39 46) 0.007
R. 8 (sup. frt. g.) (19 31 46) 0.503
R. 8/9 (med. frt. g.) (39 21 40) P , 0.001*
Right insula (37 215 4) 0.703

eft
temporal

L. 39/middle temp. g. (245 265 22) 0.01
L. 40/supramarg. g. (253 255 30) 0.113
L. 39/IPL/middle

temp. g.
(245 255 26) 0.001*

ight
temporal

Right 39 (39 265 22) 0.005
R. middle temp. g. (55 211 218) P , 0.001*
R. 40 (supramarg. g.) (47 259 30) 0.011

Left parietal L. IPL/40 (257 255 40) 0.035
Left 7 (29 259 42) 0.016

Right parietal R. IPL/supramarg.
g. (40)

(53 253 32) 0.009

Left occipital L. 19/parahipp. g. (229 245 26) P , 0.001*
L. 18 (lingual g.) (219 279 24) 0.006

R. occipital Right 18 (23 279 24) P , 0.001*
R. 18/parahipp. g. (31 241 4) P , 0.001*

Note. IPL, inferior parietal lobe. * Values that pass a Bonferroni
correction for multiple comparisons at a significance level of P , 0.05.
and right inferior frontal gyrus, responses at both the
Fast and the Moderate rates were significantly smaller
in magnitude than responses at the Slow rate, but were
not different from each other. In right primary motor
cortex, only responses at the Fast rate were signifi-
cantly smaller than those at the Slow rate.

This significant, but modest, reduction in response
magnitude at fast presentation rates is consistent with
findings of other event-related fMRI studies (e.g., Fris-
ton et al., 1998; Vazquez & Noll, 1998; Huettel & Mc-

arthy, 2000; Miezin et al., 2000). For example, Miezin
t al. (2000) examined the hemodynamic response in
rimary visual and primary motor cortex for visual
timuli (with a button-press response) spaced at a
ange of intervals including a widely spaced condition
20 s) and a very rapid condition (minimum interval 5
.5 s; mean 5 5.0 s). These conditions were comparable
o the Slow and Fast conditions in the present study.

Miezin et al. (2000) observed reductions in the am-
litude of the hemodynamic response peak on the order
f 20% for the fastest rate compared to the widely
paced condition. Nevertheless, they demonstrated
hat the hemodynamic response maintained similar
roperties and shape at all presentation rates. Thus,
he reduction in magnitude of the response at the fast-
st rate is not likely to be a consequence of limitations
n deconvolving the hemodynamic responses to rapidly
resented stimuli. Rather, Miezin et al. (2000) suggest
hat the cause of the reduction in magnitude might be
aturation of the hemodynamic response or a change in
he underlying neural response.

ovement and Noise Analyses

The spoken verbal response in the word stem com-
letion task typically occurs approximately one second
ollowing presentation of the stimulus. Thus, head

ovement and noise related to overt speech, if present,
re likely to be greatest in the first MR frame (0–2.5 s
ollowing the stimulus). Analyses of head position and
oise were carried out to allow comparisons among the
even MR frames and between the Overt and Covert
onditions. Only data from the Slow conditions were

FIG. 3. Time courses for the three presentation rates extracted
from left fusiform gyrus. Data were averaged across overt and covert
conditions. x-axis is time at end of each MR frame.
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189fMRI OF OVERT AND COVERT WORD STEM COMPLETION
included so as to avoid contamination from overlapping
hemodynamic response functions.

Head movement. An analysis of head position re-
vealed very little movement in general, in any of the six
dimensions (translation or rotation in x, y, and z
planes). Absolute values of the residuals (actual head
position 2 average head position) were compared
across modes and across MR frames. As illustrated in
Fig. 4, there was no disproportionate movement in the
first MR frame of the Overt condition relative to other
MR frames in the Overt and Covert conditions (all P .
0.85).

Noise. In the analysis of time course deviation from
zero, there were significant main effects of Region
(High or Low, P , 0.0001) and Mode (Overt or Covert,
P , 0.0001), and a significant interaction between Re-
gion and Mode (P , 0.0001). Mean deviation from zero
was greater in the Overt condition in the low brain
region than mean deviation from zero in any of the
three other mode/region conditions. This was true for
all seven MR frames, which did not differ from each
other.

In the analysis of model fit residuals, there were
significant main effects of Region (P , 0.0001) and

ode (P , 0.0001), and an interaction between Region
nd Mode (P , 0.02). Similar to results of the time
ourse analysis, mean residual values for the Overt
ondition in the low brain region were greater than
esidual values for any of the three other mode/region
onditions. This was true for all seven MR frames,
hich did not differ from each other. In both noise
nalyses, standard deviation from the mean was great-
st in the Overt condition for the low brain region.

TAB

Regions Showing a Significant (P , 0

Region Coordinates Rate 3 time P value Me

Ant. cingulate (25 17 38) 0.0007*
Ant. cingulate (5 19 36) 0.0032
Right motor (45 213 38) 0.0400
Left 6/44 (251 3 10) 0.0065
R. 47/IFG (33 21 0) 0.0198

Region Slow vs mod. P value

Ant. cingulate 0.0068
Ant. cingulate 0.0129
Right motor 0.4177
Left 6/44 0.0333
R. 47/IFG 0.0440

Note. IFG, inferior frontal gyrus. ' Indicates a nonsignificant (P .
comparisons at a significance level of P , 0.05.

a Percentage signal change.
DISCUSSION

The present study was designed to assess the feasi-
ility of using fMRI to study tasks requiring overt
erbal responses. Patterns of activation observed in
oth the Overt and Covert conditions in this study
losely resemble those reported in previous studies of
isual word stem completion (e.g., Ojemann et al.,
998). This helps to validate the use of overt speech
roduction during event-related fMRI. Results of
ovement and noise analyses suggest that event-re-

ated methods are useful in minimizing artifacts re-
ated to overt speech.

The risk of motion artifacts and magnetic suscepti-
ility artifacts in images obtained when subjects speak
uring blocked-design fMRI has prevented widespread
se of fMRI for tasks requiring overt speech. In those
tudies that have been attempted, the findings have
enerally not been encouraging (but see McCarthy et
l., 1993; Barch et al., 1999). For example, Yetkin et al.
1995) compared images obtained from overt and co-
ert performance of a verbal fluency task during
locked-design fMRI. Although similar regions of acti-
ation were observed in both conditions, Yetkin et al.
1995) reported significantly more artifacts in the overt
ondition relative to the covert condition. Phelps et al.
1997) also obtained images in a blocked design during
n overt verbal fluency task, in an effort to localize
egions of activation within prefrontal cortex. Al-
hough their results were similar to those of a PET
tudy by Frith et al. (1991), usable images were ob-
ained only from the superior prefrontal cortex and
ata from 5 of 11 subjects were discarded due to exces-
ive movement.

3

) Interaction between Time and Rate

and SD of magnitudesa (slow; mod.; fast) Effect of rate

.24 6 0.03; 0.14 6 0.02; 0.09 6 0.02 Slow . mod. ' fast

.16 6 0.17; 0.09 6 0.13; 0.06 6 0.09 Slow . mod. ' fast

.14 6 0.22; 0.12 6 0.19; 0.07 6 0.15 Slow . fast

.24 6 0.24; 0.13 6 0.14; 0.07 6 0.10 Slow . mod. ' fast

.15 6 0.17; 0.07 6 0.09; 0.04 6 0.06 Slow . mod. ' fast

Mod. vs fast P value Slow vs fast P value

0.1221 0.0002
0.2684 0.0010
0.0757 0.0142
0.2026 0.0019
0.3901 0.0069

5) difference. * Values that pass a Bonferroni correction for multiple
LE

.05

an

0
0
0
0
0

0.0
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Small et al. (1996) succeeded in using blocked-design
MRI in two subjects to replicate left posterior superior
emporal gyrus activation observed in PET studies
uring word reading. However, this required the use of
bite plate, which precluded use of some of the artic-

latory muscles. This procedure could not be used for
tudies in which reaction time or accuracy measures
epend upon clear articulation of the response. In ad-
ition, Small et al. (1996) used fMRI data collection

methods and statistical analysis procedures specifi-
cally designed to detect activation in a region deter-
mined a priori. Barch et al. (1999) obtained interpret-
able images during overt speech using a blocked
design, but avoided scanning in the plane of the mouth
and throat. Thus, the use of blocked design fMRI for
tasks requiring overt verbal responses, if possible, is
limited.

This state of affairs may now change as event-re-
lated fMRI methods continue to develop (e.g., Buckner

FIG. 4. Average changes in head position in 6 dimensions (transl
slow and covert slow conditions across each of seven MR frames follo
head position across run 2 avg. head position across run) in millime
differences in movement between modes or across MR frames.
et al., 1996; Konishi et al., 1996; Dale & Buckner, 1997;
Josephs et al., 1997; Zarahn et al., 1997; Clark et al.,
1998). As mentioned previously, Birn et al. (1999) were
able to effectively remove movement-related artifacts
from images obtained using event-related fMRI as op-
posed to those obtained using blocked-design fMRI. In
the blocked-design paradigms used in previous fMRI
studies, activation is measured across “on” periods con-
sisting of repeated trials of a task. If there is motion
associated with performance of a task (e.g., a spoken
response), this motion can be difficult to distinguish
from the hemodynamic response (Birn et al., 1999).
However, event-related fMRI allows one to obtain an
average hemodynamic response to a given stimulus type.

The typical time-course of the hemodynamic re-
sponse has a delayed onset of about 2–5 s following
presentation of the stimulus, reaches a peak at about
5–6 s, and lasts for approximately 10–12 s before re-
turning to baseline (e.g., Boynton et al., 1996; Blamire

ns and rotations in x, y, and z planes) across three subjects for overt
g the stimulus. The y-axis represents the absolute residuals (actual

s. x-axis is time at end of each MR frame. There were no significant
atio
win
ter
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191fMRI OF OVERT AND COVERT WORD STEM COMPLETION
et al., 1992). Birn et al. (1999) pointed out that the
emodynamic response differs markedly in shape and
ime-course from movement-related signal changes,
hich tend to occur during the actual performance of

he task (e.g., speaking) and have a sharper, more
brupt peak. Thus, as demonstrated in their study, it is
ossible to take advantage of these different response
roperties to obtain interpretable images relatively
ree of artifacts when subjects speak during event-
elated fMRI (Birn et al., 1999).

In the present study, little movement-related arti-
fact was observed in statistical images obtained from
the Overt condition. Quantification of head position
revealed that subjects moved minimally, even when
speaking. As expected, the overt task-associated noise
that did occur was primarily in the low brain region
during the Overt condition. This noise was no greater
in the first MR frame following the stimulus than in
subsequent MR frames, suggesting that it was not a
result of the actual motor movements associated with
saying a word. Instead, it may have been a conse-
quence of changes in the vocal apparatus that have a
slower time course, such as muscle relaxation. The
noise present in the Overt condition for the low brain
region was not substantial enough to warrant any spe-
cial analysis procedures; the images were artifact-free
and readily interpretable. This was true even at rela-
tively rapid presentation rates. Thus, the use of event-
related fMRI appeared to help minimize speech-related
artifacts.

The ability to obtain fMRI data for tasks involving
speaking allows for direct comparisons of brain activity
in overt and covert conditions of the same task. The
outcome of such comparisons has implications for the
interpretation of existing fMRI data on language pro-
duction, most of which has been obtained during covert
task performance. Given the results of the few prior
studies that have addressed this issue (either directly
or indirectly), it is difficult to predict what these com-
parisons will reveal. Yetkin et al. (1995), in their com-

arison of overt and covert verbal fluency in blocked-
esign fMRI, observed common regions of activation
cross the two modes. Their images for the overt con-
ition contained significant artifact, however. Bookhei-
er et al. (1995) used PET to compare word reading

nd picture naming done silently and aloud. They
ound similar regions of activation for picture naming
cross the two modes, but found differences in patterns
f activation for word reading across the two modes.
his suggests that common regions of activation for
vert and covert performance of a task may be task
ependent.
As mentioned previously, Ojemann et al. (1998) ob-

erved similar regions of activation between overt word
tem completion in PET and covert word stem comple-
ion in blocked-design fMRI. This finding was sup-
orted by the results of the present event-related fMRI
tudy, in which a direct within-subject comparison of
vert and covert word stem completion was made. The
et of regions activated during covert word stem com-
letion (bilateral 6/44, bilateral inferior frontal gyrus,
nterior cingulate, bilateral inferior parietal lobe, left
usiform gyrus, right lateral cerebellum) was a subset
f the regions activated during overt word stem com-
letion. The additional regions activated during overt
ord stem completion included regions generally asso-

iated with motor activity (bilateral primary motor
ortex and medial cerebellum).
Barch et al. (2000) compared overt and covert per-

ormance of a variant of the Stroop color naming task
Stroop, 1935) during blocked-design fMRI. In their
roup analysis, they initially observed activation of
egions typically reported for the Stroop task in their
mages of overt task performance, but not in their
mages of covert task performance. By lowering the
hreshold for the covert condition, however, they ob-
ained similar regions of activation across the two
odes. Thus, the difference in patterns of activation
as a result of reduced magnitude or consistency of
ctivations in the covert condition relative to the overt
ondition. This finding is consistent with the results of
he present study, in which task-related activations
ere always greater in magnitude for the overt condi-

ion than for the covert condition. Whatever the reason
or this difference in magnitude, it provides additional

otivation to use overt versions of speech-production
asks; covert tasks may result in reduced response
agnitudes, making regions of activation difficult to

etect.

CONCLUSIONS

The present study demonstrates that event-related
MRI can be used to obtain relatively artifact-free,
eadily interpretable images of the entire brain when
ubjects speak briefly during scanning, even at fairly
apid rates of trial presentation. Reduced artifact is
ne of the advantages of event-related fMRI over
locked-design fMRI, in which attempts at having sub-
ects speak during scanning have met with limited
uccess. The ability to utilize tasks in which subjects
ake overt verbal responses will greatly expand the

ptions available for using fMRI to study language,
nd will allow for the replication of behavioral studies
f language traditionally used in psychology and neu-
ology. In addition, it will be possible to compare di-
ectly the brain activity underlying overt and covert
ersions of the same task. This is important for inter-
retation of fMRI data collected using covert tasks. The
esults of the present study suggest that the regions
nvolved in overt and covert performance of visual
ord stem completion are highly similar, but it re-
ains to be determined whether this pattern will hold

or other tasks. The acquisition of relatively artifact-
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free images of the entire brain represents a significant
advance in the use of fMRI to study the brain mecha-
nisms underlying cognition.
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