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Abstract: Printed word frequency can modulate retrieval effort in a task requiring associative semantic
judgment. Event-related fMRI, while avoiding stimulus order predictability, is in theory statistically less
powerful than block designs. We compared one event-related and two block designs that evaluated the
same semantic judgment task and found that similar brain regions demonstrated the word frequency
effect. Although the responses were lower in amplitude, event-related fMRI was able to detect the word
frequency effect to a comparable degree compared to the block designs. The detection of a frequency effect
with the event-related design also suggests that stimulus—order predictability may not be as serious a

concern in block designs as might be supposed. Hum. Brain Mapping 18:186-193, 2003.
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INTRODUCTION

Two major types of experimental designs utilized in
cognitive experiments using fMRI are block and
event-related designs [Buckner et al., 1996; Dale and
Buckner, 1997]. In this work, “event-related” design
refers to the “rapid mixed” trials variant of the tech-
nique [Donaldson and Buckner, 2001; Miezin et al.,
2000]. Block designs have superior statistical power
[Friston et al., 1999] and may be more appropriate if
the experimental goal is to detect subtle differences in
BOLD signal across different test conditions. The tem-
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poral structure of the signal arising from block designs
allows artifacts arising from non-physiologic signal
fluctuations to be more easily detected by visually
inspecting the experimental signal time course. A
third advantage of block designs is that experiments
using this design are simpler to implement because
careful randomization and spacing of different stimu-
lus categories is not required [Aguirre and D’Esposito,
1999; Donaldson and Buckner, 2001].

Rapid mixed event-related fMRI designs, on the
other hand, permit a randomized presentation of stim-
uli that theoretically reduce confounds arising from
stimulus order predictability. The ability to sort trial
responses post hoc according to specific behavioral
outcomes such as subsequent memory [Wagner et al.,
1998], response accuracy [Carter et al.,, 1998], or la-
tency are other potential advantages of this design.
Event-related designs also allow inspection of differ-
ent temporal characteristics of responses to varied
stimulus categories [Pu et al., 2001]. Despite a number
of excellent theoretical discussions on the relative mer-
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its of each design [Aguirre and D’Esposito, 1999; Birn
et al., 2002; Donaldson and Buckner, 2001; Friston et
al., 1999], there have been relatively few comparisons
of block and event-related designs. Most published
comparisons have used visual checkerboard stimuli
[Janz et al., 2000] or finger opposition [Bandettini and
Cox, 2000] and have focused on signal detection effi-
ciency, waveform reproducibility, and methods for
optimizing stimulus presentation [Birn et al., 2002]. To
date, there have been no published comparisons be-
tween block and event-related designs utilizing tasks
engaging higher cognitive function. In these types of
tasks, stimulus order effects related to task switching
or transient effects of uncertain origin [Konishi et al.,
2001] may be important in modulating brain activa-
tion.

Optimal design of block design fMRI experiments
requires attention to the total number of stimuli used,
block length, inter-stimulus interval (ISI), the relation-
ship of ISI to block length and TR, and the ordering of
different stimulus types. In event-related designs,
both the ISI (the interval between two successive stim-
uli regardless of category) and Intertrial Interval (ITL;
the interval between stimuli of a particular category)
have to be carefully considered [Aguirre and
D’Esposito, 1999; Aguirre et al., 1997; Birn et al., 2002;
Donaldson and Buckner, 2001; Friston et al., 1999;
Hopfinger et al., 2000; Zarahn et al., 1997]. In addition,
the placement and the total number of stimulus cate-
gories (including neutral conditions such as fixation)
have to be considered. These parameters were ad-
justed in the present experiments in order to study
each method in a best-case situation. This was in-
tended to improve the likelihood of relative differ-
ences in activation between two stimulus levels being
detected.

Our interest in relative levels of cortical activation
within the left prefrontal region with varied task de-
mands is motivated by the observation that activity in
this region is modulated by semantic retrieval effort
[Chee et al., 2002]. Specifically, retrieval effort may be
influenced by the word frequency of the test items
used in a semantic judgment task when the association
between test words is controlled. If reliable and repro-
ducible, these differences in prefrontal activation may
be used to track neural changes related to the reorga-
nization of semantic memory in the course of gaining
language proficiency.

Another important consideration in fMRI experi-
ments is the choice of an appropriate control task. An
“ideal” control task is one that allows the cognitive
process of interest to be isolated. “Rest” has been
criticized as a control condition because activation in

regions known to be activated during linguistic tasks
has been observed during these periods, possibly a
result of “inner speech” [Binder et al., 1999]. “Rest”
has also been shown to result in greater medial tem-
poral activation than a number of alternative baseline
conditions [Stark and Squire, 2001].

In this report, we present data from three different
experiments, two involving block designs with differ-
ing control conditions and a third involving an event-
related design. The principal goal of this study was to
compare block and event-related designs to determine
if the latter could detect the word frequency effect
(WFE). A specific concern was to determine if stimu-
lus-order predictability might confound experiments
where word frequency is modulated. Additionally, we
also compared the effect of two different control tasks,
size judgment and fixation, on the detection and mag-
nitude of the WFE. The former block design was used
in previous studies to evaluate associative semantic
processing. The latter design, with fixation as the con-
trol condition, is less frequently used in contemporary
block design experiments given the concerns about
additional mental activity taking place during “rest.”
However, evaluating a blocked experiment where fix-
ation was used as the control condition provides a
closer comparison between block and event-related
designs.

METHODS
Experiment I: block design with size judgment

Twelve healthy, right-handed undergraduate vol-
unteers (8 men, 4 women; aged 19 to 26 years) per-
formed semantic associative judgments on word trip-
lets in a block design fMRI experiment (Fig. 1). They
were instructed to choose the word from a pair that
was more closely related to the sample stimulus (Fig.
1, top item in each panel) and to press the appropriate
button on a two-button mouse. Details concerning
methodology are available elsewhere [Chee et al,
2002].

In the control task, the sample comprised a string of
“O’s,” which varied in length from 3 to 6 (i.e., “O00”
to “O00000”). One of a pair of “O-strings” was 6%
smaller (or larger) than the sample and the other was
12% smaller (or larger). Participants were instructed to
choose the item that was closer in size to the sample
stimulus and to indicate their choice by pressing the
right or left mouse button.

Stimuli with different word frequencies were pre-
sented in alternating blocks and counter-balanced
across runs. Each volunteer was exposed to a total of
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Figure I.
Exemplars of the stimuli used in the semantic judgment tasks (high
and low frequency) and control tasks for Experiment | (block
design with size judgment).

64 high-frequency and 64 low-frequency triplets. Each
stimulus appeared for 2.5 sec and was followed by
fixation for 0.5 sec. Each task block appeared for 18 sec
and control blocks appeared for 30 sec. Block timing
was configured keeping the noise power spectrum of
fMRI data in mind [Zarahn and D’Esposito, 1997]. The
use of irregular ISI relative to block timing was in-
tended to allow sampling of MR signal across differ-
ent values within a block [Price et al., 1999] and to
increase the signal detection sensitivity.

Experiment 2: block design with fixation

Eight healthy, right-handed volunteers (4 men, 4
women; aged 21 to 30 years) performed semantic as-
sociative judgments on word triplets in a block design
fMRI experiment, similar to Experiment 1, except that
fixation was used as the control condition in this ex-
periment.

Volunteers were scanned in four runs of 102 scans,
each involving two blocks of eight triplets for each
frequency. Each triplet appeared for 2.0 sec and was
followed by fixation for 0.5 sec. Each task block ap-
peared for 20 sec and control blocks appeared for 28
sec. The rest of the experimental parameters were
identical to the ones used in Experiment 1.

Experiment 3: event-related design
Twelve healthy, right-handed volunteers (8 men, 4

women; aged 18 to 23 years) gave informed consent
and performed the same semantic judgment task as in

Experiment 1. Volunteers were scanned in four runs of
148 scans, each involving 16 low-frequency and 16
high-frequency triplets, totaling 128 stimuli per sub-
ject. Each stimulus was presented for 2 sec, synchro-
nized to the timing of the image acquisition (TR). The
two stimulus types were randomly presented within
each run and separated by fixation times of 4, 6, 8, or
10 sec. This allowed the MR signal to have a range of
fluctuation so as to improve hemodynamic response
estimation [Donaldson and Buckner, 2001]. The result-
ing mean ITI was 18.5 sec for each task with a mini-
mum ISI of 6 sec.

Imaging and image analysis

Experiments were performed in a 2.0 T Bruker To-
mikon 5200 system (Bruker, Karlsruhe, Germany). A
blipped gradient-echo EPI sequence was used with a
TR of 2,000 msec, a FOV of 23 X 23 c¢m and a 128 X 64
pixel matrix. Fifteen oblique axial slices approximately
parallel to the AC-PC line 4 mm thick (2-mm gap)
were acquired. High-resolution anatomical reference
images were obtained using a three-dimensional (3-D)
spoiled-gradient-recalled-echo sequence. A bite-bar
was used to reduce head motion. Following phase
correction, the functional images were analyzed using
BrainVoyager 2000 v. 4.6 software (Brain Innovation,
Maastricht, Holland). Intensity normalization was
performed prior to motion correction.

In the spatial domain, a smoothing kernel of 4 mm
FWHM was used for the computation of individual
activation maps for both designs. Data from all exper-
iments were analyzed without temporal smoothing.
The functional MR data sets were first registered to the
stack of coplanar T2 images acquired at the end of the
study, and these images were then registered to the
high-resolution 3-D anatomical image of the brain.
The resulting realigned data set was then transformed
into Talairach space [Talairach and Tournoux, 1988].

In the two block-design experiments, individual
subject statistical maps were computed using a gen-
eral linear model (GLM) with two explanatory vari-
ables: high-and low-frequency test items. The ex-
pected BOLD signal change was modeled using a
modified gamma function (A 1.5 sec; T 2.5) synchro-
nized to blocks of cognitive tasks [Boynton et al.,
1996].

For each individual, regions of interest (ROI) in the
left prefrontal region (corresponding to Brodmann’s
areas 44, 45, 47, 6, and 9), encompassing the inferior
and middle frontal gyri, were defined by sampling
volumes that were active in both low- and high-fre-
quency semantic judgment relative to control task.
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Figure 2.

Axial brain slices showing areas activated in the low- and high-
frequency conditions as well as in the contrast between these two
conditions in the block and event-related experiments. Group

Within each individual ROI, the average MR signal
from the six control scans before each block was used
as the baseline against which percent signal change of
the semantic task block was calculated. Blocks of the
same frequency were then averaged. The first four
transitional scans of the block were discarded in cal-
culating the mean percent signal change value for each
frequency. Paired t-tests comparing high- and low-
frequency words were performed for each ROI using
individual percent signal change values.

For the event-related experiment, hemodynamic re-
sponses to task stimuli were modeled using deconvo-
lution [Beauchamp et al., 2002]. Eight predictors for
each semantic judgment task were estimated, corre-
sponding to a temporal resolution of 2 s. A GLM with
these 16 predictors was applied to every voxel. Statis-
tical maps were generated using the third, fourth, and
fifth predictors of each set, which accounted for most
of the variance. Two sets of estimates (responses to
low- and high-frequency word triplets) were obtained
from the time series of the prefrontal ROI, defined in
the same way as for the block design experiments.
These were presented as percent signal change curves
for each ROL. For each curve, a representative value of
percent signal change was obtained by averaging
across the third, fourth, and fifth predictors. Percent
signal change values for high- and low-frequency
words associated with each ROI were compared
across volunteers using paired t-tests as described for
the block design experiment.

Group level activation maps were created using a
multi-subject GLM for each experimental design. For

level data is depicted (n = 12 for the block design using size
judgment as a control, n = 8 for the block design using fixation as
control, and n = |2 for the event-related design).

both block designs, the two predictors, high and low
frequency, were set as explanatory variables. For the
event-related design, only the third, fourth, and fifth
predictors of each set were used. Regions activated
above an uncorrected threshold of P < 0.001 for high-
or low-frequency items were displayed (Fig. 2). Acti-
vation peaks of interest were also tabulated (see Table
II).

To facilitate a comparison in the size of the WFE, a
normalized index of difference (NID) of activation
was computed from percent signal change values ob-
tained from the left prefrontal ROI in the low- (low)
and high-frequency (high) conditions. The value of
NID = 2(low — high)/(low + high). The use of this
index was intended to provide a metric that afforded
comparisons in effect size between individuals or
study sessions given that unlike PET, fMRI does not
provide absolute values of signal change. NID was
computed for all three experiments.

RESULTS
Behavioral results

Mixed design ANOVA, with frequency (high and
low) as within-subject variable and experimental
group (1, 2, and 3) as between-subject variable re-
vealed significant main effects of frequency on reac-
tion time [F(1,29) = 132.97, P < 0.001] and accuracy
[F(1,29) = 35.22, P < 0.001]. Low-frequency items took
longer to process and performance was less accurate.
There was an interaction between frequency and ex-

¢ 189 ¢



¢ Chee et al. ¢

08 Block with Size Judgment

0.7
0.6
0.5 |
0.4
0.3

0.2

% Signal Change

0.1

0.0 +

-0.1
Scan Number -

-0.2

Block with Fixation

1.6

1.4

1.2

1.0

0.8

0.6

0.4

% Signal Change

0.2
12 3 4 5 6 7 8 91011121314&%

‘ Scan Number
0.4 ! _—

0.0

Event-Related

08 -

0.7

% Signal Change

Scan Number

Figure 3.
Percent signal change graphs depicting group-averaged responses
to low- and high-frequency stimuli obtained from the left prefron-
tal ROl in the event-related and block designs. Error bars depict
| SE.

perimental group [F(2,29) = 4.64, P < 0.05] for reac-
tion time. While the accuracy differences are statisti-
cally significant, the mean performance level was
excellent (above 90%) with either type of test stimulus
(Table 1).

Regions activated when subjects performed
semantic judgments

Semantic judgments involving both low- and high-
frequency words relative to size judgment (Experi-
ment 1) activated a network of areas that included the
left prefrontal (BA 9, 44), left posterior temporal (BA
21, 22), inferior temporal (BA 37), and left parietal (BA
7) regions (Fig. 2). Activation was strongly left later-
alized. These findings are concordant with those re-
ported previously [Chee et al., 2002]. Similar regions
were activated for low- and high-frequency stimuli
although the spatial extent of activation was greater
with low-frequency stimuli.

In the block design with fixation as the control
condition (Experiment 2), prefrontal and parietal acti-
vations were more bilateral compared to the previous
experiment. There was no posterior-lateral temporal
activation. The inferior temporal activation blended
with extensive bilateral occipital activation and a def-
inite peak could not be clearly identified (Table II, Fig.
2). Since mouse button presses were not required in
the fixation control, primary motor and premotor ac-
tivation were observed in the contrast between task
and control.

In the event-related design, left prefrontal (BA 9, 44)
and parietal (BA 7) regions were activated as with the
block design. Activation in the prefrontal region was
more bilateral as in the case of the Experiment 2,
additionally involving the right prefrontal and pari-
etal regions. The concordance of peak activations in
the left prefrontal region between the two designs was
fair to good (Table II, Fig. 2).

BOLD signal differences between low and high
frequency stimuli

At the group level, the direct contrast between
low- and high-frequency stimuli using voxel-by-
voxel image analysis revealed a WFE in the left
inferior prefrontal region in all three experiments.
The region was within 1.0 cm. of the region previ-
ously reported as demonstrating the WFE [Chee et
al., 2002]. At lower thresholds, a small right prefron-
tal (Experiments 1 and 3) and anterior cingulate
(Experiments 1 and 3) activation emerged in the
contrast of conditions.
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TABLE I. Behavioral responses associated with the two

block experiments and the event-related experiment

Block design (size)

Block design (fixation)

Event-related design

High frequency  Low frequency  High frequency = Low frequency  High frequency = Low frequency
Accuracy 0.98 (0.02) 0.93 (0.05) 0.98 (0.03) 0.92 (0.05) 0.98 (0.02) 0.94 (0.04)
RT (sec) 1.17 (0.10) 1.29 (0.13) 1.06 (0.06) 1.21 (0.05) 1.12 (0.09) 1.20 (0.09)

Values in parentheses represent 1 SD.

An ROI-based percent signal change analysis applied
to the left prefrontal region showed statistically signifi-
cant differences in BOLD signal between the low- and
high-frequency conditions in Experiment 1 [t(1,11)
=290, P < 0.05], Experiment 2 [t(1,7) = 4.71, P < 0.005],
and Experiment 3 [t(1,11) = 4.33, P < 0.005]. The mean
NID, an index of the size of the WFE, for Experiments 1,

2, and 3 were very close, 0.19 (SE 0.07), 0.18 (SE 0.03), and
0.16 (SE 0.04), respectively. While these figures are not
directly comparable because of the different volunteers
involved, the slight differences in stimulus timing and
the difference in baselines used, there is an indication
that the size of the WFE is at least comparable across
block and event-related fMRI designs.

TABLE Il. Talairach co-ordinates of the activation peaks of regions jointly activated by low and high frequency
words as well as the regions active in the contrast between low and high frequency words with
each of the experimental designs

Block design (size)

Block design (fixation) Event-related design

Brain region and Brodmann’s

area X y z F X y z F x y z F
Low and high frequency
Frontal
Inferior frontal gyrus
(BA 44) —40 13 27 >50 —46 7 30 >50 =37 12 27 36
35 16 26 32 — - - — 38 14 30 25
Inferior frontal gyrus
(BA 44) 32 22 8 28 37 6 30 >50 28 23 9 36
Precentral gyrus (BA 4) — — — — —43 =31 40 40 35 1 30 >50
Cingulate gyrus/SMA
(BA6/24) -2 1 47  >50 —4 3 51 >50 -6 7 45 >50
Temporal
Middle temporal gyrus
(BA 21) —-55 —44 -3 >50 — - — — — — — —
Fusiform gyrus (BA 37) —43 =56 —12 >50 * * * —45 =50 -9 >50
Parietal
Superior parietal lobule
(BA 7) -31 -65 38 45 —-26 57 46 >50 -31 -64 44 50
24 -65 40 >50 28 —67 39 45
Occipital
Lingual gyrus (BA 18) — — — — -40 -70 -9 >50 -28 —-69 -9 >50
Lingual gyrus (BA 19) — — — — — — — — -16 —62 4 >50
Low > high frequency
Frontal
Inferior frontal gyrus
(BA 44) —40 15 28 44 —42 15 28 45 —40 10 28 6.4
Inferior frontal gyrus
(BA 44/45) —46 27 17 64 —46 29 21 42 =31 28 11 4
32 22 8 56 — - - — 33 12 12 4.4
Anterior cingulate (BA 6) —4 14 44 36 — - — — -5 17 45 5.6
— — — — — - — — 5 12 45 48

Left fusiform activation in the Block (fixation) experiment was not clearly separable from the occipital activation.
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DISCUSSION

The present data demonstrate that event-related
fMRI is capable of demonstrating the WFE as well as
a block design. Event-related fMRI has several advan-
tages in the context of language-related tasks. The
ability to segregate correct from incorrect responses in
particular may be of use in evaluating the effects of
language learning over time (this feature was not ex-
ploited in the present study because of the high accu-
racy rates). Specifically, it might be interesting to de-
termine patterns of activation as a result of a shift in
balance between correct and incorrect responses that
occur as a result of differences in language proficiency.
As a proof of this concept, anterior cingulate activity
was significantly increased in error trials where sub-
jects were performing a variant of a working memory
task [Carter et al., 1998].

In addition to magnitude of activation differences,
event-related designs have the potential to show task-
dependent variations in temporal response profiles
[Buckner and Braver, 1999]. However, we did not
observe any differences in onset, peak latency, or a
delay in activity decay in the present study. The only
other language processing study to date that has eval-
uated hemodynamic responses, did not show any dif-
ferences in time-to-peak or the width (FWHM) of re-
sponses when comparing Chinese and English verb
generation [Pu et al., 2001].

Compared to block designs, event-related designs
have a theoretically lower detectability of activations.
Detectability in this setting refers to the estimation of
the response amplitude of different designs [Bim et al.,
2002]. The present dataset is interesting in this regard
because there appears not to be a compromise in the
detectability of the WFE with the event-related design.
Although it is the relative difference in activation elic-
ited by low- and high-frequency word stimuli that is
of interest, greater sensitivity of detection of activation
will presumably contribute to the detection of the
contrast. The comparison of absolute magnitude of
percent signal change across the two experiments,
requires one to be mindful of the effect of the different
baseline conditions used in the two experiments [for
an interesting set of comparisons see Stark and Squire,
2001]. In the present experiments, the perceptual base-
line (size judgment task) used in the block design
experiment reduced the peak activation magnitude
compared to semantic judgment with fixation.

After discounting the effects of different baselines,
the fact remains that the detected signal change in the
event-related study is perhaps higher than expected
from theoretical considerations. It is notable that most

simulation as well as empirical data relating to the
optimization of event-related fMRI has involved vi-
sual or motor tasks in which modeling the effects of
stimulus duration in the form of an impulse response
function may be appropriate [Birn et al., 2002; Hag-
berg et al.,, 2001; Liu et al., 2001]. In tasks involving
higher cognition such as in the present experiment, the
assumption of a linear time-invariant system may not
apply. Even in an experiment involving flashing
checkerboards and finger opposition, empirical data
have shown a lowering of amplitude in the event-
related design of approximately 35% whereas the pre-
dicted lowering was 65% [Bandettini and Cox, 2000].
This suggests that non-linear, time-varying effects
may be more prevalent than previously thought. It is
known that rate-of-presentation of language tasks ex-
erts non-linear effects on the modulation of cerebral
blood flow by language tasks [Price et al., 1996]. While
speculative until further empirical evidence emerges,
we posit that non-linear neuronal responses that are
greater at the onset of linguistic processing and that
interact with rate-of-presentation effects, may underlie
the relative preservation of response magnitude in the
event-related relative to the block design experiment.

In summary, we found that the WFE is quite robust
and reproducible in terms of effect size and spatial
location across different volunteers and with block as
well as event-related designs. This should encourage
other investigators to take advantage of the benefits of
event-related designs in exploring higher cognitive
functions.
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