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The effect of word frequency on semantic processing
was characterized by studying two groups of right-
handed participants using fMRI. Stimuli were pre-
sented in blocks of either high frequency or low fre-
quency word triplets where a sample word appeared
above a pair of test words. One group (n � 8) made
semantic judgments by selecting the word from the
test pair that was more closely associated with the
sample. Stimulus triplets were designed such that re-
latedness between sample and “correct” items was ob-
vious. The other group (n � 8) read the words silently
without making any semantic decision and pressed a
button on completing the reading of each triplet. Se-
mantic judgments while no less accurate, were associ-
ated with greater left prefrontal BOLD signal change
when they involved low frequency words, whereas
there was no reliable effect of word frequency in the
reading condition. These findings suggest that re-
trieval effort modulates left prefrontal activity when
deliberate access to semantics is required. © 2002 Elsevier

Science (USA)
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INTRODUCTION

How neural activity varies with different cognitive
tasks is of considerable interest because it may lend
understanding to how mental activity is organized in
the brain. Activity, as measured by increased task-
related blood flow, was higher in the left prefrontal
region when healthy volunteers had to select a word
using a specific set of rules compared to when the
criterion for selection was less constrained (Thompson-
Schill et al., 1997), when they had to discern how pairs
of words were related when their degree of relatedness
was low (Fletcher et al., 2000; Seger et al., 2000) when
item classification involved less typical compared to
more typical exemplars of a category (Roskies et al.,
2001) and when a greater depth of processing for word
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meaning (as opposed to perceptual features) was re-
quired (Otten et al., 2001). Word categorization that
required the use of semantic information resulted in
greater left prefrontal activation than a task which
took longer to perform but which did not require access
to semantics (Demb et al., 1995). What emerges from
these observations is that the prefrontal region plays
an important role in retrieving verbal semantic infor-
mation.

Various accounts have been proposed to account for
the modulation of left prefrontal activity observed with
tasks requiring access to word meaning. One view at-
tributes the modulation to the amount of controlled
semantic retrieval necessary to perform the task (Wag-
ner et al., 2001). An alternative view is that the mod-
ulation results from the need to select task-relevant
information from a number of competing alternatives
(Thompson-Schill et al., 1997) and that it is not seman-
tic retrieval per se that drives left prefrontal activa-
tion.

We previously observed that when bilingual volun-
teers performed semantic judgments on concrete
words, left prefrontal activity was higher in the volun-
teers’ less proficient language (Chee et al., 2001). Nei-
ther associative strength nor selection demands be-
tween test items was varied in these experiments and
we suggested that lesser familiarity with words in the
volunteers’ less proficient language could have ac-
counted for the observed effect.

Invasive electrophysiological recordings in the pre-
frontal cortex have shown that neurons in this region
respond differently to familiar compared to unfamiliar
items (Rainer and Miller, 2000). Specifically, they fire
in a more spatially restricted manner and less fre-
quently, in response to visual representations of famil-
iar (relative to novel) pictures. One might suggest that
familiar items require less “neuronal effort” for recog-
nition. We hypothesized that words in the less familiar
language may have less well-tuned representations,
requiring greater neuronal activity (or “effort”) during
the retrieval of semantic information. This hypothesis,
Received J
 e 7, 2001
un
1053-8119/02 $35.00
© 2002 Elsevier Science (USA)

All rights reserved.



while intuitively appealing, is difficult to assess in a
cross-language comparison because processing words
in different languages may be subject to differences
beyond retrieval effort.

To determine the effect of semantic retrieval effort
on brain activation, we manipulated the frequency of
concrete words used in an associative semantic judg-
ment task while controlling the semantic relatedness
between the test items as the latter can independently
modulate brain activation (Fletcher et al., 2000). We
chose to manipulate word frequency because it is an
index of how much exposure people have had to a
particular word. High frequency words, those that oc-
cur more frequently in print, are named more quickly
than low frequency words and are also more rapidly
recognized as words in lexical decision tasks (Balota
and Chumbley, 1985; Forster and Chambers, 1973;
Frederiksen and Kroll, 1976). Frequency effects have
also been observed in tasks that overtly require seman-
tic access (Young and Rugg, 1992). Although the locus
of this effect remains controversial, Monsell (1991) pro-
posed that frequency effects reflect the cumulative ef-
fect of experience on the facility with which an observer
identifies a word and recovers its meaning. It follows,
then, that more effort is likely to be necessary when
retrieving the meaning of a low frequency word, rela-
tive to a high frequency one.

To evaluate how deliberately accessing semantic in-
formation contributes to left prefrontal activation, we
performed a second experiment where volunteers were
required only to silently read words of differing fre-
quency. We expected this experiment to reveal the
relative contribution of word frequency to orthographic
and phonological processing, acknowledging that some
degree of automatic semantic access occurs with read-
ing (Price et al., 1996). If cognitive demands are higher
with deliberate as opposed to incidental retrieval of
semantic information, we could expect more activation
in the semantic judgment experiment, compared to the
reading-only experiment.

METHODS

Words used to create the stimulus triplets were ob-
tained from the MRC Psycholinguistic Database
(http://www.itd.clrc.ac.uk/Projects/Psych/psych.html).
High frequency words had a median frequency of 59
occurrences per million words (Mean � 93.2, SD �
92.2). Low frequency words had a median frequency of
3 occurrences per million words (Kucera and Francis,
1967)(Mean � 2.8, SD � 1.5). Both high and low fre-
quency words were matched on concreteness with re-
spective “concreteness value” means of 579.76 and
579.02.

A rating exercise was conducted to ascertain the
semantic relatedness between sample items and op-
tions. Four raters were chosen based on their good

performance in the standardized English examination
(UK based GCE “O” and “A” levels) taken as a require-
ment for tertiary education. The rating list was con-
structed by dividing the words in a given trial into two
pairs, with the sample word paired with both “correct”
and “incorrect” options separately. For example, in a
trial where the sample word was “vampire” and the
response options were “blood” and “leaf,” the two pairs
made would be vampire-blood and vampire-leaf. Rat-
ers indicated on a 9 point Likert-type scale (1 for not
related and 9 for closely related) how closely associated
the words in each pair were. The raters were blind as to
the frequency of the words or the purpose of the exper-
iment.

There was high reliability across raters (R � 0.99).
Mean ratings are shown in Table 1. An ANOVA taking
option (related vs unrelated) and frequency (high vs
low) as factors confirmed that the samples were rated
as more closely related to the correct options than the
wrong options [F(1,3) � 2107.85, P � 0.001]. Raters
might have been more prone to giving higher ratings to
high frequency word pairs compared to low frequency
ones but this was only marginally reliable [F(1,3) �
6.97, P � 0.08]. Critically though, there was no inter-
action between the correctness of the option and the
word frequency [F � 1, n.s.].

Experiment 1: Semantic Judgment Task

Eight neurologically normal, right-handed partici-
pants, five men and three women aged between 19 and
24 years, gave informed consent for this study. Partic-
ipants were chosen on the basis of good performance in
the standardized English examinations described
above. As such, the volunteers can be thought of as
having native speaker levels of proficiency in English.

We compared the semantic processing of high fre-
quency and low frequency English words. Stimulus
triplets were presented for 3.0 s and followed by 0.5 s of
fixation. Participants performed two different match-
ing-to-sample tasks involving visually presented words
(Fig. 1). In the semantic task, participants viewed two
words and were instructed to choose the word more
closely related to the sample stimulus (uppermost item

TABLE 1

Mean Relatedness Ratings between Sample Items (e.g.,
Vampire) and Their Corresponding Related (e.g., Blood) and
Unrelated (e.g., Leaf) Test Options for High and Low Fre-
quency Conditions

High-frequency words Low-frequency words

Related pairs 8.14 7.80
Unrelated pairs 1.51 1.09

Note. Ratings were based on a 9-point Likert-type scale, where 9
denotes “very closely related” and 1 denotes “not at all related.”
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in each panel). This task is known as the Pyramids and
Palm Trees (PPT) task (Howard and Patterson, 1992).
In the size judgment task, one of the words was 6%
smaller (or larger) than the sample word and the other
was 12% smaller (or larger). Participants were in-
structed to choose the item that was closer in size to
the sample stimulus. Sample stimuli that appeared in
the semantic judgment task were reused in the font-
size judgment task.

The stimuli were presented in alternating blocks
counter-balanced across runs, comprising a total of 64
trials for each of four conditions: low and high fre-
quency semantic judgment, low and high frequency
size judgment. Response time (RT) was collected while
participants were scanned using a MR compatible,
two-button mouse.

Experiment 2: Reading

A further group of eight, healthy right-handed par-
ticipants, with the same demographic properties as the
first group comprising five men and three women aged
between 20 and 24 years gave informed consent for this
study. The stimuli used in this experiment were iden-
tical to the ones used in Experiment 1. The difference
in this experiment was that participants were in-
structed to silently read the stimulus triplets paying
attention to pronunciation and to click the left mouse
button once they completed reading the words. The
control task was similar to that used in the previous
experiment, i.e., size judgment.

Imaging and Image Analysis

Experiments were performed in a 2.0T Bruker To-
mikon S200 system (Bruker, Karlsruhe, Germany). A
blipped gradient-echo EPI sequence was used with a
TR of 2000 ms, a FOV of 23 � 23 cm and a 128 � 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 spoiled-gra-
dient-recalled-echo sequence. Functional images un-
derwent phase correction prior to further processing
that was performed using Brain Voyager 2000 software
(Brain Innovation, Maastricht, Holland). Intensity
normalization was performed and followed by motion
correction. Gaussian filtering was applied in the tem-
poral and spatial domains. In the spatial domain a
smoothing kernel of 4 mm FWHM was used for the
computation of individual activation maps and 8 mm
FWHM for computation of multisubject maps. In the
temporal domain, a three time-point FWHM filter was
used. Registration of the functional MR data set to the
high-resolution anatomical image of the brain was per-
formed by manually registering the stack of T2 images
acquired in an identical orientation to the functional
MR data set to the 3-D image. The resulting realigned
data set was then transformed into Talairach space
(Talairach and Tournoux, 1988).

A linear cross correlation map of the size judgment
tasks in each experiment was first performed. No sig-
nificant differences emerged from this comparison and
the size judgment task was used as a common baseline
condition in both semantic judgment and reading con-
ditions.

Individual subject statistical maps were computed
using a general linear model (GLM) using two explan-
atory variables: low and high frequency test items. The
expected BOLD signal change was modeled using a
gamma function (tau of 2.5 seconds and a delta of 1.5)
synchronized to blocks of cognitive tasks. Statistical
maps for individual participants from which ROI based
analysis was performed were created using a correla-
tion coefficient threshold of 0.4 that corresponds to a
corrected statistical threshold of P � 0.001.

For each individual’s data, regions of interest (ROI)
in the left prefrontal region (corresponding to Brod-
mann’s areas 44, 45, 9, and 47) encompassing the in-
ferior and middle frontal gyri were defined by sampling
volumes that were active in both low and high fre-
quency semantic judgment relative to size judgment.
We selected ROI’s jointly activated in both high and
low frequency conditions as this was deemed the least
biased comparison of activation between these condi-
tions given that random, as well as unknown system-
atic effects may contribute to differences in spatial
location of activation when high or low frequency items
are individually selected as the predictor of interest

FIG. 1. Exemplars of experimental stimuli used in the semantic
judgment and reading tasks (a,c) as well as the size judgment task
(b,d). Stimuli involving high frequency test items appear in the
upper row and those involving low frequency test items appear in the
lower row.
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(see Fig. 3, Tables 2, 3, and 4). Temporal ROI’s lay in
the middle and posterior temporal region including the
supramarginal, superior temporal gyrus and middle
temporal gyrus (corresponding to BA 21 and 22). These
prefrontal and temporal areas were chosen for evalua-
tion of percentage signal change information because
they yielded the most robust responses across partici-
pants. The cluster of voxels, bounded by a 3 � 3 � 3 cm.
cube centered on the activation peak defined the ROI
(only activated voxels within this bounding cube were
counted). Within each individual’s ROI, averaged time
courses comprising 28 time points (14 task related and
14 baseline points) were calculated in order to show the
average BOLD signal change due to the semantic tasks
with respect to their size judgment baseline tasks.
BOLD signal change was expressed as percentage sig-
nal change relative to the baseline (size judgment)
task. Mean percentage signal change for each semantic
judgment task was calculated from points 5 to 14 lo-
cated on the plateau of the BOLD response correspond-
ing to the semantic task and from the points in time 20
to 28 corresponding to the size judgment task. In this
way, points in the transition phase during the rise and
fall of the BOLD signal were omitted.

Percentage signal change values for high and low
frequency words associated with each ROI were com-
pared across volunteers using paired t tests. (i.e., sig-
nal change for low frequency words in the left prefron-
tal ROI was compared to signal change for high
frequency words in the same ROI). A similar analysis
was performed with BOLD signal change data ob-
tained from volunteers performing the reading exper-
iment.

A general linear model (GLM) was used to compute
the group level voxel-by-voxel activation maps. For
each experiment group, the GLM was computed by
setting low and high frequency items as explanatory
variables, in addition to coding each subject as an

explanatory variable. This generated within and be-
tween group comparisons of the effect of frequency and
task, respectively. The corrected statistical threshold
used for group level analysis was P � 0.01.

Talairach transformed group data was displayed on
a volume-rendered brain of an individual from the
cohort. Activations to a depth of 15 mm were projected
to the surface and displayed using a red (min), yellow
(max) color scale.

RESULTS

Experiment 1: Semantic Judgment

There was no significant difference in accuracy
whether participants performed semantic judgments
on high frequency (Mean � 98.0%, SD � 1.1) or low
frequency (Mean � 95.9%, SD � 0.9) word triplets
[t(7) � 1, n.s.]. Response times were longer when the
triplets were made up of low frequency words [t(7) �
3.86, P � 0.01] (Fig 2).

We performed additional analyses to check for word
or syllable length effects. On the average, high fre-
quency words were shorter than low frequency ones
(5.0 vs 5.6 letters per word, respectively). There were
no reliable correlations between RT and total number
of letters in a trial for either high frequency (P � 0.6) or
low frequency trials (P � 0.2). Low frequency words
had more syllables than high frequency ones. Separat-
ing the data on the basis of frequency, we found no
reliable correlations between RT and total number of
syllables in a trial for either high frequency words (P �
0.4) or low frequency words (P � 0.5). As such, we
determined that word and syllable length did not sig-
nificantly influence response times in this experiment.

Semantic judgments involving both low and high
frequency words relative to size judgment activated a
network of areas that included the left prefrontal (BA

FIG. 2. Response times associated with semantic judgment and reading of high and low frequency items. The statistical significance of
differences in pair-wise comparisons between conditions of each experiment is shown. Error bars denote 1 standard error.
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9, 44), middle and posterior temporal (BA 21, 22), and
parietal (BA 7) regions (Fig. 3). A strong left hemi-
sphere predominance of activation was observed and
subsequent discussion relates only to left hemisphere
activation. All eight individuals showed left prefrontal
activation. Five of eight showed left posterior temporal
activation above threshold (Table 2).

Within the left prefrontal cortex, a region at the
superior end of the inferior frontal gyrus corresponding
to BA 44 showed significantly higher BOLD signal in
the low frequency condition (Fig. 3; Table 3). This area
was also revealed in the contrast between low and high
frequency conditions (Fig. 3). The effect of frequency
was also observed in the ROI based analysis (Fig. 5)

FIG. 3. Regions activated during semantic judgment or reading with high or low frequency words compared to word size judgment. The
two lowermost rows show the direct contrast between activation associated with low and high frequency items in each experiment.

FIG. 4. Areas active in the interaction between experimental task and word frequency.
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[t(7) � 8.20, P � 0.0001] and was consistently present
in all eight volunteers.

As a result of the relatively lesser spatial extent and
greater variability of temporal activation as well as the
modest spatial smoothing used to process the data, the
activated area depicted in the voxel-by-voxel analysis
was less conspicuous than that seen in individual vol-
unteers (Fig. 3; Tables 2 and 4). The apparently greater
activation in the left midtemporal region (BA 21, 22)
with the high frequency condition was not statistically
significant in the direct contrast between high and low
frequency conditions.

Experiment 2: Reading

There was no effect of word frequency on response
times [t(7) � 1.47, P � 0.1] (Fig. 2).

The left prefrontal regions activated by reading were
broadly similar to those activated during semantic
judgment when comparing the respective conjunctions
of activation in relation to high and low frequency
items. This was also true of the comparison of activa-
tion associated with low frequency items (Fig. 3). As
the activation peaks in the high frequency condition
were in relative proximity to those observed for the low

frequency condition but at lower levels of signal (Ta-
bles 3 and 4), we speculate that the differences in
spatial location of activation between experiments in
the high frequency conditions were contributed by just-
below-threshold activation.

Activation of the left angular gyrus that has been
demonstrated in some studies involving reading (see
(Price, 2000) for a review) was evident in the present
data but the difference between reading and semantic
judgment was not significant at the group level (Fig. 4).

The group level voxel-by-voxel analysis did not show
a significant effect frequency on left prefrontal activa-
tion. This was a result of the individual variability in
magnitude of activation with reading (Fig. 5). Of the
eight individuals, four showed more activation for low
frequency words, one showed no activation above
threshold in the ROI and three activated more for high
frequency words [t(6) � 1, n.s.] (Fig. 4).

Comparison between Semantic Judgment and
Reading

A mixed design ANOVA with word frequency (High
vs Low) as a within subject variable and task (Seman-
tic Judgment vs Reading) as a between subject vari-

TABLE 2

Activation Peak Loci and Correlation Coefficient (cc) Values in Individual Left Prefrontal and Posterior Temporal ROI
That Showed Conjoined Activation in High and Low Frequency Conditions during Semantic Judgment and Reading

Semantic judgment

Prefrontal Temporal

x y z cc x y z cc

S1 �47 15 24 0.64 �49 �51 6 0.78
S2 �47 24 19 0.66 �59 �30 5 0.52
S3 �36 15 31 0.78 — — — —
S4 �52 22 27 0.66 �60 �26 �3 0.82

�60 �47 �3 0.86
S5 �46 10 37 0.58 — — — —
S6 �27 8 42 0.68 �45 �57 4 0.74
S7 �49 27 27 0.66 �52 �51 �3 0.76
S8 �45 18 24 0.48 — — — —

Reading

Prefrontal Prefrontal

x y z cc x y z cc

S9 �46 13 26 0.66 �49 �29 0 0.72
S10 �46 7 18 0.80 �58 �22 3 0.78
S11 �38 16 30 0.46 �48 �36 8 0.64
S12 �37 10 29 0.68 �55 �35 30 0.74

�38 15 22 0.58
S13 �49 19 22 0.83 �61 �51 12 0.60
S14 — — — — �50 �54 9 0.46
S15 �33 16 26 0.62 — — — —
S16 �49 16 25 0.46 �59 �23 0 0.42

Note. Regions with a correlation coefficient of less than 0.4 were not included in the ROI analysis.
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able, showed main effects of frequency [F(1,14) � 9.99,
P � 0.05] and task [F(1,14) � 5.369, P � 0.01] on
response times but no interaction [F(1,14) � 1, n.s.].
Overall, participants took longer for reading than for
semantic judgment despite taking a comparable time
for the perceptual judgment task (all F � 1). This was
possibly due to the delay imposed by the self-monitor-
ing required to indicate the completion of silent read-
ing task.

In the left prefrontal region, the task by frequency
analysis showed a main effect of frequency that was
largely driven by the semantic judgment task (Figs.
3–5). There was no main effect of task but there was
greater activation at the superior end of the left infe-
rior frontal gyrus (Talairach coordinate: �34, 11, 32;
BA44) for low frequency semantic judgments compared
to the reading of low frequency words (Fig.5).

ROI based analysis corroborated these findings
showing a main effect of frequency [F(1,13) � 13.07,
P � 0.005], no effect of task [F(1,13) � 1, n.s.] and an
interaction between frequency and task [F(1,13) �
6.66, P � 0.05].

DISCUSSION

We found higher left prefrontal BOLD signal change
when volunteers performed semantic judgments on low

frequency words. This effect was not evident when
volunteers had only to read these words. The contrast
between the semantic judgment experiment and the
reading experiment suggests that the locus of this ef-
fect is likely to be semantic, as the effect of frequency
on orthographic, phonological and lexical processing
would likely have been accounted for in the reading
experiment. These findings suggest that retrieval ef-
fort modulates prefrontal activity when deliberate ac-
cess to semantics is required.

A similar idea has recently been advanced by Wag-
ner (Wagner et al., 2001), who proposed that left pre-
frontal activity is modulated by the degree of controlled
retrieval necessary to perform the task. Greater left
prefrontal activation occurred when associative judg-
ments made on loosely associated words were con-
trasted with those made on strongly associated ones
arguably because retrieving information that links
weakly associated items is more effortful. In our se-
mantic judgment task, the correct response was always
strongly associated to the sample word for both high
and low frequency conditions. Further, we did not spec-
ify the dimension along which an associative decision
was to be made, allowing for all available information
about the test items to be used. As such, the effort
required for semantic retrieval would be determined

TABLE 3

Activation Peak Loci and Correlation Coefficient (cc) Values in Individual Left Prefrontal ROI (BA 44, 9) during the High
and Low Frequency Conditions in Semantic Judgment and Reading Experiments

Semantic judgment

High frequency Low frequency

x y z cc x y z cc

S1 �47 15 24 0.46 �49 16 24 0.46
S2 �46 22 16 0.42 �47 25 17 0.54
S3 �34 14 32 0.44 �46 13 33 0.68
S4 �51 21 26 0.40 �51 22 28 0.50
S5 �47 10 36 0.34 �50 16 25 0.58
S6 �37 4 33 0.42 �37 4 33 0.60
S7 �52 16 15 0.26 �43 22 17 0.46
S8 �35 3 33 0.52 �43 11 39 0.62

Reading

High frequency Low frequency

x y z cc x y z cc

S9 �55 16 24 0.42 �46 13 26 0.56
S10 �49 10 19 0.62 �46 7 18 0.54
S11 �40 18 30 0.38 �43 16 27 0.34
S12 �37 10 29 0.44 �37 10 29 0.50

�37 25 21 0.50 �46 28 16 0.54
S13 �52 21 17 0.52 �49 18 25 0.66
S14 — — — — — — — —
S15 �33 16 26 0.36 �33 16 26 0.52
S16 �49 14 27 0.24 �49 16 25 0.44
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primarily by the extent of prior experience with the
stimuli.

Thompson-Schill’s (Thompson-Schill et al., 1997)
findings from a previous investigation are also relevant
to the retrieval effort account we propose. In that
study, greater left prefrontal activation was observed
when volunteers had to match words along a specific
dimension (e.g., color) than when any available infor-
mation could be used. This result was interpreted as
showing the effect of increased selection demands on
prefrontal activity. However, an alternative interpre-
tation of this finding is that increased activation occurs
whenever responses require access to less common se-
mantic features and that this (access) requires more
effort (see also Roskies et al., 2001). For example, in the
“match-to-color” (“high selection demand”) version of
that experiment, “bone” was the correct match for
“tooth” instead of “mouth.” Given that color may be a
less commonly invoked semantic feature of these items
than anatomical location, this information could re-
quire more effort to retrieve.

Frequency and Effort

High-frequency words are encountered more often in
print and appear in more contexts than low frequency
words (Nelson and McEvoy, 2000). As a result of fewer

encounters, low-frequency items may either be repre-
sented more sparsely in fewer neuronal arrays, requir-
ing more effort to access (in a multiple memory trace
model) (Hintzman, 1988) or accessed through a less
well-specified or tuned manner as suggested by data
from prefrontal microelectrode recordings (Rainer and
Miller, 2000). In either case, retrieval of sufficient in-
formation to make a decision will require more “effort”
for low frequency words even though the specific infor-
mation required for decision-making is likely to be the
same as that for high frequency words.

The relatively greater left prefrontal activation as-
sociated with retrieval of semantic information for low
frequency items might correlate to their enhanced rec-
ognition in future probes. In a recent study, volunteers
studied a list of words prior to undergoing scanning.
While being scanned, they were given a mixture of
novel and previously studied words and were told to
make old/new judgments. Postscan, a surprise test was
administered to evaluate recognition of the novel
words shown during the scanning phase of the exper-
iment and fMRI responses were sorted according to
whether the novel words were successfully recognized
or not (Buckner et al., 2001). The ability of volunteers
to make this second round of old/novel judgments
showed that encoding occurred even when the explicit

TABLE 4

Activation Peak Loci and Correlation Coefficient (cc) Values in Individual Left Posterior-Lateral Temporal ROI (BA 21,
22) during the High and Low Frequency Conditions in Semantic Judgment and Reading Experiments

Semantic judgment

High frequency Low frequency

x y z cc x y z cc

S1 �49 �52 6 0.58 �46 �59 6 0.58
S2 �61 �29 3 0.36 �58 �30 6 0.42
S3 �50 �56 �6 0.32 �49 �54 �12 0.34
S4 �49 �29 �4 0.60 �61 �26 �3 0.60

�58 �47 �3 0.64 �61 �47 �3 0.56
S5 �58 �56 9 0.38 �58 �56 9 0.28
S6 �49 �61 0 0.48 �42 �56 3 0.60
S7 �52 �49 �3 0.52 �52 �49 �3 0.58
S8 �52 �49 0 0.26 — — — —

Reading

High frequency Low frequency

x y z cc x y z cc

S9 �49 �27 �2 0.50 �49 �27 �2 0.52
S10 �58 �23 3 0.56 �58 �23 3 0.54
S11 �47 �41 9 0.50 �49 �35 9 0.40
S12 �57 �41 3 0.60 �56 �36 3 0.44
S13 �50 �29 6 0.36 �61 �51 12 0.40
S14 �50 �55 9 0.32 �50 �53 9 0.32
S15 �50 �69 9 0.26 �53 �71 9 0.30
S16 �44 �47 9 0.40 �47 �49 9 0.40
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instruction was to discriminate between old and new
items. Although this study examined episodic as op-
posed to semantic memory, it is noteworthy that the
area shown to have a higher BOLD signal change in
the contrast between successfully recognized items and
forgotten items (demonstrating incidental encoding)
was a subset of the areas activated during the in-
scanner discrimination of old and new items (which
was ostensibly a retrieval task). In relation to the
present study, the higher BOLD signal associated with
semantic retrieval of low frequency words may also
relate to concurrent encoding processes that facilitate
recognition when memory for these words is subse-
quently probed. Brief exposure to words in the context
of incidental encoding may influence long-term mem-
ory (Davachi et al., 2001). Stronger incidental encoding
following exposure to novel or infrequently encoun-
tered words (for example, those in a second language)
could in this manner, facilitate neural changes that
ultimately result in lower neural activation when se-
mantic retrieval involving identical words is tested
after attaining a higher level of language proficiency

(Chee et al., 2001). While appealing, this point needs to
properly characterized in a longitudinal study.

Neural Correlates of the Word Frequency Effect

While we have demonstrated a strong effect of word
frequency on brain activation using a semantic task,
this and a previous study (Fiez et al., 1999), did not
demonstrate it using a reading task. (Fiez et al., did
show effects when frequency and consistency were
combined). We propose that deliberate semantic access
may be a critical factor in demonstrating the frequency
effect. A study that demonstrated frequency-based
modulation of neural activity used a sentence verifica-
tion task that also required deliberate semantic access
(Keller et al., 2001). Additionally, event related poten-
tial studies have demonstrated significant postlexical
effects of frequency when semantic decision tasks are
involved (Young and Rugg, 1992) and that the most
salient locus of frequency effects may be postlexical.
The present findings of greater contrast in activation
between high and low frequency words in a semantic

FIG. 5. Line plots showing individual BOLD signal change (in percent) for high and low frequency items when volunteers performed
semantic judgment or reading tasks. Bar charts show the mean BOLD signal in each experimental condition. Error bars denote 1 standard
error.
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judgment task, compared to reading, support this no-
tion.

Additionally, the reading task is probably inappro-
priate for isolating the neural correlates of the word
frequency effect because it does not adequately con-
strain the type of processing that occurs. In the present
study, individual data from the reading task (Fig.5)
showed considerable variation in the relative levels of
activation, with some people showing greater activa-
tion for high frequency words and others showing
greater activity for low frequency words. As such, fre-
quency effects at the group level, even if they were
present, may have been masked by variances due to
heterogeneous processing strategies.

In sum, the present results demonstrate that left
prefrontal activation during deliberate semantic re-
trieval is modulated by word frequency even after con-
trolling for strength of association and selection de-
mands. This adds to the existing evidence pointing to
the greater recruitment of this region when retrieval
difficulty increases (Buckner and Wheeler, 2001).
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