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Abstract

Magnetoencephal ography (MEG) measured subjects’ brain responses during a lexica decision task. The words employed come from
six frequency categories, which were defined in terms of a linear decrease in log-frequency. Although frequency effects in reaction-time
are well-documented in studies of lexical access, a heural component whose latency predicts reaction time has not been discovered. This
study identifies an MEG component (the M350) whose latency mirrors the frequency-effect. O 2001 Elsevier Science BV. All rights

reserved.
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Frequency-effects in the processing of (open-class)
words have been documented in a number of studies since
Ref. [17]. The identification of a neural response com-
ponent that predicts the frequency effect in behavior
addresses a number of questions about the nature and
timecourse of lexical access. Here, we present results that
identify a magnetoencephalographic (MEG) component
whose latency reflects the frequency effect, and discuss the
implications of this finding. The importance of response
component latency as a variable indexing stimulus prop-
erties has been amply demonstrated in MEG studies of the
auditory cortex stemming from Refs. [16,19].

Earlier attempts to identify a component reflecting
lexical frequency are found in the electrophysiological
literature. One prior study [6] reports an increase in the
latency of a c. 270-315 ms component (their LPN, or
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N280) from (1) short and frequent closed-class words, to
(2) longer and less-frequent closed-class words, to (3)
open-class words. However, the study involves a sentence-
processing task, in which numerous additional factors
could contribute to, or obscure, frequency effects. Because
the design involved a comprehension probe (true/false) as
a task, there are no behavioral data correlating with the
differences in latency reported. In addition, the study
classifies all open-class words into the same category. The
study thus conflates frequency and category in the com-
parison of (1) and (2) with (3), and frequency and length
in the comparison between (1) and (2). In addition,
whether or not frequency effects are expected in this
experiment is unclear, given (1) the finding that normas
show frequency effects with only open-class words, as
opposed to Broca's aphasics, who show them with open-
and closed-class words [1], and (2) the finding that
frequency-effects in lexical decision are only found with
words with a frequency of 400/million or less [4].

Two additional recent studies have also attempted to
identify a neural correlate of the frequency effect. A
second event-related potentials (ERP) study [2] looked
specifically at frequency within open-class words, and
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found no statistically significant effects; the design was
once again one in which subjects were presented with
sentences. Finally, a prior MEG study [11] sought fre-
quency effects in a picture-naming task. However, no
component in the MEG response showed any significant
sensitivity to frequency, whether in terms of latency or
amplitude.

The present study employs a simple lexical-decision
design, which avoids complicating factors that might result
from sentential processing, and which also provides a
behavioral index of the frequency effect. The design of the
experiment employs six separate frequency classes of
open-class words in a lexical decision task, and is thus
directly suited for the goal of establishing a connection
between reaction time and the latency of a component in
the neuromagnetic response.

In addition to the six categories of open-class words, the
stimuli contained two classes of nhon-words (pronounceable
and non-pronounceable). Words were divided into six
categories according to log-frequency (Table 1); frequency
decreased linearly from 2.8 to —0.7 log units (frequencies
from the Cobuild corpus of 320 million words). The
frequency value is based on the frequency for all parts-of-
speech for a particular word, e.g., for number, the fre-
quency of both nominal and verbal occurrences of this
word. Within the word class, we controlled for number of
syllables (range, 1-3; mean, 1.37) as well as length (range,
3—7 letters;, mean, 4.8); in addition, words with mor-
phological affixes were excluded. The ratio of words to
non-words was 1:1; within each frequency bin, there were
ten words, each of which was aso presented three times.
There were 30 pronouncesble and 30 non-pronouncesble
non-words, each of which was repested three times.

Subjects (n=9, five female, four male, native speakers
of English, each of whom gave informed written consent)
lay prone in a magnetically shielded room. Stimuli were
projected onto a horizontal surface located above the
subject’s head; stimulus presentation was from a Macin-
tosh computer running Psyscope [3]. Intertria intervals
were randomized from a set of 16 values ranging from 100
to 900 ms, with each 50 ms interval represented. Button-
presses were used to record the subjects’ responses of
word or non-word for each particular stimulus, and
accuracy and reaction time were recorded. The recording
time per subject lasted approximately 15 min.

MEG recordings were conducted at the KIT/MIT MEG

Table 1

Word-frequency categories

Category n/Million Log frequency Example
1 700 2.8 Number
2 140 21 Ask

3 30 14 Wheel

4 6 0.7 Candle
5 1 0 Clam

6 0.2 -0.7 Snarl

laboratory, in a 64-channel axia gradiometer whole-head
system (Kanazawa Institute of Technology, Japan). The
sampling rate was 500 Hz, with acquisition between 1 and
200 Hz. Prior to analysis, data were noise-reduced to
remove environmental artifacts. Epochs with large artifacts
were removed during averaging; more than 90% of epochs
survived this criterion. Presentations were averaged ac-
cording to stimulus condition; following averaging, data
were baseline-adjusted (—100 to 0 ms) and were filtered
between 1 and 30 Hz. The root mean square (RMS) was
calculated for each sample point from a set of 17 sensors
located in the left hemisphere; sensors were chosen on the
basis of their showing large responses in the time-regions
of interest. RMS analysis employing multiple sensors can
detect both positive and negative polarities of the magnetic
field, and might therefore yield a more accurate measure of
latency than that provided by a single sensor. RMS
analysis has been employed in studies of the auditory
M100 [16,19]. The same set of sensors was held constant
for all subjects and all stimulus categories.

In the analysis of the behavioral data, responses above a
threshold of 1500 ms were excluded from the analysis, as
were incorrect responses. Reaction times (RTS) increased
as frequency decreased, ranging from 593 ms for the most
frequent category to 732 ms for the least frequent (see Fig.
1). The differences in RTs showed a significant correlation
in a regression against the log-frequency categories of the
stimuli (P<<0.0001, linear regression).

In the MEG data, three primary peaks were found, at
approximately 150, 250 and 350 ms (Fig. 2) after stimulus
presentation. The distribution of the magnetic fields for
each of these pesks is given in Fig. 3, which shows
distribution in a single stimulus category for a representa-
tive subject. The latencies of these peaks were determined
as the RMS peaks in the periods of 100—200, 200—-300,
and 300—400 ms. Peaks in these ranges have been reported
in prior MEG studies of visual word or character presenta-
tion [7-10,14,18]. The latencies of the M150 and M250
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Fig. 1. Reaction time by frequency category (Mean and SE)).
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Fig. 2. Waveform illustrating M150, M250, and M350 components.

peaks did not vary systematically with stimulus category
(P=0.65 and 0.8, respectively, linear regression against
log-frequency). The third component, M350, had an
average latency ranging from 357 ms for the most frequent
to 392 ms for the least frequent. The latency of this
component increased as stimulus frequency decreased (Fig.
4), and was significantly correlated with the log-frequency
category of the stimuli (P<<0.0001; linear regression).
However, it is not clear if alinear model is the best fit for
the trend observed in Fig. 4.

The primary objective of this study was the identifica-

400 -
Categories (n/Million):
1: 700 T
B 2: 140
m | 3: 30
é 4. 6
%:>,* o 5.1
6. .2
m e
= 375
-
350 !

1 2 3 4 5 6
Frequency Category (Frequent -- Infrequent)

Fig. 4. Latency of M350 by frequency category (Mean and S.E.).

tion of a neural component whose latency reflects lexical
frequency. The results show that such a component can be
identified, with alatency of approximately 350 ms (M350).
The latency of this component is also affected by repetition
priming in MEG [15] (its amplitude is affected by fre-
guency as well [18]). The interpretation of these results
must be framed against a background of theories that make
specific claims about the time-course of lexical access. Our
findings show that the earliest component whose latency
can serve as a predictor for frequency-effects occurs at 350
ms. Earlier studies of the time-course of lexical access
have proposed specific estimates for the time-course of
lexical access. One model places the identification of
words at around 200 ms (cf. summary in [13]). However, it
is unclear whether or not this model makes any predictions
about the latency of a component that correlates with the
frequency-effect.

The model for picture-naming summarized in [12] has a
time-course of 0-150 ms for visual processing/concept
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Fig. 3. Contour maps showing sensor distribution of MEG components.
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access, 150275 ms for lemma selection, and 275-400 ms
for phonological encoding. Frequency effects have been
found in picture-naming tasks, and have been attributed to
alevel at which word-forms are accessed [5]: between 270
and 400 ms in this model. The finding presented here is
thus compatible with the time-window predicted by this
model (although [12] found no component reflecting this
effect). Interpreting this connection further, however,
would require clarification of the differences between
picture-naming and lexical decision tasks.

A question for further research is whether the M350 has
the same generator as the N400, or measures the same
response that of the N400 indexes.

Acknowledgements

We would like to thank our colleagues from Kanazawa
Ingtitute of Technology for assistance throughout this
project; JST/MIT [Mind Articulation] Project for financial
support; C. Phillips discussion of data-analysis and related
issues, and A. Stringfellow for lab assistance.

References

[1] D.C. Bradley, M.E. Garrett, E.B. Zurif, Syntactic deficits in Broca's
aphasia, in: D. Caplan (Ed.), Biologica Studies of Mental Processes,
MIT Press, Cambridge, MA, 1980.

[2] G.M. Brown, P. Hagoort, M. ter Keurs, Electrophysiological signa-

tures of visual lexical processing: Open- and closed-class words, J.

Cog. Neurosci. 11 (3) (1999) 261-281.

J.D. Cohen, B. MacWhinney, M. Flatt, J. Provost, Psyscope: A new

graphic interactive environment for designing psychology experi-

ments, Behavioral Research Models, Instruments, and Computers 25

(1993) 257-271.

B. Gordon, A. Caramazza, Lexica access and frequency sensitivity:

Frequency saturation and open/closed class equivalence, Cognition

21 (2) (1985) 95-116.

3

A

[4

=

[5] J.-D. Jescheniak, W.J.M. Levelt, Word frequency effects in speech
production: Retrieval of syntactic information and of phonological
form, J. Exp. Psychol.: Language, Memory, and Cognition 20
(1994) 824-843.

[6] J. King, M. Kutas, A brain potential whose latency indexes the
length and frequency of words, Newsletter of the Center for
Research in Language 10.2 (1995) 3-9.

[7] S. Koyama, R. Kakigi, M. Hoshiyama, Y. Kitamura, Reading of
Japanese Kanji (morphograms) and Kana (syllabograms): a magneto-
encephal ographic study, Neuropsychologia 36 (1) (1998) 8398.

[8] S. Koyama, D. Naka, R. Kakigi, Evoked magnetic responses during
a word completion task, Electroencephalography and Clinical
Neurophysiology: Supplement 49 (1999) 174-178.

[9] S. Kuriki, F. Takeuchi, Y. Hirata, Neural processing of words in
human extrastriate visua cortex, Cognitive Brain Res. 6 (1998)
193-202.

[10] S. Kuriki, Y. Hirata, N. Fujimaki, T. Kobayashi, Magnetoence-
phalographic study on the cerebra neural activities related to the
processing of visually presented characters, Cognitive Brain Res. 4
(1996) 185-199.

[11] W.IM. Levelt, P. Praamstra, A.S. Meyer, P. Helenius, R. Salmelin,
An MEG study of picture naming, J. Cog. Neurosci. 10 (5) (1998)
553-567.

[12] W.IM. Levelt, A. Roelofs, A.S. Meyer, A theory of lexical accessin
speech production. Brain Behav. Sci. (in press).

[13] W.D. Marslen-Wilson, Functional parallelism in spoken word-recog-
nition, Cognition 25 (1987) 71-102.

[14] M. McGinnis, A. Marantz, D. Poeppel, J. Mehta, D. Won, An MEG
Study of Lexical Access, Canadian Linguistics Association, Calgary
Working Papers in Linguistics, 1997.

[15] L. Pylkénnen, E. Flagg, A. Stringfellow, A. Marantz, A neural
response sensitive to priming: An MEG study of lexical access,
Cognitive Neuroscience Society (2000), Poster 62E.

[16] T.PL. Roberts, D. Poeppel, Latency of auditory evoked M100 as a
function of tone frequency, NeuroReport 7 (1996) 1138-1140.

[17] D.L. Scarborough, C. Cortese, H.S. Scarborough, Frequency and
repetition effects in lexicad memory, J. Exp. Psychol.: Human
Perception and Performance 3 (1977) 1-17.

[18] T. Sekiguchi, S. Koyama, R. Kakigi, The effect of word repetition
on evoked magnetic responses in the human brain, Japanese
Psychological Res. 42 (1) (2000) 3-12.

[19] S. Stufflebeam, D. Poeppel, H.A. Rowley, T.PL. Roberts, Peri-
threshold encoding of stimulus frequency and intensity in the M100
latency, NeuroReport 9 (1) (1998) 91-94.



