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Abstract

Recent research has shown that pseudowords created by transposing letters are very effective for activating the lexical representation of their base
words (e.g., relovution activates REVOLUTION). Furthermore, pseudoword transpositions of consonants are more similar to their corresponding
base words than the transposition of vowels. We report one experiment using pseudowords created by the transposition of two consonants, two
vowels, and their corresponding control conditions (i.e., the replacement of two consonants or two vowels) in a lexical decision task while Event
Related Potentials (ERPs) were recorded. The results showed a modulation of the amplitude of the N400 component as a function of the type of
pseudoword (transposed-letter versus replacement letter pseudowords), and this modulation was different for transposed consonants and vowels.
These results suggest that consonants and vowels play a different role during word processing.
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When we read it is common to misread words like causal and
casual. A growing number of studies have shown that, during
the recognition of any given word, not only is the representa-
tion of the word itself activated, but also the representations of
similarly spelled words (“neighbors”). Although the majority of
“neighborhood” experiments have focused on one specific type
of neighbor: one-letter different neighbors (e.g., trail and train),
recent research has shown that transposed-letter neighbors may
be even more perceptually similar to the target stimulus than one-
letter different neighbors (zrail and trial; [28,31]). Most notably,
the presence of transposed-letter effects has critical implica-
tions for the choice of an input coding-scheme in visual-word
recognition. Most current computational models of visual-word
recognition [7,13,20] assume that each letter is encoded in a dif-
ferent “letter-channel”, and hence they cannot accommodate the
presence of transposed-letter effects.

To overcome the limitations of a channel-specific coding-
scheme, a number of input coding-schemes have been proposed
(SERIOL model [34]; SOLAR model [11]; open-bigram model
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[14]; overlap model [12]). Although the basic mechanisms of
how letter position is encoded differ across these models, they
all predict that transposed-letter neighbors like casual and causal
are perceptually very similar. There is one caveat, however: for
simplicity’s sake, these models assume that consonants and vow-
els are processed in the same way. As shown in the present paper,
this assumption may be an oversimplification.

Recent transposed-letter experiments [28,27] have shown
that consonants and vowels play a different role in
visual-word recognition. In particular, Perea and Lup-
ker [28] obtained masked priming effects for consonant
transpositions (relovucién-REVOLUCION versus retosucion-
REVOLUCION), but not for vowel transpositions (reluvocion-
REVOLUCION versus  relavicion-REVOLUCION). Further-
more, these findings have been extended to a single-presentation
lexical decision task [28,27]: transposed-letter pseudowords
created by transposing two consonants (e.g., RELOVUCION)
produce a high number of “word” responses (45% versus
5% of errors for the transposed-letter condition and its con-
trol, respectively), while effects for transposing two vowels
(REVULOCION) relative to the appropriate orthographic con-
trol are substantially smaller (25% versus 5% of errors for
the transposed-letter condition and its control, respectively).
Thus, transposed-letter vowel pseudowords are also fairly sim-
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ilar to their base words, but they are simply less similar than
transposed-letter consonant pseudowords. These results are con-
sistent with claims that there may be some basic processing
differences between vowels and consonants in the process of lex-
ical access, and with findings from other paradigms (visual-word
perception: [1,18]; speech perception: [2]; neuropsychology:
[4.9D.

In particular, Cutler et al. [10] showed that, when allowed
to change one phoneme to make a word from a pseudoword,
participants more often alter a vowel than a consonant. Further-
more, statistical information about consonants, but not about
vowels, appears to have a crucial role in the detection of words
in the continuous speech stream [3,22,26]. Finally, a categorical
distinction for vowels and consonants in the brain has been pro-
posed by Caramazza et al. [4] (see also [8,9,21,33]) on the basis
of neuropsychological evidence. This proposal is based on two
aphasic patients who exhibit contrasting patterns of errors when
producing vowels and consonants: one patient makes three times
as many errors in vowels than in consonants, while the other
patient makes five times as many errors in consonants than in
vowels. This double dissociation has also been found in two
other patients [8,21]. In addition, Carreiras and Price [5] found
that changing vowels relative to consonants increased activation
in the right middle temporal cortex, while changing consonants
relative to vowels increased activation in right middle frontal
cortex. Taken together, all these findings offer a strong case for
a functional distinction between vowels and consonants.

The main goal of the present experiment is to exam-
ine transposed-letter effects in visual-word recognition, with
specific attention to the role of consonants and vowels, by
using electrophysiological measures. ERPs are voltage changes
recorded from the scalp and extracted from the background
electroencephalogram by averaging time-locked responses to
stimuli onset. Of specific interest for our study is the N400 com-
ponent, a negative deflection occurring around 400 ms after a
word presentation that has been associated to lexical-semantic
processing [16,17]. In particular, the amplitude of this negativ-
ity is an inverse function of the lexical frequency, of lexicality,
and of orthographic neighborhood size. The amplitude of the
N400 component is greater for low-frequency words than for
high-frequency words, and for pseudowords than for words
[6,23]. Furthermore, words embedded in a large neighborhood
(in terms of “one-letter different” neighbors) generate a larger
N400 component than words embedded in a sparse neighbor-
hood. This is so because larger neighborhoods produce higher
levels of activation, either at the level of form representations
or at the level of semantic representation [16]. If transposed-
letter pseudowords generate more lexical activity—especially
transposed-letter consonant pseudowords, they should produce
a modulation of the amplitude in the same way as one-letter
different neighbors.

In the present experiment, we examine whether transposed-
letter pseudowords created by transposing two consonants (or
two vowels) are more competitive (in terms of increased ampli-
tude of the N400 component, number of false positives, and
longer latencies in the behavioral measures) than their corre-
sponding orthographic controls in a lexical decision task. Highly

wordlike pseudowords (e.g., RELOVUCION) are expected to
activate the lexical representation of their corresponding base
words to a higher degree than orthographic controls (RETO-
SUCION), and therefore one would expect a strong tendency
to misperceive them as words. Importantly, if transposed-letter
pseudowords (RELOVUCION) activate the lexical representa-
tion of their corresponding base words (REVOLUCION) to a
higher degree than the orthographic controls (RETOSUCION),
larger amplitudes in the N400O component will be expected for the
transposed-letter pseudowords than for the replacement-letter
pseudowords. Furthermore, on the basis of prior research, we
would expect this effect to be larger for consonant transposi-
tions than for vowel transpositions and also expect differences
in topography between them.

Twenty-four (14 women) undergraduate students participated
in the experiment in exchange for course credit. All of them
were native Spanish speakers, with no history of neurological or
psychiatric impairment, and with normal or corrected-to-normal
vision. Ages ranged from 18 to 33 years (mean=23.5 years).
All participants were right-handed, as assessed with a Spanish
version of the Edinburgh Handedness Inventory [24].

The base words for the pseudoword targets were 240 Span-
ish words (mean word frequency per one million words in the
[32], count: 23, range: 1-147; mean Coltheart’s N: 0.5, range:
0-5; mean length in letters: 8.9, range: 7-11). For each base
word, we created: (i) a transposed-letter pseudoword in which
two nonadjacent consonants were switched (RELOVUCION),
(ii) a replacement-letter pseudoword in which the two critical
consonants were replaced by others (RETOSUCION), (iii) a
transposed-letter pseudoword in which two nonadjacent vowels
were switched (REVULOCION), and (iv) a replacement-letter
pseudoword in which the two critical vowels were replaced
by others (REVALICION). The transposed-letter pseudowords
and their controls had, on average, 0.075 one-letter different
neighbors (range 0—1)—all these neighbors were always very-
low-frequency words. In all cases, the first syllable of the base
word remained unchanged. An additional set of 240 words that
were 7 to 11 letters long (mean frequency per million words: 31,
range: 4-251) was included for the purposes of the lexical deci-
sion task. Four lists of materials were constructed so that each
pseudoword appeared once in each list, but each time in a dif-
ferent condition. Different participants were assigned randomly
to each list.

Participants were seated comfortably in a darkened sound-
attenuated room. All stimuli were presented on a high-resolution
monitor that was positioned at eye level 80-90 cm in front of the
participant. The words were displayed in white uppercase Arial
24 against a dark-grey background. Participants performed a
lexical decision task: they were instructed to press one of two
buttons on the response pad to indicate whether the letter string
was a legitimate Spanish word or not. A response button was
positioned beneath each thumb. For half of the participants the
right button was used to signal the “Yes” response and left button
was assigned the “No” response. For the remaining participants
the order was reversed. The sequence of events in each trial is
described as follows. First, a fixation point (“+”) appeared in
the centre of the screen and remained there for 500 ms. The
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fixation point was followed by a word or a pseudoword that
remained there for 400 ms. The inter-trial interval varied ran-
domly between 1000 and 1300 ms. The stimuli were presented
in different random order for each participant.

Sixteen warm-up trials were provided at the beginning of
the session and were repeated if necessary. Participants were
also asked to avoid eye-movements and blinks during the inter-
val starting from the fixation point until response was given.
They were directed to favor accuracy over speed in their
responses.

Scalp voltages were collected from 58 Ag/AgCl electrodes
which were mounted in an elastic cap (ElectroCap International,
Eaton, USA, 10-10 system). Linked earlobes were used as refer-
ence. Eye movements and blinks were monitored with six further
electrodes providing bipolar recordings of the horizontal and
vertical electrooculogram (EOG). Inter-electrode impedances
were kept below 10k2. EEG was filtered with an analogue
bandpass filter of 0.01-100Hz and a digital 20 Hz low-pass
filter was applied before analysis. The signals were sampled
continuously throughout the experiment with a sampling rate of
250 Hz.

Epochs of the EEG corresponding to 750 ms after word onset
presentation were averaged and analyzed. Baseline correction
was performed using the average EEG activity in the 100 ms pre-
ceding the onset of the target word as a reference signal value.
Following baseline correction, epochs with simultaneous arti-
facts in at least 10 channels were rejected. In addition, trials that
were not responded to correctly were not included in the analy-
sis. This resulted in the exclusion of approximately 22.6% of the
trials. Separate ERPs were formed for each of the experimental
conditions, each of the participants and each of the electrode
sites.

Six regions of interest were computed out of the 64 elec-
trodes, each containing the mean of a group of electrodes.
The regions were: left-anterior (F1,F3,F5,C1A,C3A,C5A), left-
central (C1,C3,C5,C1P,C3P,TCP1), left-posterior (P1,P3,P5,
P1P,P3P,CB1), right-anterior (F2,F4,F6,C2A,C4A,C6A), right-
central (C2,C4,C6,C2P,C4P,TCP2), right-posterior (P2,P4,
P6,P2P,P4P,CB2).

Mean amplitudes were obtained for different time win-
dows. For each window, a repeated-measures ANOVA was
performed, including electrode regions (anterior, central and
posterior), hemisphere (left/right) and the experimental vari-
ables as factors: type of similarity (transposed versus replaced)
and type of transposed/replaced letter (consonants versus
vowels). Where appropriate, critical values were adjusted
using the Greenhouse—Geisser correction [15]. Effects for
the electrode region factor or for the hemisphere factor will
only be reported when they interact with the experimental
manipulations.

The mean response times for correct responses and error rates
of pseudowords are presented in Table 1. See also d’ and log(8).
Incorrect responses (15.5%) were excluded from the latency
analysis. In addition, to avoid the influence of outliers, reaction
times less than 300 ms or greater than 1500 ms (less than 4.0%)
were excluded. ANOVAs based on subject mean response laten-
cies and error rates to pseudoword targets were conducted based

Table 1

Mean lexical decision times (in ms) and standard deviations (in parentheses), per-
centage of errors, target detection sensitivity (') and response criterion (log(8))
indices on pseudowords

Transposed-letter Replacement-letter Difference

Consonants

RT (S.D.) 1041 (124) 917(116) 124

Errors 30.4 (14.4) 6.7 (5.7) 23.8

d 2.34 3.41 —1.07

log(B) 0.29 1.56 —1.27
Vowels

RT (S.D.) 1022 (126) 911(123) 111

Errors 18.8 (13.0) 6.0 (5.5) 12.8

d 2.79 3.48 —.69

log(B) 0.84 1.64 —.8

Note: The mean correct RT for word trials was 834 ms and the error rate was
4.2%.

on a2 (Type of similarity: transposition versus replacement) x 2
(Type of transposed|replaced letter: consonants versus vowels)
design. All significant effects had p <.05.

Pseudowords created by transposing two letters were
responded to 118 ms slower than pseudowords created by replac-
ing those two letters, F(1, 23)=253.84. Pseudowords created
by transposing/replacing two consonants had slower latencies
than pseudowords created by transposing/replacing two vowels,
F(1,23)=4.52. The interaction between the two factors was not
significant.

The ANOVA on the error data showed that there were
significantly fewer errors to replacement-letter pseudowords
than to transposed-letter pseudowords, F(1, 23)=73.33. There
were also more errors to pseudowords created by transpos-
ing/replacing two consonants than to pseudowords created by
transposing/replacing two vowels, F(1, 23)=33.67. The inter-
action of the two factors was significant, F(1, 23)=31.74: the
transposition-letter effect was larger for the pseudowords cre-
ated by transposing two consonants (23.8%; F(1, 23)=95.15)
than for the pseudowords created by transposing two vowels
(12.8%; F(1, 23)=31.83).

The ERP grand averages, time-locked to the onset of the tar-
get pseudowords and words showed, as usual, that the amplitude
of the N400 component is larger for pseudowords than for words.
More importantly, ERP grand averages time-locked to the onset
of the four pseudowords, which are represented in Fig. 1 over
six recording sites, showed clear differences between them in
the N400 component in two windows 300-500 and 500-650. In
the 300-500 ms window, the negativity is larger for the replaced
conditions than for the transposed conditions. In contrast, in
the 500-650 ms window, the negativity is larger for the trans-
posed than for the replaced conditions, which is particularly
clear in the case of consonants. Fig. 2 shows the topographi-
cal distribution over the scalp of all the above-described effects
at a particular time within the 500-650 ms interval. Statistical
analyses supported these observations. ANOVAs including the
factors type of similarity (transposition versus replacement), type
of transposed/replaced letters (consonants versus vowels), elec-
trode regions (anterior, central, and posterior), and hemisphere
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Fig. 1. Grand average ERPs to the words (dotted line) and the four pseudoword conditions (transposed consonants, replaced consonants, transposed vowels, and
replaced vowels) in two representative electrodes of each area of analysis. Negative potentials are plotted upwards and each hash mask represents 100 ms. The two
windows of analysis (300-500 and 500650 ms) are highlighted by the vertical bars.

(left versus right) were performed separately for each of the two
windows.

The ANOVA with the average values of the 300-500 ms time
epoch showed a main effect of type of similarity [F(1,23)=4.1,
p <.05]. The negativity amplitude was larger for the control —
replaced letters — than for the transposed conditions. None of the
interactions type of similarity X type of letter [F(1, 23)=1.4],
type of similarity X type of letter x hemisphere [F(1,23)=1.1],
type of similarity X type of letter x electrode [F < 1], or the four-
way interaction [F < 1], was significant.

The ANOVA with the average values of the 500650 ms time
epoch showed a main effect of type of similarity [F(1,23)=6.5,

p<.01]. Negativity amplitude was larger for the transposed-
letter conditions than for the replacement-letter conditions.
However, this main effect was qualified by an interaction of type
of similarity x type of letter x electrode regions [F(2,46)=4.06,
p<.05, ¢=.568]. In the anterior region, there was a signifi-
cant effect of rype of similarity for consonants [F(1, 23)=9.04,
p<.01], but not for vowels [F<1]. In the middle region, the
effect of type of similarity was significant both for consonants
[F(1, 23)=4.5, p<.05] and for vowels [F(1, 23)=4.2, p<.05].
Finally, in the posterior region, the effect of type of similarity was
significant for vowels [F(1, 23)=4.5, p <.05], but not for con-
sonants [F(1, 23)=1.6]. The same pattern of effects was found

300-500 ms.
0.4 pv opv 0.4 pv

500-650 ms

— — o
-1.3 v o pv 1.3 pv

Fig. 2. Topographical distribution of the transposed-letter vs. replacement-letter contrasts for consonants and vowels in the two windows of analysis. An overview of
the electrode positions and regions used for statistical analysis is represented within the squares. The big black circles correspond to the electrodes selected in Fig. 1.
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when the analyses were performed with a sample of the stimuli
so that error rates were equated across conditions.

Consistent with previous research, transposed-letter pseu-
dowords created by two transposed consonants activated their
corresponding base words to a considerable degree [28,27]. This
effect was quite dramatic in the false alarm rate, especially for
consonant transpositions. Robust effects for transposing two
vowels were also found both in the reaction times and error
rates. Therefore, transposed-letter vowel pseudowords are also
perceptually similar to their base words, but they are simply less
similar than consonant transpositions.

More importantly, there were differences between consonants
and vowels in the amplitude of the N400 component. In the
first window (300-500 ms), the amplitude of the replacement-
letter condition was larger than that of the transposed-letter
condition. In contrast, this tendency reverses in a later window
(500-650 ms): the amplitude of the transposed-letter condition
becomes larger than that of the replacement-letter condition.
This late effect occurs for both consonants and vowels, but the
topography of the effect differs: it is significant for consonants
in the anterior and middle electrodes, whereas it is significant
for vowels in the middle and posterior electrodes.

Thus, the present results suggest that, in the first window of
the N400 component, transposed-letter pseudowords are treated
almost as words and, hence, stimuli that are less “wordlike”
— the replacement-letter conditions — produce larger ampli-
tudes. This is why the amplitude of the replacement-letter
pseudowords is enhanced relative to the transposed-letter pseu-
dowords. However, this tendency immediately reverses because
the transposed-letter pseudowords produce more lexical activity
and become more competitive (i.e., “wordlike”). This pattern
is consistent with the idea of an activation—verification process:
an early activation stage and a later verification stage [25,29]
(see [30] for an activation—verification model in silent reading).
This interpretation is also consistent with the behavioral data
[27-29].

The presence of transposed-letter similarity effects is con-
sistent with the predictions of the recently-proposed coding
schemes in visual-word recognition (SERIOL, SOLAR, open-
bigram, and overlap models). However, transposed-letter effects
were different when the transposed letters were consonants than
when they were vowels. In the above-cited models there is no
difference between vowel and consonant processing, and hence,
transposed-letter effects are posited to be of similar magni-
tude for vowel and consonant transpositions. One question for
future research is whether these models can capture the observed
effects by tweaking with the parameters or, whether, instead,
they may need some more substantial modifications.

Interestingly, the differential pattern of data for consonants
and vowels was noticeable in terms of the topographical dis-
tribution of the effects. This dissociation suggests functional
differences for consonants and vowels in terms of cognitive
processing and neural substrate [4,5]. Therefore, the data from
patients, fMRI, as well as the ERP data converge on the idea that
there may be some basic processing differences between vow-
els and consonants. Indeed, recent empirical evidence has also
shown functional differences between consonants and vowels in

speech perception and language acquisition [3,22,26]. Interest-
ingly, Semitic languages attest the role of consonants in making
lexical distinctions. In these languages, lexical roots are formed
exclusively by consonants, whereas vowels are inserted to indi-
cate morphological patterns [19]. Indeed, the fact that vowel
processing during tasks that deal with visual-word recognition
modulates activation in regions that have been also found to be
modulated by prosody [5] is consistent with the proposal that
vowels increase prosodic processing.

In sum, the present experiment has shown robust transposed-
letter effects in behavioral and electrophysiological measures.
Importantly, the magnitude of these effects depends on whether
the transposed-letters are vowels or consonants. Converging data
from different paradigms suggest that there is differential pro-
cessing for consonants and vowels. This functional distinction
may reside in some differences in the neural representation. Fur-
ther empirical and theoretical work is needed to shed more light
on this important issue.
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