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Previous research has shown that neural responses to words during sentence comprehension are sensitive to both lexical
repetition and a word’s predictability in context. While previous research has often contrasted the effects of these variables
(e.g. by looking at cases in which word repetition violates sentence-level constraints), little is known about how they work in
tandem. In the current study we examine how recent exposure to a word and its predictability in context combine to
impact lexical semantic processing. We devise a novel paradigm that combines reading comprehension with a recognition
memory task, allowing for an orthogonal manipulation of a word’s predictability and its repetition status. Using event-
related brain potentials (ERPs), we show that word repetition and predictability have qualitatively similar and additive
effects on the N400 amplitude. We propose that prior exposure to a word and predictability impact lexical semantic
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Introduction

Research in the last three decades has established that the brain
actively deploys lexical and contextual information to facilitate
word processing during language comprehension. For example,
previous work has shown that neural responses to a word are
decreased when the word is presented a second time or preceded
by a related item in a word list [1-4]. This phenomenon is known
as lexical priming and has been attributed to eased access to a
word in long-term semantic memory after its level of activation has
been boosted by the first presentation of that word or a related
word. Lexical priming has been observed across different tasks,
and it occurs even when the prime is masked from consciousness
[5] or when it is embedded in a sentence or discourse [6-8]. As
such, the mechanism underlying lexical priming is thought to be
bottom-up, highly automatized and reflective of the organization
of long-term semantic memory [9-14].

On the other hand, neural responses to words within a sentence
context are also strongly modulated by the fit between these words
and their context, such that words that are more predictable in
context are processed more easily. The effect of predictability, as
in the case of lexical priming, also results in facilitated access to
words in long-term semantic memory (e.g., [15]). However, unlike
lexical priming, this facilitation is thought to result from the
semantic interpretation of the preceding sentence or discourse.
Previous research has demonstrated that comprehenders incre-
mentally compute a semantic interpretation of the sentence
context and integrate it with their world knowledge to anticipate
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and pre-activate likely upcoming words on the fly (e.g., [16-18]).
Further, previous research has also shown that the effect of
prediction is not reducible to lexical semantic priming (e.g., [19—
20]). As such, sentence context is thought to facilitate lexical
semantic processing through a top-down mechanism that, in
contrast with lexical priming, relies on the combinatorial
computation of contextual information and is sensitive to task
demands and subject to strategic control.

However, less is known about how the mechanisms that
compute lexical and sentence-level information work in tandem
to facilitate lexical semantic processing in comprehension.
Studying their combined effect is important because discourses
in natural language are structured around semantically coherent
structures or topics ([21-23]), and there are systematic topic-to-
word and word-to-word relationships. For example, if a text or
passage has “finances” as its topic, the probability of occurrence of
a word like “bank’ will be high, and the appearance of this word
might in turn make it more likely that words like “federal” and
“reserve” will also appear in the discourse. Therefore, examining
how lexical and contextual information combine to facilitate the
processing of words in sentences should lead to a better
understanding of how these sources of information are used in
everyday language situations, where both are expected to jointly
aid in the comprehension of discourse. In the current study, we
address this issue by examining the interaction of word repetition
and word predictability. In particular, we ask: how does recent
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exposure to a word interact with contextual information during
comprehension?

We consider three possible ways in which previous exposure to a
word and contextual information can work together during
reading comprehension. One possibility is that word processing
in sentences is primarily modulated by the information provided
by the sentence context, such that repetition only exerts an
influence when contextual information is limited and does not
strongly predict a word. For example, it has been previously
observed that word-level variables such as concreteness and lexical
frequency have a weaker impact on neural responses when words
are embedded in meaningful sentence contexts (see [24] for
discussion). Relatedly, semantic priming effects are larger for
words that appear in word lists or in less constraining contexts than
in very constraining sentence contexts [25] (see [26] for review).

Alternatively, repetition might affect word processing by
strengthening predictions that are already licensed by contextual
information. Although we are not aware of a proposal of this
nature in the domain of word recognition, analogous proposals
have been made in the domains of speech perception and word
learning. For example, in speech perception it has been shown that
acoustic information is used more effectively if listeners are given
contextual information about the type of stimuli they are tested on
[27-28]. Similarly, infants’ success in using phonetic information
to discriminate novel words (e.g. “bin” vs. “din”) in a word
recognition task greatly improves when the words’ referential
status is provided (e.g., by being paired with an object), as
compared with when the words are presented in isolation [29-30].
Both these examples suggest that low-level perceptual information
might be more useful when deployed together with rich contextual
information. Analogously, repetition and sentence predictability
may facilitate lexical semantic activation in a supra-additive
fashion, with the effect of repetition being larger for words that are
more predictable in a given sentence context.

We contrast these alternatives with the possibility that word
repetition and context predictability have independent and
additive effects on lexical semantic activation. According to this
view, recent exposure to a word always results in facilitated
processing of that word in a sentence context, regardless of its
predictability. This view predicts that word repetition and context
predictability should have an additive influence on lexical semantic
activation even if the word previously appeared outside of the
sentence context. One class of computational models that could
predict such a pattern are cache-based natural language models, in
which information about which words have appeared recently in
the discourse is maintained in a running cache and combined with
information about the current sentence context to yield an
estimate of word probability [31]. A recent example of indepen-
dent contributions of lexical and sentential context in compre-
hension comes from work suggesting that the frequencies of the
multiple entries of category-ambiguous words are computed
independently of the context they appear in [32].

We examine these alternatives using the N400 component as a
measure of lexical semantic activation. The N400 is a broad
negative deflection of the event-related potential (ERP) that starts
200-300 ms after a word has been presented and peaks after
approximately 400 ms [33]. Although a precise interpretation of
the processes indexed by this component is still under debate (see
[34] for review) we adopt here the proposal that the N400 reflects
activation of the semantic features of the long-term memory
representations that are associated with a lexical item [15,35].
According to this view, the N400 response to a word indexes how
easy or hard it is to retrieve this word from long-term semantic
memory. Correspondingly, words that have been encountered
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recently or that are more expected are associated with a reduction
in the N400 amplitude, with localization evidence suggesting that
this differential activity is generated in regions of temporal cortex
involved in representing lexical and conceptual information
[34,36]. Therefore, the N400 provides a good implicit measure
for examining the mechanism by which lexical repetition and
contextual information combine to impact word activation during
comprehension.

Previous Work

Many studies have reported N400 reductions due to word
repetition (e.g., [7,8,37]) and predictability (e.g., [38-40]). A few
studies have examined the joint influence of these factors, and they
have mainly concluded that repetition effects are context-
dependent. One group of studies has focused on cases where
repetition violates sentence-level constraints, in examining how
repetition of proper names is modulated by co-referential
constraints [41-43]. These studies have shown that a repeated
name like “Daniel” in the sentence “A¢ the office Daniel moved the
cabinet because Danzel ...” elicits a larger N400 than in the control
sentence “At the office Daniel and Amanda moved the cabinet because Daniel
...”7. The larger N400 for the repeated name in first sentence has
been attributed to a violation of coreference constraints, under
which when a referent is prominent in the discourse (as in the first
sentence) it should be referred to using a pronoun instead of a
proper name. The N400 effect elicited by repeated names that
infelicitously refer to a prominent antecedent has been called the
repeated name penalty. This finding has been taken to argue that
repetition effects are context-dependent, and that they can be
overriden by higher level processes.

Similarly, a previous study using a memory paradigm found
that when both a target word and its context are repeated, word
repetition reduces the N400 to incongruous words only, consistent
with repetition effects being dependent on context [7]. In this
study, participants read sentences in which the final word was
either highly predictable in a congruous sentence or highly
unpredictable in an incongruous sentence. Predictability was
assessed offline using the cloze procedure, in which a separate
group of participants were asked to provide completions to
sentence fragments [44]; in this study the sentence-final words had
a cloze probability greater than 0.75 in the predictable conditions
and a cloze probability of 0 in the unpredictable conditions.
Participants were asked to memorize the sentence-final words (first
presentation) and were then given the sentence frames and asked
to recall the missing final words (recall test). Afterwards, they read
the same set of sentences for a second time (second presentation).
Comparing ERPs across the first and second presentations, the
authors found that repetition led to a reduced N400 response for
incongruous words but not for congruous ones, yielding a
statistical interaction between predictability and repetition. They
suggested that lexical repetition does not affect normal sentence
processing, but it can facilitate the processing of incongruous
words.

However, one potential concern about these previous studies is
that they manipulated word repetition in such a way that the
second occurrence of the word was infelicitous, either because it
violated a pragmatic constraint [41-43], or because the entire
sentence context was repeated in a rather artificial way [7]. In
contrast, word repetition in typical language comprehension
presumably takes place in congruous sentences, and while
repetition of words is fairly common, repetition of whole sentences
is not. More importantly, these studies manipulated lexical
repetition and contextual variables in a non-orthogonal manner,
such that the effects of the manipulated variables could not be
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clearly dissociated. Specifically, in the repeated name penalty
studies [41-43], repetition rendered the sentences infelicitous, and
therefore the observed N400 patterns may have reflected both the
effect of repetition and of the incongruity of the target words in
context. In the study by Besson and colleagues [7], since the target
words appeared in identical sentences across both presentations,
the repetition of the contexts likely changed the predictability of
the target words on second presentation. Thus, unpredictable
words might have become much more predictable when repeated
in the same context. For example, even though the word ‘socks’ is
unexpected in a sentence like ‘7 lke my coffee with cream and...’, it is
likely to be more expected when the same sentence appears for the
second time. Therefore, it is unclear whether the observed N400
reduction was due to lexical repetition of the target, to its increased
predictability in the sentence context, or both.

In order to dissociate between the effects of word and sentence
repetition, in a later study Besson and Kutas examined the effects
of repetition of low cloze probability words (cloze probability <
28%) and varied whether they appeared in the same or in different
sentence contexts across presentations [37]. They showed that
when the sentence context was changed, word repetition did not
modulate the N400. As a result, they concluded that word
repetition led to a reduced N400 response only when contexts are
also repeated. However, since the predictability of the target words
was not manipulated in the study, these results cannot address our
question about the combined effects of word repetition and
predictability on lexical semantic activation. Furthermore, the
finding that lexical repetition leads to an N400 reduction only
when the word appears in identical contexts across presentations
seems at odds with previous findings in the single-word literature,
where words repeated in word lists are consistently associated with
reduced N400 responses [4,45-50]. Although target words are
preceded by different words across the first and second presen-
tations, repetition consistently leads to an N400 reduction,
suggesting that repetition can facilitate lexical semantic activation
even when it occurs across different contexts.

In summary, although previous work has established that lexical
repetition and contextual information can impact lexical semantic
activation during comprehension, questions about how they work
in tandem remain unanswered as there are discrepancies across
studies and paradigms. Below we present a new paradigm that
addresses some of these concerns in order to examine the
interaction between lexical and contextual information during
sentence processing.

The Present Study

The current study investigated whether recent exposure to a
word interacts with contextual information during comprehension
by examining the joint effect of word repetition and predictability
on the N400 amplitude. We devised a novel paradigm in which
word repetition always occurred in non-repeated contexts. Since
word repetition and predictability can be manipulated orthogo-
nally in this paradigm, we can avoid some of the ambiguities in
Interpretation encountered by previous studies.

As illustrated in Figure 1, the paradigm consisted of a
familiarization phase, a reading comprehension phase and a
recognition test phase. In the familiarization phase participants
were asked to study a set of words for a later recognition memory
test. Since differences at initial memory encoding have been shown
to affect the amplitude of the N400 during later recognition [51—
52], we presented the words in isolation rather than in sentence
contexts to minimize systematic encoding differences. In between
the familiarization and the recognition memory test phase,
participants read a list of sentences for comprehension while their

PLOS ONE | www.plosone.org

Additive Effects of Repetition and Predictability during Comprehension

electroencephalogram (EEG) was recorded. We manipulated
whether the target words had been studied in the familiarization
phase or not (old vs. new) as well as their predictability in the
sentence context (expected vs. unexpected), which was operatio-
nalized as their cloze probability. In order to avoid floor effects on
the N400 amplitude (cfr. [26]), we used expected target words of
intermediate cloze probability (7.9-39.5%). Representative sample
items are shown in (1) to (3) with the target word underlined with
expected targets presented to the left of unexpected targets:

(1) Vivian wanted to leave the party because she couldn’t stand
the noise/drinks and the rowdy crowd.

(2) Brian looked all over the house for his missing keys/watch
before leaving for work.

(3) The doctor realized that the patient would need a transplant/
miracle in order to survive.

We divided the experimental session into 16 short blocks, each
containing 8 words for familiarization, 8 sentences for compre-
hension, and 8 words for the recognition memory test. This was
motivated by two main considerations: we reasoned that while a
long delay might substantially weaken the effects of repetition, a
delay that is too short (i.e., one with too few trials per block) might
make it apparent to the participants that half of the studied words
would reappear in a sentence within the same block. This might
have encouraged participants to predict that the studied words
would reappear during sentence comprehension, rendering our
experimental manipulations non-orthogonal, as repeated words
would also have been more predictable. For these reasons, we
piloted the experiment with different block sizes. We decided to
pursue 8-trial blocks since they were short enough for participants
to perform the memory recognition task well above chance-level
without making apparent whether and/or when a studied word
would reappear in the sentences within the same block. Further,
since multiple-trial blocks afford variable time lags between the
first and second presentations of a word, they allow us to better
model the fact that word repetition may occur over any number of
sentences in written texts or speech in real-life settings.

Different patterns of results are predicted by each of the three
hypotheses discussed in the Introduction about how lexical
repetition and contextual information combine to impact lexical
semantic activation. If recent exposure to a word and predictabil-
ity affect lexical semantic activation independently, they should
have an additive effect on the N400 amplitude. Alternatively, if
lexical repetition facilitates lexical semantic activation only when a
word is not predictable in a given context, then the effect of
repetition on the N400 should be larger for unexpected words than
expected words. This would be consistent with observations in
previous studies on semantic priming (e.g., [25]). Lastly, if word
repetition can strengthen or reinforce the predictions that arise
from the sentence context, then the effect of repetition on the
N400 should be larger for expected words than unexpected words.

Methods

Participants

Twenty-four students (12 female, mean age=21.1 years,
range = 18-28 years) from the University of Maryland, College
Park participated in the current study. Informed consent was
obtained in all cases. Participants were right-handed, native
English speakers with normal or corrected-to-normal vision.
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Figure 1. The three phases used in the experimental paradigm: familiarization (left), sentence comprehension (center) and memory

recognition test (right).
doi:10.1371/journal.pone.0099199.g001

Ethics Statement

This study was conducted with the approval of the University of
Maryland, College Park Institutional Review Board (UMCP IRB).
All participants gave written consent and were paid 20 USD for
their participation in accordance with the policies of UMCP IRB.

Materials

Stimuli for reading comprehension consisted of 128 sentence
item sets. We orthogonally manipulated the repetition status (old
vs. new) and the predictability (expected vs. unexpected) of the
target word in the sentences. A target word was considered ‘old’ if
it was presented in the preceding familiarization phase and ‘new’
otherwise. Cloze probabilities for the experimental sentences were
obtained in a norming study. Participants were 114 student
volunteers at the University of Maryland, College Park. They were
asked to provide the best continuations for 220 sentence frames. A
total of 180 sentence fragments for which the maximum cloze
probability was below 40% were selected to form the sentences for
the EEG study. Expected target words had an average of 22.5%
cloze probability (range = 7.9-39.5%); unexpected plausible target
words were selected from words that were provided exactly once
(0.9% cloze probability) in the norming study. Thus, all
experimental sentences were semantically congruous. The sen-
tences were extended beyond the target word in order to avoid
wrap-up effects.

The stimuli for the familiarization phase consisted of 128 words.
Half of these words were presented as target words in sentences for
reading comprehension and the other half were words selected to
match the lexical frequency of the target words (average log
frequency of targets: 3.20; fillers: 3.16; [53]). For the recognition
task the stimuli also consisted of 128 words, half of which were
presented in the familiarization phase, while the other half were
new words matched in average frequency. Thus, only half of the
64 studied words appeared as targets in sentences for reading
comprehension.

The sentence items and the words for the familiarization and
recognition tasks were distributed in four presentation lists using a
Latin square design. Each list contained 128 words for familiar-
ization and recognition respectively, along with 128 sentences (32
per condition), each paired with a corresponding Yes/No
comprehension question. The overall ratio of Yes/No target
response was 1:1 in each presentation list. Each list was presented
to six participants. The materials were presented in 16 blocks, each
containing 8 words for familiarization, 8 sentences for reading
comprehension and 8 words for recognition. The order of blocks
and the materials within each phase in each block were
pseudorandomized across participants.
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Procedure

As illustrated in Figure 1, participants were instructed to
memorize the words presented during the familiarization phase for
a later recognition task. In between each familiarization and
recognition phase they were asked to read sentences attentively
and to answer comprehension questions about those sentences.

In the familiarization phase words were presented in two
sequences of four, and each sequence was followed by a screen on
which all four words were presented together. In each sequence
words were presented individually at the center of the screen for
600 ms, followed by 400 ms of blank screen. At the end of each
sequence the four words reappeared on the screen together.
Participants were told to press a button to proceed to the second
sequence (or to the next phase if they had seen both sequences)
when they had memorized the words. In the sentence compre-
hension phase, sentences were presented one word at a time at the
center of the screen. Each sentence was preceded by a fixation
cross that appeared for 500 ms. Each word appeared on the screen
for 300 ms, followed by 230 ms of blank screen. The last word of
each sentence was marked with a period, followed by a
comprehension question 1000 ms later. Participants were instruct-
ed to avoid eye blinks and movements during the presentation of
the sentences and to answer the comprehension questions by
pressing one of two buttons. In the recognition phase, each trial
consisted of a word presented at the center of the screen.
Participants indicated whether the word had been presented in the
familiarization phase of that block by pressing one of two buttons.
The next trial began automatically after they had responded.

Prior to the experimental session, participants completed a
practice block with 8 words for familiarization, 4 sentences for
reading comprehension and 8 words for recognition. The
experimental session was divided into 16 blocks, with short pauses
in between. Including set-up time, an experimental session lasted
between 1.5 and 2 hours.

EEG Recording

EEG was recorded continuously from 29 AgCl electrodes
mounted in an electrode cap (Electrocap International): midline:
Fz, ¥Cz, Cz, CPz, Pz, Oz; lateral: ¥P1, F3/4, ¥7/8, FC3/4, FT'7/
8, C3/4, T7/8, CP3/4, TP7/8, P4/5, P7/8, and O1/2.
Recordings were referenced online to the left mastoid and re-
referenced offline to the average of the left and right mastoids. The
electro-oculogram (EOG) was recorded at four electrode sites;
vertical EOG was recorded from electrodes placed above and
below the left eye and the horizontal EOG was recorded from
electrodes situated at the outer canthus of each eye. Electrode
impedances were kept below 5 kQ. The EEG and EOG
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recordings were amplified and digitized online at 1 kHz with a
bandpass filter of 0.15-100 Hz.

ERP Data Analysis

All trials were evaluated individually for EOG or other artifacts.
Trials contaminated by artifacts were excluded from the averaging
procedure. This affected 9.5% of experimental trials. A digital
40 Hz low-pass filter was used on all data to reduce high-
frequency noise. Event-related potentials were computed sepa-
rately for each participant and each condition for the 1000 ms
window after the onset of the target word relative to a 100 ms pre-
stimulus baseline.

Analyses focused on 18 electrodes that could be evenly
distributed across the topographic factors of interest: I'3, FZ, I4,
FC3, FCZ, FC4, C3, CZ, C4, CP3, CPZ, CP4, P3, PZ, P4, Ol,
OZ, and O2. Statistical analyses on average voltage amplitudes
were conducted in R [54] separately for two time windows selected
based on existing literature on the N400 component and visual
mspection: 300400 ms for the N400, and 600-800 ms for later
differences. We conducted Type II SS omnibus repeated measures
ANOVAs that fully crossed repetition (old vs. new) and
predictability (expected vs. unexpected) with anteriority (anterior
vs. central vs. posterior) and laterality (left vs. midline vs. right).
Electrodes were distributed across the topographic factors as
follows: left-anterior: F3, FC3; midline-anterior: FZ, FCZ; right-
anterior: F4, FC4; left-central: C3, CP3; midline-central: CZ,
CPZ; right-central: C4, CP4; left-posterior: P3, O1; midline-
posterior: PZ, OZ; right-posterior: P4, O2. Univariate F-tests with
more than one degree of freedom in the numerator were adjusted
by means of the Greenhouse-Geisser correction.

Further, in order to examine the potential interaction (or the
lack thereof) of the effects of repetition and predictability on the
N400, we compared two linear mixed-effects models [55], one
with and one without an interaction term between predictability
and repetition. We asked whether the model with an interaction
term provided a better fit for the N400 data as compared to a
model without it. Using the /me4 package [56] we fitted two linear
mixed-effects models to the 300400 ms time-window averages in
the midline-posterior region. Both models had by-subject and by-
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Table 1. Omnibus repeated measures ANOVA F-values at the target word during reading comprehension.
df 300-400 ms 600-800 ms

Omnibus ANOVA
repeat 1,23 14.94%* 3.35"
expect 1,23 11.51** <1
repeat x expect 1,23 <1 1.76
repeat x ant 2,46 1.07 320
expect x ant 2,46 1.23 <1
repeat X lat 2,46 <1 <1
expect x lat 2,46 231 147
repeat x expect x ant 2,46 <1 <1
repeat x expect x lat 2,46 <1 <1
repeat x ant x lat 4,92 2.26" <1
expect x ant x lat 4,92 137 <1
repeat x expect x ant x lat 4,92 1.96 <1

repeat = repetition; expect = expectancy; ant = anteriority; /at = laterality.

**p<.01 *p<.05 ".05<p<.1.

doi:10.1371/journal.pone.0099199.t001

item random intercepts, but the simpler model only had repetition
and predictability as fixed effects while the more complex model
included an additional repetition-by-predictability interaction
term. We then conducted a likelihood ratio test (e.g., [57]) to
determine if the more complex model provided a better fit to the
data.

Behavioral Data Analysis

Participants’ performance on the sentence comprehension and
memory recognition tasks was measured. Comprehension accu-
racy was analyzed using mixed logit models [58] with repetition,
predictability and their interaction as fixed effects and by-item and
by-subject random intercepts. D-prime (d’) scores [59] were
computed to examine participants’ performance on the recogni-
tion task. The log-linear correction method described in [60] was
used to avoid the appearance of non-finite values in the case of
extreme false alarm or hit rates. We conducted a one-sample
Wilcoxon test to examine if their average d’ score was above
chance.

Results

Behavioral Results

Participants performed well on both the sentence comprehen-
sion questions and the recognition memory task. They answered
the comprehension questions with a mean accuracy of 90.8% (old-
expected: 91%; old-unexpected: 90.2%; new-expected: 92.6%;
new-unexpected: 89.3%). Mixed logit models revealed that
comprehension accuracy was higher for sentences in the expected
conditions than in the unexpected conditions (expected =91.8%;
unexpected =89.8%; B =—0.15, p(Wald) <.05) but it was not
mmpacted by the repetition status of the target word. The average
d’ score on the memory test was 1.83 (SD =0.82), which was
significantly above chance (p<<0.001). Overall, the behavioral data
show that participants performed adequately on both the
comprehension and the memory components of the current task.
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Figure 2. Average ERP waveforms in all four conditions at PZ (top) and topographic maps (bottom) showing the effect of repetition
in the expected (left) and unexpected (right) conditions in the 300-400 ms time window.

doi:10.1371/journal.pone.0099199.g002

Event-related Potentials (ERPs) during Reading
Comprehension

Figure 2 shows the grand average ERPs at PZ to target words in
all four conditions and the topographic distribution of the
repetition effect (new minus old) separately for the unexpected
and expected conditions in the 300-400 ms time interval. Figures 3
and 4 show the grand average ERPs across all scalp sites in the
expected conditions (old vs. new) and unexpected (old vs. new)
conditions respectively. Visual inspection indicates that both
experimental factors had a clear effect on the N400: the amplitude
of the N400 was reduced for old relative to new target words, and
it was also reduced for expected relative to unexpected target
words. Table 1 shows the results of the statistical analyses in both
time-windows. We report statistics for significant main effects and
interactions below.

Consistent with these observations, omnibus repeated measures
ANOVA in the 300400 ms interval revealed significant main
effects of both repetition and predictability. The main effect of
repetition was driven by ERPs being less negative in the old than
in the new conditions (/{1,23) =14.94, p<<.01). The main effect of
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predictability was driven by ERPs being less negative in the
expected than in the unexpected conditions (£{1,23) =11.51, p<
.01). Both effects were broadly distributed across the scalp, as
shown by the lack of significant interactions with topographic
factors. Crucially, no significant interaction between these two
factors was obtained (all /$<<2). This additive pattern is displayed
in Figure 5, which shows the average ERP amplitude in the 300—
400 ms interval in the midline posterior region. The main effect of
predictability and repetition and the absence of an interaction
between them also held in two alternative time-windows that have
been previously used to assess N400 effects (200-400 ms and 300—
500 ms).

In order to further examine the additivity of the effects of
predictability and repetition, two linear mixed-effects models were
fitted to the N400 data in the midline posterior region. Both
models had predictability and repetition as fixed effects and by-
subject and by-item random intercepts; one of them included an
additional interaction term between predictability and repetition.
A likelihood ratio test revealed that the more complex model did
not provide a significantly better fit of the data than the simpler
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Figure 3. Average ERP waveforms at all 29 scalp sites in the old (solid line) and new (dashed line) expected conditions.
doi:10.1371/journal.pone.0099199.9g003
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Figure 4. Average ERP waveforms at all 29 scalp sites in the old (solid line) and new (dashed line) unexpected conditions.
doi:10.1371/journal.pone.0099199.9g004
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Figure 5. Interaction plot showing additive effects of repetition
and predictability in mean amplitude during the N400 time
window (300-400 ms) at the midline posterior region. The
expected and unexpected conditions are plotted in black and red
respectively.
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model (Xgm =.21; p=.64), and thus the removal of the interaction
term from the model was statistically justified. In fact, the near-
zero X value shows that including an interaction term in the
model hardly improves its fit of the data at all. Even though both
analyses used a null hypothesis significance testing approach and
thus neither allowed us to confirm the null hypothesis, the results
from both analyses are consistent in showing that repetition and
predictability modulated the size of the N400 in an additive
fashion.

In the 600-800 ms interval, omnibus repeated measures
ANOVA revealed a marginally significant main effect of repetition
(#11,23) =3.35, p=.08) and a marginal repetition X anteriority
interaction (M2,46) = 3.2, p=.07). These eflects were not followed
up further as they failed to reach statistical significance and they
were not predicted by any of the hypotheses examined in the
current study.

Discussion

The aim of the present study was to investigate how recent
exposure to a word interacts with the processing of contextual
information during sentence comprehension. We devised a
paradigm that allowed us to orthogonally manipulate a word’s
repetition status and its predictability in a sentence context. In line
with previous studies that have examined the effects of lexical
repetition and predictability separately [7-8,37-38,40,61], both
factors led to a reduction in the N400 amplitude in the present
study. In addition, we show evidence that their effects are additive,
such that the N400 response to a recently encountered word is
reduced by a similar amount regardless of the word’s predictability
in context.

Our observation that word repetition reduces the N400
response to both expected and unexpected words differs from
the results of Besson and colleagues [7], who found that repetition
reduced the N400 response to unexpected words only. We
attribute this discrepancy to two primary differences in the
experimental paradigm and materials used across studies. First,
while all of the expected words in Besson et al.’s study had high
cloze probability, in the current study only expected words of
intermediate cloze probability were used. Since highly predictable
words elicit small N400 responses, they might result in floor effects
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that could have led to the absence of a repetition effect in the
expected condition in Besson et al.’s study [7] (cfr. [26]). Further,
unlike Besson et al.’s sentence repetition task, in the current
paradigm the target words were first studied in a word list, and
they were presented in a sentence context only during the reading
comprehension phase. This not only minimized potential encod-
ing differences between expected and unexpected words during
familiarization, but also eliminated potential concerns about the
effects of context repetition. Therefore, the present paradigm
permitted a truly orthogonal manipulation of a word’s repetition
status and its predictability in context, and we believe that it was
these methodological improvements that allowed us to observe
repetition effects on the N400 response to expected as well as
unexpected words.

The current findings of additive effects of repetition and
predictability on N400 amplitude are consistent with two
hypotheses. First, memory for recent words and contextual
information may impact lexical semantic processing via distinct
mechanisms that independently modulate a word’s activation
level. Specifically, we propose that the ease of lexical semantic
processing is modulated by (i) bottom-up, exposure-driven changes
to the word’s residual activation level in long-term semantic
memory, and (ii) top-down, pre-activation of the word’s semantic
features as a result of the semantic interpretation of the preceding
context. Repetition facilitates lexical semantic processing because
recent exposure to a word increases its activation level in memory;
lexical semantic processing is facilitated for predictable words
because comprehenders incrementally compute a semantic
interpretation of the sentence context and integrate it with their
world knowledge to anticipate and pre-activate likely upcoming
words. Under this view, previous exposure to a word and linguistic
predictions act on the same representations stored in long-term
semantic memory, but they exert their effects through distinct and
independent mechanisms.

Alternatively, contextual information and recent exposure to a
word may both impact lexical semantic activation via a predictive
mechanism. Crucially, the facilitative effect of repetition on lexical
semantic activation may not be fully attributable to residual
activation of previously encountered words. Instead, lexical
semantic activation may be facilitated upon repetition because
having recently encountered a word directly strengthens compre-
henders’ expectations for that word to appear again; this is
essentially the assumption also made by cache-based natural
language processing models [31]. Under this view, lexical
repetition and predictability modulate lexical semantic activation
via a shared neurocognitive mechanism: previous exposure to a
word as well as sentential interpretation are incorporated into
predictive computations, which in turn facilitate word recognition
by pre-activating lexical semantic representations in memory.
Some evidence for such a view has been demonstrated in the
domain of face recognition [62], where the facilitative effect of
repetition is modulated by the likelihood that repetitions occur in
the experiment. If this view is correct, then the additivity of these
factors (or the lack thereof) provides information about how
different types of evidence are combined in generating predictions
about upcoming words, rather than indicating that these factors
impact lexical semantic activation through different and indepen-
dent mechanisms.

In sum, it is important to distinguish between a view that holds
that sentential context and prior exposure to a word modulate
lexical semantic activation via two distinct mechanisms (prediction
and residual activation from recent exposure, respectively), and the
possibility that both factors modulate lexical semantic activation
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via the same mechanism (prediction). Future research will be
needed to address this question.

Meanwhile, the current findings provide no support for the
other two proposals outlined in the Introduction, both of which
predicted a significant interaction between lexical repetition and
context predictability. First, the current results are inconsistent
with the proposal that prior exposure facilitates lexical semantic
processing during comprehension primarily by strengthening
predictions that are already licensed by the sentence context. This
account predicted a larger effect of repetition for expected than
unexpected words. However, the present results suggest that word
repetition facilitates lexical semantic activation of target words
both when their occurrence is predictable by contextual informa-
tion and when it is not.

The present results also do not support the proposal that lexical
semantic activation during comprehension is primarily modulated
by the predictions afforded by the sentence context, with lexical
factors exerting an influence only when words are not predictable
by context. This proposal draws on the close relationship between
repetition and semantic priming, and the previous observation that
semantic priming has a larger effect on the N400 amplitude in
words lists or in less constraining sentence contexts than in more
constraining sentence contexts [25]. The current findings,
however, suggest that repetition priming displays a different
profile than what has been previously reported for semantic
priming, as it affects both expected and unexpected words alike.

It is important to note that differences between repetition and
semantic priming have previously been noted in behavioral
studies. For example, while repetition effects are known to occur
over relatively long intervals, semantic priming effects tend to be
short-lived [63]. In addition, repetition effects are reliably obtained
across different tasks, whereas semantic priming effects are
reduced when tasks are changed, for example, from lexical
decision to naming [64-66]. These differences have led to the
proposal that repetition and semantic priming might reflect
different underlying processes. For example, it has been suggested
that while repetition effects might be due to an automatic lexical
activation mechanism, semantic priming might partly be the result
of top-down prediction [64,67-68]. However, as the current study
did not directly contrast interactions with repetition priming and
with semantic priming, future work will be needed to examine the
extent to which this discrepancy might be explained by differences
in experimental paradigms across studies.

Importantly, one assumption in the present study is that the
effect of predictability on the N400 reflects the behavior of a
predictive mechanism that makes use of contextual information to
pre-activate words with higher cloze probability, facilitating lexical
semantic processing. This is in line with the view that
comprehenders make probabilistic predictions about likely up-
coming words [16,61] and the finding that the N400 is sensitive to
a word’s predictability across the full range of possible cloze
probability values [16,69-70]. However, like most previous studies
that examined the effects of cloze probability (e.g., [35,38—40]; c.f.
[71]), the current study was not designed to determine exactly how
the expected target words (or their semantic features) were pre-
activated by sentence context. While target words may have been
pre-activated based on the message-level information of the
sentence context, they may also have been pre-activated partly due
to their lexical relationship with other words or phrases in the
context. Therefore, in the current study, a word may have been
more expected on the basis of its relation to the sentence context as
a whole, to words and phrases in the sentence context, or both.
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Finally, the methodology used in the current study has several
important limitations. First, although rarely discussed in this light,
it is possible that repetition also modulates the P3 component,
which is sensitive to the detection of improbable stimuli (for review
see [72-73]), and this effect may not have been distinguishable
from the N400 effect if these two components had overlapped in
time. In the current study, we cannot rule out the possibility that
repetition modulated the P3 in addition to the N400 response to
the target words during sentence comprehension, but we consider
it unlikely given some crucial differences between our paradigm
and those that have been used to elicit P3 effects in the past. First,
previous studies have shown that P3 effects are strongly attenuated
when a participant’s attention is directed away from the task in
which the targets are embedded [74-75], and in the current study
the studied words were not task-relevant during the sentence
comprehension phase. In fact, participants were explicitly
mstructed to base their recognition decisions on whether the
words had been presented in the familiarization phase and to
ignore whether the words appeared in the sentences. Furthermore,
unlike most studies on the P3 component, which have used tasks
that required participants to track one (or two) very infrequent
targets embedded in a stream of stimuli, the present study
presented eight targets in each block, and each target had a 50%
chance of occurring in a sentence during the reading comprehen-
sion phase. Therefore, we believe that the N400 effect of repetition
in the current study is unlikely to be due to an overlapping P3
effect.

Second, the repetition manipulation in the present paradigm
was not naturalistic, in the sense that participants did not
encounter the repeated words in passages, but instead studied
them before the sentence-reading phase. This was done in order to
orthogonally manipulate the effects of repetition and predictabil-
ity, and also to allow a more direct comparison with previous
studies, which also used a memory paradigm [7,37]. We believe
that this paradigm provides a first step towards examining how
lexical and contextual variables work in tandem to facilitate the
processing of words in sentences; future research will need to
develop more naturalistic methods for examining their interaction.

In summary, the current study presents a new experimental
paradigm for examining the combined effects of lexical repetition
and predictability. We demonstrate that contextual information
and memory for recently encountered words have qualitatively
similar and additive effects on the N400 response during sentence
comprehension. A better understanding of how these variables
work in tandem will inform theories about how language is
processed in everyday language situations, where sentential
context and previous occurrences of a word are expected to
jointly aid in the comprehension of discourse. Therefore, by
allowing a truly orthogonal manipulation of different factors that
are known to impact lexical semantic activation, the current
paradigm provides a useful tool for future research on word
recognition during language comprehension.

Acknowledgments

The authors thank Cybelle Smith for her help in stimulus creation and data
collection.

Author Contributions

Conceived and designed the experiments: WYC SL SB GM DP EL.
Performed the experiments: WYC SL SB GM DP. Analyzed the data:
WYC SL. Contributed reagents/materials/analysis tools: WYC SL SB
GM DP EL. Wrote the paper: WYC SL EL.

June 2014 | Volume 9 | Issue 6 | €99199



References

1.

2.

22.

23.

26.

27.

28.

29.

30.

31.

Holcomb PJ, Anderson JE (1993) Cross-modal semantic priming: A time-course
analysis using event-related brain potentials. Lang Cogn Process 8: 379-411.
Joyce CA, Paller KA, Schwartz TJ, Kutas M (1999) An electrophysiological
analysis of modality-specific aspects of word repetition. Psychophysiology 36:
655-665.

. Kutas M, Hillyard SA (1989) An clectrophysiological probe of incidental

semantic association. J Cogn Neurosci 1: 38-49.

. Rugg MD (1985) The effects of semantic priming and word repetition on event-

related potentials. Psychophysiology 22: 642-647.

. Holcomb PJ, Reder L, Misra M, Grainger J (2005) The effects of prime visibility

on ERP measures of masked priming. Brain Res Cogn Brain Res 24: 155-172.

. Anderson JE, Holcomb PJ (2005) An electrophysiological investigation of the

effects of coreference on word repetition and synonymy. Brain Lang 94: 200~
216.

. Besson M, Kutas M, Van Petten C (1992) An event-related potential (ERP)

analysis of semantic congruity and repetition effects in sentences. J Cogn
Neurosci 4: 132-149.

. Van Petten C, Kutas M, Kluender R, Mitchiner M, Mclsaac H (1991)

Fractionating the word repetition effect with event-related potentials. J Cogn
Neurosci 3: 131-150.

. Anderson JR (1976) Language, memory, and thought. Hillsdale: Lawrence

Erlbaum Associates. 546 p.

. Anderson JR (1983) The architecture of cognition. Cambridge: Harvard

University Press. 345 p.

. Collins AM, Quillian MR (1969) Retrieval time from semantic memory. J Verbal

Learning Verbal Behav 8: 240-247.

. Collins AM, Loftus EF (1975) A spreading-activation theory of semantic

processing. Psychol Rev 82: 407-428.

. Neely JH (1977) Semantic priming and retrieval from lexical memory: Roles of

inhibitionless, spreading activation and limited-capacity attention. J Exp Psychol

Gen 106: 226-254.

. Posner MI, Snyder CRR (1975) Facilitation and inhibition in the processing of

signals. In: Rabbitt PMA, Dornic S, editors. Attention and performance V. New
York: Academic Press. 669-681.

. Kutas M, Federmeier KD (2000) Electrophysiology reveals semantic memory

use in language comprehension. Trends Cogn Sci 4(12): 463-470.

. DeLong K, Urbach TP, Kutas M (2005) Probabilistic word pre-activation

during language comprehension inferred from electrical brain activity. Nat
Neurosci 8(8): 1117-1121.

. Kutas M, DeLong KA, Smith NJ (2011) A look around at what lies ahead:

Prediction and predictability in language processing. In Bar M, editor.
Predictions in the Brain: Using Our Past to Generate a Future. Oxford
University Press, 190-207.

. Van Berkum JJA, Brown CM, Zwitserlood P, Kooijman V, Hagoort P (2005)

Anticipating upcoming words in discourse: Evidence from ERPs and reading
times. J Exp Psychol Learn Mem Cogn 31(3): 443-467.

. Van Petten C (1993) A comparison of lexical and sentence-level context effects in

event-related potentials. Lang Cogn Process 8: 485-531.

. Otten M, JJA, Van Berkum (2008) Discourse-based word anticipation during

language processing: prediction or priming?, Discourse Process 45: 464 —496.

. Chafe W (1994) Discourse, Consciousness, and Time. Chicago: University of

Chicago Press. 392 p.

Schegloff EA (1990) On the Organization of Sequences as a Source of
‘Coherence’ in Talk-in- Interaction. In Dorval B, editor. Conversational
Organization and its Development. Norwood: Ablex. 51-77.

van Dijk TA (1977) Sentence topic and discourse topic. In Stolz BA, editor.
Papers in Slavic Philology I: In Honor of James Ferrell. Ann Arbor: Department
of Slavic Languages and Literature, University of Michigan.

. Federmeier KD, Laszlo S (2009) Time for meaning: Electrophysiology provides

insights into the dynamics of representation and processing in semantic memory.
In Ross BH, editor. Psychology of Learning and Motivation, 51. Burlington:
Academic Press. 1-44.

. Coulson S, Federmeier KD, Van Petten C, Kutas M (2005) Right Hemispheric

Sensitivity to Word- and Sentence-Level Context: Evidence from Event-Related
Brain Potentials. J Exp Psychol Learn Mem Cogn 31(1): 129-147.

Ledoux K, Camblin CC, Swaab TY, Gordon PC (2006) Reading words in
discourse: The modulation of intralexical priming effects by message-level
context. Behav Cogn Neurosci Rev 5: 107-127.

Liberman AM, Harris KS, Eimas P, LLisker (1961) An effect of learning on
speech perception: The discrimination of durations of silence with and without
phonemic significance. Lang Speech 4: 175-195.

Liberman AM, Isenberg D, Rakerd B (1981) Duplex perception of cues for stop
consonants: Evidence for a phonetic mode. Percept Psychophys 30(2): 133-143.
Fennell C, Waxman SR (2010) What paradox? Referential cues allow for infant
use of phonetic detail in word learning. Child Dev 81(5): 1376-1383.

Fennell CT, Waxman SR, Weisleder A (2007) With Referential Cues, Infants
Successfully Use Phonetic Detail in Word Learning. Proceedings of the 31st
Boston University Conference on Language Development. Somerville: Casca-
dilla Press. 206-217.

Kuhn R, De Mori R (1990) A cache-based natural language model for speech
recognition. EEE Trans Pattern Anal Mach Intell 12(6): 570-583.

PLOS ONE | www.plosone.org

Additive Effects of Repetition and Predictability during Comprehension

39.

40.

41.

42.

46.

47.

48.

49.

50.

51.

52.

53.

54.

60.

61.

62.

63.

64.

Gibson E (2006) The interaction of top-down and bottom-up statistics in the
resolution of syntactic category ambiguity. ] Mem Lang 54: 363-388.

. Kutas M, Hillyard SA (1980) Reading senseless sentences: Brain potentials

reflect semantic incongruity. Science 207: 203-205.

. Lau EF, Phillips C, Poeppel D (2008) A cortical network for semantics: (de)

constructing the N400. Nat Rev Neurosci 9(12): 920-33.

. Federmeier KD (2007) Thinking ahead: The role and roots of prediction in

language comprehension. Psychophysiology 44: 491-505.

5. Van Petten C, Luka BL (2006) Neural localization of semantic context effects in

electromagnetic and hemodynamic studies. Brain Lang 97: 279-293.

. Besson M, Kutas M (1993) The many facets of repetition: A cued-recall and

event-related potential analysis of repeating words in same versus different
sentence contexts. J Exp Psychol Learn Mem Cogn 19: 1115-1133.

. Kutas M, Hillyard SA (1984) Brain potentials reflect word expectancy and

semantic association during reading. Nature 307: 161-163.

Gunter TC, Friederici AD, Schriefers H (2000) Syntactic gender and semantic
expectancy: ERPs reveal early autonomy and late interaction. J Cogn Neurosci
12(4): 556-568.

Federmeier KD, Wlotko EW, De Ochoa-Dewald E, Kutas M (2007) Multiple
effects of sentential constraint on word processing. Brain Res 1146: 75-84.
Kennison SM, Gordon PC (1997) Comprehending referential expressions
during reading: Evidence from eye tracking. Discourse Process 24: 229-252.
Swaab TY, Camblin CC, Gordon PC (2004) Electrophysiological evidence of
reversed lexical repetition effects in language processing. J Cogn Neurosci 16:
715-726.

. Ledoux K, Gordon PC, Camblin CC, Swaab TY (2007) Coreference and lexical

repetition: Neural mechanisms of discourse integration. Mem Cognit 35: 801—
815.

. Taylor WL (1953) ‘Cloze procedure’ a new tool for measuring readability.

Journalism Quarterly 30: 415-433.

. Rugg MD (1987) Dissociation of semantic priming, word and non-word

repetition by event-related potentials. Q J Exp Psychol 39: 123-148.

Rugg MD, Nagy ME (1987) Lexical contribution to non-word repetition effects:
Evidence from event-related potentials. Mem Cognit 15: 473-481.

Smith ME, Halgren E (1987) Event-related potentials during lexical decision:
effects of repetition, word frequency, pronounceability, and concreteness.
Electroencephalogr Clin Neurophysiol 40: 417-421.

Rugg MD, Furda J, Lorist M (1988) The effects of task on the modulation of
event-related potentials by word repetition. Psychophysiology 25: 55-63.

Nagy ME, Rugg MD (1989) Modulation of event-related potentials by word
repetition: The effects of inter-item lag. Psychophysiology 26: 431-436.

Rugg MD (1990) Event-related brain potentials dissociate repetition effects of
high- and low-frequency words. Mem Cognit 18: 367-379.

Meyer P, Mecklinger A, Friederici AD (2007) Bridging the gap between the
semantic N400 and the early old/new memory effect. Neuroreport 18(10):
1009-1013.

Bader R, Mecklinger A, Hoppstadter M, Meyer P (2010) Recognition memory
for one-trial-unitized word pairs: Evidence from event-related potentials.
Neuroimage 50: 772-781.

Brysbaert M, New B (2009) Moving beyond Kucera and Francis: A critical
evaluation of current word frequency norms and the introduction of a new and
improved word frequency measure for American English. Behav Res Methods
41: 977-990.

R Core Team (2013) R: A language and environment for statistical computing.
R Foundation for Statistical Computing. Vienna, Austria. ISBN 3-900051-07-0,
http://www.R-project.org/.

. Baayen RH, Davidson DJ, Bates DM (2008) Mixed-effects modeling with

crossed random effects for subjects and items. ] Mem Lang 59: 390-412.

. Bates D, Maechler M, Bolker B, Walker S (2014) Ime4: Linear mixed-effects

models using Eigen and S4. R package version 1.0-6. http://CRAN.R-project.
org/package = lme4.

. Pinheiro JC, Bates DM (2000) Mixed-effects models in S and S-PLUS. New

York: Springer. 530 p.

. Jaeger TF (2008) Categorical data analysis: Away from ANOVAs (transforma-

tion or not) and towards logit mixed models. ] Mem Lang 59: 434-446.

. Macmillan NA, Creelman CD (2005) Detection theory: A users guide (2nd ed.).

NewYork: Cambridge University Press. 492 p.

Hautus MJ (1995) Corrections for extreme proportions and their biasing effects
on estimated values of d’. Behav Res Methods Instrum Comput 27: 46-51.
Van Petten C, Luka BJ (2012) Prediction during language comprehension:
Benefits, costs, and ERP components. Int J Psychophysiol 83: 176-190.
Summerfield C, Trittschuh EH, Monti JM, Mesulam M-M, Egner T (2008)
Neural repetition suppression reflects fulfilled perceptual expectations. Nat
Neurosci 11: 1004-1006.

Kirsner K, Smith MC, Lockhart RS, King ML, Jain M (1984) The bilingual
lexicon: Language specific units in an integrated network. J Verbal Learning
Verbal Behav 23: 519-539.

Stanovich KE, West RF (1983) On priming by a sentence context. J Exp Psychol
Gen 112: 1-36.

Seidenberg MS, Waters GS, Sanders M, Langer P (1984) Pre- and post-lexical
loci of contextual effects on word recognition. Mem Cognit 12: 315-328.

June 2014 | Volume 9 | Issue 6 | €99199



66.

67.

68.

69.

70.

de Groot AMB (1985) Word-context effects in word naming and lexical decision.
Q J Exp Psychol 37A: 281-297.

Schuberth RE, SpoechrRT, Lane DM (1981) Effects of stimulus and contextual
information on the lexical decision process. Mem Cognit 9: 68-77.

Lau EF, Holcomb PJ, Kuperberg GR (2013) Dissociating N400 effects of
prediction from association in single word contexts. J Cogn Neurosci 25: 484
502.

DeLong KA, Groppe DM, Urbach TP, Kutas M (2012) Thinking ahead or not?
Natural aging and anticipation during reading, Brain Lang 121: 226-239.
Wilotko EW, Federmeier KD (2012) So that’s what you meant! Event-related
potentials reveal multiple aspects of context use during construction of message-
level meaning. Neuroimage 62: 356-366.

. Otten M, Nicuwland MS, Van Berkum JJA (2007) Great expectations: Specific

lexical anticipation influences the processing of spoken language. BMC Neurosci

PLOS ONE | www.plosone.org

11

Additive Effects of Repetition and Predictability during Comprehension

72.

73.

74.

8: 89. Available: http://www.biomedcentral.com/1471-2202/8/89. Accessed 1
December 2009.

Johnson R Jr (1993) On the neural generators of the P300 component of the
event-related potential. Psychophysiology 30: 90-97.

Kok A (2001) On the utility of P3 amplitude as a measure of processing capacity.
Psychophysiology 38: 557-577.

Duncan-Johnson CC, Donchin E (1977) On quantifying surprise: The variation
of event-related potentials with subjective probability. Psychophysiology 14:
456-467.

. Johnson R Jr (1988) The amplitude of the P300 component of the event-related

potential: Review and synthesis. In Ackles PK, Jennings JR, Coles MGH,
editors. Advances in Psychophysiology Vol. 3. Greenwich: JAI Press, Inc. 69—
137.

June 2014 | Volume 9 | Issue 6 | €99199



