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Abstract
We examined event-related potentials (ERPs) before and after word learning, using training
contexts that differed in their level of contextual support for meaning acquisition. Novel words
appeared either in contexts that were semantically constraining, providing strong cues to meaning,
or in contexts that were weakly constraining, that is, uninformative. After each sentence,
participants were shown the word in isolation and were asked to generate a close synonym.
Immediately after training, words trained in high-constraint contexts elicited a smaller left
temporal negativity (N300FT7) compared with words trained in low-constraint contexts, and both
types of trained words elicited a stronger medial frontal negativity (N350Fz) relative to familiar
words. Two days after training the N300FT7 disappeared and was replaced by a later, left parietal
(P600Pz) effect. To examine robust learning, we administered a semantic priming test two days
after training. Familiar words and words trained in high-constraint contexts elicited strong N400
effects. By contrast, words trained in low-constraint contexts elicited a weak N400 effect, and
novel (untrained rare) words elicited no semantic priming. These findings suggest that supportive
contexts and the use of an active meaning-generation task may lead to robust word learning. The
effects of this training can be observed as changes in an early left frontal component, as well as the
classical N400 effect. We discuss implications for theories of "partial" semantic knowledge and
for robust word learning and instruction.

INTRODUCTION
Word knowledge is often acquired gradually, over many exposures to a word in different
contexts (Beck, McKeown, & Kucan, 2002; Biemiller, 2003). Thus, at any time, a learner
may have partial or incomplete knowledge of a word's meaning. For example, a person may
recognize that the word supercilious has a negative connotation and refers to a human trait,
but fail to select the correct meaning from a set of possible definitions (Brown, Frishkoff, &
Eskenazi, 2005). It is also well-known that people passively comprehend many more words
than they actively use (Waring, 1999; Durso & Shore, 1991; Wesche & Paribakht, 1996).
Together, this evidence suggests that knowledge of word meanings can be partial and fairly
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shallow, allowing for passive recognition of a word in a particular context, but failing to
support active and flexible use of the word across diverse contexts.

Recognizing that word knowledge can be partial, researchers have attempted to characterize
the depth as well as the breadth of a person's vocabulary— that is, not just the number of
words that a person recognizes, but also the quality (Perfetti & Hart, 2001, 2002; Dale,
1965; Stahl, 1986), completeness (Waring, 1999; Durso & Shore, 1991; Wesche &
Paribakht, 1996; Brown, et al., 2005), and robustness (Beck, et al., 2002) of word semantic
representations. The goal is to discover what it means to have robust word knowledge and
the steps that a learner takes from complete lack of knowledge — that is, the inability to
discriminate a real word from a made-up word — to robust knowledge of a word’s meaning.

A related goal is to determine what learning and instructional techniques lead to robust word
knowledge. This issue has stimulated considerable debate in reading education, particularly
with regard to the efficacy of “incidental” (nondirected) learning of vocabulary during
reading (see Stahl & Fairbanks, 1986 and Swanborn & de Glopper, 1999 for reviews). Some
researchers have suggested that word learning is best achieved through extensive reading.
And, indeed, research has shown that words can be acquired through exposure to words in a
variety of contexts without direct instruction, although gains are typically small (Swanborn
& de Glopper, 1999). Exposure to words in written contexts may be important, because low-
frequency words occur rarely, it at all, in spoken language (Nagy, Herman, & Anderson,
1985; Nagy, Anderson, & Herman, 1987). At the same time, it is precisely these low-
frequency (literary or “Tier II”) words that are key to unlocking meaning in harder texts
(Beck, McKeown, & Kucan, 2002). It has also been suggested that incidental learning is the
main source of word learning gains for good reason: there are too many words to learn and
too little time for direct instruction. Researchers have estimated that children acquire ~3,000
words per year on average; however, voculabulary instruction in schools targets several
hundred words per year at best (Nagy, Anderson, & Herman, 1987; Nagy, Herman, &
Anderson, 1985). Finally, it has been suggested that encounters with a word across a variety
of contexts may promote a rich set of semantic associations, including connotative as well as
denotative understanding (Beck, et al., 2002). The cumulative impact of these exposures
may result in a deeper understanding of a word’s meaning, particularly subtle features that
may be hard to convey through direct instruction, but may be integral to the correct use of
words in context. In this way, seeing words in context may be part and parcel of building
robust word knowledge.

Given this body of evidence, most researchers would agree that exposure to words in context
— and written contexts in particular — is important for word learning. On the flip side,
incidental learning may result in knowledge that is partial or inaccurate. The focus during
reading is typically on comprehending the overall gist, rather than guessing the meaning of
an unfamiliar word. Further, even if word learning is explicitly targeted, not all contexts are
equally informative — and in fact, some contexts are misleading (Beck, McKeown, &
McCaslin, 1983; Frishkoff, Collins-Thompson, et al., 2008). To make matters worse, a
learner could go many weeks without seeing a word more than once, allowing the word to
fade from memory; this is particularly the case for the kinds of low frequency, literary (or
"Tier II") words that are most in need of active learning (Beck, et al., 2002). Thus, incidental
learning may be unreliable and inefficient as the sole context for word learning. By contrast,
active and extended engagement with words over time has been linked to robust gains in
vocabulary (Beck, et al., 2002). These findings suggest that learners may profit from active,
targeted word learning activities, in addition to gains that come about through incidental
learning.
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The present study contributes to these issues by examining event-related potentials (ERPs)
to novel words before and after training, and by manipulating the training contexts to bring
about either partial or robust word knowledge. The use of ERPs affords an opportunity to
study word learning processes that take place within tens and hundreds of milliseconds —
the timescale at which cognition actually unfolds during learning. It also enables us to
separate different neurolinguistic processes that are engaged in learning. In this way, we
hope to observe the component processes that take place in the learner’s mind as they
process newly learned words.

In the present paper, we report changes in ERPs from pre- to post-training in two conditions.
In one condition, very rare words (such as “nutant” and “kippage”) were presented in
contexts that were highly constraining, providing strong cues to the word’s meaning. In the
second condition, contexts were weakly constraining, that is, relatively uninformative.
Given that trained words occurred with the same frequency in both conditions, we reasoned
that ERP differences after training would be more likely to reflect word semantic learning,
as opposed to changes in familiarity with word forms (i.e., phonology or orthography). More
specifically, our goal was to address two questions:

1. How do cortical responses to novel words differ before and after learning?

2. Are there ERP correlates of partial versus robust meaning acquisition?

We anticipated word learning effects for the following ERP components: the centroparietal
N400Pz and P600Pz, the mid-frontal N350Fz, and the left fronto-temporal N300FT7. The
following section provides backfound on each of these patterns and outlines our specific
hypotheses. In naming these components, we follow the recommendation of Dien (2008)
and reference the topographic distribution (e.g., “Fz” for mid-frontal patterns), as well as
approximate peak latency (e.g., “350” for ~350 ms) and scalp polarity (“P” for positive, “N”
for negative) for each ERP component.

Temporoparietal effects in semantic comprehension and meaning acquisition
The posterior N400Pz is by far most widely studied ERP marker of semantic processing. The
so-called “N400 effect” is seen as an increased negativity over centroparietal electrodes
between ~350–550 ms (average peak difference, ~400 ms) when a word’s meaning is harder
to access from memory, harder to integrate with the preceding context, or both (see
Federmeier & Kutas, 2000 for a review). The precise timing and topography of the N400
effect vary across studies, and some studies have suggested that the time window that has
been traditionally been associated with the N400Pz may actually comprise several distinct
patterns (Nobre & McCarthy, 1994; Hill, et al., 2002; Frishkoff, Tucker, Davey, & Scherg,
2004; Frishkoff, 2007). Source modeling of the N400Pz has identified possible sources in the
left temporal lobe (Silva-Pereyra, Rivera-Gaxiola, Aubert, Bosch, Galan, & Salazar, 2003;
Frishkoff, et al., 2004; Van Petten & Luka, 2006; Frishkoff, 2007). These results are
consistent with evidence from fMRI and other imaging methods that shows modulation of
temporal lobe activity during semantic comprehension (Binder, et al., 1997; Bookheimer, et
al., 2002).

Although there is widespread agreement that the N400Pz reflects semantic — as opposed to
nonlinguistic, phonological or syntactic — processing, its precise intepretation remains
controversial. For example, it is unresolved whether the N400Pz is modulated by automatic
or “implicit” semantic priming, as claimed by some authors (e.g., Deacon, Hewitt, Yang, &
Nagata, 2000; Kiefer, 2002; Kiefer & Brandel, 2006), or whether it is modulated only under
conditions of “explicit” or controlled semantic processing (Silva-Pereyra, Harmony,
Villaneuva, Fernandez, Rodriguez, Galan, et al., 1999; Ruz, Madrid, Lupianez, & Tudela,
2003). Despite these controversies, modulation of the N400Pz (in one form or another) is
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seen in most semantic ERP paradigms. The robust nature of this pattern makes it a good
candidate ERP for tracking changes in word semantic knowledge.

Two previous publications have described N400Pz effects of word learning (Perfetti,
Wlotko, & Hart, 2005; Mestres-Misse, Rodriguez-Fornells, & Munte, 2007). In Perfetti, et
al. (2005), participants studied novel (very rare) words and their definitions using a flash-
card method. Subsequently, they completed a semantic priming task while their EEG was
measured. In the post-training task, the trained rare words were presented, followed by a
familiar word, and participants were asked to decide if the two words were semantically
related. ERPs distinguished trained rare words from both untrained rare and familiar words
at two times: there was an early increased centroparietal negativity at ~140 ms (at the time
of the occipital P100) and an increased positivity (P600) effect later in the epoch, which was
interpreted as a marker of episodic memory (specifically, recollection-based memory). In
addition, there was an N400Pz effect to the second (primed) word for trained, but not for
untrained, words, which was seen as a reduced negativity to related versus unrelated words.
The relatedness effect is consistent with successful learning of the trained words.

The results of Perfetti, et al., (2005) show several semantic and memory-related effects for
words after training, providing an important foundation for subsequent ERP studies of word
learning. At the same time, the study design does not allow for separation of effects due to
meaning acquisition, as opposed to familiarity with word forms (i.e., phonological and/or
orthographic representations). By contrast, a recent study conducted by Mestres-Misse, et al.
(2007) shows specific effects of meaning acquisition. Mestres-Misse, et al. (2007) presented
novel words in three different sentences that either supported inferences about novel word
meanings, or not. Results showed a reduction in the N400Pz component for words that were
trained in the supportive versus unsupportive contexts. After the learning block, participants
completed a semantic priming task, where they made meaning judgments to words that were
semantically related or unrelated to the trained words. The newly learned words elicited an
N400Pz semantic relatedness effect, as expected. In addition to this N400Pz post-training
effect, Mestres-Misse et al. (2007) also observed a reduced N400Pz to words during training:
that is, the N400Pz to trained words decreased incrementally as subjects acquired new
semantic knowledge about the word with each additional context.

To summarize, in two previous experiments (Perfetti, et al., 2005; Mestres-Misse, et al.,
2007), word learning has been shown to result in N400Pz effects, both during and
immediately following training. These results suggest that the N400Pz can be used to detect
semantic learning. In the present experiment, we sought to replicate and extend these prior
results. To this end, we had learners perform a modified version of the Perfetti, et al., (2005)
paradigm two days after training. The goal was to test transfer of learning to a different task
context, in particular, one that could be used to link new findings to previous results for the
well-studied N400Pz effect.

The mid-frontal N350Fz and activation of frontal cortex during word comprehension
While ERP studies of semantic comprehension have consistently described posterior ERP
effects (i.e., the semantic N400), descriptions of frontal ERPs during these same tasks have
been less consistent (see Dien et al, 2008, for a recent review). In the present study we used
a meaning-generation task, which requires participants to actively retrieve the meanings of
novel words that have recently been trained. We expected that this task would engage frontal
networks that have previously been implicated in effortful processing of word meanings
(e.g., Gabrieli, Poldrack, & Desmond, 1998; Thompson-Schill, D'Esposito, Aguirre, &
Farah, 1997). We expected in turn to see modulation of ERPs that have previously been
modeled with frontal cortical sources.
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One frontal ERP component that has been observed in studies of word-level semantic
processing is a negativity peaking between ~300 and 500 ms, variously called an “N300”
(Franklin, et al., 2007), an “N300-Fz” (Dien, 2009), and a “medial frontal negativity” or
“MFN” (Tucker, et al., 2003; Frishkoff, 2007; Frishkoff, Perfetti, & Westbury, 2008). This
pattern has a mid-frontal distribution (sometimes overlapping with the left-lateralized
N300FT7; see below). Because it typically peaks between ~300 and 400 ms, we refer to it
here as the N350Fz. Like the N400Pz, the N350Fz is enhanced (i.e., more negative over mid-
frontal electrodes) when a word’s meaning is more difficult to process. For example, in a
recent ERP study examining effects of “partial” word knowledge (Frishkoff, et al., in press)
the N350Fz amplitude was inversely related to word familiarity: the more unfamiliar the
words, the stronger the N350Fz. This finding suggests that the N350Fz may be related to the
"fN400" pattern that has been observed in studies of familiarity-based memory (Curran,
2000; Rugg & Curran, 2007). Given the mid-frontal distribution of this component and its
tentative localization to the mid-frontal gyrus and anterior cingulate (Frishkoff, et al., 2004;
Frishkoff, 2007; Frishkoff, et al., in press), it is probably not language specific (see also
Curran & Cleary, 2003, for evidence that nonlinguistic stimuli also evoke an fN400
familiarity effect).

Interestingly, Mestres-Misse et al. (2007) report that the novel (newly learned) words
elicited a semantic relatedness effect with a fronto-central distribution, as compared with the
more typical, posterior N400Pz effect for familiar words. The ERP priming effect was also
delayed and more sustained for the novel (trained) words. It is not clear how this frontal
effect may be related to the N350Fz pattern that has been observed in response to single
words. Nonetheless, this result provides evidence that early stages of word semantic learning
may evoke ERP effects that are more frontal than the semantic priming effects that are
typically observed for well-known words.

The N300FT7 and engagement of left frontal cortex during meaning-generation
Neuroimaging studies of semantic processing have also shown robust effects over left
inferior frontal cortex, with evidence for specific responses to semantic processing in
anterior regions of LIFG, such as BA47 (Bookheimer, 2002). Typically, anterior LIFG is
more active when there are increased demands on memory or attention during semantic
processing (Gabrieli, et al., 1998; Thompson-Schill, et al., 1997). There is also evidence that
words acquired later in life (after ~age 8–10) may engage anterior LIFG more strongly than
words learned in early childhood, even when frequency effects are controlled (see
Hernandez & Li, 2007 for a recent review). This result may have strong relevance for word
learning, as it suggests that late-acquired words may place greater demands on frontal
cortical networks.

Written words typically evoke a sequence of surface-negative patterns over ventral temporal
regions, beginning with the left occipito-temporal N1 (or N170), which peaks at ~170–200
ms, and terminating with a left frontotemporal pattern, the N300FT7, which begins as early
as 220 ms and is sometimes extended over 200 ms or more, depending on the nature of the
task (Dien, et al., 2003; Frishkoff, et al., 2004; Frishkoff, 2007; Frishkoff, et al., 2009). The
left anterior N300FT7 may be related to early word-level semantic processing (Abdullaev
and Posner, 1997, 1998), but so far there is too little evidence to link this pattern to a
specific stage of word recognition.

The N300FT7 appears to be the same pattern that was described in an early dense-array study
of ERP responses in semantic processing (Nobre & McCarthy, 1994). In Experiment 3, the
authors describe a left lateral negativity peaking at ~316 ms. This pattern was clearly
distinguished from the later, parietal “N400” both in terms of its spatiotemporal features and
in the direction of its response to semantic priming. Semantic priming was measured by
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subtracting ERPs to two consecutive words (designated as “prime” and “target”) when the
two words denoted concepts from the same semantic category. Interestingly, the ERP to the
target showed an enhanced left frontal negativity compared to the prime word. This effect is
opposite to the direction of the N400 effect, which is reduced (less negative) to primed
words. While they did not say so explicitly, it is important to note that the left lateral
negativity in their experiment was distinct from a mid-frontal negativity, which occurred at
the same time (~300–330 ms), but was not modulated by priming (ibid., p. 242, Figure 14).
That is, the mid-frontal negativity (similar to what we have termed the N350Fz) occurred
with equal magnitude in response to the prime and target words, whereas the N300FT7 was
greater (more negative) in response to semantically related targets (see also Dien, et al.,
2003 for similar findings).

Another probable manifestation of the N300FT7 was seen in Abdullaev and Posner (1997,
1998) in a series of ERP studies of cortical responses during meaning-generation. In this
task, participants were presented with nouns denoting concrete objects, such as “hammer,”
and were asked to say the object’s use (e.g., “pound”). In the control condition, subjects
simply repeated the noun. This use-generation task had been successfully employed with
Positron Emission Tomography (PET) imaging, revealing activation in left inferior frontal,
as well as left temporal, cortex during semantic retrieval (Snyder, et al., 1995). In the ERP
studies, the meaning-generation task evoked an increased left anterior positivity compared
with the control condition, beginning at ~200 ms and extending to ~400 ms. Dipole
modeling tentatively localized this ERP effect to the LIFG, consistent with earlier PET
studies using the same paradigm. These results are consistent with source localization of the
N300FT7, which has identified the left inferior frontal gyrus and left anterior temporal pole
as likely generators (Dien, et al., 2003;Frishkoff, Tucker, Davey, & Scherg, 2004;Frishkoff,
2007;Frishkoff, Perfetti, & Westbury, 2008). To our knowledge, the studies by Abdullaev
and Posner (1997, 1998) are the only ones to report ERP responses during meaning-
generation. Thus, the specific modulation of the left anterior N300FT7 during their task has
strong relevance for the present study, where a meaning-generation task was used to probe
semantic learning.

Goals and hypotheses for the present experiment
In the present experiment, we sought to isolate effects of partial vs. robust meaning
acquisition by comparing ERPs for words that were trained in high or low constraint
contexts. In both conditions, each word occurred in three single-sentence contexts, which
were interleaved (i.e., participants saw a different word and a different context on each trial).
Spaced vs. massed practice has been shown to maximize word learning and retention
(Frishkoff, et al., 2008). Interleaving also minimized the likelihood that participants would
simply repeat the same response to a word across trials.

High-constraint contexts were expected to support robust learning of the target word
meanings. Low-constraint contexts were expected provided few if any clues to the meaning
of the target. These contexts were expected to provide some information (e.g., part of speech
and some semantics), but much less than the high-constraint sentences, leading to only
partial word learning. An important feature of this paradigm, like that of Mestres-Misse, et
al. (2007), is that it enables us to isolate ERP effects of meaning acquisition, separate from
task-related effects that may reflect increased familiarity with word forms, but do not
correlate with semantic learning.

To promote robust learning, we asked learners to generate the meaning of the target word
after each context during training, as well as during the pre- and post-training blocks.
Previous work has demonstrated that the use of an active, meaning-generation task leads to
effective learning and retention of words (Frishkoff, et al., 2008a). In our experience, these
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gains are substantial when compared with the more modest word learning gains that are
typically seen during “incidental” or passive learning (Nagy, Anderson, & Herman, 1987). It
is well known that generative tasks promote “deeper” or more elaborated processing of
stimuli: retrieving information from memory requires more active processing, because one
needs to select the response from a very large set of possible answers. In turn, active
processing has been linked to enhanced learning and retention (for a review, see Roediger &
Karpicke, 2006). To test retention of learned words, participants returned two days later and
repeated the meaning-generation task, followed by a semantic priming task that was
designed to measure transfer of learning to a different task context.

We hypothesized that partial versus robust word learning would elicit differences in the four
ERP patterns discussed previously: the centroparietal N400Pz and P600Pz, left frontal
N300FT7, and mid frontal N350Fz. We predicted that the use of an active meaning-
generation task would evoke particularly strong frontal components (N300FT7 and N350Fz),
and that the amplitude of these components would be modulated by word learning and
semantic retrieval. By contrast, we predicted that exposure to new words in less supportive
(low-constraint) contexts would lead to partial word semantic knowledge that would be
evident in short-term measures of word comprehension, but would prove less robust when
studied two days after training using an N400 semantic priming task.

METHODS
Subjects

Participants were 15 adult native English speakers (7 males). All subjects were right-handed,
with normal or corrected-to-normal vision, no neurological deficits and no history of a
reading or language disorder. Mean age was 19 (± 1) years.

Twelve of the fifteen participants completed a battery of reading and language prescreening
tests. The battery included a test of reading comprehension ability (Brown, et al., 1993), a
test of vocabulary skill (Brown, et al., 1993), and a test of nonverbal reasoning (Raven,
1960), in addition to a variety of other tests of reading and language ability and reading
experience (see Frishkoff, Perfetti, & Westbury, 2008 for a complete description of the
subtests in this battery). The mean composite score on the comprehension test was 20.70
(s.d., 5.95), which is similar to the mean test score for a group of “Average” readers (20.88 ±
6.63), that were included in a previous study (Frishkoff, Perfetti, & Westsbury, 2008). This
score is derived from accuracy (85% ± 8%) and percentage of items attempted within the
15-minute time limit (75% ± 12%). The mean composite score on the vocabulary test was
40.90 (s.d., 10.58). By comparison, the mean vocabulary score for “Average” readers was
reported as 43.84 (±9.71) in the earlier study (Frishkoff, Perfetti, & Westsbury, 2008).
Finally, percent accuracy on the test of nonverbal reasoning was 65% (±18%), which is also
roughly equivalent to the mean scores for “Average” subjects in Frishkoff, et al. (2008).
Thus, scores on standardized tests of vocabulary, reading comprehension, and nonverbal
intelligence for the present group of subjects was similar to that of “Average” adult readers,
as defined in previous work.

Subjects were recruited through introductory courses in Psychology at the University of
Pittsburgh, and by posting ads in the Pittsburgh campus newspaper. Either payment ($15 per
hour) or academic course credit, or a combination, was given in exchange for subject
participation.

ERP Experiment Design
Participants completed two study sessions, which were scheduled two days apart. Figure 1
shows the timeline for the ERP tasks in Sessions 1 and 2.
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All stimuli were black and were presented foveally on a light grey screen. When the target
words appeared in isolation (as events for time-locking of ERPs), they were 26 dpi and
subtended a visual angle of between 1.5 and 2.1 degrees. Further details regarding stimuli
and stimulus presentation for each task are described in the following subsections.

Stimuli
Words used in Task 1: Task 1 stimuli included two types of words: Rare Trained words
(n=60) and Familiar Untrained words (n=30). Rare trained words included 17 nouns, 9
verbs, and 34 adjectives, with a mean length of 7.1 letters (s.d., 1.1). See Frishkoff, Perfetti,
& Westbury (2008) for additional details on how these words were selected. All rare words
had a written frequency of less than 1 in a million, according to the Kucera–Francis norms
(Francis & Kucera, 1982). Pretesting confirmed that most or all of these words were
unfamiliar to subjects prior to training, and participants were at chance levels in selecting the
correct meaning of the words (see Pretest and Posttest measures for details on vocabulary
assessment).

The 30 Familiar Untrained words were taken from a larger set of 60 relatively low-
frequency words that had used in a previous ERP experiment on word recognition among
adult native-English speakers (Frishkoff, Perfetti, & Westbury, 2008). The mean written
word frequency for the subset of 30 Untrained Familiar words was 3.38 per million (s.d.,
8.15). The average word length for this set was 6.90 letters (s.d., 1.32), which was not
significantly different from the average word length for the Trained Rare words (p > .7).

Words used in Task 2: In Task 2, 120 words served as “primes” in the semantic priming
task. Prime words included the 60 Trained Rare and 30 Untrained Familiar words. In
addition, 30 Untrained Rare words (such as “accolent” and “loxotic”) were included, to
establish a baseline for detection of semantic priming effects for trained words. Like the
trained rare words, the untrained rare words all had a frequency of less than 1 in a million.
The average length of untrained rare words was 7.37 letters (s.d., 0.92).

The target words in Task 2 consisted of 120 familiar words, which were synonyms or near-
synonyms of the prime words. Target words had a mean length of 5.00 letters (s.d., 1.25)
and a mean written word frequency of 90.65 per million (s.d., 134.51). In the Unrelated
condition, the prime–target word pairs were shuffled, so that each participant saw the same
target twice, paired once with a closely related prime and once with an unrelated prime.

Sentence contexts: A total of 720 sentences were constructed, and each sentence was
constructed to be either high or low constraint. This classification was based initially on
experimenter intuition and was subsequently validated in a cloze completion task (Taylor,
1953), which involved a separate group of 60 adult, monolingual English-speaking
participants. In the cloze task, the rare words in each sentence were replaced by an
underscore (blank space), and participants were asked to provide a one-word completion
(“cloze” response) for each sentence stem. Consider examples (1) and (2) below.

1. The _______ firefighter ran into the burning house.

2. His friends did not consider him a very _______ man.

The target word for both examples was ‘impavid’. Intuitively, context (1) provides strong
clues to the meaning of the target word “impavid” (brave). The cloze task results reflect this
intuition: 64% of respondents gave “brave” as the response to context (1). By contrast,
sentence (2) is fairly low-constraint: practically any adjective can be used in this context, as
long as it can refer to a personal trait. In our cloze experiment, the most common response
for sentence (2) was “nice,” with a relatively low cloze probability of 9%.
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To capture the average level of constraint for each sentence context, we examined several
measures related to the cloze probability for the target word meaning. First, we analyzed the
cloze probability for the modal response, that is, the response that was given most frequently
for each sentence stem. Second, we examined the cloze probabilities for two near-synonyms
of the rare (target) words. For example, near-synonyms for the word “impavid” were
“brave” and “fearless.” Third, we calculated a composite cloze score, which summed over
semantically related responses. For example, in response to one sentence stem, 34% of the
respondents provided the word “silent” and another 21% gave the word “quiet”; thus, the
composite cloze score for this context was 0.55 (55%). Finally, we computed “sentential
constraint,” defined as the number of unique cloze completions for each context. The results
of these analyses are summarized in Table 1.

According to each of these measures, the high-constraint sentences were more semantically
constraining than the low-constraint sentences. On this basis, we expected that the high-
constraint sentences would provide stronger support for learning new words as compared
with the low-constraint contexts.

There were an average of 10.22 words per sentence (s.d.=1.50), and the high and low
constraint sentences did not differ in length (mean number of words/sentences 10.52 for
high-constraint, and 9.93 for low-constraint sentences).

Session 1 ERP Tasks—Session 1 consisted of a pre-training section (Task 1A), a
training section (Task 1B), and a post-training section (i.e., a repetition of Task 1A).

Task 1A (Meaning-generation task): In the pre- and post-training blocks of Session 1,
target words were presented in isolation, and subjects were asked to generate the words’
meaning after a short delay. Each trial began with the presentation of a rectangular outline,
which cued the subject to initiate the experimental sequence when ready by pressing the
space key. During the intertrial interval, subjects were permitted to blink or adjust their
position. Once the subject initiated a trial with the space key, a central fixation (‘+’ symbol)
appeared for 500 ms, followed by the target word, which was presented foveally for 250 ms.
The target then disappeared and was replaced by a central fixation (‘+), which remained on
the screen for 1250 ms. Participants were instructed to wait until the target word appeared a
second time, together with a symbol (‘?’), which was presented below the target word,
indicating the need for a response. The stimulus onset asyncrhony (SOA) between the first
and second presentation of the target was 1,500 ms. At the response probe (‘?’), the subject
was asked to type in a synonym or near-synonym of the target word. Instructions
emphasized that participants were to provide a response on every trial, even for words that
were unfamiliar or partially known.

Task 1B (Training task): In the training block (Task 1B), subjects viewed rare words,
embedded in meaningful sentences. On each trial, the subject was asked to read the sentence
and then press a button when they were ready to continue. After 10 seconds, if there was no
button press, the program automatically advanced. The target word was then presented in
isolation. As in the pre- and post-training blocks, the subject was instructed to wait until the
target appeared together with a response probe (‘?’). At the probe, the subject was asked to
type in a synonym or near-synonym of the target word. A response was elicited after each
training context.

Each of the 60 trained rare words was presented in 3 different contexts during training (Task
1B), for a total of 180 training contexts per subject. Assignment of words to training
condition (high vs. low constraint) was randomized across study participants, and the
ordering of the 3 contexts for each target was randomized within training condition. All 180
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sentences were presented in pseudorandom order, with the constraint that the spacing
between the 3 sentences for a particular target word be as wide as possible (minimum
spacing was 6, and maximum spacing was 80).

Session 2 ERP tasks—In Session 2, subjects completed Task 1A a third time, so we
could examine ERP effects of training after a 2-day delay period. Subjects then completed a
new task (Fig. 1, lower right panel), as described in the following section.

Task 2 (Semantic priming task): In the final ERP task, subjects completed a modified
version of the semantic priming paradigm used in Perfetti, Wloko, and Hart (2005). In this
task, subjects saw a sequence of two words, and were asked to decide if the two words were
semantically related. The first (“prime”) word belonged to one of three categories: (1) Rare
Trained words (n=60), (2) Familiar Untrained words (n=30), or (3) Rare Untrained words
(n=30). The second (“target”) word was a familiar word and it was either a near-synonym
for the prime word (i.e., was semantically related), or was unrelated. The unrelated word
pairs were created by reshuffling the 60 prime–target pairs and then verifying that the
resulting pairs were not semantically related. The related and unrelated word pairs were the
same for every participant. Presentation order was randomized across sessions.

The stimulus timing for Task 2 was as follows. Prime words were presented for 1,000 ms,
followed immediately by a target word that was either semantically related or unrelated. The
targets were presented for 1,000 ms, followed by a 500 ms interstimulus interval (blank
screen), and then a probe stimulus (“?”). Participants were asked to judge the semantic
relatedness of the prime and target words and to indicate their decision with a key press as
soon as the probe appeared. They indicated their response by pressing either the “1” key
(right index finger) or “2” key (right middle finger) on the right side of the keyboard.
“Yes”/”No” assignment of keys was counterbalanced across subjects. Accuracy was
emphasized over speed for this task. In contrast with Perfetti, et al. (2005), no accuracy
feedback was provided during our version of this task.

Pretest and Post-test Assessments—Written assessments of target word knowledge
were administered at three times: (1) at the beginning of the experiment, before the Pre-
training block; (2) immediately after the Post-training block in Session 1; and (3) at the end
of the experiment, immediately after the priming task in Session 2. The assessment consisted
of 90 multiple-choice items (60 trained rare words and 30 untrained familiar words as
controls). For each item, subjects were asked to select the word that was closest in meaning
to the target word. There were five choices, including 4 distracters that were from the same
word frequency range and were the same average length as the correct response. The choices
for each item belonged to the same part-of-speech (e.g., noun, verb, adjective). After the
synonym judgment, participants were asked to indicate their confidence on a scale from 1
(just guessing) to 3 (very confident). A post-test was administered in the same session, after
the ERP experiment task. Items were the same as in the pre-test, but the item order was
reshuffled.

It is important to note that the high-frequency words that were used as targets in the
semantic priming task were different from the choices on the written, multiple-choice tests.
Thus, there was no risk that participants would encounter the same correct responses on
different tests.

ERP Data Acquisition and Preprocessing
ERPs were recorded using a 128-channel electrode array, with vertex recording reference
(Electrical Geodesics, Inc.). Data were sampled at a rate of 500 per second and were
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amplified with a .01-hz highpass filter (time constant ~10 seconds). Channels were
automatically marked bad for a given trial if blinks or eye movements were detected, if
amplitudes >150 µV, if differential average amplitude (i.e., changes in slope) >75 µV, if the
channel was flat (had zero variance), or if manual inspection suggested noise specific to that
channel (i.e., not affecting surrounding channels). Any channel marked bad for more than
20% of the total trials was interpolated in the raw EEG based on data measured at nearby
electrodes. After exclusion of artifacts, remaining trials were segmented into 1,100 ms
epochs, starting 200 ms before onset of the target word. Segmented data were averaged
across trials (within subjects and within condition) and digitally filtered with a 30-Hz
lowpass filter. After further channel and subject exclusion, bad (excluded) channels were
interpolated. The data were re-referenced to the average of the recording sites, and were
baseline corrected, 200 ms prior to the segmentation event.

ERP Analysis
ERP analyses were conducted separately for three sets of data: Task 1A (Session 1: Pre- and
post-training); Task 1A (Session 2: delayed post-training); and Task 2 (Session 2: transfer
task). Analysis of ERPs acquired during the training blocks (Task 1B) will be presented in a
separate manuscript.

For analysis of Task 1A effects, ERP data were decomposed using a temporal principal
components analysis (tPCA). Dien’s PCA Matlab Toolbox (v 1.093) was used to implement
the analysis (Dien, in submission; see Dien & Frishkoff, 2005 for methods). After factor
extraction and retention (10 factors with eigenvalues >1 in each case), we applied a Promax
rotation (kappa=4). The factor loadings that result from this data decomposition represent
time courses of the latent ERP patterns. Factor scores represent the weighting of each
temporal pattern across electrodes (i.e., they are used to plot the topographic distribution of
the latent patterns), and also represent weightings across subjects and experiment conditions.
It is thus the factor scores for each latent pattern that are entered in statistical analyses, to
test for condition differences. Factor waveforms and topographies were plotted for the grand
average data, were visually inspected, and were then interpreted and labeled with reference
to previously described ERP patterns in word recognition (Frishkoff, et al., 2007).

For examination of topographic effects, we divided channels into six scalp regions-of-
interest, or ROI: orbitofrontal, frontocentral, anterotemporal, posterotemporal, parietal, and
occipital (see Appendix A for channel groupings). Factor scores were averaged over these
ROI to examine the topographic distribution of effects for each pattern factor. Laterality
(right versus left ROI) was considered as a separate factor in each analysis.

Repeated-measures analyses of variance were conducted separately for each ERP factor
(pattern). For the Task 1A (Session 1) analysis, there were two experimental factors of
interest: Word (3 levels: Rare-Trained-HiConstr, Rare-Trained-LoConstr, and Familiar-
Untrained), and Time (2 levels: Session 1, Session 2). For the Task 1A (Session 2), Word
was the only experimental factor. Because Task 1A in Sessions 1 and 2 were acquired on
separate days, we anticipated that some ERP components might differ in peak latency.
Therefore, we subjected the Session 2 data to a separate temporal PCA and separate analyses
of variance. While this does not permit direct comparison with the ERPs from Session 1, we
believe it is the more conservative approach: combining ERP data from Sessions 1 and 2
into a single analysis may risk distorting patterns that vary in time course across the two
sessions.

Finally, t-tests were conducted at each time sample (n=350 samples, 700 ms) and each
electrode (= 129), and the resulting “t-maps” were plotted as scalp-topographic maps,
thresholding at a corrected p-value of 0.0000011, t (14) = 8.14. The t-maps are used for
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illustration of condition differences; readers are referred to the analyses of variances for
Task 1A results based on inferential statistics.

For analysis of Task 2 effects, we adopted a hypothesis-driven approach. The semantic
priming task has been used many times, in contrast with the meaning-generation task (Task
1A). Therefore, we restricted our focus to the N400Pz window, 350–450 ms after onset of
the second, target word. A priori regions of interest for the N400 analysis were left and right
frontal, and left and right parietal ROI (see Appendix A for channel groupings). Repeated-
measures ANOVA were conducted to examine differences in N400 peak latency and mean
amplitude within the 350–450 ms window. Only correct responses were entered into the
analyses.

RESULTS
Pre- vs. Post-test Assessments of Target Word Knowledge

To characterize participant knowledge of the target words before and after training, we
compared scores on the written multiple-choice pretest to scores on the immediate and
delayed post-tests. Mean accuracy for the three types of words —rare words trained in high-
constraint contexts, rare words trained in low-constraint contexts, and untrained familiar
words— are given in Figure 2.

Mean accuracy scores were entered into a 3 (Word) × 3 (Time) repeated-measures analysis
of variance. As expected, there were main effects of Word, F(2, 28) = 267.63, p < .001, and
of Time, F(2, 28) = 66.34, p < .001. The interaction was also significant, F(2, 28) = 38.21, p
< .001, consistent with different learning gains across the three word types. Post-hoc
comparisons showed a strong increase from pre- to post-test for rare words trained in the
high-constraint condition — t(14)= 9.64, p < .001 — and more modest increase in the low-
constraint condition — t(14)= 2.43, p < .05. Thus, there was learning in both training
conditions, as expected. Importantly, post-test scores were significantly higher for words
trained in the high-constraint condition — t(14)= 6.67, p < .001 (mean difference in
accuracy, 27). Thus, accuracy results suggest there was more successful learning from the
high- versus low-constraint contexts.

Contrary to prediction, the delayed post-test did not show evidence of forgetting for either of
the trained word categories. This result may be partly due to the influence of the semantic
priming task just before the final post-test, which could have reminded participants of the
target word meanings. The ordering of the two tasks reflects a calculated trade-off: if the
delayed post-test had been administered earlier, it may have contaminated results on the
semantic priming task, rather than the other way around. In any case, the delayed post-test
results show substantial retention of target word knowledge over the two days, even
assuming an extra boost from the semantic priming task in Session 2.

Behavioral effects in semantic priming task
Accuracy and reaction times on the meaning judgment task were examined using 4 (Word)
× 2 (Relatedness) repeated-measures analyses of variance. Subjects performed close to
ceiling on accuracy (mean 97%) for familiar words relative to rare words. In addition, there
was a strong "no" (unrelated) response bias, as evidenced by the relatively high accuracy
(Table 1) and faster response times (Table 2) for unrelated versus related targets. Accuracy
analyses revealed main effects of Relatedness — F(1, 12) = 22.59, p < .001 — and Word —
F(3, 36) = 92.29, p < .001. There was also a significant interaction, Word × Relatedness,
F(3, 36) = 12.25, p < .001. Post-hoc paired comparisons confirmed that the differences in
accuracy for all four categories were significant (p < .01 for all comparisons). Reaction time
analyses indicated a main effect of Relatedness, F(1, 12) = 7.29, p < .05. Overall, subjects
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were faster to indicate that targets were unrelated. The effect of Word approached
significance, F(3, 36) = 2.79, p = .056.

ERP Results
ERP results are described separately for the following three analyses:

1. Task 1A (Session 1) — Word (3) × Time (2) × ROI (6) × Laterality (2)

2. Task 1A (Session 2) — Word (3) × ROI (6) × Laterality (2)

3. Task 2 (Session 2) — Word (4) × Relatedness (2) × ROI (2) × Laterality (2)

ERP Results for Session1, Task 1A—Figure 3 shows a 129-channel plot of the ERP
waveforms for Trained Rare words before and immediately after training, collapsing over
the high- and low-constraint conditions to show the main effects of training.

A prominent feature of this waveplot is a negative-going dip that peaks around 300–350 ms
over left anterotemporal electrodes and is enhanced (i.e., more negative) after training.
Figure 4 shows the corresponding F300 factor (Figure 4, fourth row), which has at a peak
loading at ~300 ms. The timing and topography of this factor are prototypical of the
N300FT7 pattern.

Another salient feature is a mid-frontal negativity, which peaks slightly later than the
N300FT7 pattern and is also enhanced (more negative) immediately following training. This
feature is captured by tPCA factor F440 and correspond to the medial frontal negativity
(“MFN”) described in prior work, or N350Fz pattern as it is termed here. Note that the mid-
frontal negativity in the present study peaks somewhat later than the typical N350Fz pattern.

The mean amplitudes for each of the 5 factors shown in Figure 3 were entered into a 3
(Word) × 2 (Time) × 6 (ROI) × 2 (Laterality) ANOVA. Results are summarized in Table 3.

There are three effects that are particularly worthy of note. First, we observed an early
training effect during the time of the P100 component (peak latency, ~130 ms), similar to
the training effect that was described in Perfetti, et al. (2005).

Second, after training, the Rare words elicited an increased mid-frontal negativity, which
started at ~280 ms and persisted until the end of the epoch. Interestingly, the Untrained
Familiar words also showed an increased mid-frontal negativity at the time of the N350Fz
(Figure 5; cf. Figure 3, fifth row). Moreover, this mid-frontal effect did not differentiate
words trained in the high and low constraint conditions.

Finally, the major difference for ERP responses to rare words trained in high- vs. low-
constraint contexts was seen over left fronto-temporal and left orbitofrontal sites (Fig 4;
effect labeled as “3” in right-hand panel). Rare words in both conditions elicited an
increased left inferior frontal negativity, starting at around 300 ms and peaking at around
400 ms (an N300FT7). This increased negativity was stronger in the low-constraint, as
compared with the high-constraint, condition after training.

ERP Results for Session2, Task 1A—Figure 6 shows the ERPs in Session 2 for the
meaning-generation task. Comparison with Figure 5 shows that the left inferior N300FT7
condition difference has disappeared. Interestingly, however, the difference for words in the
high- versus low-constraint conditions is now seen over left parietal regions, with the low-
constraint words eliciting an increased positivity (P600) at about 550–600 ms relative to the
high-constraint words.
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The tPCA for these data revealed two main factors of interest: an F340 (an analog of the
N300FT7 pattern in Session 1), and an F540, a left parietal positivity that was largest for
Familiar Untrained words.

The mean amplitudes for each factor were entered into a 3 (Word) × 6 (ROI) × 2 (Laterality)
ANOVA. For Factor F340 (the N300FT7), the interaction between Word and ROI was
significant, F (10, 140) = 4.12, p < .001. Consistent with the upper left-hand plot in Figure 6,
there is no longer any difference between the Trained Rare words in the two conditions.
Rather, both types of Trained Rare words showed an enhanced negativity over frontal
regions, as compared with the Untrained familiar words. For Factor F540, there was a 3-way
Word × ROI × Laterality interaction, F (10, 140) = 3.28 p < .01. Consistent with the upper
right-hand plot in Figure 6, rare words trained in the low-constraint condition were more
positive during this P600 time window.

ERP Results for Session2, Task 2 (Transfer Task)—The ERP response to the
second, “target” word in the semantic judgment task (Session 2) showed a classical N400
effect, that is, an enhanced right parietal negativity to unrelated versus related targets (Figure
7).

Analysis of N400 mean amplitudes revealed a 3-way interaction, Word × Relatedness ×
ROI, F(15, 225) = 2.36, p< .01. Post-hoc paired comparisons showed that the semantic
relatedness effect was significant for familiar words over frontal (p < .01) and parietal (p < .
001) sites. Similarly, there rare words trained in high-constraint contexts elicited priming
effects over frontal (p < .01) and parietal (p < .001) sites. By contrast, there was a much
smaller relatedness effect for rare words trained in low-constraint contexts over parietal sites
(p < .05), and no relatedness effect whatsoever over frontal sites (p > .8). There was no
effect of semantic relatedness for untrained words over frontal or parietal regions (p > .3 for
both comparisons).

Analysis of N400 latencies was restricted to the three conditions that displayed significant
relatedness effects over parietal sites: Familiar Untrained words and the two categories of
Rare Trained words (RareHiConstr, RareLoConstr). The main effect of Word just missed
significance (p = .06), as did the Word × Laterality interaction (p = .06). Mean latencies are
plotted in Figure 7 (right panel).

SUMMARY
In the present study, we examined ERPs to rare words (such as “nutant” and “impavid”)
before and after training. Words were presented in contexts that were either high- or low-
constraint (Figure 1). We predicted that words in high-constraint contexts would show more
robust learning and that this effect would be indexed by frontal ERPs during meaning-
generation, immediately post-training. Learning was evaluated independently with a written
pre-/post-test design. The post-test was administered shortly after training (Session 1) and
after a 2-day delay period (Session 2). In addition, an N400 priming task ("transfer task")
was administered in in Session 2 to evaluate robust learning.

As expected, participants demonstrated larger gains in word knowledge for the high- versus
low-constraint training condition. These differential gains were seen on the written pre- and
post-test assessments (Figure 2). They were also evident in the meaning-generation task.
Words trained in both types of contexts showed increased frontal negativities (N300FT7 and
N350Fz) immediately after training (Session 1). In addition, words trained in low-constraint
contexts showed a stronger increase in the left inferior frontal N300FT7 (Figures 3–5).
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In Session 2, the ERPs for words trained in high- and low-constraint contexts no longer
showed a left inferior frontal N300FT7 effect. Instead, words in the low-constraint condition
now elicited larger positivities over left parietal regions from ~500–700 ms (Figure 6).

Finally, rare words trained in high-constraint contexts elicited strong N400 priming effects
during Session 2 over frontal, as well as parietal, sites. By contrast, low-constraint words
elicited smaller effects over parietal sites, but little or no priming over frontal sites (Figure
7).

DISCUSSION
The present study aimed to address two main questions:

1. How do cortical responses differ to words before and after learning ?

2. Are there ERP correlates of partial versus robust learning?

Two early effects are worthy of note before we review the major effects of partial versus
robust meaning acquisition. First, we replicated the effects of word training that were
observed by Perfetti and associates (Perfetti, et al., 2005) at approximately 130–140 ms,
during the time of the visual-evoke “P100” component. After training, there was an
enhanced negativity over centroparietal electrodes and an enhanced positivity over occipital
regions to trained words. In our study, this effect was insensitive to the semantic
manipulation (i.e., training in high versus low constraint contexts), providing support for the
idea that this effect reflects modulation of visual or early orthographic processing. The
condition contrast appeared to extend into the N170 epoch (Table 3).

Second, beginning at around 220 ms, there was an enhanced negativity to familiar versus
rare words over left posterior temporal sites. Because familiar words were not presented
during training, it is impossible to separate effects of lexicality and training in interpreting
this effect. Furthermore, the effect was relatively weak (note that it does not show up in
Figure 3, where we applied fairly stringent correction for multiple comparisons).

Anterior LIFG in word learning and semantic retrieval
The key contrast in the present study was between rare words that were presented in high-
versus low-constraint contexts before and after training. This contrast revealed an N300FT7
effect over left inferior frontal (LIF) regions immediately after training. The N300FT7
differentiated Rare Trained words from Familiar Untrained words, and also differentiated
rare words trained in high- versus low-Robust learning constraint contexts. This N300FT7
effect is unlikely to reflect changes in familiarity with the target word forms (i.e.,
orthographic representations), since trained words occurred equally often in the high- and
low-constraint conditions. It seems more likely that the N300FT7 effect reflects word-level
semantic processing. It is also possible, however, that the N300FT7 effect is related to the
demands for effortful retrieval that are evoked by our meaning-generation task. Abdullaev &
Posner (1997, 1998) described a similar, LIF pattern during meaning-generation. The effect
was accounted for by an equivalent dipole located in left inferior prefrontal cortex,
consistent with activations seen in PET and fMRI studies of semantic processing (Gabrieli,
et al. 1998;Thompson-Schill, et al., 1997). Prior work suggests that LIF is specifically
enhanced during more effortful encoding and retrieval of word meaning (e.g., Addis &
McAndrews, 2006).

A few recent studies have studied the neurocognitive processing of words acquired early in
life (< 6 or 7 y.o.), versus late-acquired words (see Hernandez & Li, 2007 for a review).
Fiebach and associates (Fiebach, et al., 2003) examined correlation of the BOLD response
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with “age of acquisition” (AOA) during a lexical (word vs. nonword) decision task, and
found increase activation for late- versus early-acquired words in left inferior frontal and
anterior insular regions (BA45/47 and BA12). These are the same subregions of the LIFG
have previously been linked to effortful retrieval of semantics (Gabrieli, et al. 1998;
Thompson-Schill, et al., 1997). The proposed mechanisms underlying AOA effects have
been a subject of recent discussion (Hernandez & Li, 2007). One interesting proposal is that
word meanings that are acquired later in life may be less stable, and therefore more prone to
interference during semantic retrieval.

ERP markers of partial versus robust learning
In the present experiment, the N300FT7 effect increased from pre- to post-training in both
the high- and low-constraint conditions, consistent with increased task engagement for both
training conditions. Importantly, however, words trained in the low-constraint condition
showed a larger N300FT7 compared with the N300FT7 to words trained in high-constraint
contexts. This result is consistent with partial learning of words trained in low-constraint
contexts: although knowledge of word meanings increased (on average) from pre- to post-
test, the larger N300FT7 suggests that newly learned meanings for the low-constraint words
were more difficult to retrieve from memory.

Interestingly, when the meaning-generation task was repeated two days after training, the
N300FT7 effect was no longer present. Instead, there was a posterior P600 effect, which was
not seen in Session 1. This frontal-to-posterior shift is intriguing, particularly given similar
findings that early learning engages more frontal cortical areas, whereas posterior areas are
more typically engaged after memories have had time to become more stable and better
consolidated (Friedman, 1990; Luu, Tucker, & Stripling, 2007). It is therefore possible that
this frontal-to-posterior shift in meaning representation could emerge as one marker of
robust semantic learning.

Mestres-Misse, et al. (2007) have made a similar suggestion: they noted that ERP priming
effects to newly learned words evoked a more frontal “N400” effect, as compared with
familiar words. Although they do not report the frequency of the familiar words in their
experiment, examples such as Autobus (Sp. “bus”) and Cuchilo (Sp. “knife”) suggest that
they were probably medium-to-high frequency. In our study, by contrast, both familiar
words and rare words trained in high-constraint contexts elicited broadly distributed effects
over frontal and posterior sites in our Session 2 transfer task. The broad distribution of
“N400” priming effects in our experiment (encompassing frontal as well as posterior sites) is
unsurprising given that familiar words in our task fell on the low-frequency end of the
“familiar” spectrum. Likewise, the rare words trained in high-constraint contexts were still
fairly novel. It would be interesting to compare these results with N400 priming effects to
high-frequency words and to rare words that have been over-trained. It is possible that we
might then see a pattern similar to that of Mestres-Misse, et al. (2007). More difficult to
square with this theory is the finding that rare words trained in low-constraint contexts
elicited priming over parietal, but not over frontal, sites. It is unlikely that this effect can be
explained by thesholding: Figure 7 (lower right panel) shows that the frontal ERP effect is
disproportionately reduced for low- versus high-constraint words, compared with the
parietal N400 effect. This is an effect that will need to be replicated and accounted for in
future work.

Implications for Vocabulary Learning and Instruction
Evidence for partial semantic learning in the present study is relevant for questions
concerning the efficacy of word learning from written contexts. A large body of work
suggests that words can be learned "incidentally" during reading (Nagy, Anderson, &
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Herman, 1987; Nagy, Herman, & Anderson, 1985). At the same time, there is considerable
controversy about the optimal use of contexts to support word learning (Beck, et al., 2002;
Biemiller, 2003). While some workers have proposed that frequency and breadth of reading
is the key to vocabulary development (Nagy, et al., 1985, 1987), others have suggested that
"incidental" learning from may be unreliable, because many words occur infrequently and
because contexts may be only weakly supportive, or even misleading (Beck, et al., 1983;
Frishkoff, et al., 2008). According to Beck and associates (Beck, et al., 2002), acquisition of
words that are more abstract or literary ("Tier II" words) requires rich and extended
instruction (Beck, et al., 2002). While this approach takes time, it has been shown to
promote more robust learning when compared with instructional methods that rely soley on
incidental learning.

One solution may be to develop a combined strategy for vocabulary training that involves
multiple exposures to words in context, together with activities that promote deep and active
processing of meaning. For example, in the present study, subjects were exposed to words in
various contexts. At the same time, they were asked to generate the meaning of the target
word after each context, to engage deep and active processing of semantics. We note that
written assessments showed impressive learning in the high-constraint condition (with
~10/30 words successfully learned). This is particularly encouraging given that training
consisted of only three exposures to words in context. These findings contrast with previous
estimates that 12 or more exposures may be needed to promote robust word learning (e.g.,
McKeown, et al., 1985) and suggest that meaning-generation may be useful for promoting
efficient and effective learning of new word meanings. Additional work will needed to
determine the efficacy of word learning from contexts under different instructional and task
conditions, and to understand the role of left inferior frontal cortical networks in the learning
and retention of word meanings. In the long run, our goal is to develop more fine-grained
models of word learning and to link these models to meaningful outcomes in reading and
vocabulary acquisition (see also Frishkoff, White, & Perfetti, 2009).

Conclusion
The importance of research on word semantic learning is two-fold. First, evidence for
multiple stages of meaning acquisition could have implications for theories of word
representation: if there are qualitative differences in the representation of words that are only
partially known versus those that are linked to robust semantic knowledge, it may be
important to understand the processes that account for these shifts in knowledge
representation. In the present experiment, ERPs to newly trained words evoked a left inferior
frontal negativity that was larger for words trained in low-constraint contexts. Two days
after training, this experiment effect shifted from frontal to posterior regions of the scalp. It
is possible that this pattern reflects decreased engagement with frontal control networks over
the course of learning (see also Friedman, 1990; Chein & Schneider, 2005). It is also
possible that this frontal-to-posterior shift may reflect changes in the quality or robustness of
lexical representations. In either case, the implication is that partial and robust word
representations may engage different neurocognitive networks.

Second, evidence for distinct cognitive stages of word learning may have implications for
instruction: the optimal approach to word learning may be different for words that are more
or less familiar prior to training (Frishkoff, et al., 2008b). Thus, an improved understanding
of partial versus robust word learning could contribute to the design of effective methods for
word learning and instruction, as well as to theories of semantic representation in the mind
and brain.
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Figure 1.
Timeline for the three ERP tasks in Sessions 1 and 2. Task 1A is a meaning-generation task:
participants are asked to generate the meaning of each word. This task was administered
before training, immediately after training, and after a 2-day delay. Comparison of ERP
effects at these three times allowed us to examine immediate and delayed effects of training.
Task 1B is the training task: like Task 1A, participants are asked to generate a response on
each trial. Just before the meaning-generation probe, the word is presented in a sentence is
that is either highly constraining (HiConstr condition) or weakly constraining (LoConstr
condition). Task 2 is a semantic priming task: trained words appear, followed by high-
frequency words that are either close synonyms or semantically unrelated. This task is
designed to elicit classic N400 semantic priming effects, which we expected to vary as a
function of training condition.
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Figure 2.
Means and standard errors for accuracy scores on written tests of word knowledge. Chance
(baseline) was .20. Posttest #1 was administered immediately after training. Posttest #2 was
administered two days later. Standard deviations are given in parentheses.
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Figure 3.
Illustration of time course (left panel) and topography (middle and right panels) for each of
the 5 ERP components in Task 1A (meaning-generation task). Left panel, PCA factor
loadings for F100 (“P100O2”), F180 (“N170PO7”), F220 (“N220TP9”), F300 (“N300FT7”),
and F440 (“N350Fz”). Middle Panel, Scalp topographic projection of each factor for each
experiment condition, scaled at ±4µV. Right panel, statistical “t” maps, computed on raw
ERP data, illustrating topography of significant condition diffrences. T-maps are shown at
peak time for each corresponding factor (component). The three main ERP effects are
labeled as follows: (1) early left occipital positivity at ~100 ms, enhanced (more positive
after training); (2) mid-frontal negativity at ~300 ms, enhanced (more negative) after
training and sustained from ~300–550 ms; (3) left inferior frontal negativity at ~440 ms,
enhanced (more negative) after training, with a larger difference for words trained in the
low-vs. the high-constraint condition (Interaction Effect).
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Figure 4.
129-channel ERPs in Session 1 for Trained Rare words (collapsed over training condition to
illustrate main effect of training). Positive voltages plotted up in these and all subsequent
plots. Black, response to word during Task1A (meaning-generation task) before training.
Grey, response to word during Task1A (meaning-generation task) after training. Upper
right-hand panel shows enlarged plot of ERP responses at left frontal electrode AF3: After
training, there was an increased negativity during the meaning-generation task, broadly
dstributed over frontal sites. Cf. Figure 3, statistical “t” maps showing Main Effect of
Training from ~300–500 ms.
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Figure 5.
129-channel ERPs in Session 1 (Task 1A: meaning-generation task) to rare words in two
training conditions (HiConstr vs. LoConstr). Black, response to words trained in HiConstr
condition. Grey, response to words trained in LoConstr condition. Upper right-hand panel
shows enlarged plot of ERP responses at left frontal electrode AF3: After training, there was
an increased left anterior negativity to words in the LoConstr versus the HiConstr condition.
Cf. Figure 3, statistical “t” maps showing Interaction Effect at ~450 ms.
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Figure 6.
129-channel ERPs in Session 2 (Task 1A: meaning-generation task) to rare words in two
training conditions (HiConstr vs. LoConstr). Black, response to words trained in HiConstr
condition. Grey, response to words trained in LoConstr condition. Upper right-hand panel
shows enlarged plot of ERP responses at left frontal electrode AF3: After a 2-day delay, the
left anterior effect seen in Session 1 (Fig. 5) is gone. Upper right-hand panel shows enlarge
plot of ERPs at channel P1: there is an increased P600 positivity to words trained in the
HiConstr condition versus words in the LoConstr condition, an effect that was not present
immediately after training (cf. Fig 5).
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Figure 7.
Summary of ERP results for the N400 semantic priming/ transfer task (Task 2, Session 2).
Left, Topographic “t-maps” plotted at peak latency for Familiar Untrained words and Rare
words trained in High and Low Constraint contexts (Rare Untrained words did not elicit an
N400 effect). ERP waveforms plotted at channel Pz: Black, related targets; Grey, unrelated
targets. Top right, N400 latency effects over left parietal ROI (black line) and right parietal
ROI (grey line). The main effect of Word and the Word × Laterality interaction both fell just
short of significance (p = .06 for both comparisons). Bottom right, Differences in the
magnitude of the N400 effect (Unrelated – Related) for all four word types, shown
separately for frontal ROI (grey bars) and parietal ROI (black bars). There was a significant
Word × Relatedness × ROI interaction, p < .01 (see text for details).
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Appendix A.
Electrode Clusters
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Table 2

Mean accuracy and response times for the semantic priming task (Task 2, Session 2). SE given in parentheses.

Accuracy Response Times

Related Unrelated Related Unrelated

Familiar words .96 (.01) .97 (.01) 597 (55) 517 (37)

Rare words (hi-constr) .67 (.03) .72 (.05) 737 (95) 606 (50)

Rare words (lo-constr) .50 (.03) .74 (.04) 723 (71) 664 (55)

Rare words (untrained) .35 (.04) .73 (.04) 720 (73) 690 (71)
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Table 3

Summary of condition differences for all factors (patterns) in Session 1, Task 1A (Meaning -generation task).

Patter
n

Effect Omnibus Effects

F110
(P100)

Word Word*Hemi, F(1.87, 26.13)=13.92, p< .001

Time Time*ROI, F(1.93, 27.04)=20.22, p< .001

Word*Time -

F170
(N170)

Word -

Time Time*ROI, F(2.19, 30.61)=8.82, p< .001

Word*Time -

F220
(N220)

Word Word*ROI*Hemi, F(4.86, 68.07)=13.92, p< .01

Time -

Word*Time -

F300
(N300)

Word Word*ROI, F(2.69, 37.63)=3.94, p< .05

Time Time*ROI, F(1.27, 17.80)=5.37, p< .05

Word*Time -

F400
(N400)

Word Word*ROI, F(2.41, 37.84)=3.13, p< .05

Time Time*ROI*Hemi, F(3.64, 50.92)=4.42, p< .01

Word*Time Word*Time*ROI, F(3.60, 50.45)=3.74, p< .01

Post-hoc Effects

LH: Fam > Rare (p< .001)

RH: ns

Post > Pre: OCC, PAR, PTEMP (all p<.001)

Pre > Post: ATEMP (p<.001), ORB (p< .01)

-

-

-

-

Post > Pre: FRONT, ORB (both p<.05)

Pre > Post: PTEMP (p<.01), OCC (p< .05)

-

-

Dev Neuropsychol. Author manuscript; available in PMC 2011 July 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Frishkoff et al. Page 32

Patter
n

Effect Omnibus Effects

LH: Fam > Rare over OCC,PAR,PTEMP (all p< .05)

RH: ns for all ROI

-

-

-

-

Fam > Rare: FRONT (p< .01)

-

Post > Pre: OCC, PTEMP (both p<.01)

Pre > Post: ATEMP, ORB (both p<.01)

-

-

Fam > Rare: FRONT (p< .01)

-

Post > Pre: left OCC, PTEMP, PAR (all p<01)

Pre > Post: left FRONT, ORB, ATEMP all p<.01)

HiConstr > LoConstr: Post only over ORB (p<.05); Pre n.s.

-

Famil= familiar (untrained) words. Rare = rare trained words. Pre = pretest. Post = posttest. HiC = rare words trained in high-constraint contexts.
LoC = rare words trained in low -constraint contexts. ‘X > Y’ = X more positive or less negative than Y.
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