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ABSTRACT
The current research was aimed at addressing several specific questions regarding
the integration of world knowledge during language comprehension. First, what is the time
course of the on-line integration of semantic and world knowledge information? Secondly,
which are the crucial brain areas involved in these processes?
It is a long-standing issue whether or not semantic information is prepackaged into
the mental lexicon and therefore more immediately available than world knowledge that is
necessary to assign a truth-value to a sentence. Two ERP studies were performed to
investigate this question. Subjects were presented with sentences like the following types
(critical words are underlined):
(a) "Amsterdam is a city that is very old and lively." (Correct)
(b) "'Amsterdam is a city that is very new and lively." (World Knowledge Violation)
(c) "Amsterdam is a city that is very thin and lively." (Semantic Violation)
Sentence (b) is semantically well-formed, but not true, when considering the founding date
of Amsterdam. In contrast, in sentence (c) the semantics of the noun "city" makes the
adjective "thin" not applicable. The question was whether or not the waveforms for (b)
would result in an N400 effect with the same latency and topography as a lexical semantic
N400-effect (c).
The ERP waveforms for both (b) and (c) resulted in a clear and sizable N400 effect,
with comparable onset and peak latencies. Additionally, (c), but not (b) resulted in an
additional late positivity with a posterior distribution.
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To address the second issue: what are the crucial brain areas involved in these
processes, a fMRI version of the experiment was performed. Results indicated that both
(b) and (c) activated the left inferior frontal gyrus. In addition, (c), but not (a) or (b).
resulted in activation of the left posterior parietal region. Post-integration processes may
be responsible for this differential activation found for the world knowledge and semantic
conditions.
The results of this research indicate that during on-line sentence comprehension
world knowledge information is integrated as quickly as lexical semantic information. The
left prefrontal cortex might be involved in this recruitment/integration process.

II

INTRODUCTION
The integration of information is essential for language comprehension. In order to
fully understand an utterance, a listener or reader must integrate a range of different types
of knowledge, both linguistic and non-linguistic. For example, if one heard the sentence
"The grapevine was awful this morning", applying the appropriate syntactic and lexical
semantic information would not be enough to fully understand the utterance. In order to
comprehend this sentence it would be essential to have the background knowledge that
•'the grapevine", in this case could be referring to an area of the interstate in Southern
California in the United States, rather than a fruit plant or a circle of gossip. This example
not only incorporates specific lexical semantic knowledge (such as the meanings of
"awful" and "morning"), but also incorporates world knowledge about the regional
geography in which the speaker could be referring to.
While there is little doubt that world knowledge is important in forming a
meaningful representation of such a sentence, the majority of language processing models
do not address the role of world knowledge in language comprehension. One of the
reasons world knowledge is not considered is because the models are often word based
models. Within this tradition, the levels of phonology, morphology, syntax and the lexicon
are the most important ones, (see Fodor, Bever & Garrett, 1974; Fodor, Ni, Crain. &
Shankweiler, 1996) and discourse factors and world knowledge are not directly relevant to
these levels of processing. If research in this tradition looks at world knowledge or
discourse, it is in respect to how they influence syntax or word meaning.
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At the word level, research on the influence that context (e.g.. discourse and
pragmatic factors) has on the accessing of ambiguous words has been extensively studied.
This research indicates that under most circumstances, all meanings of ambiguous words
are immediately activated, and only at a later point in time is the appropriate meaning
chosen (Onifer & Swinney, 1981; Simpson. 1994; Swinney, 1979). This process of
choosing the appropriate meaning is based on the context of the sentence. Presumably this
process also utilizes discourse and world knowledge information, but how this occurs is
not addressed in this literature.
At the sentence level, the major concern has been to assess the influence of
semantic representations on the syntactic analysis of sentences, specifically focusing on
moments at which interaction occurs between meaning and structure (e.g., "The florist sent
the flowers was very pleased" compared to "The performer sent the flowers was very
pleased" where performers are more likely to receive flowers than are florists, Rayner.
Carlson & Frazier, 1983).
There are two broad classes of models dealing with this topic. More modular
models usually make detailed claims about the time course of access and integration of
particular types of information (for a review, see Mitchell, 1994). For example, the so
called "garden-path" model (or more recently "construal" model) is one of the influential
modular models that assumes that parsing decisions are initially based on syntactic
information alone, and only after the initial parse is complete will semantic information be
utilized (Frazier & Clifton, 1997). While serial, syntax-first models predict a late
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interaction between syntax and semantics, the "interactive constraint satisfaction" class of
models predicts an early interaction of syntax and semantics (Chambers, Tanenhaus.
Eberhard, Carlson & Filip, 1998; McElree. 1998 among others). In such models there is no
fixed time course similar to the modular models. However, the role of discourse and world
knowledge is still not specifically incorporated into the models.
Although neither of these two classes of models makes specific claims about world
knowledge, what might be concluded is that the modular theories would predict world
knowledge to be integrated later in processing than the interactive models would predict.
A modular model would predict later integration of world knowledge based on the
assumption that world knowledge is outside of the language processor while lexical
semantic knowledge is part of the language processor, and therefore world knowledge
should be integrated at a later point in processing. A common trait of research into this
question is that it has primarily depended on self-paced reading or eye tracking methods.
However, more recently there has been supporting arguments based on imaging data
techniques, such as event-related potentials (ERP) and functional magnetic resonance
imaging (fMRI).
Friederici (2002) proposes a three-phase neurocognitlve model that also assumes a
modular, syntax-first time course. Although this model leaves open the possibility that
semantics may play an earlier role, current imaging data does not yet conclusively support
this. In the literature it is becoming more common to utilize not only reaction time data,
but also corresponding imaging data as converging evidence. Friederici's model, and
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similar proposals based on imaging data, not only include claims about the time course of
language processing, but also include information on the neuroanatomy of each aspect of
processing (for examples of this, see Townsend & Bever, 2001; Hickok & Poeppel. 2000).
But again, like the models discussed previously, there is little focus on the role of world
knowledge or discourse information. Since the field of language comprehension lacks
research on the on-line aspects of semantic and world knowledge, beyond those just
mentioned, a specific investigation into the role of world knowledge and semantic
knowledge is needed.
The current research is aimed at addressing several specific questions. First, what
is the time course of the on-line integration of semantic and world knowledge information?
Is world knowledge integrated after lexical semantic information or at the same time? In
addition, which are the crucial brain areas involved in these processes? Understanding the
neural circuitry underlying the recruitment of semantic knowledge and world knowledge
could provide converging evidence to a theory of language understanding. This research
project is particularly innovative in this respect because it exploits a combination of
modem imaging techniques (i.e., event-related brain potential and fiinctional magnetic
resonance imaging) to address these questions. Before outlining the specifics of the
current project and the relevant previous research specifically regarding world knowledge,
a discussion of these imaging methods is needed.
Event-Related Brain Potentials
Event-related brain potentials (ERFs) are recordings of brainwaves. ERFs are
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collected via electrodes on the scalp that record electrical activity in the brain. They retlect
the sum of simultaneous post-synaptic activity of a large number of neurons, and they have
a very good temporal resolution, on the order of milliseconds. Based on the latency of ERP
components, one can observe the timing of various cognitive operations, such as language
processing and visual processing, as well as variations in memory load during processing.
When used to examine language processing, the typical procedure involves recording the
brainwaves of people while they listen to or read sentences. The sentences can be designed
to examine particular aspects of language processing such as semantic integration or
syntactic analysis. ERP is a particularly useful tool because it has very good time
resolution and it does not require the participants to do any additional task, which could
induce unnatural strategies. With ERP. the participants are only required to read or listen
to sentences in a normal fashion.
The N400 Effect
Within the domain of ERP research, the fmdings related to the well-established
N400 effect indicate that semantic processing is incremental in nature. A seminal study by
Kutas and Hillyard (1980) demonstrated that if subjects are presented with sentences
ending with a semantical ly inappropriate word, (such as "He spread the warm bread with
socks") versus a sensible word, (for example "He spread the warm bread with butter"), a
significantly larger negativity in the ERP waveform occurs from 250 to 600 ms after the
onset of the inappropriate word. This negativity has a peak amplitude of around 400
milliseconds. An important aspect of these results is that the amplitude of the N400 is
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greater when the tlnal word is very incongruous, relative to a smaller amplitude N400
when the final word is only moderately incongruous. Since that study, numerous
investigations have replicated the N400 effect that occurs after the presentation of a word
that is semantically incongruent in the context. However, not surprisingly, there are more
specific factors that influence the amplitude and the latency of the N400 than just the
presentation of an incongruous word.
On the basis of many investigations, it appears that as a rule, every open class word
elicits an N400. not just semantically incongruous words (see Kutas & Van Petten, 1994;
Brown & Hagoort, 1999 for reviews). Further, the peak latency for words appearing in the
middle of a sentence is slightly delayed (approximately 30 ms), compared to words at the
end of sentences. The amplitude of the N400 is inversely related to the probability of the
word occurring as predicted by the context. More specifically, the amplitude is inversely
related to offline expectations, as determined by a cloze probability test. The cloze
probability test requires subjects to complete sentence fragments, and the "cloze
probability" refers to the proportion of people who completed a particular sentence
fragment with a particular word (Taylor. 1953). While the N400 is sensitive to lexical
semantic manipulations, it is insensitive to non-semantic manipulations of context (e.g.,
grammatical violations and morphological violations, see Neville, Nicol, Barss, Forster &
Garrett, 1991). (In the N400 literature, semantic manipulations are commonly taken to
mean lexical semantic manipulations, although this is a matter for debate.) In general,
there is not an effect of modality of presentation on the N400 amplitude. However, there is
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a slightly different topography of the effect in the visual domain as compared to the
auditory domain. In the visual domain. N400s are often slightly larger over the right
hemisphere than the left hemisphere, a difference that is not observed for auditory
presentation. Additionally, there is a difference in latency, in that auditory N400 effects
often begin earlier and last longer than N400s in visual presentation, however this latency
difference appears to be due to a second effect found with auditory materials (the N200). If
one takes the N200 into consideration, there does not appear to be a real difference in
latency between the two modalities. Additionally, the frequency of the word, the number
of repetitions of the word, as well as the semantic relatedness of the word to the previous
words also influences the amplitude of the N400; words that are low in frequency, have not
been repeated, and are semantically unrelated to the previous words elicit the largest
amplitude N400. In summary, the N400 is a brainwave response to every open class word,
but the amplitude and latency can be affected by a number of factors including semantic
relatedness to the context, cloze probability, frequency, modality and in some cases the
amount of working memory load (see Neville, Kutas, Chesney & Schmidt, 1986; Smith,
Stapleton & Halgren, 1986; Stuss, Picton, Cerri, 1986; Chao, Nielsen-Bohlman & Knight,
1995 for examples of related to working memory). The N400 has been described as
reflecting some aspect(s) of the processes that integrate the meaning of a particular word
into a higher-order semantic representation (Brown & Hagoort, 1999; Osterhout &
Holcomb, 1992; Rugg, 1990; however see Kutas & Van Petten, 1994 for an alternative
suggestion). Given the facts known about the elicitation of the N400 and its sensitivity to
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semantic processing, utilizing the N400 effect is an ideal way to investigate the integration
of lexical semantic versus world knowledge information.
Functional Magnetic Resonance Imaging
The second imaging technique utilized in the current research is fimctional
magnetic resonance imaging (fMRI). fMRI is a good method to investigate which areas of
the brain are involved in specific aspects of language processing because it has very good
spatial resolution of the brain, something that ERP does not have. It is non-invasive and
allows us to look at processing in healthy brains. fMRI works by measuring
haemodynamic signals. One is able to detect and visualize local cerebral blood tlow
increases, which are correlated with the activation of nearby neural tissue. With this
technique, information has been gathered on what areas of the brain are involved in aspects
of language like speech perception, semantic processing and syntactic processing (see
Hickok & Poeppel. 2000; Brown, Hagoort & Kutas, 2000 for a review).
The majority of previous imaging research investigating language processing has
only looked at the processing of single words. Very few studies have looked at general
sentence understanding, and none have looked specifically at the processing of world
knowledge during sentence comprehension. However, there are some results from
imaging studies, as well as several patient studies, that are relevant. The results relevant to
the current study are those that investigated some aspect of semantic processing.
fMRI and Semantic Processing
Previous studies looking at language using either positron emission tomography
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(PET) or fMRI have generally noted that the left frontal lobe seems to be primarily
involved in articulatory and phonological processing as well as semantic processing.
Studies have suggested that the anterior extent of the left inferior prefrontal cortex
(Brodmann area, BA 47, BA 45, Brodmann. 1909) in the inferior frontal gyrus is active
during word level semantic processing (Demb, Desmond, Wagner, Vaidya, Glover &
Gabrieli, 1995; Gabrieli. Desmond, Demb, Wagner, Stone, Vaidya & Glover, 1996;
Glover, 1996; Kapur, Craik. Tulving, Wilson, Houle &. Brown, 1994; Wagner, Schachter,
Rotte, Koutstaal, Maril, Dale, Rosen & Buckner. 1998; Klein, Milner, Zatorre. Meyer &
Evans, 1995; Petersen. Fox. Posner. Mintun & Raichle. 1988 as well as others). This
general finding has been repeated across a variety of semantic tasks as well as
methodological techniques. In addition, there are a number of other studies utilizing
patient data, as well as chronically implanted depth electrodes in the left inferior prefrontal
cortex, whose results converge with the finding that the left inferior prefrontal cortex is
directly related to semantic processing of words (Abdullaev & Bechtereva, 1993; Hagoort,
1997 among others). In relation to these data, the fijnctional role of the left inferior
prefrontal cortex has been described as contributing to the effortful retrieval, maintenance
and control of semantic information, rather than the storage area of this information, (a
more detailed review of this literature will be given in the Introduction section of
Experiment 3). Significant findings related to semantic processing using fMRI show that it
is a sensitive method for investigating the current issue. Additionally, since there is
previous research suggesting a particular area of the cortex may be implicated during
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semantic processing, fMRI is a particularly good tool for investigating the recruitment of
lexical semantic knowledge and world knowledge.
The Current Research
The current research examines the time course of the on-line integration of
semantic and world knowledge information as well as which crucial brain areas are
involved in the recruitment of semantic knowledge and world knowledge. These questions
are examined by comparing the processing of three different types of sentences: correct,
sensible sentences, as in (1) below, those that contain a violation of world knowledge
constraints, as in (2) and those that contain a violation of lexical semantic constraints (3).
(these sentences are in Dutch, see Methods section for details).

Correct sentence:

De stadAmsterdam is heel ouden mooL
(The city Amsterdam is very old and beautiful.)

World knowledge violation: (2). De stad Amsterdam is heel nieuw en mooi.
(The city Amsterdam is very new and beautiful.)
Semantic violation:

(3). De stad Amsterdam is heel dun en mooi.
(The city Amsterdam is very thin and beautiful.)

Note that the world knowledge violation is semantically well-formed, in that there is
nothing particularly anomalous about saying that Amsterdam is a new city, except the fact
that basic knowledge about the time of the founding of Amsterdam (which occurred during
the 12"' century) would tell us that characterizing it as a new city is just incorrect.
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Conversely, the semantic violation sentence requires no world knowledge about the
particular city being discussed (Amsterdam) to understand that cities do not have the
characteristic of being thin'; that is not a meaningful way to describe a city, except, perhaps
metaphysically. Of course, all semantic violations are also world knowledge violations,
(since in the world, there are no thin cities). By using triplets of sentences like these, the
issue of the time course of world knowledge versus semantic knowledge will be addressed.
Before describing the current experiment in more detail, a review of the relevant research is
helpful.
There actually has not been very much previous research specifically on this topic.
The majority of related research focuses on more subtle pragmatic effects, where world
knowledge is assumed to be recruited (e.g.. "The child fixed the sword", here there is
nothing inherently untruthful about this statement, it just describes an unlikely scenario).
However, research specifically examining the assignment of a truth-value that is based on
world knowledge has been less common. The research that does specifically consider
world knowledge differs on the conclusions that can be reached about the time course of
integration of world knowledge information during sentence comprehension. Below, 1
review some of the relevant pragmatic literature, where experiments have been performed
on sentences and discourses that are less common or implausible, given the context and
world knowledge information. Following this, an overview of the literature specifically

' One could argue "thin" here to metaphorically describe a city as thinly populated,
however based on rating acquired by participants, the semantic violations were rated as
unacceptable, namely "A thin city" is not semantically plausible (See the Pretest section for
more details).
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looking at world knowledge as it verifies the truth-value of sentences will be discussed.
After e.xamining the current literature, it will become evident that the issue of the time
course of world knowledge integration has clearly not been resolved.
Semantic versus World Knowledge
In 1983 Johnson-Laird proposed a model of comprehension intended to account for
how an utterance is represented in a "mental model". This model describes comprehension
as occurring in two stages. First, a superficial understanding of an utterance gives rise to a
sort of "prepositional representation". This representation is based on combining the
meanings of words according to their syntactic relations. The second stage of
comprehension (which is claimed to be optional), includes using the prepositional
representation as the basis of the construction of a "mental model" of the utterance. This is
constructed by using contextual cues and inferences based on world knowledge. It is at this
second stage that information beyond the literal meaning of the utterance can be integrated,
which may be done clause-by-clause or constituent-by-constituent. The experimental
evidence Johnson-Laird provides for this model is entirely based on offline tasks.
Typically, these experiments include presenting children with sentences or small
discourses (e.g., "The man stirred his cup of tea") and then looking to see what kind of
inferences the children make about these sentences. Determining the children's
comprehension is done in several different ways (e.g., by giving them a memory test,
having them act out the sentences with puppets or asking them direct questions about the
utterances). For e.xample, Wykes and Johnson-Laird (1977) gave children sentences like
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"The man stirred his cup of tea". They noted that children did not tend to infer
spontaneously that the man used a spoon to stir the tea. However, in control studies it was
shown that they are able to make these kinds of inferences. From this they inferred that
these types of inferences are not made as a matter of course during comprehension.
Although these studies are interesting in their own right, especially in relationship to
memory, these data have little direct relevance to sentence comprehension processes due to
their offline nature.
Some early on-line studies looking at plausibility found that sentences that violated
plausibility were more difficult to process, as indicated by longer response times, than
sentences that were pragmatically acceptable (Rosenberg, 1968, 1969; Rosenberg &
Jarvella, 1970): Sentences like "The thief stole the money" is easier to process than a
sentence like "The child fixed the sword" (Forster & Ryder, 1971).
Other evidence comes from a series of same/different sentence matching
experiments. Evidence from these studies suggests that pragmatic information is
integrated in a very early, mandatory, word-by-word fashion (Murray, 2000; Murray &
Rowan, 1998; Murray & Clayes, 1998). Over a series of experiments, pragmatic
processing was examined by requiring subjects to judge whether two sentences are
physically identical or not, for example:
The hunters stacked the bricks.
The hunters stacked the tulips.
Both reaction time needed to make this decision, as well as eye-movement data during the
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decision process, has been recorded across different experiments. While one might
imagine that the easiest way to perform this task would be to compare only the physical
characteristics of the two sentences, this turns out that this is not the case. Instead, it has
been argued that for "same" decisions and under some circumstances for "different"
decisions, the quickest way to make this judgement is to base it on "sentence-level
representation of the items" (see Murray, 1982. or Forster, 1979). This decision process is
influenced by both the sentence's syntactic and semantic form. Utilizing this task. Murray
and Rowan (1998) showed that plausibility effects occur very rapidly. Pragmatic
plausibility effects have even been seen based on a parafoveal preview of a critical word
during eye-tracking, however, they seem to be independent of effects related to syntactic
processing. From several studies using this paradigm, it was concluded that pragmatic
processing is on-line, mandatory, and context-independent.
Another study that more directly compared pragmatic effects to lexical semantic
effects on sentence processing found similar results (Marslen-Wilson, Brown & Tyler,
1988). In this study the authors systematically compared violations of pragmatic, semantic,
verb sub-categorization information and discourse congruence. The sentence conditions
were of the following types:
Correct sentence:

The boy held the guitar.

Pragmatically ill-formed sentence: The boy buried the guitar.
Semantically ill-formed sentence: The boy drank the guitar.
Categorically ill-formed sentence: The boy slept the guitar.
The "pragmatic sentences" always formed a possible, but pragmatically implausible
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real-world situation whereas the "semantic sentences" violated the semantic properties of
the verb: e.g., "drank" requires something to be liquid while a "guitar" is a solid object.
The assumption behind the semantic anomalies was that stored linguistic properties are
enough to instantiate the anomaly, without involving non-linguistic systems of knowledge.
In contrast, the pragmatic anomaly would only be an anomaly if an inference were made
relating the lexical semantic information to general world knowledge. The categorical
anomalies used intransitive verbs that could not be followed by a noun in the direct object
position. The discourse congruence manipulation was only done with the "correct
sentences". Lead-in sentences were varied to give either a natural or unnatural linkage
with the continuation sentence. However, no effect of discourse congruence was found.
For that reason, only the individual sentence results will be described here. Participants
monitored for a target word in each sentence (in this case guitar) and their monitoring
times were recorded. Results showed that categorical violations had the largest effect, (the
greatest slowdown in response time). Both the pragmatic and semantic anomalies also
affected monitoring times; however there was a tendency for the semantic anomalies to
show a larger reaction time effect (there was a difference of 22 ms between the pragmatic
and semantic anomalies, which did not come close to significance). They argued that this
tendency does not mean that there is a qualitative difference between these two types of
representations. This is because the semantic anomalies are not just lexical semantic
anomalies, but are also world knowledge anomalies. As they point out, one might be able
to construct a context in which one would bury a guitar, however, it is much more difficult
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to construct a context where it would be possible to drink a guitar. They therefore conclude
that the additional increase in response time to semantic anomalies may reflect these
additional difficulties in terms of pragmatic inference, rather than difficulties within some
other level of the processing system. They concluded that the effect of pragmatic
anomalies indicates that the lexical representations that are associated with the verbs must
be interpreted on-line not just with respect to linguistic knowledge, but also with respect to
a level of representation such as a mental model, which includes inferential processing
based on non-linguistic knowledge.
Overall, the studies using pragmatic plausibility indicate that this information is
indeed integrated on-line during sentence processing. However, none of these
manipulations of pragmatic plausibility involve the truth-value of a sentence in
relationship to the real world. Rather, the pragmatic anomaly conditions involved
implausible, but still possible sentence meanings. What these studies neglect to explore are
the numerous types of sentences that we encounter each day that require real-world
knowledge to understand. For example, one might need to consider all the facts we know
about the world as well as many specific regional facts, such as the speed limit on the
highway, what currency we use to purchase something, and for what holidays people use
fireworks. We clearly discuss things that require referring to world knowledge information
on a regular basis, yet very little research has examined how this information is integrated
during language processing.
An early ERP study by Fischler, Bloom, Childers, Roucos and Perry (1983) used
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the N400 to look at the integration of lexical versus world knowledge information. In this
study, they operationalized real-world knowledge (in contrast to linguistic semantic
knowledge) by using sentences that were true or false (based on simple world knowledge
information). Sentences were of four different types:
True, affirmative (a) A robin is a bird.
True, negative

(b) A robin is not a tree.

False, affirmative (c) A robin is a tree.
False, negative

(d) A robin is not a bird.

Fischler et al. theorized that prior to verifying the truth-value of sentences, there is an
initial stage of processing, an 'inner supposition' that is based on semantic mismatch.
Fischler et al. propose that an inner supposition would be something like {is a | robin, bird}.
Previous reaction time studies show an interaction between sentence form (affirmative
versus negative) and veracity (true or false) when subjects are required to judge the
truth-value of sentences. For affirmative sentences, making a false decision is slower than
making a true decision (e.g.. deciding that "A robin is a tree" is false). For negative
sentences, making a true decision is slower than a false decision (e.g., deciding that "A
robin is not a tree" is true). It is assumed that during verification, subjects first compare the
"inner'' supposition to the relevant semantic information. At this stage a mismatch occurs
and this accounts for the delayed response times to false-affirmatives (c) and
true-negatives (b). They predicted that if ERP negativity is associated with the falseness of
the sentence (as ultimately understood) then false-negative sentences should display this
negativity. In contrast, if the negativity reflects a semantic mismatch at the point where the
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implicit supposition is evaluated against semantic memory, then the ERP difference for
true and false sentences should reverse for the negative form. Sentences with true
negatives (b) would then show the ERP negativity. Their results showed ERPs for
affirmative false sentences (A robin is a tree) to be substantially more negative than those
for the affirmative true sentences (A robin is a bird) in the region from about 300-500 ms.
For negative sentences it was true statements (A robin is not a tree) that were associated
with the greater negativity in the ERP (compared to "A robin is not a bird). From these
results it was concluded that the negativity in the potentials reflected a semantic mismatch
between terms at a preliminary stage of sentence comprehension (rather than the falseness
of the sentence taken as a whole). These results indicate that the real-world knowledge
necessary to determine veracity was not integrated until some later point in processing,
after the lexical semantic information was fully processed. In terms of how this relates to
classical N400 effects and the integration of real-world knowledge, this study supports the
idea that the N400 marks an anomaly based solely on integration of linguistic semantic
information, not on information based on real-world knowledge. However, before one can
conclude that world knowledge must be being integrated at a point after lexical semantic
information, it is important to consider the results of a study by Miinte, Schiltz and Kutas
(1998).
Miinte et al., examined the processing of temporal terms. The authors noted that
although our experience in the real world tells us that time unfolds sequentially, linguistic
terms referring to time allow us to express information in whatever order we like. The
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terms 'before' and "after' allow us to describe a situation from different starting points: the
term 'after' allows us to express events in the actual order they occurred in the world,
where the term "before" allows us to express events in the reverse order. The authors
suggest that discourse representations are structured by real world-knowledge of temporal
sequence. Furthermore, interactive models of language comprehension propose that
conceptual knowledge is used continuously in real time to build up a discourse level
representation of a sentence. Therefore, if we use real-world knowledge in the
comprehension of incoming words, there should be a difference in processing from the
very outset of sentences beginning with "before" versus sentences beginning with "after".
This difference would correspond to the real-world knowledge about time. They tested
this by presenting subjects with sentence types like the following while recording the
ERPs:
After the scientist submitted the paper, the journal changed its policy.
Before the scientist submitted the paper, the journal changed its policy.
Their results indicated that as early as 300 milliseconds (ms) into the processing of the first
word in the sentence, "before' sentences elicited greater negativity. The negativity had a
left anterior focus and grew progressively larger across the sentence. This was taken as
evidence that words do access real-world knowledge as part of the comprehension process
almost immediately, and this has lasting processing consequences. Furthermore, this
difference was interpreted as indicating different information that 'before' and "after'
activate in long-term memory which has computational consequences for the creation of a
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discourse representation, presumably in woricing memory". Overall, these results were
interpreted as showing evidence that high-level, real-world knowledge has immediate and
sustained consequences on neural processing during sentence comprehension.
The conclusions of the study by Fischler et al., (1983) and the Miinte et al., (1998)
are at odds. In one case it is claimed that real-world knowledge does have immediate
consequences on processing, yet in the other case it appears real-world knowledge only
affects processing after an initial semantic analysis has occurred. Before considering how
to reconcile these findings, one should consider the potential shortcomings of these two
experiments.
One possible problem with the Fischler et al. study is the artificialness of the
materials. One could argue that real-world knowledge is immediately integrated, but the
reason it is not seen in this experiment is due to the fact that these sentences, as well as the
task being employed, are too artificial. The argument has been made that in everyday
speech, negatives are used to deny a supposition that is reasonable (A whale is not a fish) or
to point out exceptions within a context (Senator Smith isn't a man) (Wason, 1980).
Everyday uses of negatives are presumably more easily verified than sentences like 'A
robin is not a vehicle'. These sentence types, coupled with the unnatural task of directly
being asked to verify the truth value, could make these sentences unusually difficult to
evaluate and therefore take longer.

~ The idea that these results have something to do with working memory load is based on the results of
previous studies (Mecklinger, Schriefers, Steinhauer, & Friederici 1995; King & Kutas, 1995; MUller, King
& Kutas 1997) where a similar ERP response was observed in contrasts that differed in working memory
demands.
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The stimuli used by Miinte et al. could similarly be argued to not necessarily reflect
world knowledge in the way that they claim. They assume that in order to process the
words "before' and "after" one must rely directly on real-world knowledge about time, and
it is reliance on this knowledge that is detected in the ERP differences. It seems that one
could argue that the "time information" needed to process these words could just as well be
associated with the lexical semantic information specific to the lexical entries for these
words. It seems likely that the words themselves denote semantic information about time
order. There is not a clear distinction between the semantic information specific to those
words and the information available from real-world knowledge about time. Therefore,
this does not seem like definite evidence that real-world knowledge, as opposed to
linguistic semantic knowledge, was unquestionably integrated immediately.
The body of research described above does not make a clear case one way or the
other whether real-world knowledge is immediately integrated in sentence processing.
The evidence from reaction time studies on pragmatics would indicate that this type of
real-world knowledge, necessary to assign a truth-value to a sentence, may be integrated
immediately, but the ERP studies attempting to look at this issue present a cloudy picture.
The research in this thesis investigates this issue by utilizing both ERPs and fMRI while
participants read or hear sentences that either contain violations of lexical semantic
information, violations of world knowledge or the correct control sentences, as previously
described. There are several ways that the current research will add to the existing body of
knowledge. First, by utilizing ERP technology, it will not be necessary to require

participants to perform an additional task, which might be artificial and lead to unnatural
processing. Secondly. ERPs are extremely sensitive to the time course of processing and
therefore should be sensitive enough to any differences between the world knowledge and
semantic violation conditions. Additionally, the sentence materials used are constructed so
as to be 'natural' things to say. unlike those used in the Fischler et al. (1983) study, yet the
world knowledge violations clearly involve knowledge about the world, rather than simple
lexical semantics, as could be the case in the Miinte et al (1998) study. Finally, by utilizing
fMRJ, it will be possible to examine whether the brain makes a distinction between these
types of knowledge: whether or not the neural circuitry underlying the recruitment of
semantic knowledge and world knowledge is the same. Relatively little is known about
possible differences in memory for facts about the meaning of words versus memory for
facts about the world. Moreover, hardly anything is known about how the brain areas
involved are recruited during the interpretation of an utterance.
The Experiments
Three experiments investigate the time course and neural recruitment of lexical
semantic knowledge versus world knowledge. The first experiment is designed to
investigate the basic question of the time course of world knowledge integration by
utilizing the N400 effect while recording ERPs. Since this is a new area of research, it was
decided to first test these sentences with word-by-word visual presentation. The advantage
of using this type of presentation is the clear non-overlapping ERP signal. When one uses
visual word-by-word presentation, it is easier to examine the effects of each individual
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word without overlap from preceding words in the ERP signal. This will lead to a clear
ERP signal in which the N400 effect can be examined.
Experiment 2 utilizes the same materials as in the first experiment; however the
sentences are presented auditorily. This manipulation is motivated by the possibility that
any early integration of world knowledge found in Experiment 1 could be due to the fact
that the individual words are presented at a rate slow enough to allow for this integration to
occur, something that may not be possible during a normal rate of speaking. In addition,
although in past research there has been no substantial differences found between
word-by-word presentation and normal auditory connected speech with respect to such
effects. (Hagoort & Brown, 2000) there could be some aspects of processing where
differences occur between auditory language processing and reading. While it is generally
assumed that apart from the modality-dependent form-level difference between reading
and listening the underlying knowledge representations that are utilized to map the input
onto the meaning of the whole utterance are the same, the nature of the input may impose
different constraints on the time course of these processes. For example, in contrast to the
auditorily presented words that occur across time, visually presented words are
immediately available in their entirety, which may lead to different processing strategies.
The third experiment is designed to investigate whether there are brain regions
being recruited during comprehension of the world knowledge violations that are distinct
from the brain regions recruited during the semantic violations. This experiment also uses
the same materials and method of presentation as Experiment 1. Following the three
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experiments, a general discussion of the experimental results and how they relate to current
models of processing is considered.
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EXPERIMENT 1: A VISUAL WORD-BY-WORD ERP STUDY
Recall from the introduction that it is often assumed that lexical semantic
information is available earlier during language processing than is non-linguistic world
knowledge information. While this is the assumption of most modular models of language
processing, research directly addressing this issue is surprisingly scarce. Of the research
that specifically addresses the time course of world knowledge versus semantic
information, the findings do not lead to a clear conclusion. The purpose of Experiment 1 is
to investigate the time course of integration of lexical information and world knowledge
information: to examine whether lexical information is more immediately available than
world knowledge during sentence processing. Experiment 1 examines this issue by
utilizing event-related brain potentials (ERP).
A question one may ask is whether the N400 effect is sensitive enough to detect
whether world knowledge information is integrated at the same time as lexical semantic
information. Since the majority of research on the N400 is in relationship to lexical
semantic information within sentences, is there a reason to believe that the N400 could be
used as an index of the integration of world knowledge information? The findings of van
Berkum, Hagoort and Brown (1999 & van Berkum, Zwitserlood, Hagoort, & Brown,
submitted 2002) suggest that it can. Van Berkum et.al. (1999 & 2002) investigated the
time course of integrating discourse information. The important manipulation was the
presentation of short discourses prior to critical sentences that continued the discourse. In
the final sentences a critical word was either congruent or incongruent with the discourse
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context. However, both of the critical words were equally plausible within the sentence
context in isolation. Note the following example, translated from Dutch:
As agreed upon, Jane was to wake her sister and her brother at five o 'dock in the
morning. But the sister had already washed herself, and the brother had even
got dressed.
Jane told the brother that he was exceptionally quick/slow*.
They found an N400 effect for words that were anomalous within the discourse (but not
anomalous within the sentence, i.e. slow). This N400 effect had the same time course,
scalp distribution and overall morphology as N400 effects shown within single sentences
(see also St. George. Mannes & Hoffman, 1997). This indicates that there is no
fiindamental difference between the integration of a word in its local (sentence level) and
its global (discourse level) semantic context. This finding is relevant to the current
research for two reasons. One, it indicates that if world knowledge information is available
early, (i.e., at the same time as lexical semantic information), the N400 would be a
sensitive enough measure to detect it. Secondly, this finding is contrary to the more
traditional ideas on how processing occurs in distinct levels, and raises questions as to how
much information people can use immediately to integrate each incoming word. Since it
has been shown that people integrate discourse information as quickly as they integrate
sentence level context information, a question arises as to the limit to the amount of
information that can be integrated in such a short time frame. Experiment 1 addresses this
question by explicitly examining whether world knowledge information can be integrated
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in such a short time frame. This issue is addressed by comparing the ERPs elicited by
anomalous truth-value, based on real-world knowledge to the ERPs elicited by a lexical
semantic anomaly and to ERPs to a correct sentence. Will a sentence that contains an
anomaly based on real-world knowledge elicit the standard N400 effect that is elicited by
lexical semantic anomalies? More specially, if so. will the latency, morphology and
amplitude be the same as a lexical semantic violation?
Finding a standard N400 for the world knowledge violations would clearly indicate
that real-world knowledge is immediately integrated during sentence comprehension in the
same general manner as the lexical semantic information. This finding would have
important implications for theories of language processing and memory.

METHOD
Participants
Thirty native speakers of Dutch participated in Experiment 1. The mean age was
22 with a range from 18 to 28. There were 24 females and 6 males. All subjects were
recruited from the Max Planck Institute subject pool and were paid for their participation.
All subjects had normal or corrected-to-normal vision and hearing and all were right
handed. Seven of the participants reported having left-handed relatives. None of the
subjects had any neurological impairment, nor had any of them participated in the pretests
(see below).
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Materials
One-hundred and twenty triplets were created for the experimental sentences. In
each triplet the sentences were identical with the exception of one word (critical word.
CW). In addition, all triplets contained a topic word or words that were proper names of
people, places, events or things that were used to examine people's knowledge of those
things. Each triplet consisted of: (1) a sentence that was completely semantically coherent
and correct based on knowledge of the world (correct sentence. COR), (2) a second
sentence that was semantically coherent but false based on world knowledge (world
knowledge. WK) and (3) a third sentence that contained a semantic violation regardless of
specific knowledge about the topic in the sentence (semantic, SEM). (See Appendix A for
the fiill set of materials). The semantic violation also violated knowledge about the world,
however the critical difference between the semantic violation and the world knowledge
violation is that for the world knowledge violation, one needs knowledge about specific
things in the world, beyond what is given in the sentence, in order to realize there is a
violation. The semantic violations only require one to know the meaning of the words to
realize there is a violation. Two written questionnaire pretests (described below) were
performed on these materials in order to establish the validity of the types of violations and
to ensure that the knowledge needed in the correct sentence was knowledge that the
majority of the participants in the subject pool would share.
The critical words were matched for average length (in letters) across conditions
(correct condition 6.4, world knowledge 6.5, and semantic 6.3). To minimize
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eye-movement artifacts in the EEG, none of the critical words were over 10 letters in
length. Word frequency was also equated across the three conditions (correct 3.2. world
knowledge 3.1, and semantic 3.0 based on log lemma frequencies from a 42 million word
corpus of Dutch (CELEX. 1990)). Word class was equated within each triplet. None of
the critical words appeared as the sentence final word. Sentences varied in length from 7 to
13 words, with the average sentence length being 10.1 words long. The average sentence
duration was 5.78 seconds (s.d. = 1.03 seconds).
The 120 triplets were pseudorandomized across 3 different lists so that each subject
only read one version of each of the triplets. As a result, each list contained 40 exemplars
of each of the 3 conditions. These 120 items per list were then mixed with 40 filler items,
which were correct sentences of similar length and complexity. The filler sentences were
added to keep the overall number of'odd' anomalous sentences the same as the number of
normal sentences (80 of each). In addition there was a practice block of 18 items and 9
extra starter items, which were similar in nature to the experimental items. These starter
items were used three at a time at the start of each block to minimize loss of data due to
artifacts after beginning a new block. There were 3 experimental blocks.
Pretests
The first pretest was conducted to establish that the difference between the correct
sentences and the world knowledge violation sentences is the violation of knowledge, as
opposed to a violation based on lexical semantic constraints, as is the case with the
semantic violation sentences. For each set of triplets a smaller section of the sentence.
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which did not contain the reference to the specific person, place, event or thing was made.
For example, in the sentence ""AIDS is a disease that can spread via blood and sexual
contact" was changed to "a disease that can be spread via blood". This was done with all
three of the sentence conditions, resulting in the previous sentence as well as the following
two other sentences: "a disease that can be spread via coughing" and "a disease that can be
spread via praying". These truncated versions of sentences were then randomized and
presented in a questionnaire in which subjects were asked to rate on a scale from 1 to 5 (1
being "very bad" and 5 "very good") whether the sentence was an acceptable or not.
Eleven native speakers of Dutch from the Max Planck Institute subject pool rated
the sentences. The average rating for correct sentences was 4.73 (SD = .76). world
knowledge sentences 4.44 (SD =1.1) and semantic sentences 1.34 (SD = .88). The results
of the first pretest indicated that the truncated correct sentences and the world knowledge
sentences were equally acceptable (p = .864), while the semantic sentences were rated as
"very bad". The ratings for the correct and semantic sentences were significantly different
from each other (p = .0004), as were the world knowledge sentences in comparison to the
semantic sentences (p = .0025).
The second pretest was done to establish the specific knowledge that one would
need to realize the world knowledge violation. It was also intended to assess cloze
probability. A sentence completion pretest was conducted for a truncated version of each
of the triplets. For each triplet, one sentence that stopped just prior to the critical word was
given and the subjects were required to complete the sentence (e.g., "AIDS is a disease that
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can spread via
The results of this second pretest revealed that the sentences did not have a high
cloze probability. Sixteen native speakers of Dutch from the Max Planck Institute subject
pool complete the cloze pretest. The mean cloze probability was 49.38% (SD = .36). In
addition, no subject completed the sentences with the critical words that were used to
create the world knowledge violations, (or similarly incorrect words). We took this to
indicate that participants were knowledgeable about the topics used to create these
violations. For example, if any subject completed "AIDS is a disease that can spread via
" with the word "breathing" or any other such word that would complete the
sentence incorrectly, then we would assume that they do not have the world knowledge
necessary about this topic. Therefore a new triplet on a different topic would replace this
triplet, which would then be retested on both pretests.
Procedure
All subjects were tested individually in a dimly lit sound-attenuating booth. They
were seated in a comfortable reclining chair. Subjects were told that the experiment was
investigating how people understand the information they read in sentences and that some
of the sentences would be more difficult or stranger than other sentences. They were told
that they would be presented with a series of sentences appearing word-by-word in the
middle of the computer screen and they were to fixate on the screen and avoid all
movement during presentation of the sentences. Subjects were asked to attentively read
the sentences and try to understand them as well as possible. They were instructed that
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after each sentence a star would appear on the computer screen and at that point they were
free to blink their eyes. No other task demands were imposed. At the end of the
experiment a short questionnaire was verbally administered to the participants to determine
if they realized the experimental manipulation and to obtain comments about the
experimental materials as well as the experiment as a whole.
Each trial was presented word by word in white lowercase Arial letters (18-point font
size). The first word of each sentence was capitalized and the final word of each sentence
was presented with a period. The letters were displayed against a dark background in the
center of a VGA computer screen. Viewing distance was approximately 110 cm. and the
largest word subtended a visual angle of about 3.2 degrees horizontally and 0.5 degrees
vertically. Each word was presented for 300 milliseconds, followed by a blank screen for
300 milliseconds that was followed by the next word. After the final word there was a
blank screen for 600 milliseconds that was followed by an asterisk displayed in the middle
of the screen for 3000 milliseconds. Throughout the display of the asterisk, the subjects
could blink and move their eyes. There was a 300 millisecond delay between the
disappearance of the asterisk and the start of the next trial. Sentences were presented using
the Nijmegen Experimental Set-Up software (NESU; http://www.mpi.nl/world/tg/
experiments/nesu.html).
EEG Recording and Analvsis
The EEG was recorded from 29 Ag/AgCI-sintered electrodes mounted in an elastic
cap, each referred to the left mastoid (see Figure 1 for the electrode distribution). Figure 1.
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Distribution of the 29 electrodes, plus the ground electrode, across the scalp.

Five electrodes were placed according to the 10% standard system of the American
Electroencephalographic Society over midline sites at Fz. FCz Cz. Pz, and Oz locations,
along with nine lateral pairs of electrodes over standard sites on frontal (AF3, AF4. F3, F4,
F7, and F8), fronto-central (FC3 and FC4), fronto-tempora! (FT? and FT8), central (C3 and
C4), centro-parietal (CP3 and CP4), parietal (P3 and P4), and occipital (P07 and P08)
positions. Three additional pairs were placed laterally over symmetrical positions: (a) a
temporal pair (LT and RT) placed laterally to Cz, at 33% of the interaural distance, (b) a
temporo-parietal pair (LTP and RTP) placed 30% of the interaural distance lateral and 13%
of the nasion-inion distance posterior to Cz, and (c) a parietal pair midway between
LTP/RTP and P07/P08 (LP and RP). Vertical eye movements were monitored via a suprato suborbital bipolar montage. A right to left canthal bipolar montage was used to monitor
for horizontal eye movements. Activity over the right mastoid bone was recorded on an
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additional channel to determine if there were differential contributions of the experimental
variables to the presumably neutral mastoid site. No such differential effects were observed.
The EEG and EOG recordings were amplified with a SynAmp Model 5083 EEG amplifier
(NeuroScan, Hemdon. VA. USA), using a hi-cut of 30 Hz (notch filter 50 Hz) and a time
constant of 8 sec (0.02 Hz). Electrode impedances were kept below 3 kQ for the EEG
recording and below 5 kD for the EOG recording. The EEG and EOG signals were
digitized on-line with a sampling frequency of 200 Hz. The signals were amplified and
stored on a dedicated data-processing computer system for further off-line analysis. The
software package ERP2000, developed at the Max Planck was used to analyze the
waveforms.
Prior to off-line averaging, all single-trial waveforms were screened for eye
movements, electrode drifting, amplifier blocking and EMG artifacts in a critical window
(from 150 ms before the onset of the critical word to 1800 ms after the onset of the critical
word). Trials containing such artifacts were rejected (10.7% overall in Experiment 1). For
each subject, average waveforms were computed across all remaining trials per condition
after normalizing the waveforms of the individual trials on the basis of the 150 ms
pre-critical word baseline. Subsequent analysis of variance (ANOVAs) using SPSS 10
used mean amplitude values computed for each subject in the typical N400 latency window
of 300-550 ms after onset of the critical word and an additional time window of 800-1200
ms was computed to examine the late positive shift that was found. Univariate F-tests with
more than one degree of freedom in the numerator were adjusted by means of the

45

Greenhouse-Geisser/Box's epsilon hat correction (Maxwell & Delaney, 1989. pp.
475-479). This correction factor was used to correct for the inclusion of electrode as a
factor, which violates the sphericity assumption. .All results were first evaluated in an
omnibus ANOVA that crossed the sentence condition (correct, world knowledge violation,
semantic violation) with a 29-level electrode factor. Planned comparisons then were
calculated to look at the differences between the three conditions. The scalp distribution of
the anomaly effect was subsequently explored in a separate ANOVA with planned
comparisons, with a five-electrode factor per quarter (left frontal electrodes - AF3, F7. F3,
FT7, FC3; left posterior electrods - CP3. LTP, LP, P3, P07; right frontal electrodes - AF4,
F4, F8. FC4. FT8; right posterior electrods — CP4. RTP, P4. RP. P08). In addition the
effect at the midline electrodes was explored using a separate ANOVA with planned
comparisons.

RESULTS
Descriptive Statistics
All figures display grand average ERP waveforms time-locked to the onset of the
critical words. ANOVAs involve mean amplitude in the typical N400 latency window of
the 300-550 ms after onset of the critical word and following that ANOVAs looking at the
late positive shift are in the latency window of 800-1200 after the onset of the critical word.
Figure 2 displays the grand average waveforms elicited by the critical words for each
of the three conditions.
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Figure 2. Grand Average ERPs (across all subjects and items), from a representative
electrode site (Cz). The onset of the critical word is at zero. The time axis is in
milliseconds. The Correct condition is in black, the world knowledge condition is in red
and the semantic condition is in green. Negative polarity is plotted upwards in this and
subsequent figures.
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The critical words in these three conditions elicit the N1-P2 complex that is common for
visually presented material. Starting at around 250 ms the waveforms start to diverge and
the world knowledge and semantic conditions both elicit a negative deflection that peaks at
around 400 ms that is substantially larger than for the correct condition. Both the world
knowledge and the semantic violations showed an N400 with the same onset and peak
latency, with a centro-posterior maximum for the semantic violation and a slightly
right-posterior maximum for the world knowledge violation (See Figure 3).
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Figure 3. The topographical distribution of the N400 effect for world knowledge
violations, and for semantic violations.
World knowlcdfic - Corrcct

Starting at around 850 ms after the CW, the semantic violation elicits a positive shift in the
ERP that remains until around 1300 ms. This positive shift only occurs with the semantic
violation and not with the world knowledge violation. The positive shift has a
centro-posterior maximum (See Figure 4).

Figure 4. The topographical distribution of the late positivity for semantic violations, and
its absence for world knowledge violations.
World knou ledge - ('orrcct

Semantic - Correct
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The debriefing questionnaire revealed that none of the subjects were aware of the
two types of anomalies that were presented (semantic and world icnowledge). Instead,
subjects reported that the sentences were either "strange" or "normal". Additionally, all of
the subjects when asked in more detail how the sentences were "strange" were able to
recall some specific examples of the sentences they had read during the experiment, which
they gave as examples of "strange". These examples included both world knowledge and
semantic violations.
Analysis for the 300-550 millisecond Time Window
The ANOVA for data within the time window 300-550 ms revealed a significant
effect of condition in the N400 latency range (F (1.782,51.690) = 34.838, MSe = 39.063, p
< 0.0001). This analysis also revealed a significant main etlect of electrode site and a
significant interaction between electrode site and condition, ((F (4.009, 116.270) = 3.194,
MSe = 16.761, p = 0.016) and (F (5.437, 157.673) = 3.942, MSe = 8.175, p = 0.002
respectively)). The planned comparisons revealed a significant difference between the
correct condition and the mean of the world knowledge and semantic conditions (F (1,29)
= 54.014, MSe = 63.776. p < 0.0001). In addition, there was a significant difference
between the world knowledge and the semantic condition (F (1,29) = 4.763, MSe = 54.218,
p = .037). Upon inspection of the waveforms and the mean amplitude values, the
difference between the world knowledge and semantic condition appears to be due to the
mean amplitude, and not the latency of the beginning of the N400 or the latency of the peak
of the N400. The mean amplitudes were the following: correct condition mean = 1.477 ^V
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(s.d. = .262), the world knowledge condition = -.240 ^V (s.d. = .290) and the mean of the
semantic condition = -.785 jiV (s.d. = .265).
In order to explore the distribution of the N400 effect in the two anomaly conditions,
specific topographical analyses were performed. The topographical analyses showed that
the anomaly effect was significantly larger over posterior than anterior regions of the scalp
and larger over the right hemisphere, especially for the semantic condition. For the left
frontal quadrant, including electrodes AF3, F7, F3, FT7. FC3 there is a significant
difference between the correct condition and the mean of the world knowledge and
semantic conditions (F (1,29) = 31.549, MSe = 8.507, p < .0001). However there was not
a significant difference between the world knowledge and semantic condition in this
quadrant (F (1, 29) = 2.163, MSe = 10.093, p = .152). In the right frontal quadrant,
including electrodes AF4, F4, F8, FC4. FT8, a significant difference between the correct
condition and the mean of the world knowledge and semantic conditions was found (F (1,
29) = 31.625, MSe = 11.930, p < .0001). Again however there was not a significant
difference between the world knowledge and semantic condition in this quadrant (F (1,29)
= 2.780, MSe = 8.217, p = .106). In the left posterior quadrant, electrodes CP3, LTP, LP,
P3, P07, a significant difference between the correct condition and the mean of the world
knowledge and semantic conditions was revealed (F (1, 29) = 49.114, MSe = 14.215, p
< .0001). In addition, a significant difference was seen between the world knowledge and
semantic condition in this quadrant (F (1,29) = 4.635, MSe = 16.410, p = .040). In the
right posterior quadrant, electrodes CP4, RTP, P4, RP, P08, there was a significant
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difference between the correct condition and the mean of the world knowledge and
semantic conditions (F (1. 29) = 47.245, MSe = 19.585, p <.0001). Conversely, no
significant difference was found between the world knowledge and semantic condition in
this quadrant (F (1.29) = 2.655. MSe = 20.667. p = .114). Finally, for the midline
electrodes, Fz, FCz. Cz. Pz, Oz, a significant difference was found between the correct
condition and the mean of the world knowledge and semantic conditions (F (1,29) =
44.710, MSe = 19.105, p < .0001), but no significant difference was found between the
world knowledge and semantic condition (but a trend) (F (1,29) = 3.708. MSe = 17.388, p
= .064).
Analysis for the 800-1200 millisecond Time Window
During the time window 800-1200 ms, no main effect of condition was found. The
mean amplitudes for each condition were the following: correct condition = 2.389 ^V (s.d.
= .300), world knowledge condition = 2.047 nV (s.d. = .283) and the mean of the semantic
condition = 2.787 |iV (s.d. = .375). Nevertheless, a significant effect of electrode site, and
an interaction between electrode site and condition was found ((F(4.026, 116.742) =
13.519, MSe = 21.001, p < .0001) and (F(5.358, 155.393) = 3.217, MSe = 10.919, p = .007
respectively)). Based on the significant interaction between electrode site and condition,
further planned comparisons were tested to determine the topography of the positive shift.
Comparisons used the same electrode grouping as previously described, giving 5 regions
of interest. For the left and right frontal quadrants, no significant differences were seen
between the conditions. However, in the left posterior quadrant a significant difference
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between the mean of the correct and the world knowledge conditions versus the semantic
condition was found. (F (1,29) = 8.210. MSe = 18.683, p = .008). In addition a signiflcant
difference was found between the world knowledge and semantic condition in this
quadrant (F (1,29) = 8.465. MSe = 20.844. p = .007). The mean amplitudes in the quadrant
were the following: Correct condition = 2.158 ^V (s.d. = .308), World knowledge = 2.011
nV (s.d. = .368), and Semantic = 3.096 |aV (s.d. = .470). The right posterior quadrant
showed the same pattern. A significant difference between the mean of the correct and
world knowledge conditions versus the semantic condition was found (F(l. 29 ) = 9.363.
MSe = 20.402. p = .005). as well as a significant difference between the world knowledge
and semantic condition in this quadrant (F(l, 29) = 8.538, MSe = 26.036. p = .007). The
mean amplitudes in this quadrant were: Correct condition = 2.970 ^iV (s.d. = .333). World
knowledge = 2.792 ^V (s.d. = .321). and Semantic = 4.009 |iV (s.d. = .468). Finally, the
midline electrodes showed a very similar pattern, although not as robustly. For the midline,
there was a strong trend for a difference between the mean of the correct and world
knowledge conditions versus the semantic condition (F (1, 29) = 3.355, MSe = 24.119, p
= .077). There was a significant difference between the world knowledge and semantic
condition (F (I, 29) = 4.092. MSe = 28.428. p = .052). The mean amplitudes in this
quadrant were: Correct condition = 2.489 |iV (s.d. = .360), World knowledge = 2.197 |iV
(s.d. = .356), and Semantic - 3.077 nV (s.d. = .471).
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DISCUSSION
The resuhs indicate that there is a significant difference between the corrcct
condition versus the semantic and world knowledge conditions. On examining the
waveforms one can see this difference is due to the amplitude of the N400 effect occurring
in the world knowledge and semantic conditions, relative to the correct condition. There is
also a significant amplitude difference between the world knowledge and the semantic
condition in that the N400 amplitude is greater for the semantic condition than for the
world knowledge condition. While there is a significant difference in amplitude between
these two conditions, there is no difference in the latency of the effect, both in its onset and
its peak. This shows that lexical-semantic knowledge and general world knowledge are
recruited at the same time during on-line sentence comprehension. Overall, the
topography of the N400 in the world knowledge and semantic conditions was larger over
posterior regions of the scalp and larger over the right hemisphere. However, even at the
frontal electrode sites the world knowledge and semantic conditions had a significantly
more negative amplitude than the correct sentence, but they did not vary from each other at
these sites. The world knowledge and semantic conditions were also significantly different
in amplitude from the correct condition in the right and left posterior as well as the midline
electrodes. While the amplitude of the world knowledge condition was significantly less
than the amplitude of the semantic condition in the left posterior quadrant, for the right
frontal and posterior and left frontal and midline sections, there was no significant
difference between the world knowledge and semantic conditions.
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These data argue against a two-stage model of sentence processing in which first a
semantic representation of the sentence is computed, whose truth-value is determined in a
second step. Both processes take place at the same time. The semantic and world
knowledge conditions show an N400 with the same general topography as well as latency.
The only difference appears to be that the amplitude of the world knowledge is slightly less
than the semantic condition, and has a slightly more right-posterior ma.\imum than the
centro-posterior maximum found for the semantic violation.
The unexpected late positive shift found in the semantic condition is significantly
different from the correct or world knowledge conditions in the posterior and midline
electrodes. This late positivity for the semantic but not the world knowledge violation
indicates that during the processing of these sentences, a distinction is made between
semantic knowledge and world knowledge, even though both of them are recruited at the
same time. This may have to do with the fact that the correct and world knowledge
sentences both share the property of being able to be fully processed and understood.
Although the world knowledge sentences are in fact false, there is nothing odd about the
lexical semantics of the sentences to prevent them from being processed normally. This is
obvious if you consider a situation in which someone reads the world knowledge sentences
without the required world knowledge to understand they are incorrect. Without that
knowledge, the sentences seem perfectly normal and comprehensible. In contrast, the
semantic sentences may require additional processing because they are not sensible. This
idea will be explored further after discussing the findings of Experiments 2 and 3.
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Although these results argue for early integration of world knowledge during
sentence processing, one might argue that these results are due to the slow presentation
time (SOA of 600 ms) which allowed the participants to integrate information that they
would not have done under normal time constraints during listening. For this reason it was
decided to perform the same experiment with the same materials using normal connected
speech. Although previous results on N400 effects have indicated no effect of modality on
the N400 (for a review, see Hagoort & Brown. 2000), since the information of interest
(world knowledge) has been often assumed to be integrated more slowly, it is critical to
investigate whether the N400 effect for the world knowledge condition will remain when
the speed of the presentation is normal. This is the purpose of the next experiment, which
we turn to now.
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EXPERIMENT 2: AN AUDITORY ERP STUDY
Experiment 2 is a replication of Experiment 1. however the materials are presented
auditorily rather than visually. The first experiment was designed to investigate the basic
question of the time course of world knowledge integration with serial visual presentation,
and results showed early integration. However, one may argue that the early integration of
world knowledge found in Experiment 1 is due to the fact that the individual words were
presented at a slow enough rate to encourage this integration. It is possible this may not be
what occurs during a normal rate of speaking. It is generally assumed that apart from the
form-level difference between reading and listening, the underlying knowledge
representations that are utilized to compute the meaning of the whole utterance are the
same. Nonetheless, the nature of the input may still impose different constraints on the
time course of these processes. In contrast to spoken language, which is presented over
time, in the visual modality the full word information is immediately available, which in
principle, could lead to slightly different processing strategies, even though there is some
evidence indicating that written words also are processed from left-to-right (Bergman,
Hudson & Eling, 1988; Hudson & Buijs, 1995). While there have not been substantial
differences between the ERP effects found with visual presentation versus auditory
presentation, there are some early reports of auditory N400s starting earlier than is
typically seen and lasting for a longer time (Holcomb & Neville, 1990; Holcomb & Neville,
1991; McCallum. Farmer & Pocock, 1984). Since this is a new area of investigation, it is
useful to establish whether the auditory domain is similar to the visual domain in the time
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course of integration of world knowledge information. In general. Experiment 2 utilizes
the same materials as in the first experiment, with the main difference being modality of
presentation (see Methods sections below). It is expected that the world knowledge
condition as well as the semantic condition will show an N400 effect with the same latency
onset and peak, but these N400s may vary in absolute latency from Experiment 1.

METHOD
Participants
Twenty-one native speakers of Dutch participated in Experiment 2. The mean age
was 21.2 with a range from 18 to 24. There were 15 females and 6 males. All subjects
were recruited from the Max Planck Institute subject pool and were paid for their
participation. All subjects had normal or corrected-to-normal vision and hearing and all
were right handed. 8 of the participants reported having left-handed relatives. None of the
subjects had any neurological impairment, nor had any of them participated in the pretests
(see Experiment 1).
Materials
The same 120 triplets from Experiment 1 were used here; however, two of the
triplets were changed slightly. These changes were due to the fact that since the writing of
the original sentences, the Euro currency was now in use, and two of the triplets were
outdated as of January 1, 2002. The two triplets were the following: 1) Met vijf gulden
koop je makkelijk een stokbrood/ zeilboot /watersnood in Friesland, ("With five Gulders
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'buy you' easily a baguette/ sailboat/ flood in Friesland', With five Gulders you can easily
buy a baguette/sailboat/flood in Friesland) was changed to "Met twee euros..." (With two
Euros...). 2) "In Nederland betaalt men vanaf volgend jaar met de euro/dollar/sneeuw
voor zijn boodschappen" ("In the Netherlands 'pay people' starting next year with the
Euro/Dollar/Snow for their groceries". Starting ne.xt year in the Netherlands, people will
pay for their groceries with the Euro/Dollar/Snow.), was changed to "vanaf dit jaar"
(starting thjs year). Other than these two changes to the triplets, the remaining triplets and
filler items were the same as in Experiment 1.
The experimental and filler sentences were recorded by a female speaker at a normal
speaking rate. The average length of the sentences was 3.56 seconds with a standard
deviation of 604 ms. This rate is faster than the average presentation rate for the visual
word-by-word presentation, which had a rate of 5.78 seconds with a standard deviation of
1.03 seconds. However, there was no substantial difference between the average duration
of sentences across the three conditions (correct = 3.51, world knowledge = 3.59, and
semantic condition = 3.56).
The 120 triplets were pseudorandomized across 3 different lists so that each subject
only heard one version of each of the triplets. This resulted in each list containing 40
exemplars of each of the 3 conditions. These 120 items per list were then mixed with the
40 filler items. In addition the practice block of 18 items and 9 extra starter items was
again utilized. There were 3 experimental blocks.
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Procedure
The procedure was identical to that used in Experiment 1 except, of course, that
sentences were presented auditorily. Also, the presentation of the sentences versus the
fixation star was slightly different. Unlike the visual experiment, in this experiment the
subjects fixated on the star in the middle of the computer screen and were asked to avoid all
movement while the star was on the screen (which was just prior to and during the
sentences). After each sentence, the star would disappear from the computer screen and at
that point subjects were free to blink their eyes. No other task demands were imposed. The
asterisk was presented in the middle of the screen for 1000 milliseconds prior to the
sentence onset. It remained on the screen the entire duration of the sentence as well as
1600 ms after the offset of the sentence. (See Materials section above for the length of the
sentences). The intertrial interval was approximately 3000 ms. At the end of the
experiment, the same short questionnaire as in Experiment 1 was administered.
EEG Recording and Analvsis
The EEG was recorded using precisely the same system as in Experiment 1. Prior to
off-line averaging, all single-trial waveforms were screened for eye movements in the
same manner as in Experiment 1 (fi-om 150 ms before the onset of the critical word to 1800
ms after the onset of the critical word). Trials containing such artifacts were rejected
(9.96% overall). The analysis procedure was the same as in Experiment 1. however the
latency windows differed. An N400 latency window of 250-650 ms after onset of the
critical word was chosen, as well as the time window of 1200-1800 ms was examined.
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RESULTS
Descriptive Statistics
All figures of the data are comprised of the grand average ERP waveforms that are
time-locked to the onset of the critical words. The first set of analyses includes the mean
amplitude data in the N400 latency window of the 250-650 ms after the onset of the critical
word. The second set of analyses contains data from the latency window of 1200-1800 ms
after the onset of the critical word.
The grand average waveforms elicited by the critical words in each of the three
conditions for electrode Cz are displayed in Figure 5.

Figure 5. The grand average ERP for Cz for the correct condition (black), the world
knowledge condition (red), and the semantic condition (green) for the auditory experiment.
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As early as l(X) ms the world knowledge waveforms start to diverge from the semantic and
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correct condition. At around 200 ms the semantic condition also begins to diverge from the
correct condition. The world knowledge and the semantic conditions elicit a negative
deflection that peaks at around 400 ms. This is substantially larger than that seen in the
correct condition. However, it appears that the peak for the world knowledge condition is
slightly earlier than the peak for the semantic condition. Like Experiment 1. there is a
centro-posterior maximum for the semantic violation and the world knowledge violation
(See Figure 6).
Figure 6. The topographical distribution of the N400 effect for world knowledge
violations, and for semantic violations for the auditory experiment.

World knoulcdec • I'orrccl

Semantic • c'orrccl

The positive shift seen in Experiment 1 is also seen here. Beginning at around 1200
ms after the CW. the semantic violation elicits a positive shift which remains until around
1400 ms. This positive shift is not seen with the correct and world knowledge conditions.
The topographical distribution of this positive shift is similar as seen in Experiment I,
having a posterior maximum (See Figure 7).
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Figure 7. The topographical distribution of the late positivity for semantic violations, and
its absence for world knowledge violations for the auditory experiment.
World know Icdsc - CofTcci

Scmanlic - c-orrccl

The debriefing questionnaire indicated that 2 subjects were aware of the two types of
anomalies that were presented (semantic and worid knowledge). The remaining 19
subjects reported the sentences to be either "strange" or "normal". As in Experiment 1,
when they were asked in more detail about how the sentences were "strange" they were
able to recall some specific examples of the "strange" sentences they had heard during the
experiment, which included examples of both types of violations.
Analysis for the 250-650 millisecond Time Window
A significant effect of condition was found in the N400 latency range, (F {1.998,
39.951) = 10.789, MSe = 38.789, p < 0.0001). Furthermore, a main effect of electrode site
and a significant interaction between electrode site and condition was found. ((F (2.755.
55.100) = 6.587, MSe = 18.385. p = 0.001) and (F (5.266. 105.323) = 4.162. MSe = 6.941.
p = 0.001 respectively)). The mean amplitude of the three conditions in this time window
were the following: correct condition = - .371 |iV (s.d. = .257), world knowledge condition
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= -1.578 nV (s.d. = .213) and the semantic condition = -1.958 nV (s.d. = .331). Since a
main effect of condition was found, planned comparisons between the conditions were
performed. The planned comparisons showed a significant difference between the correct
condition and the mean of the world knowledge and semantic conditions (F (1. 20) =
20.907, MSe = 56.833. p < 0.0001). However, unlike E.\periment 1. no significant
difference was found between the world knowledge and semantic conditions (F (1. 20) =
1.107, MSe = 79.188, p = .305). Specific topographical analyses indicated that the
anomaly effect was significantly larger over the posterior than anterior regions of the scalp
and once again, larger over the right hemisphere. All of following plarmed comparisons
for the quadrants used the same electrodes in each quadrant as described in the Results of
Exf>eriment 1. In the left frontal quadrant a significant difference between the correct
condition and the mean of the world knowledge and semantic conditions was found (F (1,
20) = 5.719, MSe = 11.016. p = .027).

Nonetheless, no significant difference was seen

between the world knowledge and semantic condition in this quadrant (F (1, 20) = .035,
MSe = 10.750, p = .853). The right frontal quadrant shows the same pattern: a significant
difference is seen between the correct condition and the combined mean of the world
knowledge and semantic conditions (F (1, 20) = 10.693, MSe = 13.296, p = .004), but no
difference is seen between the world knowledge and semantic condition in this quadrant (F
(1, 20) = .168, MSe = 17.424, p = .686). The posterior quadrants also show a similar
pattern, but with slight variation in the left posterior quadrant.
The left posterior quadrant shows a significant difference between the correct
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condition and the mean of the world knowledge and semantic conditions (F (1.20) =
23.451. MSe = 8.954. p < .00010. Additionally, a trend for a difference between the world
knowledge and semantic condition is seen in this quadrant (F (1, 20) = 3.741. MSe =
20.243, p = .067). In the right posterior quadrant a significant difference between the
correct condition and the mean of the world knowledge and semantic conditions is again
found (F (1. 20) = 26.573. MSe = 13.381, p <.0001). However, no significant difference
between the world knowledge and semantic condition is seen in this quadrant (F (1,20) =
1.469, MSe = 23.284, p = .240). Finally, for the midline electrodes a significant difference
between the correct condition and the mean of the world knowledge and semantic
conditions is seen. (F (1, 20) = 21.999, MSe = 13.775, p < .0001). Still, no significant
difference between the world knowledge and semantic condition is seen (F (1.20) = 2.444.
MSe - 16.895, p = .134).
Analysis of Earlv Onset of the N400
In addition to the ANOVA and planned comparisons that were performed to examine
the N400 effect, a series of t-tests was performed to determine whether the world
knowledge N400 begins at a significantly earlier point than the semantic N400. Typically
this is determined by running a series of t-tests looking at time windows of 50 ms in a
stepwise procedure. Onset is defined as the first window in which a significant t-value is
found and which is followed by 5 succeeding significant t-values. Therefore t-tests were
performed on 50 ms latency ranges that shifted in steps of 10 ms (e.g., 0-50,10-60,20-70.
etc.). The t-tests were all performed on the difference waveforms between the world
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knowledge minus the correct condition and the semantic knowledge minus the correct
condition. In each case the difference values were compared to 0. The onset of the world
knowledge effect showed up as early as 20-70 ms while the onset of the semantic condition
appeared at 160-210 ms. The mean difference waveform amplitude at the 20-70 ms
window was -.1760

(s.d. = 1.92), (t (608) = -2.256, p = .024). The semantic condition

at this time window was not significant, (mean difference = .0573 |iV. s.d. = 1.52, t (608)
= .927. p = .354). The world knowledge condition remains significantly different from
baseline across all of the remaining 18 time windows. The semantic condition waveforms
do not differ significantly from 0 until the time window 160-210 ms. (mean difference =
-.1649 |iV, s.d. = 1.96, t (608) = -2.081, p = .038). The world knowledge condition (in the
same time window) has a mean difference of -.5092

(s.d. = 1.92), (t (608) = -6.543, p

< .00001). The semantic condition remains significantly different from 0 for the remaining
time windows.
The significant difference between the onsets of the N400 effect in the world
knowledge condition versus the semantic condition was an unexpected finding. One
possible explanation for this result is that the rate of speech varied across conditions in
such a way to facilitate the recognition of the critical word in the world knowledge
condition earlier. However this is unlikely as a possible explanation since the rate was
approximately equivalent across the sentence conditions, (although this does not exclude
that the rate of speech at the critical point in the sentence might have differed across
conditions).
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There are several findings that are relevant to the discussion of latency changes in
the auditory N400 that need to be considered given the early onset N400 found in this study.
One such study related to N400 onset (Van Petten, Coulson, Rubin, Plante & Parks, 1999)
has found a delayed N400 when the target word shared phonemic onset with the
highest-cloze probability word (e.g, "He spread his bread with buttons" gives a delayed
N400 onset because of its overlap with the highly probable word "butter"). In a separate
study, van den Brink, Brown and Hagoort (2001) found that if the critical words begin with
a plosive, this facilitates the alignment of the ERP waveform to the onset of the target word,
which leads to more reliable onset time of effects. When experiments use many different
consonant onsets, rather than plosives, this may introduce some latency jitter (due to slight
variations in the alignment of the EEG waveform to the CW). This may be especially
problematic for some effects, such as the N200 effect. (The relationship between the N200
and the N400 will be raised again in the Discussion of this experiment.) In light of the
phonemic onset effects, as well as the possibility that latency jitter may be introduced when
critical words begin with different consonants, it is necessary to examine two issues before
further interpretation of the early onset N400. First, we need to determine whether one
condition more than another shared more phonemic onset information with the correct
target word. Secondly, we need to assess the number of plosives that were used as critical
words in each condition and the degree of coarticulation that occurred between the critical
words and the preceding words. It is possible that by chance there was more phonemic
onset overlap in the semantic condition, causing a delay in the semantic N400.
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Alternatively, perhaps there was more coarticulation information available in the world
knowledge condition than the semantic condition, making it possible to identify the critical
word earlier.
Phonemic onset information was collected for the critical words across the
conditions. This resulted in the following: 10 out of 120 world knowledge target words
had overlapping phonemic onset with the correct critical word; and 12 out of the 120
semantic critical words had overlapping phonemic onset with the correct critical word.
This is only 8.3% and 10% of the items respectively. TTiis is not only a small number of
items, but is also nearly identical in the world knowledge and semantic conditions. It is
unlikely this amount of phonemic onset overlap would cause a delayed N400 to the
semantic violation (additionally, the waveforms show the effect to be in a normal N400
time window, not delayed).
In order to examine coarticulation. which may be responsible for earlier
recognition of the world knowledge critical words, a random subset of the items (40%) was
presented to a judge and rated for their degree of coarticulation between the word prior to
the critical word and the critical word (e.g., whether or not in a sentence like "De stad
Amsterdam is heel oud/nieuw/dun..("The city Amsterdam is very old/new/thin...")
there is a clear break between "heel" and the critical word.). This was rated on a 3-point
scale where I referred to a clear stop between the critical word and the previous word, 2
referred to some amount of coarticulation. not a clear stop, and 3 referred to a large amount
of coarticulation between the two words. This resulted in a mean rating of 1.82 (s.d. = .91)
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for the world knowledge condition and 1.94 (s.d. = .89) for the semantic condition. The
amount of coarticulation information is virtually the same in the two conditions; if
anything, more coarticulation information is available in the semantic condition than the
world knowledge condition.
The use of plosives at the onset of critical words shows a similar pattern. Out of
120 target words per condition. 38 correct critical words began with plosives. 43 world
knowledge critical words began with plosives and 36 semantic critical words began with
plosives. If this difference in the number of critical words beginning with plosives matters
for the onset of these effects, the world knowledge condition should benefit the most from
this, (meaning that the alignment to the critical word in the world knowledge condition
would presumably have less jitter than the other two conditions). An additional ERP
analysis of just the sentences including plosives may be informative in this respect;
however, the data is not available for analysis at this time. In addition, even if it were, it
might still lead to inconclusive results since the number of items would be significantly
reduced.
Analysis for the 1200-1800 millisecond Time Window
In the time window 1200-1800 ms, no significant main effect of condition is found,
but a significant effect of electrode site, and an interaction between electrode site and
condition is revealed: condition factor (F (1.812,36.234)= 1.382, MSe = 53.348, p = .263),
electrode factor (F (3.007,60.135) = 10.081, MSe = 65.717, p < .0001) and interaction of
condition by electrode (F (5.615, 112.291) = 3.329. MSe = 9.956, p = .006). Since a

68

significant interaction was detected, planned comparisons were performed across the 4
different quadrants and the midline electrodes. These planned comparisons revealed no
significant differences between conditions in the frontal electrode sites. In contrast, the left
posterior quadrant showed a significant difference between the mean of the correct and
world knowledge conditions versus the semantic condition (F(l. 20) = 6.542, MSe =
15.349. p = .019). There was a nearly significant difference between the world knowledge
and semantic condition in this quadrant (F (1,20) = 3.182, MSe = 26.541, p = .090). The
mean amplitudes were: correct = .918 |iV (s.d. = .588), world knowledge = 1.080 ^V (s.d.
= .611), semantic = 1.977 |iV (s.d. = 6.47). In the right posterior quadrant no significant
difference between the mean of the correct and world knowledge conditions versus the
semantic condition was found (F (1, 20) = 1.185, MSe = 16.928. p = .289). However, a
trend was again seen between the world knowledge and semantic condition in this quadrant
(F (1, 20) = 3.672. MSe = 23.397, p = .070). The mean amplitudes were the following:
correct 2.059 |iV (s.d. = .676). world knowledge = 1.124

(s.d. = .475) and semantic =

2.028 nV (s.d. = .659). In the midline electrodes there was no significant ditTerence seen
between the mean of the correct and world knowledge conditions versus the semantic
condition (F (1, 20) = 2.326, MSe = 11.203, p = .143). A statistical trend was found
between the world knowledge and semantic condition (F (1.20) = 3.065, MSe = 20.284, p
= .095).
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DISCUSSION
Overall, the results of the auditory experiment replicate those of the visual
experiment. In the typical time window around 400 ms there was a significant overall
difference between the anomaly conditions and the correct condition. This difference is
due to the negative amplitude deflection of the world knowledge and the semantic
conditions, indicating an N400. The topographical distribution of a centro-posterior
maximum for the semantic condition replicates Experiment 1. However unlike
Experiment 1 for the world knowledge condition, which showed a right-posterior
maximum, the topographical distribution of the world knowledge condition in Experiment
2 showed a centro-posterior maximum more similar to the semantic condition. In each of
the quadrants, as well as the midline electrodes, there was a significant difference between
the correct condition and the mean of the world knowledge and semantic conditions.
However, unlike the findings for the visual experiment, the world knowledge condition
was overall not significantly different than the semantic condition. Only in the left
posterior quadrant was there a trend for a significant difference between the world
knowledge and semantic conditions. This is slightly surprising since inspection of the
waveforms appear to show the same absolute amplitude difference of approximately
1.00-1.30 nV between the world knowledge and semantic N400 effect in both Experiment
1 and 2. The primary difference between the N400 effect found in this experiment and the
visual experiment is the onset. In both the world knowledge and semantic conditions the
onset of the N400 effect began earlier than in Experiment 1, and the etTect lasted over a
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longer period of time than in Experiment 1. In the visual experiment the N400 effect
occurred in the time window from 300-550 ms while in the auditory version it was a
window of 250-650 ms. Additionally, the world knowledge condition showed an even
earlier onset than the semantic condition, which was not seen in the visual version.
The N400 effect found in both the world knowledge and semantic conditions
indicates that world knowledge is not recruited later than lexical semantic information.
The earlier onsets seen in both the world knowledge and semantic conditions in this
experiment as opposed to Experiment 1 are likely due to the difference in modality. This,
and the unexpected finding of the earlier N400 for the world knowledge as opposed to the
semantic condition need to be further considered. One possibility is that there is more
contributing to the negative deflection than simply the N400.
Currently there is a debate about whether the N400 effects that have been seen during
auditorily presented materials is actually comprised of a biphasic negative shift that is often
blurred into one effect in the averaged waveforms. More specifically, this biphasic shift
could be composed of two effects, an early effect that peaks around 200 ms (the N200
effect) and the N400 effect. The functional significance of the N200 has been described as
resulting from the lexical selection process. Word form information resulting from an
initial phonological analysis creates a set of candidates or cohorts. Following that the
phonological information and content information (as provided by context) interact during
the lexical selection process (see van den Brink, et al., 2001, for review of this literature
and an alternative explanation). The fact that this effect is found only in the auditory
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domain has been presumed to be due to two reasons. Although evidence exists indicating
that in the visual modality words are also processed from left to right (Bergman, et al.,
1988; Hudson & Buijs, 1995). there is still the difference of information availability. In the
visual domain word information is immediately fully available, where in the auditory
domain the information unfolds over time. The separation in time between lexical
selection and lexical integration may be smaller in the visual domain. This would make
N200 effects not easily separable from N400 effects. A second possibility has to do with
the constraints of ERP. With visual presentation, in order to avoid eye movement
contamination during the critical word, most studies use words that can be read in one
fixation. This creates a bias towards relatively short words for the critical comparisons. If
longer words were utilized in the visual domain, there may be a better temporal separation
of lexical access and lexical integration. Upon close inspection of the auditory waveforms
in the current experiment, one can see two negative deflections: a small peak at
approximately 200 ms before the larger peak at approximately 400 ms (see Figure 8).
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Figure 8. The grand average ERP for posterior electrodes for the correct condition (black),
the world knowledge condition (red), and the semantic condition (green) for the auditory
experiment.
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This can be seen across all three conditions, although it is more pronounced in the world
knowledge condition, especially across the posterior electrodes. However, the N200
amplitude peak is not significantly separable from the larger N400 peak. The early onset
may in fact be the N200 rather than an early onset N400, but can not be identified as a
statistically different waveform due to noise in the signal. The N2(X) effect has only been
found for auditory materials and even then is not always seen, or is a difficult effect to see
in the averaged waveforms (for example, in Connolly & Phillips, 1994. in one of the
conditions where an N200 would be expected, it was not found. The authors assumed that
the lack of the N200 was due the averaging process adding variability in response latency.
(See also Van Petten et al., 1999)). It has been suggested that the reason it is not always
seen is due to latency jitter that is introduced by the use of many different target onset
consonant types. For example, if many different consonant types varied between the
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critical words in different conditions (e.g., "pin" versus "fin"), there may be more variation
in the marking of the onset of the second type of words, and this would lead to some jitter,
or a spreading out of the effect once averaged over all sentences. If word onsets across
trials are fairly homogeneous and well aligned to the ERP data, the separate N200 effect
may be easier to detect. In this experiment, the majority of the onsets varied across
consonant types (around 70% of the items). This could lead to a N200 which is difficult to
separate from the N400 effect. Furthermore, it is possible that the early onset world
knowledge effect is indexed by a stronger amplitude N200 than what is seen in the
semantic condition because that condition had less variability in consonant onset types.
Recall that the world knowledge condition did indeed use more plosives target words than
the semantic condition, but this difference was only an additional 6% of the items and it is
difficult to determine whether this would be enough items to lead to a stronger N200 effect.
Another possible reason for the early world knowledge onset is that there was an
accidental effect of the world knowledge condition containing more coarticulation
information prior to the critical word, in comparison to the coarticulation information
available in the semantic condition. However both the information on the number of
plosives used as well as the ratings of coarticulation information does not support this
hypothesis, assuming that the subset of items chosen for the ratings was actually
representative.
To rule out the possibility that the earlier N400 effect for the world knowledge
condition is not due to just a delayed N400 effect in the semantic condition, the phonemic
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overlap between the correct target items and each of the target items in the world
knowledge and semantic conditions was examined. This analysis did not result in a
noteworthy difference between the world knowledge and semantic condition, indicating
that the difference between the latency of the effects in the two conditions is not due to a
delay of the N400 effect in the semantic condition. (This of course also fits with the fact
that the peak of the semantic condition is in the t>pical N400 range, not delayed.)
One problem with the conclusion that the early onset negativity in the world
knowledge condition is due to an N200 is that the latency of the negativity is earlier than is
typically seen for an N200. For this reason, the early latency of the negativity seems most
likely to be a combination of an N200 followed by an N400, in addition to noise in the data
due to the difficulty in precisely aligning the ERP data to the auditory signal. A reanalysis,
utilizing a second rater to carefully determine the alignment point, is planned to help tease
apart the latency difference due to possible alignment discrepancies versus latency
difference due to the N200.
Experiment 2 was designed to replicate the visual experiment using auditory
presentation at a normal speaking rate. It was essential to rule out the slow presentation
rate as an explanation for the visual presentation results. However, results showed,
surprisingly, that the world knowledge seems to be integrated at an earlier time in
processing than semantic knowledge. A number of possible explanations were explored.
The possibility that the early onset is actually a combination of an N200, (which is
followed by the N400) as well as noise due to latency jitter, seems to be the most plausible
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explanation. What one can conclude from this study is that world knowledge information is
not integrated at a later point in time, after lexical semantic knowledge is integrated.
However, it seems unlikely that the early onset effect for the world knowledge condition is
the result of actual earlier integration of this information. If this were the case, it would
have appeared in Experiment 1. The source of this effect, then, is likely due to the
alignment of the ERP data to the speech waveform being too crude, and not precise
enough.
In addition to the N400 effect, the data from Experiment 1 also indicated a late
positive shift that was seen only with the semantic condition. This positive shift was again
seen in the current experiment. The semantic condition had a significantly larger
amplitude positive shift relative to the world knowledge and correct conditions beginning
around 1200 ms and continuing as late as 1800 ms. However, unlike the first experiment,
this difference was only significant in the left posterior quadrant electrodes and not the
right posterior quadrant. This positive shift was described earlier as indicating that in some
aspect of processing, a distinction is made between semantic knowledge and world
knowledge, although they are recruited at the same time. This hypothesis was put forward
to explain the fact that the correct and world knowledge sentences both share the property
of being able to be fully processed and understood where the semantic sentences may cause
problems in processing because they are not sensible. Given this hypothesis, one would
expect to replicate the positive shift seen in Experiment 1. However, it may be the case that
due to the difference in modality, this processing takes place at a slightly different time
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course than it does with visual presentation. In the visual experiment the positive shift
occurred in the time window 800-1200 ms while in the auditory experiment the positive
shift occurred in the time window 1200-1800 ms. Not only is the positive shift later in
onset in the auditory experiment, but it also lasts for 200 ms longer. This delay seen in the
auditory experiment could be due to the faster rate of presentation that occurs with speech.
Since spoken language unfolds over time, it places large demands on working memory,
which could result in a delay in some aspects of the processing. Additionally, due to the
possibility that the alignment of the ERP data to the speech is not precise enough, the
positive shift in the auditory experiment could suffer from latency jitter, and therefore not
reach significance. If this positive shift is a reflection of a "wrap-up" process, maybe this
occurs later and continues longer due to the larger processing demands in this modality.
The N200 is a good example of an effect that differs across the visual and auditory
modalities, since it has yet to be found in the visual modality. As discussed above, this
difference is thought to be due to the fact that in the visual domain lexical selection and
lexical integration take place closer in time. If this is the case, perhaps this difference also
has a lasting effect on the processing of the rest of the sentence. Perhaps in the auditory
domain this verification process or wrap-up is slower than in the visual domain, leading to
a smaller amplitude index in the ERP.
The results of this experiment still leave several things unanswered. This is
especially true of the onset and time course information, both in terms of the N200/N400
debate as well as the later positive shift. Both of these issues will be considered further in
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the Conclusions.
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EXPERIMENT 3: A VISUAL fMRI STUDY
Experiments 1 and 2 indicate that both semantic information and world knowledge
information are available at the same time during comprehension. However, what these
experiments do not address is the neural circuitry underlying the recruitment of semantic
knowledge and world knowledge.
Memory research has indicated that at least partly different areas are involved in
semantic memory (i.e. memory for facts) and episodic memory (i.e.. memory related to
personal experiences) (see Squire. & Zola. 1998; Tulving, & Markowitsch, 1998;
Vargha-Khadem. Gadian. Watkins. Connelly. Van Paesschen, & Mishkin. 1997;
Warrington. 1975). Nevertheless, there is not much known about the potential differences
in aspects of semantic memory. For example, there may be differences between the
meaning of words versus facts about the world. Additionally, since the majority of
imaging research investigating language processing has only looked at processing of single
words, little is known in general about how the brain areas involved are recruited during
the interpretation of an utterance. Experiment 3 addresses this issue by using fMRI to
investigate the neural recruitment of semantic and world knowledge.
Although most of the imaging research thus far has only looked at the processing of
individual words, there are still some findings that are relevant to the current study and
motivate the current study. As mentioned in the general introduction, there have been
several studies using either positron emission tomography (PET) or fMRI that have noted
that the left frontal lobe seems to be involved in articulatory and phonological processing
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as well as semantic processing. Since semantic processing is most relevant to the current
study, a review of these findings is in order. The previous findings related to semantic
processing have suggested that the anterior extent of the lef^ inferior prefrontal cortex
(Brodmann area. BA 47. BA 45) in the inferior frontal gyrus is active during word level
semantic processing (Demb. et al., 1995; Gabrieli. et al.. 1996; Kapur. et al.. 1994;
Wagner, etal., 1998; Klein, et al.. 1995; Petersen, et al.. 1988). This general finding has
been replicated across a variety of tasks, including word generation based on thematic
semantic relationships (e.g.. saying a word like "eat" when presented with the word
"cake"), and semantic category decisions about words (e.g., "living versus non-living").
Initially there was a concern that the left inferior prefrontal cortex activation was actually a
function of task difficulty rather than a function of semantic processing, since the tasks
associated with that activation were also more difficult (as shown by reaction time and
error data) than the non-semantic tasks. However, specific studies controlling task
difficulty seem to indicate this is not the case (Demb et al., 1995; see also Roskies, Fiez,
Balota, Ojemann. Raichle, «fe Peterson, 1996). In the Demb et al. study, subjects performed
both a semantic task (e.g.. abstract or concrete judgement) and an orthographic task,
(which asked whether the first and last letters in a given word were in ascending or
descending order in the alphabet (e.g., "car" versus "hope")). Reaction time data and
errors indicated that the orthographic task was significantly more difficult than the
semantic task; however, significantly greater activation was found in the left inferior
prefrontal cortex in the semantic task.

80

Additional evidence that the left inferior prefrontal cortex activation is related to
semantic processing comes from Wagner. Desmond. Demb, Glover and Gabrieli (1997).
In this study they examined repetition effects and found that if an item was first
encountered during a perceptual task, repetition of the item in a semantic task did not result
in decreased activation in left inferior prefrontal cortex. In contrast, if the first presentation
was in a semantic task and the repetition was in another semantic task, a decrease in the
activation of left inferior prefrontal cortex was found. These results indicate that the left
inferior prefrontal cortex is involved in the semantic processing of the words. A further
source of evidence using a different type of semantic manipulation comes from Roskies et
al., (1996). In this study the critical manipulation involved variation of the semantic
relationship between category labels, exemplars and distractors. Subjects were required to
decide if the target was in the same category as the prime. There was an "easy" condition
in which the targets were good exemplars (e.g., bird-robin) and the distractors did not have
an apparent relationship to the category (e.g., fish-lamp), and a "difficult" condition in
which the targets were poor exemplars of the category (e.g., bird-ostrich) and the
distractors shared some semantic relationship to each other (e.g.. clergy-king). The results
indicated that under both the difficult and easy conditions, activation occurred in the left
frontal area, at or near BA 47. however this activation was greater for the difficult
condition. A separate study indicates that this effect can be found across semantic
processing for both words and pictures (Wagner et al., 1997). Subjects in this study were
required to make living/nonliving decisions for both pictures and words. Again, the left
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inferior prefrontal cortex was found to play a role in this type of semantic processing. A
further source of evidence comes from a study which used chronically implanted depth
electrodes in left inferior prefrontal cortex (BA 47) and found greater activity for semantic
decisions relative to perceptual decisions in that region (Abdullaev &. Bechtereva. 1993).
In summary, there is converging evidence from a number of different studies
utilizing a number of different tasks and methods that suggest activation of the left inferior
prefrontal cortex is directly related to semantic processing of words. However, before
concluding that the left inferior prefrontal cortex is the locus of semantic processing, these
findings must be considered in relation to two other findings. First, many other studies
have found posterior regions activated during semantic processing. This has been found
for tasks such as word and object naming, as well as some more complicated tasks such as
verb generation (Bookheimer. Zeffiro, Blaxton, Gaillard & Theodore, 1995; Howard,
Patterson, Wise, Brown. Friston, Weiller «& Frackowiak, 1992; Vandenberghe, Price, Wise,
Joseph & Frackowiak, 1996; Fiez, Raichle, Balota, Tallal & Petersen, 1996, Grabowski.
Frank, Brown, Damasio, Watkins & Hichwa, 1996). Secondly, patients with lesions to the
left inferior prefrontal region (usually classified as Broca's aphasics) are typically found to
have intact comprehension and preservation of conceptual knowledge, based on the
standard diagnostic measures of aphasia. Moreover, patients with posterior temporal and
occipital-temporal damage tend to show impairments on measures of conceptual
knowledge and comprehension (Benson, 1979; Damasio, 1992; Goodglass & Kaplan,
1983). How can these seemingly different results be accommodated?
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The prominent hypothesis about the role of the left inferior frontal gyrus in semantic
processing is that it contributes to the eftbrtful retrieval, maintenance and control of
semantic information, rather that the storage area of semantic information. Presumably,
the storage of semantic information is more likely to be the posterior regions. Patients with
left inferior prefrontal damage normally have intact comprehension and preservation of
conceptual knowledge. In contrast, subjects with posterior-temporal and
occipital-temporal damage tend to show impairments of conceptual knowledge as well as
comprehension. A study by Randolph. Braun, Goldberg and Chase (1993) looked at
Alzheimer's patients that had degeneration of posterior regions versus left frontal patients
on a verbal fluency task. This task required subjects to generate as many exemplars of a
category (e.g., animal) as possible over a 60-second time interval. Both Alzheimer's and
left frontal patients performed poorly on this task. In contrast, when given a cued-approach
verbal fluency task, where every 15 seconds subordinate labels were given to the subject
(e.g., animals that are found on a farm, animals that live in water) the frontal patients
performed at normal levels while the Alzheimer's patients showed no benefits from the
cues. This indicates that the left frontal patients' problem was in effortful retrieval,
maintenance and control of the semantic information, not in the actual breakdown of the
stored information.
Another source of converging evidence for the left inferior prefrontal area being
involved in the retrieval, maintenance and control of semantic information is the semantic
priming studies with Broca's aphasics (see e.g. Hagoort, 1993 &. 1997). In semantic
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priming studies. Broca's aphasics show automatic priming (priming at short inter-stimulus
intervals, ISIs), but at long ISIs Broca's aphasics do not always show normal semantic
priming. It has been suggested that with longer ISIs, priming seems to be under more
strategic control. For example, if a high proportion of semantically related primes are used,
subjects appear to use this information to generate expectancies about target words (for a
review, see Neely, 1991). The conclusion from the patient studies is that Broca's aphasics
appear have a deficit in post-lexical integration processes, an impairment in the ability to
appropriately retrieve, maintain and manipulate semantic information.
Before summarizing the literature on the left inferior prefrontal area, two more
pieces of data should be mentioned. First, a considerable amount of evidence also
indicates that greater left prefrontal activations are also related to better memory. The
basic finding is that the experimental conditions that show greater left prefrontal
activations during the experiment are the same conditions that are better remembered after
the experiment (Tulving, Kapur. Craik. Moscovitch & Houle, 1994; Gabrieli, et al.. 1996;
Kapur, Rose, Liddle, Zipursky, Brown, Stuss, Houle & Tulving, 1994; Demb, et al., 1995).
This corresponds to the established finding that items processed at a deeper semantic level
during encoding are better remembered than items processed at a shallow, perceptual level
(Craik & Lockhart, 1972; Tulving, et al., 1994). A last thing to consider is that all of the
studies mentioned thus far used single words (or pictures) as stimuli. None of these studies
examine the factors related to understanding a full sentence. There are, however, some
studies which have looked at sentence processing, but the focus of these studies has been to
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look at variations in sentence complexity or differences between semantic and syntactic
processing (with a focus on syntactic processing). Overall, the results are not particularly
relevant to the current study, though it should be noted that in one study of semantic
processing, activation was seen in the left posterior inferior frontal region in addition to
Wernicke's region (Ni. Constable, Mend. Pugh, Fulbright, Shaywitz, Shaywitz. Gore. &
Shankweiler. 2000).
In conclusion, the left inferior frontal gyrus does not seem to be the place where
lexical semantic knowledge and conceptual knowledge is stored, but does appear to be
where this information is manipulated, integrated or controlled in order to understand the
sentence given. A study by Thompson-Shill. D'Esposito. Aguirre and Farah (1997) nicely
supports this conclusion. In this study they found that overlapping activation in regions of
the left inferior frontal gyrus was dependent on the selection demands of the tasks used
(such as the need to manipulate semantic information). The three tasks used included verb
generation from nouns, classification of line drawings of common objects, and a
comparison task where subjects compared a target word to several probe words, deciding
which probe word was most similar based on specific attributes or features. These three
tasks varied the selection demands, meaning there was variation in the amount of
competing sources of information needed to perform the tasks. They found that activation
was greatest in the left inferior frontal gyrus when the task required more manipulation of
semantic information (e.g., the comparison task). These results can be discussed in terms
of the selection of relevant features of semantic knowledge from a set of competing
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alternatives. For example, if one hears the sentence "The man played the piano
beautifully" the relevant semantic knowledge about the word "piano" would be about the
(act that it is a musical instrument. Yet. if one hears the sentence "The man very slowly
pushed the piano across the room", the relevant semantic knowledge about the word
"piano" would be that pianos are heavy. Deciding the relevant semantic information
needed to understand an utterance may be dependent upon the left inferior frontal gyrus.
The current experiment uses fMRI to investigate the neural recruitment of semantic
and world knowledge. While none of the experiments reviewed above address this
distinction specifically, several predictions can be made based on this previous work. First,
if the inferior frontal gyrus is involved in the integration, organization and control of
semantic information, the world knowledge sentences and the semantic sentences should
show more activation in this region. Presumably the processing system would try to
organize or select the relevant semantic or conceptual features necessary to understand
these sentences. However, since the "correct" semantic or world knowledge information
needed to process these sentences is non-existent (or exists in the case of the world
knowledge information, but does not match the truth), these sentences may require more
processing than the correct sentence, since the correct sentences allow factual
comprehensible semantic information to be formulated. This difficulty in integration
would lead to greater activation in the left inferior frontal gyrus. For this reason, we expect
activation in this region for the world knowledge and the semantic sentences.
In addition, the world knowledge and semantic sentences may differ from each
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other. It has been proposed that the storage of semantic and conceptual information may be
more dependent on posterior regions. Nonetheless, patients with specific impairments in
certain types of knowledge as opposed to other types of knowledge (e.g., living versus
non-living things) indicate that there may be differences in where knowledge of different
types is stored. Possibly lexical semantic knowledge and world knowledge are stored
differently, which could result in differences seen between these conditions in this study
(see Caramazza, 2000 for a review).
An additional reason to predict a ditTerence between world knowledge and semantic
information is in terms of the processing required in the two conditions. In the world
knowledge condition, the sentences are incorrect based on knowledge about the world, but
they are still understandable sentences. This is not the case with the semantic sentences.
On top of that, the semantic sentences are always a double violation. These sentences not
only violate the semantic constraints of the individual words, but they also violate world
knowledge. This could possibly lead to differences in the activation found for the two
conditions.

METHOD
Participants
Fourteen native speakers of Dutch participated in Experiment 3. The mean age was
25 with a range from 18 to 32. There were 7 females and 7 males. All subjects were
recruited from the Max Planck Institute subject pool and were paid for their participation.
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All subjects had normal or corrected-to-normal vision and hearing and all were right
handed (5 reported having left-handed family members). None of the participants used any
medication regularly, had a history of drug abuse or a family history of neurological or
psychiatric illness. In addition, none of the subjects had any neurological impairments,
head trauma nor had any of them participated in the previous experiment.
Materials and Design
The materials were the same as those used in Experiment 1. (This experiment was
conducted prior to January 1. 2002, so the changes that were made to the materials for
Experiment 2 were not needed yet in this experiment.) While the materials were the same
as in Experiment 1, the presentation and experimental design differed slightly as described
below. The 120 experimental triplets along with 40 filler sentences were divided into two
experimental blocks of 80 items each (rather than 3 blocks). This gave 20 items of each
condition (including fillers) in each block. Within each of the two blocks the items were
divided so that there were 5 sub-blocks of 16 items. This resulted in each condition
(correct, world-knowledge, correct and filler) being presented 4 times per sub-block.
These four conditions were randomized under the constraint that each condition-transition
(e.g., correct to semantic or correct to world knowledge) occurred exactly once in each
sub-block. This order constraint controlled for the 1-step back stimulus presentation
history.
Procedure
All subjects were tested individually in a dimly lit sound-attenuating fMRl room.
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Other than specific details about the experiment being an fMRI experiment as opposed to
ERP. the instructions were the same as in Experiment 1. Subjects were asked to read a
series of sentences appearing word-by-word in the middle of the computer screen. They
were to fixate on the screen and avoid all movement during the sentences. After each
sentence a fixation star would appear on the computer screen that they were asked to fixate
to. (This visual fixation. VF. represented the low-level baseline task for analysis). No
other task demands were imposed.
Each trial was presented word-by-word in white lowercase Arial letters (18 point
font size). The first word of each sentence was capitalized and the final word of each
sentence was presented with a period. The letters were displayed against a dark
background of the computer screen through a LCD-projector that stood outside the
MR-scanner room. The letters were projected onto a semi-transparent projection screen
that the subject viewed comfortably through a mirror system mounted on the head-coil.
Each word was presented for 300 milliseconds, and was followed by a blank screen for 300
ms, followed by the next word. After the final word and period there was a fixation star for
800 milliseconds.
After the subjects had received the experimental instructions there were two
practice sessions. The first session was outside the MR-scanner and the second inside the
MR-scanner. During both of these practice sessions the participants could ask questions
about the all aspects of the experimental procedures. The practice items (18 in total) were
the same as those used in Experiment 1 and contained sentences that were representative of
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each of the types of experimental and filler sentences they would see in the actual
experiment. Once the subject was ready in the MR-scanner and the practice session was
completed, two functional MR sessions were initiated (472 functional image
volumes/session, corresponding to approximately 19 minutes of data acquisition). After
this acquisition, as well as between sessions, the subjects were allowed to leave the
MR-scanner (13 of 14 subjects chose to do so). The session ended with the acquisition of a
structural MR image volume. Following the structural MR, the same questionnaire as in
Experiment 1 was administered outside of the MR-scanner.
MRI Data Acquisition
The experimental presentation program was the same as in the previous two
experiments. During both the presentation of the sentences and the visual fixation point
whole brain T2*-weighted EPI-BOLD fMRI data were acquired with a Siemens Sonata
1.5T MR-scanner. An interleaved slice acquisition EPl sequence (volume TR = 2.48s, TE
= 40ms, 90 degree flip-angle, 31 horizontal slices, slice-matrix size = 64 x 64, slice gap =
0mm, isotropic voxel-size = 3.5x3.5x3.5mm3) was utilized in an event-related fashion.
For the structural MR image volume, a high-resolution T1-weighted MP-RAGE pulse
sequence was used (volume TR = 2.25s, TE = 850ms, 15 degree flip-angle, 176 sagital
slices, slice-matrix size = 256 x 256, sampling rate = 130Hz/pixel, slice thickness = 1mm,
slice gap = 0mm, isotropic voxel-size = lxlxlmm3 interpolated to Ix0.5x0.5mm3).
MR Image Pre-processing and Analvsis
Both the structural and functional MR data were renamed (using BrainVoyager
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software; http://www.brainvoyager.de) and converted from a DICOM image format into
the ANALYZE image format using the MRIcro software (http://www.psychology.
nottingham.ac.uk /staff/crl/mricro.html). SPM99 software was used for the image
pre-processing and statistical analysis (http://www.fil.ion.ucl.ac.uk). The functional
EPI-BOLD images were realigned, slice-time corrected, spatially normalized and
transformed into a common approximate Talairach space (Talairach and Toumoux, 1988).
Following that, co-registration of the structural and mean functional MR data for each
subject, as defined by the SPM99 MNl Tl template, was performed. Finally, the data was
spatially filtered by convolving the functional image volumes with a isotropic
3D-Gaussian filter kernel (12mm FWHM). The fMRI data was proportionally scaled to
account for global confounds and analyzed statistically using the general linear model and
statistical parametric mapping (SPM99, Friston, Frith, Turner & Frackowiak, 1995).
Using the general linear model, a model of the regional BOLD response was created. This
was done using the a priori haemodynamic response function (hrf) and its time-derivative
of SPM99, specifying a design matrix which incorporated the conditions as the effects of
interest (implicitly modeling the visual fixation baseline condition). The effects of no
interest were the session/subject effects, the potential effects of subject head movement
(using the realignment-parameters), and a high-pass temporal filter (min cut-off period
74s) to account for various low-frequency effects (e.g. related to different physiological
effects such as heart-rate and respiration, and slow MR-scanner drifts). Relevant contrasts
that corresponded to the null-hypothesis were utilized to generate the statistical images that
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were then tested statistically (Frackowiak, 1997). This resulted in a set of voxel values for
each contrast (a T-statistic image SPM [T]), which was thresholded at T = 3.09 (or a
voxel wise false positive rate of p < 0.001, df = (1.4696)). This process reduces the number
of false positive voxels within an activated cluster.
Localized hypothesis testing was based on the previous findings related to both the
left inferior frontal gyrus and its role in semantic processing and the frosterior-temporal and
occipital-temporal areas being more related to conceptual knowledge. A hierarchical
approach to hypothesis testing was utilized. This resulted in the activated networks first
being characterized at the set-level. A network of clusters were considered significantly
activated if p < 0.05. In addition, the activated networks were resolved into their regional
structure. The activated regions were characterized in terms of the spatial extent (or
cluster-size) statistic. As described below, this process created clusters of a significantly
activated network with a spatial extent that was significant p < 0.05 (corrected for multiple
non-independent comparisons). The activated clusters were further resolved into
peak-height of local maxima with Z-score > 3.09. All reported p values are corrected for
multiple non-independent comparisons (except where indicated) based on the theory of
smooth (differentiable) 3D stationary T random fields (Worsley, Evans, Marrett, & Neelin,
1992; Worsley, Marrett, Neelin. Vandal, Friston, & Evans, 1996). Where appropriate,
tests for commonalities in different T contrasts used a conjunction analysis approach based
on the minimum T-field theory (Worsley, & Friston, 2000). To facilitate hypothesis
testing related to prior anatomically localized regions of interest as well as wherever else
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indicated, corrections for multiple non-independent comparisons used a small volume
correction based smooth random field theory. The terms of activation and deactivation are
used as synonyms for relative increases and decreases of BOLD signal, respectively. In
describing a region is as including a Brodmann area, this is not in an comprehensive sense,
but implies that parts of that Brodmann area are included in the activated cluster.

RESULTS
Reading Compared to Visual Fixation
First, a description of reading as compared to visual fixation. Comparing sentence
reading/comprehension with the baseline visual fixation, thresholding the SPM (T) at T =
3.72 (or voxel-wise false positive rate of p < 0.0001, df (1,4696), significantly activated
prefrontal clusters were found in the left prefrontal cortex (p < 0.001) (see Figure 9).
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Figure 9. The activation for sentence reading/comprehension versus the baseline visual
fixation.

This extended from the anterior left preventral gyrus (BA 4/6) via the left middle frontal
(BA 6/9) into the left inferior prefrontal region (BA 44/45/47). The right prefrontal cluster,
however, was less extensive. encompa.ssing the right middle frontal (BA 6/9) and the right
inferior frontal (BA 44/45/46) gyri. Further prefrontal activations were related to the left
medial prefrontal (BA 6) and the anterior cingulate (BA 32) cortex (p<O.OOI). The
posterior parietal activations engaged the superior parietal cortex (BA 7) extending into the
supramarginal gyrus (BA 40) and angular gyrus (BA 39) bilaterally (right p < 0.001 and
left p < 0.(X) I. left > right). Correspondingly, the occipital and temporal activations (right p
< 0.001 and left p < 0.(X)1. left > right) were more dominant in the left compared to right
hemisphere. These activations extended from the extra-striate visual regions, including the
middle and inferior occipital gyri (BA 18/19), extending via the lateral occipito-temporal
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(BA 19/37) into the inferior and middle temporal (BA 20/21) regions all the way to the
superior temporal (BA 22) and the anterior temporal pole (BA 38) bilaterally.
Semantic Condition Compared to Correct Condition
When comparing the activity related to the critical word in the semantic condition to
the critical word in the correct condition, thresholding the SPM (T) T = 3.09 (or a
voxel-wise positive rate of p <0.001. df (1.4696). a significantly activated left inferior
prefrontal region (BA 44/45/46) was observed (p < 0.001) (see Figure 10).

Figure 10. The activation for the semantic condition compared to the correct condition.

A comparable region showed increased activation related to the critical word in the world
knowledge condition compared to the correct condition (Z = 3.18) (see Figure 11).
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Figure 11. The activation for the world knowledge condition compared to the correct
condition.

It was then tested whether this was a conjunction based on the minimum T-tleld theory
(Worsley. & Friston, 2000). It was found that this was the case, encompassing a left
inferior prefrontal region (BA 44/45/46/47. local maximum at (x y z) = (-44 30 8). p <
0.043)) (see Figure 12). Nevertheless, there was an indication that this effect was more
prominent in the semantic than in the world knowledge condition ((x y z) = (-40 24 22). Z
= 2.52Z = 2.52)).
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Figure 12. The common activation for the semantic and world knowledge violations
compared to correct words.

Semantic Condition Compared to World Knowledge Condition
The comparison of the critical word in the semantic condition compared to the world
knowledge condition yielded significant effects in the left superior temporal gyrus (BA
22/42, Z = 2.33), the left inferior parietal cortex (BA 40, Z = 3.42), and the left inferior
prefrontal cortex (BA 44/45/46, (x y z) = (-40 24 22). Z = 2.52)) (see Figure 13).
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Figure 13. The activation for the semantic condition compared to the world knowledge
condition.

In the opposite comparison, world knowledge versus semantic, significant differences
were detected in the left parietal cortex (p = 0.001) encompassing the left superior parietal
lobule (BA 7) extending into the superior part of the inferior parietal lobule, that is the left
supramarginal gyrus (BA 40) and the left angular gyrus (BA 39). In addition, greater
activation was observed in a prior region of interest, the left inferior temporal gyrus, from
BA 37 via 20 into the anterior temporal pole (BA 21/38).
Conjunction Analysis: Correct versus Semantic Compared to World Knowledge versus
Semantic
The significant difference in the fMRI data in the contrast world knowledge versus
semantic (related to the posterior parietal region) with no significant difference in the
reverse contrast, in addition to the late positive shift that was seen in Experiment I,
motivated an analysis to see whether there were any commonalities in the fMRI activation
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patterns between the correct versus semantic and the world knowledge versus semantic
contrast by utilizing a conjunction approach. The conjunction analysis is based on small
volume corrected minimum T-field inference. The purpose of the analysis was to
investigate whether the left parietal region observed in the world knowledge versus
semantic contrast also represented a commonly activated region in the two contra.sts. This
was indeed the case (see Figure 14).
Figure 14. The common activation for correct words and world knowledge violations
compared to semantic violations.

A similar activated posterior parietal region, as was observed in the world knowledge
versus semantic contrast was found. This encompassed the left superior parietal lobule
(BA 7) and extended into the superior part of the inferior parietal lobule, which are the left
supramarginal gyrus (BA 40) and the left angular gyrus (BA 39).
Data from the debriefing questionnaire indicated that none of the participants were
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aware of the two types of anomalies that were presented (semantic and world knowledge).
Instead they reported the sentences to be either "strange" or "normal". Just as in
Experiment 1 and 2, when asked in more detail about how the sentences were "strange"
they were able to recall some specific examples of the "strange" sentences that they had
read during the experiment, which included examples of both world knowledge and
semantic violations.

DISCUSSION
The results of this study indicate that the left inferior frontal gyrus was involved in
the processing of semantic features as well as world knowledge. Both the integration of
semantic information, and the integration of world knowledge information, engages the
left inferior frontal cortex. Additionally, both the world knowledge violations and the
correct sentences show activation in the left parietal cortex, where the semantic violation
did not show activation. This is assumed to be related in function to the late positive shift
seen in Experiment 1. As has been previously discussed, this may be related to some
additional verification processes or "wrap-up" that only occur for sentences that have a
coherent semantic message, which the semantic sentences arguably do not have. In light of
the left parietal cortex activation, it may be beneficial to reevaluate the earlier conclusion
about the late positive shift. Maybe the late positive shift seen with the semantic condition
in the ERP data is actually a late negative shift for the correct and world knowledge
conditions that is related to this late further verification process. This possibility is
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considered in the conclusions.
In terms of the previous fMRI findings, the involvement of the left inferior frontal
gyrus in the processing of semantic and world knowledge conditions fits well with the
hypothesis about it being involved in the integration, organization and control of semantic
information. In accordance with this idea, the lexical semantic knowledge and conceptual
knowledge is not stored in the left inferior gyrus, however this information is manipulated,
integrated or controlled utilizing this region in order to understand the sentence given. The
world knowledge and semantic violations assumably would require more processing to
determine what relevant features, semantic or otherwise are needed to understand the
sentence. It is this extra processing that is most likely utilizing the left inferior gyrus. As
was suggested by Thompson-Shill and colleagues (1997), the amount of activation seen in
the left inferior frontal gyrus is dependent on the number of competing sources of
information needed to understand the sentence. Given this, it seems the selection of the
relevant features of semantic knowledge and world knowledge from a set of competing
alternatives are utilizing this region. In the semantic condition, the semantic features of the
critical word make it such that there are no appropriate semantic features to make the
sentences comprehensible. In contrast, the world knowledge sentences utilize the semantic
features and the world knowledge information, but only the truth value of the sentence is at
issue, while the lexical semantic features were appropriate. This may account for why
there is greater activation for the semantic condition than the world knowledge condition.
Unlike the world knowledge condition, in the semantic condition, there are no relevant
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semantic features or world knowledge information that could make the sentences
comprehensible. At least with the world knowledge sentences the relevant semantic
features can be determined; it is only world knowledge information that would lead to
further processing in this region.
The left parietal activation found for the correct sentences and the world knowledge
sentences indicates that region is involved in a late verification process. To date, there is
nothing in the literature specifically examining this kind of late wrap-up effect with fMRl.
However, there is some corroborating evidence from patients that have lesions in the
region. Just recently it has been observed that patients with lesions in this region have
difficulty in understanding sentences in a way that indicates they are having difficulty in
some sort of late verification process (N. Dronkers, personal communication. April 16,
2002). Clearly this finding needs to be further explored in terms of what the verification
process may include and what the purpose of it is.
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CONCLUSIONS
Integration of World Knowledge and Semantic Knowledge
The goal of this thesis was to address two specific questions; 1) what is the time
course of the on-line integration of semantic and world knowledge information? and 2)
which are the crucial brain areas involved in these processes? In terms of the time course,
the results of this thesis indicate that lexical semantic knowledge and world knowledge are
recruited at the same time during on-line sentence comprehension. World knowledge
seems to be integrated just as early in both reading and listening and does not require a
completed analysis of lexical semantic information. This argues against a two-stage model
of processing (such as Johnson-Laird, 1983), where first an analysis of lexical semantic
meaning is performed and completed before world knowledge can be integrated.
Additionally, these results argue generally against a modular model of processing
(such as those proposed by Frazier«S: Clifton, 1997, and Friederici, 2000). This is not to
deny that syntax is relevant for semantic interpretation, (the associated rules of semantic
composition that are part of syntax cause "a book" to differ from "the book", and "Mary hit
John" from "John hit Mary") nor does this study address the syntax/semantics interplay.
Instead, my results suggest that there is no functionally distinct stage in which syntactically
constrained word meaning (such as word order, agreement, phrase structure or case
marking) is evaluated with respect to the lexical semantics independent of utilizing world
knowledge. Rather, these results argue for a model in which world knowledge information
is part of the on-line interpretation process. For example, Marslen-Wilson and Tyler
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(1980) describe a model in which lexical, syntactic and interpretive knowledge (such as
world knowledge) interact during on-line processing. In this model, perceptual, bottom-up
information drives the formation of an initial cohort of possible words. Following this, top
down information, including lexical, structural and interpretive sources are utilized.
Marslen-Wilson and Tyler assume that in addition to lexical information, structural and
interpretive information may affect even the earliest stages of word-recognition processes.
Therefore, the dependencies between these knowledge sources "need not result in any
intrinsic delay in timing with which their characteristic influences start to become
detectable". (Marslen-Wilson & Tyler, 1980, pp. 66; for similar suggestions see McElree.
1998; Chambers, etal., 1998; Van Petten, 1995; Murray & Rowan. 1998; Sedivy.
Tanenhaus, Chambers & Carlson, 1999).
While the Marslen-Wilson and Tyler model argues for world knowledge to have an
influence even in the early stages of word recognition. N400 effects have typically been
described as an index of semantic integration, rather than an index of access (for an
alternative view see Kutas & Van Petten, 1994). For this reason, the N400 results found in
this thesis relate more to the early integration of each word into a semantic representation.
However, if one considers the N200 effect, the results can also relate to early stages of
word recognition. Unlike the N400, the N200 is described as a reflection of the lexical
selection process. As described in Experiment 2, the lexical selection process includes an
initial phonological analysis, which results in a set of candidates. Following that, content
information derived from context interacts with this candidate set to guide lexical selection.
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Although a significantly different N200 waveform was not found in the grand average
waveforms, perhaps looking at individual difference waveforms could identify the effect
(see Discussion section of Experiment 2 for details of this reasoning). If this analysis
resulted in a significant N200 for the world knowledge and semantic conditions, then it
would support the idea that both world knowledge and semantic information is utilized in
lexical selection from a candidate set. This would add support to models that assume world
knowledge information to have an early influence in processing.
While the ERP data indicate that world knowledge is integrated at the same time as
semantic knowledge, the fMRI results indicate that both integration of semantic
knowledge and world knowledge engages the left inferior frontal cortex. It has been
claimed that this area is recruited for the integration, organization and control of semantic
information. These results generally support this view. In addition, these results
demonstrate that world knowledge, as well as semantic features, engage the left inferior
frontal cortex.
In using of both ERP and fMRJ to investigate the time course of integration of world
knowledge during language comprehension and the brain regions recruited for this
integration, converging evidence was obtained. However, there are problems with the
current interpretation of the combination of the ERP and fMRJ data that need to be
considered. As mentioned in the Introduction, ERPs have particularly good time
resolution, but do not have good spatial resolution in the brain. The fMRI data, which has
very good spatial resolution, point to the inferior frontal gyrus as being most relevant for
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the integration process. However, evidence thus far indicates that the generators of the
N400 are not in the frontal cortex, but rather in the anterior fusiform gyrus and the superior
temporal gyrus (Elger, Grunwald, Lehnertz. Kutas, Helmstaedter, Brocidiaus. Roost. &
Heinze, 1997; Guillem. N'Kaoua, Rougier. & Claverie, 1995; McCarthy. Nobre, Bentin.
& Spencer. 1995; Smith, et al.. 1986). This creates a puzzle. As discussed in the
introduction to the fMRl experiment, the inferior frontal gyrus seems to be recruited for the
integration, organization and control of semantic information. However, it is also the case
that research on memory has indicated that experimental items that show greater activation
in this region are also better remembered that experimental items that did not show this
activation. Possibly, the fMRl data is an indication of a different aspect of semantic
integration. As mentioned, fMRl does not have good time resolution (on the order of
seconds) therefore it is very well possible that with the two methods, we are looking at two
different aspects of the integration of world knowledge and semantic information. There is
considerable evidence suggesting that the inferior frontal gyrus is involved in control of
semantic information. However, the activation of that region in relationship to the
integration of semantic and world knowledge information could be related to the encoding
of the information into memory, rather than the on-line integration during sentence
processing. At this stage, we still need to learn more about the neural generators of the
N400, and how to interpret the fMRl activations found during semantic tasks in the left
inferior frontal gyrus, before a defmite conclusion can be reached.
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Late Verification Processes
The late positive shift seen in the semantic condition in the ERP data should be
reconsidered in light of the left parietal activation that was found for the control and world
knowledge conditions in the fMRI experiment. If the difference in the ERP waveforms, as
indicated by the late positive shift, and the fMRI differential activation in the left posterior
parietal region between the correct and world knowledge condition, compared to the
semantic condition, are a reflection of the same processing, the late positive shift in the
ERP data might have to be reinterpreted as a late negative shift for the control and world
knowledge conditions. Presumably some additional verification processes occur for
sentences that have a coherent semantic interpretation. This process could be indexed by a
late negative shift, recruiting the left parietal region for this purpose. This is clearly a
preliminary hypothesis, and will need to be further explored before any conclusions can be
reached about a late verification process in language processing.
World Knowledge and Processing Models
As was discussed in the general introduction, the field of language comprehension
lacks an overall model of understanding, and the focus of most research has been on
aspects like phonological, syntactic, lexical level and sentence level semantics. When
aspects such as world knowledge or discourse are considered, it is often in terms of how
(and iO they influence syntactic processing and word meaning. While the results of this
thesis alone are not enough to motivate consideration of all aspects of a full model of
comprehension, I would like to consider what would be necessary in a model to incorporate
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these findings.
Clearly these results do not address the processing of the form information, (e.g.,
letters on a printed page or phonemes in speech). I will assume that initial perceptual
processing occurs in a bottom up fashion, utilizing the form information. Following that, a
candidate set of possible words are activated. While the specifics differ, this general idea
of a candidate set is suggested in several models of lexical access (such as Forster. 1987;
Marslen-Wilson & Welsh, 1990; McQueen, Norris, & Cutler. 1999). This candidate set is
then evaluated and a lexical selection is made. While the results of this thesis do not
conclusively indicate a N200. if the world knowledge and semantic condition were shown
to both elicit an N200, then it would appear that a model utilizing this sort of "candidate
set" would need to allow for both world knowledge and semantic information to interact
with the phonological information in order for the lexical selection process to be performed.
This idea is suggested by van den Brink et al. (2001) and is compatible with the lexical
selection process in the Marslen-Wilson and Tyler model (1980).
The results in this thesis suggests that once the lexical selection has been made, both
lexical semantic information and world knowledge information is immediately utilized and
integrated in a word-by-word fashion, building up a representation of the sentence. Models
that allow for world knowledge to be integrated in an on-line fashion would be favored
here (see Clark, 1996, Marslen-Wilson & Tyler, 1980; McElree, 1998; Chambers, et al.,
1998).
Additionally, presumably there is a verification process, or wrap-up process. While
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the data from this thesis are not conclusive on this aspect of processing, it appears this
processing may have at least two features. First, it seems that this process only occurs for
sentences that have a coherent message. This would predict that if due to lexical semantic
reasons, the sentence is incoherent, this wrap-up process would not occur (or at least not in
the same manner as for coherent sentences).
Secondly, in comparing the results of the visual to the auditory experiment, it
appears this wrap-up may be different in the visual and auditory modalities. Since in the
auditory domain, the signal is spread out over time, rather than being available all at once,
perhaps this leads to a slightly ditTerent strategy in comprehension which either does not
entail the same kind of verification process (since there is not the opportunity to look back
at the sentence in the way there normally is with reading), or the same verification process
occurs, but it is more incremental in nature. The verification process may build up more
gradually over the course of the sentence rather than one process occurring at a particular
point. Possibly, in the visual experiment the wrap-up occurs for all subjects at
approximately the same time, whereas in the auditory experiment, subjects vary more in
the time it takes them to understand the last words of the sentence. Given the nature of
speech, occurring over time, it seems more likely that the verification process is also
incremental in nature. If this is the case, it would lead to a "spreading out" of the
processing that is indexed by ERP. It would be interesting to test the auditory materials
using fMRI. Presumably, while this verification process may have a different time course
in the auditory domain, it should recruit the same brain region (left parietal region). If this
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were found, it would add evidence to the hypothesis that this process has a different time
course in the two modalities, but is otherwise similar in nature, at least as much as can be
determined by the utilization of the same brain region.
There are three other issues that have to be mentioned regarding the model that has
been sketched out above. First, where is syntax? This thesis does not address the issue
regarding the time course of syntactic information, however it seems reasonable to assume
that syntactic information is necessary in order to compute a full semantic interpretation.
Syntactic category information, agreement and case marking are needed to evaluate the
semantics of the sentence. This information may also be recruited in the lexical selection
part of the model as described. Whether complete syntactic analysis would occur before
semantic and world knowledge information also had an influence at this level is open for
debate. Research by Murray and Rowan (1998) on pragmatic factors suggests that at the
very least, semantic and pragmatic information is there before the final syntactic analysis is
complete (as indexed by eye movement data from first pass and regressions).
Secondly, I would like to consider one linguistic model that specifically predicts no
functional difference between semantic knowledge and world knowledge (Harley & Noyer,
1999). While a detailed review of this model is beyond the scope of this discussion, what is
critical for the current results is that this model incorporates the use of an encyclopedic
representation. The Encyclopedia relates vocabulary items to meanings, and importantly
for the current results, meaning includes lexical semantic meaning as well as world
knowledge and pragmatic information. Any expression whose meaning is not wholly
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predictable based on its morphosyntactic structural description would receive meaning
from the Encyclopedia. While the current research does not address the more specific
predictions of the model, it is interesting to consider as one possible way to represent
semantic and world knowledge as one knowledge system, as the current results motivate,
rather than two separate types of information.
A Follow-up Experiment
A final issue to consider is how the integration of world knowledge relates to other
aspects of comprehension, such as discourse information. First, it should be noted that a
fourth experiment is underway to try to tease apart the effects of and interaction of world
knowledge and discourse information. The fourth experiment is designed to further
explore the issue of the speed of integration of information beyond lexical semantics. At
this point in time, this experiment is only in the preliminary stages, pretests of the materials
are being conducted. The design of the experiment is the following: one of two short
discourses precedes the three sentence types (the sentence types are the same types as in
Experiment 1). The discourse shifts the relevant focus, making the world knowledge
violations more acceptable and the correct sentences less acceptable while not affecting the
acceptability of the semantic violations (or vice-versa for the other discourse, giving a
better context for the correct sentence). In this way it is jxissible to look at the interaction
of world knowledge and discourse information. For example, it is obvious that we
encounter sentences that disagree with our real-world knowledge (e.g., "The pigs are flying
low today, eh", John Cleese, 1969 in Monty Python's Flying Circus). When this occurs, do
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we initially just incorporate the current discourse for understanding the sentence or do we
also integrate world knowledge, creating a conflict? Suppose a triplet like the one below
was preceded by a discourse like the following:
"In Den Haag, there is an amusement park called Madurodam that was built in 1952. In
this park there are miniature replicas of many of the major sites from cities all over
Holland, including a replica of Amsterdam. "
Correct sentence:

I.) De stad Amsterdam is heel oud en mooi.
(The city of Amsterdam is very old and beautiful..)

World knowledge violation: 2.) De stad Amsterdam is heel nieuw en mooi.
(The city of Amsterdam is very new and beautiful.)
Semantic violation:

3.) De stad Amsterdam is heel dim en mooi.
(The city of Amsterdam is very thin and beautifid.)

In this case, it is not clear what information one would initially integrate in order to
understand the critical sentence. In this example, sentence 1 is not a particularly good
sentence, given the discourse, but not given larger real-world knowledge about the actual
city of Amsterdam. Sentence 2 is now no longer a strong violation given the discourse
context, but sentence 3 is still semantically anomalous. The results of this experiment will
allow us to better understand the interplay between discourse information and world
knowledge information.
There are still many aspects of the current thesis and proposed model that need to
be explored. What can be concluded from the current data is that while there is a
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distinction in aspects of the processing of semantic information and world knowledge
information, nonetheless, both are recruited and integrated immediately and in parallel
during on-line sentence comprehension. The left prefrontal cortex is involved in this
integration process.
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APPENDIX A. Full set of stimulus materials utilized.
1. De stad Amsterdam is heel OUD/NIEUW/DUN en mooi.
The city Amsterdam is very old/new/thin and beautitlil.
2. Einstein was een persoon die SLIM/DOM/BEWOLKT en innoverend was.
Einstein was a person that smart/dumb/cloudy and innovative was.
3. Een Delft's tegeltje is aardewerk dat BLAUW/ROOD/SNEL en wit is.
A Delft's small tile is earthenware that blue/red/fast and white is.
4. De stad Venetie heeft heel veel GRACHTEN/ROTONDES/GEDACHTEN en mooie
gebouwen.
The city Venice has very many canals/roundabouts/thoughts and beautiftil buildings.
5. Vanillevla is een dessert dat GEEL/BRUIN/SLIM en zoet is.
Vanilla 'via' is a dessert that yellow/brown/smart and sweet is.
6. Het milieufront helpt bedreigde diersoorten zoals de WALVIS/DUIF/TELEFOON of
de reuzenpanda.
The environmental groups help threatened animals such as the whale/pigeon/telephone or
the Giant Panda.
7. Saoedi-Arabie is een land dat RIJK/ARM/ROMIG en droog is.
Saudi Arabia is a country that rich/poor/creamy and dry is.
8. Australie is een land dat heel GROOT/KLEIN/ZWAAR is.
Australia is a country that very large/small/heavy is.
9. Zeeland is een provincie met veel STRANDEN/BERGEN/DROMEN en water.
Zeeland is a province with many beaches/mountains/dreams and water.
10. Stamppot is een maaltijd die bestaat uit AARDAPPELS/RIJST/KURK en groenten.
Stamppot is a main dish that 'is made from' potatoes/rice/cork and vegetables.
11. Het bedrijf Philips maakt veel LAMPEN/BROODJES/ANTWOORDEN en radio's.
The company Philips makes many lamps/rolls/answers and radios.
12. Spanje is een land met veel ZON/IJSBERGEN/GRATEN en stranden.
Spain is a country with much(many) sun/icebergs/fish bones and beaches.
13. Longkanker is een kwaal die gewoonlijk FATAAL/ONSCHULDIG/VERLEGEN is.
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Lung cancer is a disease that usually fatal/innocent/shy is.
14. Sesamstraat is een programma voor PEUTERS/DOKTERS/BLOEMEN en kleuters.
Sesame Street is a program for toddlers/doctors/flowers and infants.
15. De Noordpool is een gebied dat heel KOUD/WARM/SOEPEL is.
The North Pole is an area that very cold/warm/flexible is.
16. De Egyptische piramides zijn gebouwen die OUD/NIEUW/SMAKELIJK zijn.
The Egyptian pyramids are buildings that old/new/savory are.
17. De meeste gebouwen in Rotterdam zijn HOOG/LAAG/VERLIEFD en modem.
The common/most buildings in Rotterdam are high/low/in love and modem.
18. Het bedrijf Microsoft maakt SOFTWARE/AARDEWERK/MILIEU en hardware.
The company Microsoft makes software/ceramics/environment and hardware.
19. Traditionele spaghetti bolognese bestaat uit spaghetti met GEHAKT/
TONIJN/BEHANG en tomatensaus.
Traditional spaghetti Bolognese consists of spaghetti with ground beef/tuna/wallpaper and
tomato sauce.
20. De Nederlandse treinen zijn GEEL/WIT/ZUUR en blauw.
The Dutch trains are yellow/white/sour and blue.
21. De stad Utrecht heeft een grote TOREN/HAVEN/TROUW en grachten.
The city Utrecht has a large tower/harbor/fidelity and canals.
22. Speculaas wordt meestal in de vorm van een MOLEN/DRIEHOEK/INVAL of een pop
gemaakt.
[Type of cookie] is usually in the shape of a mill/triangle/attack or a puppet made.
23. Vergeleken bij andere drop smaakt muntdrop ZOET/ZUUR/LAAT en hard.
Compared to other types licorice does taste coin licorice sweet/sour/late and hard.
Compared to other types of licorice, coin licorice is sweet/sour/late and hard.
24. De universiteit van Leiden is de OUDSTE/JONGSTE/DIEPSTE in Nederland.
The University of Leiden is the oldest/youngest/deepest in the Netherlands.
25. Hagelslag strooi je op BROOD/SPAGHETTI/GELUID of beschuit.
Chocolate confetti put you on bread/spaghetti/sound or crackers.
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26. De bedrijven Gazelle en Batavus maken FIETSEN/BUSSEN/WOLKEN en
fietstassen.
The companies Gazelle and Batavus make bicycles/busses/clouds and bicycle accessories.
27. Mazelen is een ziekte die vooral KINDEREN/OUDEREN/STENEN treft.
Measles is a disease that mainly children/elderly/stones affects.
28. Nederland is een land met veel KOEIEN/WOLVEN/METAFOREN en schapen.
The Netherlands is a country with many cows/wolves/metaphors and sheep.
29. Zo'n tweeduizend jaar geleden werd Caesar benoemd tot
KEIZER/BISSCHOP/BOOM van Rome.
About 2000 year ago was Caesar named [to be] king/bishop/bomb of Rome.
30. Wim Kok is een politicus en hij is de PREMIER/KONING/VIS van Nederland.
Wim Kok is a politician and he is the prime minister/king/fish of the Netherlands.
31. Bill Clinton is een man met veel ervaring in REGEREN/SCHAATSEN/VLOEIEN en
reizen.
Bill Clinton is a man with many experience in governing/ice skating/flooding and travel.
Note 'vloeien' is a way of moving specific to liquids.
32. Beethoven componeerde in dat jaar muziek voor PIANO/GITAAR/ENVELOP en
viool.
Beethoven composed in said year music for piano/guitar/envelope and violin.
33. Pinoccio was een jongen die een hele lange NEUS/NEK/MENING had.
Pinocchio was a boy who a very long nose/neck/opinion had.
34. Nederland is een land dat VLAK/BERGACHTIG/KLEVERIG en groen is.
The Netherlands is a country that level/hilly/sticky and green is.
35. Sinterklaas is een man die heel AARDIG/JEUGDIG/HOBBELIG is.
[Santa Claus] is a guy who very friendly/young/bumpy is.
36. Luxemburg is een land dat heel KLEIN/GROOT/HARIG is.
Luxembourg is a country that very small/large/hairy is.
37. Albert Heijn is een supermarkt die in Nederland heel
BEKEND/ONBEKEND/VERLIEFD is.
[Local chain] is a supermarket that in the Netherlands very well-known/unknown/in love
is.
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38. Nijntje is een wit KONIJN/SCHAAP/IDEE met lange oren.
[Cartoon character] is a white rabbit/sheep/idea with long ears.
39. Ganzenbord is een spel dat leuk is voor KINDEREN/HONDEN/TOMATEN en
voiwassenen.
[game] is a game that nice is for children/dogs/tomatoes and adults.
40. In de Hema koop je vooral ONDERGOED/GROENTEN/WOLKEN en beddengoed.
At the [local chain] to buy you mainly underwear/produce/clouds and bed linens.
41. Aristoteles is een bekende man die invloed op de FILOSOFIE/MODE/HEMEL had.
Aristotle is a well-known man who influence on the philosophy/fashion/heavens had.
42. Het bedrijf BMW maakt AUTO'S/HORLOGESA^ERLANGENS en motoren.
The company BMW creates cars/watches/desires and motorcycles.
43. In Australie eet men vlees van KANGOEROES/HONDEN/BANKEN of krokodillen.
In Australia to eat one meat of kangaroos/dogs/banks or crocodiles.
44. De Nijmeegse Vierdaagse is een gebeurtenis waarbij mensen vier dagen
LOPEN/SCHAATSEN/BESTUIVEN en feesten.
The Nijmegen four days is a festival at which people four days walk/ice skate/pollinate and
party.
45. De Rijn loopt door Nederland en komt in de NOORDZEE/ WADDENZEE/
BEROERTE uit.
The Rhine goes through the Netherlands and ends in the North Sea/Waddenzee/stroke in.
46. Pino is een grote vogel met blauwe/bruine/bezielde VEREN en een oranje snavel.
[Big Bird] is a big bird with blue/brown/enchanted feathers and a orange beak.
NOTE: Big bird is called Pino in Holland, and he is blue, not yellow.
47. Spa is een drank bestaande uit WATER/COGNAC/GEDRAG met bubbeltjes.
[Brand name like Perrier] is a drink consisting of water/cognac/behavior and bubbles.
48. Roodkapje wordt opgegeten door een WOLF/TIJGER/STEEN en gered door de jager.
Little Red Riding Hood is eaten by the wolf/tiger/stone and saved by the huntsman.
49. 's Ochtends is de Graafseweg heel DRUK/RUSTIG/GELOVIG en lawaaierig.
In the morning is the [major street] very busy/quiet/religious and noisy.
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50. Op vijf december snoepen veel kinderen van hun letter van CHOCOLA/ STROOP/
MIST en pepemoten.
On fifth of December to munch many children on their letter made of chocolate/
caramel/mist and [candy].
NOTE: This is the Sint Nicolaas day, on which children receive treats, often in the shape of
the first letter of their name.
51. Nasi goreng is een maaltijd die je maakt van RIJST/ZUURKOOL/IRONIE en kruiden.
Nasi goreng is a meal that one makes with rice/sauerkraut/irony and herbs.
52. De Marlboro cowboy rookt altijd een SIGARET/SIGAAR/THEEPOT op zijn paard.
The Marlboro cowboy smokes always a cigarette/cigar/teapot on his horse.
53. Omo is een bekend wasmiddel voor KLEREN/AUTO'S/BRIEVEN en lakens.
[Brand name] is a well-known detergent for clothes/cars/letters and sheets.
54. Drenthe is een kleine PROVINCIE/RIVIER/STEMMING in Nederland.
Drenthe is a small province/river/opinion of the Netherlands.
55. Friesland is een provincie waar veel mensen ZEILEN/SKIEN/BLINICEN en
schaatsen.
Friesland is a province in which many people sail/ski/blink and ice skate.
56. In de sportwereld is Johan Cruijf een bekende VOETBALLER/ TENTMISSER/
INKTVIS en trainer.
In the world of sports is Johan Cruijf a well-known football player/tennis player/octopus
and trainer.
57. De serie Baywatch speelt op een STRAND/PLEIN/RAAM in een zonnig land.
The series Baywatch is situated on a beach/square/window in a sunny country.
58. Andre Hazes is beroemd geworden door zijn LIEDJES/RECEPTEN/DAGEN en zijn
optredens.
[Singer] has well-known become from his songs/recipes/days and his performances.
59. John Cleese is bekend geworden doordat hij erg GRAPPIG/SPORTIEF/VOCHTIG is.
John Cleese has well-known become because he very funny/athletic/damp is.
60. Ajax is een landelijke CLUB/BELASTING/WRAT die in Amsterdam speeh.
[football club] is a country wide club/tax/wart that in Amsterdam has its home.
61. In de winkel Aldi kun je je boodschappen GOEDKOOP/SNEL/GEESTELIJK doen.
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In the store [local chain] can one his groceries cheap/fast/spirited(religiously) buy.
62. Popeye wordt heel sterk van het eten van SPINAZIE/APPELMOES/BENZINE uit
blik.
Popeye becomes very strong from the eating of spinach/apple sauce/gasoline from can.
63. In het sprookje moet Doomroosje honderd jaar SLAPEN/RONDREIZEN/
STROMEN na een toverspreuk.
In the fairytale has to Sleeping Beauty one hundred years sleep/wander/stream after a spell.
NOTE: 'stromen' can only be done by liquids.
64. Assepoester verliest haar glazen MUILTJE/K£TTING/IDEE op weg naar huis.
Cinderella loses her glass slipper/bracelet/idea on her way to home.
65. In het huis van Sneeuwwitje leefden zeven DWERGEN/REUZEN/MENINGEN met
grappige namen.
In the house of Snow White lived seven dwarfs/giants/opinions with funny names.
66. De voetballer Maradonna vervulde de rol van SPITS/KEEPER/JURK in het
Braziliaanse team.
The football player Maradonna played the role of forward/goal keeper/dress on the
Brazilian team.
67. DVD is een nieuwe technologic voor het afspelen van FILMS/MUZIEK/WENSEN op
de televisie.
DVD is a new technology for playing of movies/music/wishes on television.
68. In de show Big Brother leven twaalf mensen in een HUIS/BOOT/THEEPOT zonder
privacy.
In the show Big Brother to live twelve people in a house/boat/teapot without privacy.
69. In het Wielermeer wordt veel gezwommen in de ZOMER/WINTER/KEUKEN en het
vooijaar.
In the [local lake] there is lots of swimming in the summer/winter/kitchen and the spring.
70. Elvis Presley was een beroemde kunstenaar vanwege zijn MUZIEK/BEELDEN/
GEESTEN en zijn dansen.
Elvis Presley was a well-known artist for his music/sculptures/ghosts and his dancing.
71. Een patatje speciaal eet je meestal uit een ZAKJE/MANDJE/GEVAAR van papier.
A french fries [special] to eat one most often from a paper bag/basket/danger of paper.
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72. De wereldatlas bevat van ieder land een KAART/SCHILDERIJ/PLANEET en wat
informatie.
The world atlas contains of each country a map/painting/planet and some information.
73. Met vijf gulden koop je makkelijk een STOK.BROOD/ZEILBOOT/WATERSNOOD
in Friesland.
With five guilders to buy one easily a baguette/sailboat/flood disaster in Friesland.
74. Winnie de Poeh snoept het liefst HONING/KAAS/HOUT uit een pot.
Winnie-the-Pooh munches [the] most favorite honey/cheese/wood from ajar.
75. Nelson Mandela werd na jarenlange opsluiting ineens PRESIDENT/BISSCHOP/
KOELKAST van Zuid-Afrika.
Nelson Mandela was after a very long imprisonment suddenly president/bishop/
refrigerator of South Africa.
76. Oude kaas smaakt heel erg PITTIG/ROMIG/PAARS en zout.
Old cheese tastes like very much savory/creamy/purple and salt.
77. De maan werd in 1969 bereikt met een AMERJKAANSE/BELGISCHE/
GEBAKKEN raket en bemanning.
The moon was in 1969 reached by an American/Belgian/fried rocket and crew.
78. De firma Nike plaatst reclame op de KLEDING/AUTO'S/FEESTDAGEN van veel
sporters.
The company Nike places advertisement on the clothes/cars/holidays of many sportsmen.
79. De Chinese keuken gebruikt in bijna alle gerechten RIJST/ZUURKOOL/GELUK of
noedels.
The Chinese kitchen makes use of in almost all dishes rice/sauerkraut/happiness or
noodles.
80. In Frankrijk drinkt men bij het eten altijd WIJN/COLA/VREDE en water.
In France to drink one at [the] dinner always wine/cola/peace and water.
81. Voor de operatie waste de dokter zijn HANDEN/HAREN/LONGEN met zeep.
Before the operation to wash the doctor his hands/hair/Iungs with soap.
82. De Everest is een berg die heel HOOG/KLEIN/DEMENT is.
The Everest is a mountain that very high/small/demented is.
83. Nijmegen is een van de OUDSTE/JONGSTE/ZOUTSTE steden van Nederland.
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Nijmegen is one of the oldest/youngest/saltiest cities in the Netherlands.
84. De Sahara is een plaats die heel DROOG/VOCHTIGA^LOEIBAAR en heet is.
The Sahara is a place that very dry/moist/fluid and hot is.
85. Haring is een vis die je vindt in ZOUT/ZOET/ZUUR water zoals de Noordzee.
Herring is a fish that you find in salty/fi-esh/sour water like the North Sea.
86. McDonalds is een Amerikaans RESTAURANT/BUREAU/OOR dat over de hele
wereld verspreid is.
McDonalds is an American restaurant/agency/ear that over the whole world to be found is.
87. In de herfst verliezen de bomen BLADEREN/BLOESEM/RAMEN en takken.
In the autumn to lose the trees leaves/blossom/windows and branches.
88. In de meeste kerken zitten de mensen in BANKEN/FAUTEUILS/VOGELS voor het
altaar.
In [the] most churches to sit the people on benches/recliners/birds in front of the altar.
89. Zes weken voor Pasen vieren veel mensen CARNAVAL/MOEDERDAG/GRAS in
Limburg.
Six weeks before Easter celebrate many people Mardi Gras/Mother's Day/grass in
[province].
90. De schrijver Shakespeare schreef veel SONNETTEN/WIJSJES/JASJES en
toneelstukken.
The writer Shakespeare wrote many sonnets/melodies/coats and plays.
91. De val van de Berlijnse Muur herenigde DUITSLAND/VIETNAM/GEWICHT en
bracht veel verandering.
The fall of the Berlin Wall reunited Germany/Vietnam/gravity and brought on many
changes.
92. In Nederland betaalt men vanaf volgend jaar met de EURO/DOLLAR/SNEEUW voor
zijn boodschappen.
In the Netherlands to pay one from next year with the Euro/Dollar/snow for your groceries.
93. De ziekte BSE besmet KOEIEN/BOMEN/TAFELS en kan misschien overgaan op
mensen.
The illness [Mad cow disease] affects cows/trees/tables and could maybe transmit to
humans.
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94. De Gouden Gids is handig voor het vinden van ADRESSEN/BUSTIJDEN/
HUMEUREN en namen.
The Yellow Pages is practical for the finding of addresses/bus times/tempers and names.
95. De zeemeermin is een schepsel dat je aantreft in SPROOKJES/KASTELEN/ ADVIES
en fantasie.
The mermaid is a creature that one finds in fairytales/castles/advice and fantasy.
96. Veel mensen kopen biologische groenten omdat die GEZOND/OUD/BOOS zijn en
lekker smaken.
Many people to buy biological produce because that healthy/old/angry is and good to.taste.
97. Computers worden elk jaar SNELLER/TRAGER/BLIJER en kleiner.
Computers get each year faster/slower/happier and smaller.
98. Ikea is een warenhuis met veel MEUBELS/KLEDING/REGEN en andere dingen voor
huizen.
Ikea is a warehouse with lots of fumiture/clothing/rain and other things for houses.
99. Nijmeegse stadsbussen rijden op GAS/STROOM/WATER of diesel.
Nijmegen city busses run on natural gas/electricity/water or diesel.
100. De meeste Nederlanders spreken naast Nederlands ook ENGELS/SPAANS/RIJST of
Duits.
The most Dutchmen speak next to Dutch also English/Spanish/rice or German.
101. Kinderen beginnen op zesjarige leeftijd te LEZEN/ROKEN/ONTSTAAN en te
schrijven.
Children start to at six years [of| age to read/smoke/exist and to write.
102. De laatste verkiezingen voor president in de V.S. waren VERWARREND/
DUIDELIJKA^ETTIG en lang.
The most recent elections for president in the USA were confusing/clear-cut/greasy and
long.
103. Duitse gliihwein is een warme DRANK/KOEK/LES die je's winters drinkt.
German [hot wine] is a warm drink/cookie/class that one in the winter drinks.
104. New York is een plaats die vroeger een Nederlandse KOLONIE/WINKEL/
KOMKOMMER was.
New York is a place that historically a Dutch colony/shop/cucumber was.
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105. Snoopy is een cartoon van een witte HOND/RAT/AANVAL die veel vrienden heeft.
[Peanuts] is a cartoon of a white dog/rat/attack that many friends has.
106. Mensen kunnen door de tunnel onder het Kanaal van ENGELAND/ITALIE/
BOOMTOPPEN naar Frankrijk reizen.
People can through the tunnel under the English Channel of England/ltaly/treetops to
France travel.
107. Het schaap Dolly was het eerste dier dat een KLOON/CADEAU/HORLOGE was.
The sheep Dolly was the first animal that a clone/gift/watch was.
108. De Smurfen zijn kleine blauwe WEZENS/BEREN/KEUZES die samen in een dorp
wonen.
The Smurfs are little blue creatures/bears/choices that together in a village live.
109. Vergeleken met een gulden is een kwartje KLEINER/GROTER/LIEVER en minder
waard.
Compared to the guilder is a quarter smaller/larger/sweeter and less worth.
110. De meeste mensen in Spanje vinden een siesta heel
NORMAALA^REEMD/KLEVERIG en plezierig.
The most people in Spain think a siesta very usual/weird/sticky and pleasurable.
111. AIDS is een ziekte die zich verspreidt via BLOED/HOESTEN/BIDDEN en sexuele
contacten.
AIDS/HIV is a disease that [itself] spreads via blood/coughing/prayer and sexual contact.
112. Sigmund Freud is bekend als PSYCHIATERA/OETBALLEIWUURPIJL in
Wenen.
Sigmund Freud is well-known as [a] psychiatrist/football player/rocket(firework) in
Vienna.
113. De ramp in Tsjemobiel kwam door een nucleaire EXPLOSIE/
BOMAANVAL/DANS in 1986.
The disaster in Chernobyl was caused by a nuclear explosion/bombing/dance in 1996.
114. Jozef Stalin was een zeer invloedrijke DICTATOR/DICHTER/OCEAAN in de
twintigste eeuw.
Jozef Stalin was a very influential dictator/poet/ocean in the twentieth century.
115. De Mona Lisa is een schilderij met daarop een VROUW/KIND/PAUZE met een
glimlach.
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The Mona Lisa is a painting with on it a woman/child/break with a smile.
116. Koningin Beatrix is een vrouw die zeer RJJK/JONG/VLOEIBAAR is en veel reist.
Queen Beatrix is a woman who very rich/young/fluid is and much travels.
117. Rembrandt is een schilder dat BEROEMD/ONBEKEND/GEKOCHT en geiiefd is.
Rembrandt is a painter who famous/unknown/bought en loved is.
118. Stroopwafels zijn koekjes die ROND/VIERKANT/LEEG en lekker zijn.
[cookies] are cookies that round/square/empty and tasty are.
119. Veganisten dragen nooit schoenen van LEER/PLASTIC/ZAND of bont.
Vegans to wear never shoes made of leather/plastic/sand or fur.
120. Mars is een planeet die ROOD/BLAUW/VIERKANT is.
Mars is a planet that red/blue/square is.
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