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Abstract

This thesisexploredapossi bl e role of Brocads area (
left inferior frontal gyrus and neighbouring precentral gyrus; LIFGpo/PCG) in accessing
sublexical phonology during visual word recognition. In Experiments 1 to 4,
behavioual masked sublexical phonological priming effeatsre testedluring lexical
decision and reading aloud in Englidto sublexical phonological effects were found
during the lexical decision tasks, but significant sublexical phonological priming effects
were found during reading aloud. In Experiment 5, masked sublexical phonological
priming effects were then tested during a silent reading task using
magnetoencephalography. Sublexical phonological priming effects were localised to
LIFGpo/PCG within ~200 ms foreal word targets and within ~75 ms for nonword
targets. Thisindicates an early sensitivity to sublexical phonological information at
LIFGpo/PCG during silent reading of English.Experiment é&chronometric @inctional
magnetic resonance imagirguided transcranial magnetic stimulation was used to
create focal and transient virtual lesiond.t6Gpo/PCGin order to test the hypothesis

that the putative early sublexical phonological representations seen at LIFGpo/PCG are
functionally necessary for visuahord recognition. Dutch participants underwent
transcranial magnetic stimulation during reading aloud as compared to picture naming.
An early disruption to word reading that was not present for picture naming would be
evidence in favour of a necessary raé LIFGpo/PCG during early visual word
recognition processes, as opposed to disruption of later speech production processes that
are common to reading and namiBgperiment &ailed to demonstrate that this region

is functionally necessary for readingpatl prior to 200 ms in Dutch. The combination

of findingsin this thesidead to many possible interpretations, which cannot be ruled in
or out without further investigation. As yet, the functional significance of this early
LIFGpo/PCG activation, therefey remains unclear.
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Chapter 1

Overview of the Thesis

This chapter presents an introduction to the research questions addressed by this

thesis anan overview of the following chapters.
1.1 Introduction

Literacy is an invaluable ability in modern society. Traditionally, written
language has provided the means to communicate ideas across time and space like
nothing else. Even in the current era of mobéiephones and video messaging, much
of the information we take in daily is in written form. Without basic literacy, therefore,
functioning successfully in society becomes very difficult, if not impossible. Job
prospects become limited, having a knackeffed on selfesteem and health (e.g.,
Vogel & Holt, 2003.

The goal of successful reading is to access meaning from print. The foundations
of successful reading lie in the ability to recognise single words (Palmer, Brown,
Petersen, & Schlaggar, 2004). ihmeans, first, visually analysing the print to
determine the identity and the position of letters within a string. Letter identity is
important in distinguishing between words suchtrasl and train; position allows
distinction between words such &wil and trial. Later, the letter string must be
associated with phonological and semantic information in order to read the word aloud
and to understand its meaning. Subsequent processes, leading eventually to sentence
comprehension and beyond, are dependarthe core skill of visual word recognition
(Palmer et al., 2004). Contextual reading adds many further levels of complication, such
as storing a phrase or sentence in working memory and applying knowledge of syntax
(Palmer et al., 2004).

I n askidag wdowead?d the question i s,
meaning from a printed stimulus?6é (Rapp,

question could be a single word, a sentence, or even a whole novel. Single word reading
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Chapter 1 Overview of the Thesis

paradigms allow the stydf basic word recognition processes, affording the simplicity
and control over experimental designs that could not be achieved with sentence reading
due to the extra influence of syntax, sentential semantics, and working memory (Palmer
et al., 2004).

The ability to read is not acquired automatically. Although as a skilled reader,
reading may feel effortless and automatic, learning to read is a slow and effortful
process requiring years of instruction. Speech emerged as the prevailing form of
communicatioraround 50000 years ago (DeFrancis, 1989), with the earliest alphabetic
writing systems not becoming dominant until less than 5000 years ago (Millard, 1986).
This means that, unlike oral communication, evolution has probably not prepared the
human brain fo the demands of reading. Nevertheless, 90% of people learn to be
effective readers; however, despite proper instruction many people show specific

problems in acquiring this invaluable skill (Blomert, 2011).

Approximately 10% to 15% of school age childreimow extreme difficulty
grasping basic reading and literacy skills despite having at least average intelligence and
being without general learning difficultieSi{aywitz, Escobar, Shaywitz, Fletcher, &
Makuch, 1992 These children, whose reading difficett are not due to sensory acuity
deficits, socioeconomic, or other extraneouddes; are often diagnosed witlyslexia
or specific reading disabilitfVellutino, Fletcher, Snowling, & Scanlon, 2004). One
step towards understanding how to improve readuhgcation and interventions aimed
at remediating and possibly preventing the developmental deficits that result in dyslexia
is to understand the process of skilled reading (Palmer et al.,, 2004). Findings from
skilled readers can then be used, in combdmativith investigations into the
preconditions for learning to read and the learning process itself, to inform educational
practices for teaching reading at all levels, for both typically developing and struggling
readers (Rayner, Foorman, Perfetti, Peset&kSeidenberg, 2001).

Deficiencies in phonological awareness and related skills, such as the
application of lettdrsound correspondence rules, have been shown to be critical
predictors of reading difficulties (e.g., Bradley & Bryant, 1983). Phonological
awareness is the understanding and awareness that spoken words comprise individual
speech sounds (phonemes) and combinations of these sounds (Vellutino, et al., 2004).
Numerous studies have shown that training children in phonological awareness benefits
word identification, spelling and general reading abilityffor a review see e.g.,
Vellutino, et al., 2001 Understanding how these improvements relate to neural

14



Chapter 1 Overview of the Thesis

processes will allow a deeper understanding of the reading network and its normal and
disorderd functioning; however, important questions regarding phonological access in
normal readers remain under debate. As will be explore@hapter 2 questions
regarding when and where in the brain phonological access occursyéiate be

answered.

The aim of this thesis was to explore phonological access during skilled visual
word recognition. Phonological access was explored in experimental settings during
single word reading, allowing simple experimental manipulations to gisight into
the complexities of basic word recognition processes. Although the mature reading
system reflects years of instruction, practice and experience, resulting in significant
changes to the way visual and auditory information is processed (Blazféd), it
remains an important component in the study of reading development (Rayner et al.,
2001). Furthermore, the study of the neural processes involved in skilled reading could
provide insights not only into disordered reading, but also reveal nespatta of

cognitive representation, computati@md problem solving (Rapp et al., 2001).

The question addressed by this thesis
phonol ogy during visual word recognition
from this question were (1) an investigation of the nature of any phonological
representations that can be seen at Broc
an investigation of the functional role of any phonological representations for the task of
visual word recognition. In exploring these research directions, the temporal and spatial
aspects of phonol ogi cal representations

functional necessity of Brocads abedea dur i
1.2 Overview of the Following Chapters

1.2.1 Chapter 2: Literature Review

This chapter examindbe role of phonology during visual word recognition and
how Brocads area might contribute to pl
recognition. The possible nd i ngui sti c functions of Bro
Evidence from psycholinguistic models, behavioural studies, neuropsychology, and the

neuroimaging literature is considered.
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Chapter 1 Overview of the Thesis

1.2.2 Chapter 3: Experiments 1i 4

The chapter reports four behavioural experiteemhich explore the conditions
under which masked phonological priming can be achieved in normal adult r8dders.
two aims of these experiments were to explore behavioural sublexical phonological
priming and to design a suitable test of sublexical pmmifor use in a
magnetoencephalographMIEG) experiment Experiments 1 and 2 used a lexical

decision task and Experiments 3 and 4 used a reading aloud task.
1.2.3 Chapter 4: Experiment 5

This chapter reports an investigation of the masked phonological primimg us
a silent naming task in MEGI'he aim was to test whether sublexical phonological
priming effects can be seen at Brocabs
these effects was explored in comparison \githilar priming effects for real word

targets.
1.2.4 Chapter 5: Experiment 6

This chapter reports a transcranial magnetic stimulation (TMS) investigation of
the role of Brocads area during readi
Participants were native Dutch speakers reading aloud Dutch nadnsaming the
pictures of those same nouns. The target sitesskested based am fMRI localiser
task. fMRFguided chronometricTMS stimulationwas then administered during task

performance
1.2.5 Chapter 6: Summary and General Discussion

This chapter presesita summary of the main findings and conclusions from the

preceding experiments. The implications and future directions are discussed in light of

these and previous findings.
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Chapter 2

Literature Review

This chapter examines the role of phonology during visuatlweacognition and
how Brocads area might contribute to pl
recognition. The possible ndni ngui sti ¢ functions of Bro
Evidence from psycholinguistic models, behavioural studies, neuropsgghaliod the

neuroimaging literature is considered.
2.1 Introduction

The aim of this review is to explore what is currently understood about the role
of Brocabs area during visual word recog!
introduction to thestudy of visual word recognition will be presented, with a specific
focus on the phonological aspects of reading models and behavioural experiments.
Second, Brocads ar ea wadiskussioeroBe v @ midance @&, e s
visual word recognibn in the neuropsychological literature, followed aydiscussion
of Br o ¢ a 6asd visualevard recognitiom the neuroimaging literature. There will
be a specific focus on phonology, but evidence for other linguistic andingustic
functonsofBbcab6s area wil|l be examined. I n th
of word recognition processes will be explored. Here, evidence will be evaluated that
asserts Brocabs area as a key neur al n ot
than mightpreviously have been predicted. The specific research questions addressed in
the following chapters will then be presented, based on the evidence from this review.
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2.2 Visual Word Recognition

2.2.1 Introduction

Visual word recognition refers to the basic processeslved in the
identification of a single word; namely, the visual analysis of the stimulus, and the
recognition of the name and meaning of the word (Rapp et al., 2001). Contextual
reading involves many additional processes, such as working memory, daustniot
operate without the successful recognition of single words (Palmer et al., 2004).
However, even these most fundamental components of successful fluent reading are not
yet been fully understood. Much research is dedicated to asking this key guadstio
visual word recognition; 6how, wher e, a
recognised?06 (Sereno & Rayner, 2000) . I
recognition will be explored from models of how the brain might recognise words to
experinents exploring word recognition behaviour. From these studies, researchers
have aimed to infehow the neural systems operateater sections of this review will
then explore how neuropsychological and neuroimaging studies have been used to
provide additimal evidence ofvhereandwhenin the brain the basic processes of visual

word recognition might take place.
2.2.2 Models of Visual Word Recognition

The field of modelling has progressed
Grainger, 1994) to complex computatéd models aiming to reproduce the actual
behaviours of human participants (Coltheart, Rastle, Perry, Zeigler, & Langdon, 2001).
Verbal models are depicted in text or a diagram and are often incomplete or under
specified (Jacobs & Grainger, 1994; Coltheatt al ., 2001), such as:c
(1980) model of reading comprehension. The model describes the process controlling
eye fixations during reading a passage and includes processes such as extracting the
visual features of a word and placing in rkiog memory, activating an internal
semantic representation of a word from Ildagn memory, determining the
relationships between words in a sentence, and integrating knowledge across sentences.
Although it is a model of reading comprehension, this masiglarticularly relevant
because the authors designed a model of reading comprehension and eye movements
that did not explicitly define how the process of visual word recognition is achieved. As

shown inFigure2.1, themodel jumps from the stage eftracting the physical features
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of the text to encoding theord and accessing the lexicofhese processes have been

the focus of entire computational models of word recognition, but are shown here as just
twoboxesJ ust and Carpenterdés model has since
underspecification (Rayner, 1998), however, it serves to illistithe disadvantage
such @Abox dmeagrais lsvercompared to computational models. Although
verbal models llow the expression of creative ideas and the organisation of
experimental findings, they also tolerate gaps and inconsistencies in the specification of

a theory (Jacobs & Grainger, 1994).

End of
Sentence

et ¥

! Get Next Input:

: Move Eyes

| v

! Extract Physical

! Features / \

: I LONG TERM

: $ \ MEMORY

WORKING MEMORY

| Encode Word and activated representations Productions that

1 Access Lexicon physical features represent

1 words

! Assign Case Roles meanings 4«—>»| orthography

: case roles phonology

I Integrate with textunits syntax

| Representation of domain of discourse semantics
Previous Text variable-binding memory discourse structure

: I / scheme of domain

I episodic knowledge

|

e

=
1 le]

Sentence Wrap-up

Figure 2.1 The reader model: From eye fixations toomprehension. This
model exemplifies the tendency of verbal models to be uspuksified.
Adapted from Just and Carpenter (1980).

Computational models are programmed simulations of how a system works.
They allow theoriesabout a system to be shaped based on mismatches between the
performance of the program and observed human behaviour (Coltheart et al., 2001).
These models, therefore, provide a test of theoretical assumptions by reproducing
specific behaviours, and can @lse used to simulate reading disabilities and different

teaching and learning methods (Harm & Seidenberg, 1999; Seidenberg, 2005). Because
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computational models are executable programs, they must be fully specified in order to
run, forcing the theorist taddress any gaps and inconsistencies (Coltheart et al., 2001).
The two computational approaches that will be described here provide examples of two
different ways of implementing the structure of the underlying programming, and two
different groups of theetical assumptions on which the computational models are
based. These approaches are the-tduste @scaded (DRC) model (Coltheart et, al.
2001) and the connectionistiangle, or parallel distributed processing (PDP), approach
(e.g., Harm & Seidenber@004; Plaut, McClelland, Seidenberg, & Patterson, 1996;
Seidenberg & McClelland, 1989). First, the basic structure of each approach will be

described, before the two approaches are compared and contrasted.

o ¢ Excitatory Connection

* Inhibitory Connection

Visual Feature
Units

v e

Letter Units

Orthographic
Input Lexicon

Y

Grapheme-
Semantic System Phoneme Rule
System

Phonological
Output Lexicon

Y

Phoneme System

Figure 2.2 Basic architecture of theudtroute cascaded (DRC) odel.
Adapted from Coltheart et al. (2001).

The DRC (Coltheart et al., 2001) comprises two possible routes from visual
input to naming a word aloud. The first is a direct (lexical) routes Tdute is so called
because the visualthographic input directly activates the associated orthographic

word-form entry in the mental dictionary, or lexicon, from which the appropriate
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pronuncat i on can t hen be .&he otlees seeoddy, roote takésa d d r
the visualorthographic input and uses a Hhlased graphemi®-phoneme mapping
process to sl owl ythaapmopriate pronanciatign. Tisecendaeymb | e .
route i s ter mmeueast dveholdiosdwhbgeaghic éom it ot required

to produce a pronunciation, unlike the direct route, where each word is represented by a
node in the network from which all information about that word can be retrieved. A
verbal model of the basic theoretical architecture underlyingrtbdel is shown in

Figure 2.2. The two routes allow the model to identify words with irregular
pronunciations likeyacht (via the direct route), and to pronounce newly encountered
words and nonwords by ruleased gaphemeto-phoneme mapping (via the sublexical
route). Word pronunciation occurs when all of the phonemes of a string have been
sufficiently activated, either via the lexical route, or the sublexical route, or by a
combination of both routes; though, th&ital route always has a head start. Different
activation thresholds and criteria have been used to allow the models to simulate
different behaviours (Coltheart et al., 2001).

Orthography Phonology

MAKE /mAK/
Figure 2.3 The tiangle model of Seidenberg and McClelland (1989). Grey

ovals represent hidden wunits in the computational model. Various
instantiations of the model have included different subsystems of the basic

framework.

In the PDP approacfHarm & Seidenberg, 2004; Plagt al, 196; Seidenberg
& McClelland, 1989), there are no distinct routes for different types of words. The

pronunciations for all strings are generated via a network of weightegbctions and
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fihidden unite in a parallel distributg processing architecture. Theét r i angl e
framework on which the PDP models are based is shovgire 2.3. Investigations

into the workings of instantiated models have verified that the models do not self
organise into separate routes fordieg different types of words, rather, the same
weighted connections are used to varying degrees for pronouncing both irregular words

and nonwords (Harm & Seidenberg, 2004).

The dualroute (e.g., DRC) and the connectionist (e.g., PDP) frameworks
representivergent views of how the reading system encodes written words.r@uel
theorists propose two separate mechanisms; one for recalling memorised whole words,
and one for decoding novel words. The two subsystems of word recognition are
proposed to have ffierent governing principles, to be acquired by different
mechanisms, and to be located in different brain regions (Seidenberg, 2005). The
connectionist framework, on the other hand, has only one mechanism for pronouncing
any string and so has been argtethke into account the partial regularities that can be
found in irregular words (Seidenberg, 2005). For example, aruleregvord such as
pint shares pronunciation with the regular woplee and pant Seidenberg (2005)
proposed that duaibute theors fail to make use of the overlaps between regular and
irregular words by processing them in completely separate subsystems.

As well as differing in their underlying theoretical framework, the two types of
models differ in their computational implementati For example, the architecture of
the DRC model is hardired by the model builders in advance, unlike the PDP
connectionist models, which use a learning algorithm to progressively adjust the
weights of the connections based on a training corpus ofulsidmesponse pairs
(Coltheart et al., 2001). Furteo r e, t he DRC Ilexiconeof local anitst ai n s
for each word the model can read, whereas in PDP models;localised
representations of words are distributed across multiple units. Becaudeess t
differences, the two types of models are able to account for different behavioural
phenomena. For example, PDP models are better able to account for consistency effects
(inconsistent words have a different pronunciation to other words with the sahiegsp
and are slower to name than consistent words; baye shares spelling but not
pronunciation withgave and savg and for the alternative pronunciations seen when
participants name nonwords than the DRC model (Zevin & Seidenberg, 2006).
However, bth models claim to account for the anomalies seen in acquired surface and

phonological dyslexia (Coltheart et al., 2001; Harm & Seidenberg, 1999).
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Although these and other models can account for many behavioural phenomena
exhibited by human participantdjig is not sufficient to demonstrate that the model
replicates the word recognition system of the brain. Different models can closely
simulate human word and nonword reading behaviours via different theories and
mechanisms, demonstrating that the samelteessan be produced from different
underlying systems. Models are, however, a useful way to formalise and test theories of
visual word recognition, and can be used to make predictions about human behaviour

based on the performance of the model.
2.2.3 The Role of Phonology in Visual Word Recognition

The models presented in the previous section stem from different perspectives
about how the brain uses and coordinates the different types of information that are
potentially available during single word recognitioRlere, the specific role of
phonological information will be examined in more detail using additional evidence
from behavioural studies, including an introduction to the behavioural priming

paradigm.
2.2.3.1 Strong Versus Weak Phonology

Most theories of visual wortecognition are based around the three components
of orthography (letter information), phonology (abstract weadind information) and
lexico-semantics (knowledge of word meanings); the debate comes from how these
subsystems interact in skilled readingigh et al., 1996). The three most basic theories
of how these subsystems could work together are graptrerading, phonemic
encoding, and duancoding (Meyer, Schvaneveldt, & Ruddy, 1974). In graphemic
encoding theories, meaning can be computed dirécthy the visual representation of
the word, without any prior access phonological information; however, there is a broad
consensus that phonological information has a role in visual word recognition (Coltheart
et al., 2001; Frost, 1998; Rastle & Brysba@®06), ruling out a purely graphemic

encoding approach.

Phonemieencoding theories propose that the visual representatiost be
converted into a phonological code before the meaning can be accessed. These theories,
known more commonly as stromdnonolaical theories, predict mandatory sublexical
phonological processing of written words regardless of the task, in other words, visual
word recognition cannot take place in the absence of a phonological representation
(Frost, 1998; Rastle & Brysbaert, 2006).
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Dualencoding, or wealkhonological, theories involve both dirdekical
(phonology addressed after word identification) and phonoloegigalexical
(phonology assembled via graphémpleoneme mapping) processes. As exemplified by
the DRC and PDP modelssdussed above, duahcoding models can make use of
orthographic and phonological information in different ways, either as two separate
routes (.e., DRC) or in a connectionist networkd., PDP). The DRC model is a
particularly good example of the wepkonological perspective that a direct lexical
route takes precedence and is supported by a slow, secondary, and nonessential
phonological coding route (Coltheart et al., 2001; Rastle & Brysbaert, 2006). From this
perspective, phonological encoding processeuld only be seen in tasks that explicitly

require it, such as rhyme judgements (Frost, 1998).

A pseudohomophone Stroop test has been used to present evidence in favour of
automatic phonological processing. In the traditional Stroop test, participargbavn
colour words but asked instead to name the colour of the ink, for example réul $ary
the wordgreenprinted in red ink. Difficulty in naming the ink rather than reading the
word demonstrates automatic word processing. In the pseudohomosios \of the
task, the printed words are pseudohomophones; nonwords that are pronounced the same
as real words. In this version, the printed wogdeen is replaced by the
pseudohomophongrean Due to the phonological relationship between the two, if
grean produces the same interference effect gagen this indicates that the
phonological code ofgrean has been accessed; necessarily involving sublexical
processes, due to the nonlexical statugreén

Dennis and Newstead (1981) showed such a Stroopferdece effect for
pseudohomophones of colour words. Pseudo
when naming the ink of an incongruent colour word. However, pseudohomophones did
not perform as well as real words when the ink and colour word were eorig@olour
words produce a facilitatory effect when naming congruent ink, but this was not true for
pseudohomophones. This was presented as evidence that computation of phonology is
automatic, even when it interferes with the task, but that it is sldveer the direct
lexical access available to real colour words. A variation of the Stroop test was also
used by Tzelgov, Henik, Sneg and Baruch (1996) with esodgpt homophones in
HebrewEngl i sh bilingual s. Tzel gov ettenimal . 6s
Hebrew script was phonologically identical to an English colour word (or vice versa) a
Stroop interference effect was found. This provides further evidence of automatic
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phonological processing. A criticism of the Stroop task could be that iiresquaming

and therefore mandatory computation of phonology in order to complete the task.
However, a distinction should be made between the phonological input/encoding
processes required to access the pronunciatiagrezn and the phonological output
processes required for naming any string. The output code to be computed is that of the
coloured ink and the competing phonological code of the written word (which can only
be accessed sublexically) is detrimental to the task (Frost, 1998). The evidence,
therefore, is in favour of an automatic but slow phonological access, but evidence from
tasks that do not require a naming response and show fast access to phonology would

provide stronger support for a strepgonological theory.

A pseudohomophone effect halso been shown in lexical decision experiments.
In this case, if the nonword list contains pseudohomophones then participants show
slower reaction times when rejecting these pseudohomophones than when rejecting
other visually controlleshonwords (e.g., Qltheart Davelaar, Jonasson, & Besri&77;
Rubenstin, Lewis, & Rubenstein]1971). This suggests that sublexical phonological
information is available to influence the decision process and could be seen as support
for fast automatic sublexical phonologicaccess. However, Coltheart (1978) argued
that slower reactions times to pseudohomophones provide evidence that because no
matching word can be found via a lexical route, slower sublexical processes have
sufficient time to occur before a lexical decisioan be made, supporting a dual
encoding approach. Van Orden (1987) has since argued that a semantic categorisation
task improves on the lexical decision task. Van Orden showed that for a semantic
category prompt, such & OWER a higher proportion of faé alarm errors was seen
when the target to be classified was a homophone of a member of that category, such as
the targetROWS which is homophonic withrose Because a meaning must be
identified, responses cannot be baseg@enmeived stimulus familiagtas they could in
lexical decisionseee.g., Besner, Coltheart, & Davelaar, 1984ls0, the task does not
require nonwords, the inclusion of which could induce a greater degree of phonological
encoding than found in normal skilled reading. Furthermore, Van Or denos
categorisation taskhe homophone effegs inferred based on false positives, rather
than slowemo responses in lexical decision. Thus, Van Orden argued this is evidence
of automatic and fast access to phonology. Although, i) fas experiment does not
show that this rapid access occurs via sublexical mechatisoaiseéhe same result

could occur via an output phonological code generated by the-iirécal route if that
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code backwards activated alternative meanings, psdssible in the schematic of the
DRC (seeFigure 2.2). A replication of the experiment by Van Orden, Johnston, and
Hale (1988) that extended the finding to pseudohomoph@ngs falsely categorising
SUTEas an dicle of clothing), however, does imply that fast sublexical phonological
encoding must be taking place, in disagreement with the slow sublexical route of the
DRC.

Finally, evidence in support of a strepgonological theory where the task does
not requirecomputation of any phonological code comes, for example, from Ziegler and
Jacobs (1995). Participants were given a target letter (pand asked whether it was
present in the target string. The task only requires the participargually search the
letters and not to pronounce the string. Where the target string was a pseudohomophone,
participants made errors based on the spelling of the real word. For example, a false
alarm when presented wiBRANEdue to the presence bin the real wordBRAIN and
a miss error foflTAIP due to the absence bin the real wordTAPE In this case, the
results can be interpreted as the pronunciation of the pseudohomophone activating a
shared phonological representation of the real word, and eventually activatingath
word orthographic form. The (necessarily) sublexical computation of the phonology of
the pseudohomophone is unnecessary for, and detrimental to, the graphemic task,
providing further evidence for a strong automatic connection from orthography via

sublexical phonology to meaning.

Coltheart et al(2001) argued that according to their interpretation, the strong
phonological perspective suggests that there must be no direct lexical route. They
argued that since there has been no confirmation that stmhteadoes not exist, the
evidence for automatic sublexical phonological access is insufficient support for a
strongphonological theory. This is because automatic sublexical phonological access
could take place under the wepkonological perspective thall tasks involve both
directorthographic and phonologicallyediated processes. In fachennis and
Newsteadds (1981) finding of an automat.
such a wealphonological theory. However, Van Orden, Penningtod, &tone (1990)
conversely argued that there is no convincing evidence of a direct route in visual word

recognition, and that the burden of proof lies with the theorists proposing such a route.

In the preceding sections, models of visual word recognitiah taa debate
surrounding the involvement of phonology have been introduced. Ultimately, theorists

use these models and behavioural studies in order to infer properties of the underlying
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neural organisation of processes involved in reading. As has beem,shawiple
models ofreadingsystems can replicate the same phenomena, and behavioural testing
does not conclusively support any one theory. Therefore, the evidence presented thus
far does not favour any particular model of visual word recognition,sandtisufficient

to support either the weakr strongphonological perspective. Another paradigm that

has yet to be discussdalit thathas been widely successful in investigating the role of

phonology during visual word recognitias the behavioural pning paradigm.
2.2.3.2 Masked Priming and Phonology

In behavioural priming, the respnse t o a second)isti mul
altered due to the previous presenti on of anot her).Forexamplel us |
Meyer, Schvaneveldt, and Ruddy (1974) preskpirs of words in a lexical decision
task and showed that reaction times to the second member of the pair could be altered
based on the relationship between the two words. When graphemic and phonemic
information were shared (as in the prirtaggetpair bribei TRIBE) reaction times to the
second item were significantly faster than to controls, and when graphemic but not
phonemic information was shared (e.gcouch TOUCH) reaction times were
significantly slower than to controls. Furthermore, lexical denssire also faster when
targets are primed by the relevant semantic category lfedj.ROBIN;Neely, 1977) or
a semantically related wore.¢, bread BUTTER; Meyer, Schvaneveldt, and Ruddy,

1972) Priming effects can also be seen when multiple stinmtéirvene between the

prime and target. In a perceptual identification task with visible primes, Humphreys,
Besner, and Quinlan (1988; Experiments 1 & 2B) showed a significant advantage of
repetition priming (e.g.losti LOST) in the percentage of correcrdat identifications.

This was true even when the prime and target were separated by seven trials, such as
lostt NEARfollowed seven trails later byxxx LOST This effect of repetition priming

within a list was also shown by Forbach, Stanners, and Hocl{h@dg) where, in a

lexical decision task, the response time to words decreased on subsequent presentations
of the same word. In all of these examples the primes were clearly visible and required a
response from the participant. In visual word recognittberefore, shared properties

such as phonology, semantics, and identity can influence the speed or accuracy of the
response to a subsequently presented target word. This type of priming has been used to
argue, for example, that phonology plays a signiicgale in visual word recognition
(Meyer et al., 1974). However, the visible primes leave open the alternative

interpretations that participants are able to respond strategically by predicting the target

27



Chapter 2 Literature Review

on the basis of the prime, or that episodic menedigcts influence the results (Evett &
Humphreys, 1981).

In maskedbehavioural priming, the prime stimulus is presented for a brief
duration and preceded (sometimes also followed) by a pattern mask, such as a row of
hash marks. The presentation procedmasks the identity of the prime and the
participant is usually wunable to report
vary and the targets can either be clearly visible, as in a lexical decision task (e.g.,
mask primei target, Forster & Davis, 1984 or masked, as in a perceptual identification
task (e.g.,mask prime target mask Evett & Humphreys, 1981). As in unmasked
priming, the degree of overlap between the prime and target is varied, aaftethen
a behavioural response to the target isasoeed. The premise behind masked
behavioural priming is that if the response to the target can be affected without
awareness of the prime, automatic and unconscious processes can be studied without
interference from any strategic or memory effects (Deha&t¢ml., 2001). The idea being
that the response to the target will be affected by the previous presentation of the prime
where the two share neural processes. For example, if a neural representation of the
prime has been partially or fully activated whéme target is presented, then a
representation of the target may be more easily or kesityeavailable for activation
(depending on how they are relate@ksulting in a change in reaction time or accuracy

of response.

Here, the focus will be on maskezhonological priming, although, masked
priming has also been used to study other components of visual word recognition. For
example, repetition or identity priming (where prime and target are the same, but
usually presented in different cases to minimiseial feature overlgpe.g.,losti LOST)
looks at wholeword processing (e.g., Evett & Humphreys, 1981). This type of priming
is thought to investigate general mechanisms of visual word recognition (Humphreys et
al., 1988). Orthographic processes have bstedied, for example, using transposed
letter priming. Forster, Davis, Schoknecht, and Carter (1987) found that priming effects
for transposed letter primes (e.gnwsef ANSWER were no different from identity
primes, and stronger than for eletterdifferent controls (e.g.antweif ANSWER
which has important consequences for models of orthographic encoding (see e.g., Perea
& Lupker, 2003).Semantic processes have been studied by using masked primes with a
semantic or associative link to the target wdfdr example, Fowler, Wolford, Slade
and Tassinary (1981; Experiments 5 & 6) showed that semantically related masked
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primes (e.g.ocean WATER resulted in faster lexical decisions than for unassociated

pairs (e.g.pceari BEGIN).

Lukatela and Turvey (1993lemonstrated masked phonological priming using
homophonic words. Their prime stimuli were homophones of words that have a
semantic relationship to the target. For examigag andtowedare homophonic, but
only toad is semantically related tfsog. Becaise priming occurred faiowed FROG
(demonstrated by faster reaction times for naniing primed bytowed than for the
orthographic control conditiortrodi FROG), Lukatela and Turvey argued that the
phonological relationship betwe#mvedandtoad allowedsemantic priming ofrog via
mandatory computation of a phonological code. Furthermore, because the time between
the onset of the prime and the onset of the target (stimulus onset asynchrony; SOA) was
only 100 ms, the authors claimed that a phonologiodecwas rapidly available to
influence subsequent processing, though a distinction between input and output
phonology cannot be made.

Further evidence of mandatory, rapid computation of phonology comes from
priming studies using masked pseudohomophone egtirror example, a series of
masked pseudohomophone priming experiments from Ferrand and Grainger in French
(1992; 1993; 1994) and Lukatela, Turvey and colleagues in Endlidtatela, Eaton,

Lee, & Turvey, 2001; Lukatela, Eaton, Sabadini, & Turvey, 2QQkatela, Frost, &
Turvey, 1998 have demonstrated that for a word target sudBLdB, reaction times on

a lexical decision task were faster when preceded by a pseudohomophone prime (e.g.,
klip), compared to an orthographically matched control prime, (g@ig). Because the
primes must be accessed sublexically and are not available for conscious report by the
participant, this suggests that sublexical phonological input is rapidly encoded, outside

of strategic conscious control.

The use of strategic cootrby the participant in phonological priming effects
was further ruled out in a masked priming study by Ferrand and Grainger (1992;
Experiment 2). In previous primed lexical decision experiments (e.g., Ferrand &
Grainger, 1992; Experiment 1), a pseudohphuame prime was always followed by a
real word target and never by a nonword target. Although the primes were masked, if
the participants were in fact aware of the identity of the prime, they might use strategies
to predict the identity of the target fraifme prime, influencing reaction times. Thus, the
authors added primed pseudohomophones to the target list of a lexical decision task; for
exampe, prime target pairs such asou® COUS (French nonwords that are
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homophonic to each other and to the real Hreword coup. A pseudohomophone
prime could then be followed by either a real word target or a pseudohomophone target,
so both yes and no lexical decision responses would be possible following a
pseudohomophone prime. The results showed that pseudohomspbaomntinued to
facilitate yesresponses to real words compared to orthographic controls, despite the fact
that pseudohomophone primes were no longer predictiveye$@sponse. Even if the
participants were able to identify the primes, they could nethis information to their
advantage, thus demonstrating a process outside of the conscious control of the
participant.

Because the pseudohomophones are not words, and therefore could not be read
via a directorthographic lexical route, this suggests tpaeudohomophone priming
occurs due taulexical phonological access. Lukatela et al., (2001) further investigated
the nature of the phonological representations that are primed during masked priming.
They used prime target pairs suctzag SEAandvead SEAto investigate whether the
shared phonetic features of the alveolar fricatives /z/ and /s/ would produce faster
reaction times than an initial consonant sharing fewer phonetic features, such as the
labio-dental fricative /v/. The results confirmed aa®an time advantage for primes
with a greater degree of phonetic feature overlap in their initial consonant. A further
experiment verified that the effect was not due to overlap of visual features (using the
letter feature analysis of Evett & Humphrey881), therefore reinforcing the inference

that phonological priming effects occur via sublexical mechanisms.

There has, however, been debate around whether masked phonological priming
effects are simply false positives, and if not, whether they are rélgvaarmalvisual
word recognitionprocessegColtheart et al.,, 2001; Rastle & Brysbaert, 2006). This
debate has been fuelled by the sometimes fragile effects of phonological priming, which
have been disrupted by factors such as the proportion of rgdateds and targets
(Brysbaert & Praet, 1992; Verstaen, Humphreys, & Olson, 1995) or the lighting
conditions of the test room (Lukatela et al., 1998; Lukatela, Frost, & Turvey, 1999;
Frost, Ahissar, Gotesman, & Tayeb, 2003). Rastle and Brysbaert (200@fotbe
created and tested a typical masked phonological priming paradigm, based on their
metaanalysis of masked priming studies in English, spanning 22 years of research. The
a ut h o r-anélysisrevieaed small to medium effect size £ .20/.30) formasked
phonological primingand heir initial priming experiment confirmed the existence of a

masked phonological priming effect in a lexical decision task. The authors strictly

30



Chapter 2 Literature Review

controlled for the amount of orthographic overlap between the primes ajedstdo
ensure the effect was nat fact due to orthographic priming. They also conducted a
further lexical decision experiment where pseudohomophores wcluded in the
target list;similar to the procedure of Ferrand and Grainger (1992) descrilmack.ab
Participants were significantly fees to make lexical decisions fevords preceded by
masked phonological primes than graphemic controls, dawerthe case where
phonological encoding is discouraged by the presence of pseudohomdphyets
suggeshg an automatic process. Because pseudohomophones primes could be followed
by a word or a nonword, this confirmed that participants were not using knowledge

about the pseudohomophone primes to strategically respond to the target word.

O-words P-words

Printed word Spoken word

Figure 2.4 Basic architecture of airnodal interactiveactivation model of
word recognition. The architecture extends that proposed by Grainger and
Ferrand (1994) by including a central process for orthogramipphonology
mapping, which receives activation from orthographic input unitsu(s)

and phonological input units {fhits), and sends on activation to whalerd
orthographic (Gword) and phonological (Rord) representations. Adapted
from Grainger, Muneaux, Fariol Ziegler (2005).

Rastl e and Brysbaertds (2006) study
phonological priming effects using the DRC model of Coltheart et al. (2001). The
authors concluded that the standard DRC model parameters were unable to reproduce
phondogical priming during lexical decision, as the influence of the orthographic
aspects of primes was too great and the phonological aspects were processed too slowly.

Further simulations were carried out after changing the properties of the model such that
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(1) the phonologically mediated route operated in a parallel rather than serigl2jvay,
the relative contribution of the phonological route was strengthened, (3nd
orthographic inhibition processes were reduced. After significant modifications, the
modd came close to simulating fast phonological priming effebtg only at the
expense of the model 6s ability to read
cannot account for both of the human behaviours of phonological priming and irregular

word readng using the same set of parameters.

The interactive activation group of models, however, has evolved in order to
account for the priming of heterographic homophones (words with different spellings
but pronounced identically, e.ghrewi through. The basi architecture stems from
McCl ell and and Rumel hartdés (1981) i nt er &
adapted by Grainger and Ferrand (1994), resulting in the bimodal interactivation
framework for word recognition (Ferrand & Grainger, 2008&iGger & Ferrand, 1994;
Grainger, Diependaele, Spinelli, Ferrand, & Farioli, 2003; Jacobs, Rey, Ziegler, &
Grainger, 1998; Ziegler, Muneaux, & Grainger, 2003) In the bimodal interactive
activation model (BIAM; see Figure 2.4), a printed word first actisad sublexical
orthographic code (@nits). The orthographic code then activates the central
orthographyto-phonology mapping process. It is this fast parallel sublexical mapping of
letters onto phonemes that allows the model to simulate fast phonolpgicahg
effects (Diependde, Ziegler, & Grainger, 2010). Crucially, in the BIAM, orthography
is rapidly mapped to an input phonological code, rather than the output phonological
code of the DRC. Thus the model is able to account for masked phonolaiaialgp
effects, whilst still being able to discriminate between words and nonwords via an

orthographic route (Diependale et al., 2010).

Finally, masked priming is similar to, but distinct from, backward masking (e.g.,
Allport, 1977; Kahneman, 1968; Naish980; Perfetti, Bell, & Delany, 1988; Raab,
1963; Spencer & Shuntich, 1970). In backward masking, a target is presented,
immediately followed by a masking stimulus. The participant sees a presentation
sequence such asarget maskingstimulug patternmask (where the target and
maskingstimulus are shown very briefly) and is asked to report any words they saw.
Whereas the prime in masked primimight facilitate the response to the target when
they are related, the masking stimulus is said to produce leaptdie masking when it
is related to the targeEor example, under phonological masking conditions, Naish
(1980) presented participants with target words suatwasmasked by a homophone,
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such asyou, or a pseudohomophone, suchyas. The masking contdons made the
target difficult to identify, but identification performance was better in the phonological
masking conditions (65.8% and 86.5%) compared to &ralemasking stimulus, such
asbag(52.5% and 72.0%).

Based on evidence from both backward maglkand masked priming, Berent
and Perfetti (1995) proposed théwo-cycles model of phonological assembly. The
two-cycles model is s@alled because consonant and vowel phonology are assembled
by separate processes. Consonant phonology is assembled imitiglnautomatic
process, and vowel information is added in a second, slower and controlled process. The
model supports a strong role of phonology in visual word recognition, as it assumes that
initial activation is always based on the assembled cons@tamology, which is
supported, but cannot be overridden, by a diledtal route. Vowel phonology is then
computed using lexicainformation. The claims of the twoycles model were
supported in a series of priming and backward masking studies byt BeckiPerfetti
(1995; Berent, 1997), though the model has not been implemented in a computational
form. However, Lukatela and Turvey (2000) argued that their series of masked primed
lexical decision eperiments did not support the teg c | es &6 c Insonam t h a
phonology is assembled first. Though, their data did not rule out the multilinear
phonological theory that assembled phonology consists of levels of structural

organization and therefore multiple levels of orthograjtriphonological mapping.
2.24 Summary

This section has explored the contribution of models and behavioural studies to
the field of visual word recognition. Computational models have significant advantages
over verbal models, which can be incomplete and usplecified. Computational
modelscan be used to simulate and predict human behaviours, allowing researchers to
make inferences about how the brain might perform these processes. However, no
model is able to reliably reproduce all of the human behaviours seen during visual word
recognition tasks. In particular, masked phonological priming has been a source of
difficulty. The masked phonological priming task has been used as evidence to support
the strongphonological perspective that initial access to phonology is a rapid and
mandatory proessof visual word recognition. fe DRC model, a weahonological
model, was unable to reproduce these masked phonological priming effects, bolstering

support for the stronghonological theory. However, the fast parallel mapping of the
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BIAM is able to &count for these effects without compromising nonword reading

ability.

The evidence presented is thus far inconclusive. There is evidence to suggest
that a phonological code is quickly accessed without intention or strategic control,
corroborating the strayphonological theory. Though, these findings alone cannot
support the claim of stroaghonological theories that phonological coding is the only
route to visual word recognition, as this argument would need to be substantiated by
evidence from neuropsyological or transcranial magnetic stimulation studies showing
that visual word recognition is impossible without phonological processing (Rastle &
Brysbaert, 2006).

This section has addressed theories and studies that aim tbanfeisual word
recogniton might operate. The next section additionally examines eviderneleenéin
the brain visual word recognition takes place by explorthg contribution of
neuroimaging studies and neuropsychology. This section will includeradustionto

theregonk own as ABrocads areao

2.3 Visual Word Recognition in the Brain

2.3.1 Introduction

Returning to the key qutisn of visual word recognitiorhow, where, and when
in the brain are individual words recognised? (Sereno & Rayner, 20@0ktudies
presented in the preus section aimed to inférow the brain might work to recognise
single words. These inferences have been drawn from verbal models, computational
model s, and behaviour al studi es, al |l of
the brain and unddend how these complex cognitive processes take place. In this
section, neuropsychological and neuroimaging evidence of the visual word recognition
network in the brain will be presented, in order to examine what is currently known

aboutwherevisual wordrecognition processes take place in the brain.
2.3.2 Neuropsychology and Reading Disorder

Neuropsychological case studies have been used to make inferences about the

processes involved in normal reading. One group of disorders from the
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neuropsychological literate that have been particularly informative for the study of
reading and visual word recognition are the acquired dyslexias. Unlike developmental
dyslexia, which hinders the acquisition of fluent reading skills from the outset, acquired
dyslexia occurs adr brain damage and is studied in previously literate adults. There are
many varieties of acquired dyslexia, such as deep, phonologicakigdietter, surface,

and visual dyslexia (see e.g., Marshall & Newcombe, 1973; Patterson, 1981). Each is
charactesed by the presence or absence of difficulty with particular types of word

properties, such as irregularity, concreteness, frequency, and so on (Patterson, 1981).

A key finding from the neuropsychological literature on acquired dyslexia
comes from MarsHal and Newcombedés (1973) six cas
into three varieties of acquired dyslexia; deep, visual, and surface dyslexia. Marshall
and Newcombe reported a distinction between patients who were able to read
nonwords, but completelynable to read irregularly spelled words (edgeb), and
patients whoshwed t he opposite patt ebetween patlentss i d
showing the reverse pattern of deficit and spared function (in situations where the two
functions are sufficiefy closely related to draw meaningful conclusions) has been
described as the gold standard for cognitive neuropsychology (Patterson & Plaut, 2009),
and has been particularly relevant to the debate surrounding phonological access in
visual word recognitionTheorists have argued that the dissociation between patients
who are unable to read nonwords and patients who are unable to read irregular words
demonstrates damage to two distinct word recognition routes (e.g., Coltheart et al.,
2001). One set of patientshow damage to the direct ledicoute, but a spared
grapheméphoneme route, and vice versa for the other group of patients. Evidence of
spared word reading in patients apparently completely unable ta pé®nological
route to reading as indicated bwn inability to read nonwords aloud, inability to judge
whether two words rhyme without using visual clues, and an inability to judgievhe
words are pseudohomophof@iesontradicts the stromghonological position that word

recognition can only take plag&a phonological access.

There are, however, caveats that must be considered when interpreting
neuropsychol ogi cal evidence. First, i n
prior level of functioning is not usually known, damage can include meailtyain
regions, and patients can have a number of confounding health problems (Patterson &
Plaut, 2009). The damaged areas may also be involved in general functions other than
the functions that appear tme impaired (Bémonet, Thierry, & Cardebat, 20055or
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example, a region that is highly specialised for a particular role in language may also
have other more general cognitive functions. A further limitation of lesion deficit case
studies is that lost abilities may be a direct result of damage to tbeddsarea or a
result of the disconnection of undamaged areas (Price, 2000). Therefore, it cannot
necessarily be inferred that a damaged area is necessary for a particular function, as the
deficit may result from damaged connections that coincidentallg gasugh the
observed damaged region. The accumulation of evidence from multiple patients with
corresponding brain lesions and similar behavioural symptoms is therefore useful in
cognitive neuropsychology; however, in comparing patients there may beundsfo
such as response bias effects. For example, if one patient prioritises accuracy but
another thinks it is more important to produce any response at all, they might show a
difference in the rates and types of errors, even though they have the sanhgngnder
deficit (Patterson & Plaut, 2009). Furthermore, unlike in studies of undergraduates,
groups of patients are not necessarily of similar ages, premorbid intelligence
background (Shallice, 1988Rouble dissociations are particularly useful, becaase
difference inperformance between two tasétees not on its own imply that the two
tasks result from different processes; one task may just be easier than the other
(Shallice, 1988). Dissociations have been used primarily to infer that two tasks are
performed by separate mentahittions, modules, or procesg&ainn & Kirsner, 2003).
However, Plaut (1995) and Juola and Plunkett (2000) have shown that lesions to
connectionist models, which do not specify clear divisions of functions or modules, can
also poduce double dissociations, demonstrating that a connectionist, rather than
modular, neural organisation is also a valid interpretation of patient data (Davies, 2010)
Though, the lesions of Plaut were, in fact, specifically applied to different aspéioés o
network in order to produce the different deficits. The lesions of Juola and Plunkett,
however, were applied randomly across the connections of the network. Finally, the
pattern of behaviours exhibited by a patient or group of patients may resultafro
complex interaction between any deficits due to the particular damage and any coping
strategies developed (intentionally or otherwise) by the patient following the injury,
including any neural reorganisation or compensation by other brain regions.gsee
Saur et al., 2006).

2321 I ntroduction to Brocads Area

Leaving the limitations of neuropsychology aside, another important finding
from the lesion deficit literaturévhich, though not specifically related to visual word
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recognition, is relevant for thiseview) comes from patients with aphasia. In 1861,
Broca reported a 51 year old man with severely impaired speech articulation, but with
other mental abilities relatively intact (Broca, 1861a; 1861b). This patient was the first

of a group of patients withrailarly impaired speech articulation who were found, post
mortem, to have similar regions of brain damage (Broca, 1863; 1865), \\emnicke
(1874)reported patients who showed impaired speech comprehension and who had a
different pattern of brain damagThe dissociation of these acquired disorders, termed
Brocads and Wernickeds aphasia, |l ed to t|
brain damage does not cause a general reduction in language ability, but disrupts
particular aspects more thathers (2) the type of disruption is linked to the location of

the damageand(3) this selective disruption is related to the organisation of language in

the brain (Berndt & Caramazza, 1980). This represented a significant advancement in
the understandg of the organisation of language, and the organisation of the brain in
gener al . Brocads and Wernickeds areas, a
Figure2.5.

Figure 25 Br oca 0 s andr eaMeg.ni Bkedadsan area (v
Brodmann areas (BA) 44 and 45 and Wern
BA 22, 39 and 40. Brocabs area covers

dashes), which also includB# 47. BA 6 is the precentral gyrus.

Brocads area is particularly importan
the next section, neuroimaging studies have associated it with phonological processes
during visual word recognition. The region encosgas the pars opercularis and pars
triangularis of the | eft inferior fronta
areas (BA) 44 and 45, respectively (see e.g., Nishitani, 2005). The cytoarchitecture of

37



Chapter 2 Literature Review

Brocads area i s unhthewganularmertescalls (usually seennrt a i
prefrontal regions) that undertake associative, multimadtad amodal roles, and the
agranular nerves celtbat areusually seen in motgoremotor unimodal regions (Jugla

& Cepanec, 2007). This dunbture ofBr ocadés areads cytoarchi
intermediate position between granular and agranular cortex, is an unresolved issue in
neuroscience, as it remains unclear whether to classify IFG (also including pars
orbitalis; BA 47) as a unique whole regjoor as being composed of other

cytoarchitectonic regions (Jugl& Cepanec, 2007).

More recently, there has been debate surrounding the homogeneity of both the
structur al damage and the aphasic sympt
Crow, FoundasAmunts, & Roberts, 2009, for a review). For example, although Broca
focused on reporting damage to the surface of the cortex, many of the patients also
showed extensive subcortical damage extending beyond the region typically defined,
since Brobpsadssr8B8pocads area (Keller et i
argued that Brocads ap laghasic ayndromes {Alexanderc o v ¢
Naeser, & Palumbd, 99 0) and damage to Brocabs ar ea
and language defigf in modes other than speech production (for reviews see e.g.,
Davis et al., 2008; Grodzinsky & Amunts, 2006).

Word and nonword reading performance are not typically tested or described in
case studies of &PBetersendd8) ana festopraadiraprofickence z
in aphasics is difficult due to the potential confound of speech production problems on
measures of reading aloud (Boccardi, Buzonne, & Vignolo, 1984). However, Benson
(1977) reported that out of Is® dreseptedtith e nt s
alexia. Alhough, Bensomlid concedehat deficits other than a literal alexia could be
behind the apparent reading difficulty, such as gaze paresis, an inability to maintain
verbal sequences, or an inability to comprehend syntactictsteu Boccardi et al.,
(1984)t her ef or e, tested their group of- 42 r
verbal tests of word and sentence reading. In the word reading test, patients were asked
to choose the appropriate picture to matchrigten word. In the sentence reading test,
patients were instructed to follow a written command. No patients were found to have
severe alexia (<50% on both tests), 25 patients had mild to moderate alexia, and 17
patients showed no alexia (>80% on both tests). Thus;adi and colleagues showed
co-occurrence of aphasia and alexia, but did not find as strong an association as Benson.

Braber, Patter son, EIl | i s, and Lambon R a |
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show a general phonological impairment that is evidentepetition and reading of

words and nonwords and in sentence completion. In all three tasks, the patients made
more errors for nonwords than words, as would be expected for a phonological deficit.
Patients also showed more difficulty with the readirgk tdhan the repetition task and

only 5 out of 10 patients were able to complete all aspects of the most difficult sentence
completion task. These tasks all required spoken responses, which must be impaired for
a diagnosis of Br o c &sulss dampnistaated that, ratheo thamae r |,
gl obal production deficit, the nature o
production is sensitive to lexicality and other linguistic and phonological aspects of the

task and stimuli.
2.3.2.2 Summary

As discussed ahe, neuropsychology has provided the fields of reading,
psycholinguisticsand visual word recognition with significant advancements in the
understanding of how and where in the brain these processes occur. Some important
caveats in the interpretation @sion deficit studies have been discussed, including the
limitation of double dissociations in distinguishing between modular and connectionist
type neural organisation. Furthermore, when inferring the localisation of functions from
lesion deficit casest is important to remember that this may be of limited use in cases
where brain damage is extensive and where there has been time for neural
reorganisation since the damage occurred. Despite these caveats, lesion deficit studies
represent a major contribah to cognitive neuroscience, particularly before the advent
of neuroimaging techniques. However, Shallice (1979) argued that the most reliable
understanding comes from combining patient data with data from normally functioning
participants and revealirgprroborating findings. With th in mind, in the next section

the functional neuroimaging of visual word recognition will be discussed.
2.3.3 Neuroimaging and the Visual Word Recognition Network

In this section, an overview of findings from functional neuroimaggill be
presented in order to explore what these methods can tell us about visual word
recognition in the brainAlthough contradictions in the literature exist, a broad
consensus of the nodes of the reading network has arisen from many neuroimaging
studies, building on the foundations of knowledge from neuropsychological assessments
(Mainy et al., 2008). As Fiez and Petersen (1998) argued, neuroimaging has an obvious

role in localising regions that are active during task performance, but using this
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knowledge to infer how reading takes place presents a greater, yet more rewarding,

challenge.

Although task differences (in particular, the choice of control task) and
variations of imaging technique have resulted in some epsaicies across studies
(Palmeret al., 2004), functional magnetic resonance imaging (fMRI) and positron
emission tomography (PET) have been fundamental in moving forward the
investigation of single word reading and building on the knowledge of the reading
network gained from neuropsydbgical and computational modelling approaches.
Sophisticated manipulation of task and stimuli can further reveal not just where in the
brain activity can be seen, but how that pattern of activity changes according to different
experimental conditions (Rakr et al.,, 2004).Converging evidence from many
neuroimaging studies has given a broad view of the brain regions involved in the
different aspects of visual word recognition (for reviews see, e.g., Dehaene & Cohen,
2011; Jobard, Crivello, & TzouriMazoye, 2003; Turkeltaub, Eden, Jones, & Zeffiro,
2002; Vigneau et al., 2006; Visser, Jefferies, & Lambon Ralph, 2010). For example,
visuatorthographic analyses are generally localised to left occipitotemporal regions
(Dehaene & Cohen, 2011; Jobard et al.,20urkeltaub et al., 2002) and semantic and
phonological processes have been broadly linked to left anterior temporal, left inferior
parietal, and left inferior frontal regions (Bookheimer, 2002; Vigneau et al., 2006;
Visser et al., 2010). These three exdp of visual word recognition will be discussed in

turn, with a particular focus on phonol o

2.3.3.1 Neuroimaging and Orthography

Reading begins with the visual information conveyed by marks on a page that
conform to the orthographic rule$ the language. A fundamental question for theorists
is how, where, and when the brain recognises that visual input as print. As reading is
relatively recent in human history, it is unlikely that this happens in a genetically pre
determined process via agvolutionarily dedicated cortical system (BShachar,
Dougherty, Deutsch, & Wandell, 2011). However, research has shown that literacy is
related to significant changes in the br
al., 2010), thus exposure anehining may have resulted in cortical regions that are

exclusively devoted to visual word recognition.

A key brain region for visual word recognition is the left ventral

occipitotemporal cortex (vOT). Many studies have shown that vOT responds more
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strongl to written words and orthographically legal letter strings than to false fonts or
consonant strings (e.g., Cohen et al., 2000; Baker et al., ZRéiike, Fernandes,
Schwindt, 0O 6 C, r2@08; aMoqdhed@Browmnsattd Dhanjal, Beckmann, &
Wise, 201)). Furthermore, researchers have demonstrated progressive neuronal tuning
to orthographic information along the occipitotemporal gyruso(éknown as the
fusiform gyrus);from visual features more posteriorly (Dehaene et al., 2004), through to
whole word brms at a specific patch of cortex typically localised around MNI
coordinatex = -44,y = -58,z=-15 (Jobard et al., 2003). However, thisghadf cortex,
often termed the HANVWFAY Bla sowoerofl corftroversy foar e a
theorists. The cdral argument is whether this region is a highly specialised site of
orthographic knowledge (e.g., Dehaene & Cohen, 2011) within a serial feedforward
word recognition system, or whether it performs a more general role in allowing visual
stimuli such as wting and pictures to access the predominantly-l&éralised
language system within a bidirectional interactive network (e.g., Hellyer, Woodhead,
Leech, & Wise, 2011).

Evidence in favour of feedforward word recognition at vOT includes the finding
by Deha n e, Le Cl ecoOH, Pol ine, Le Bi han, ar
during a samalifferent task in fMRI. VWFA showed a consistent eveziated
response profile for written words that was independent of the semantic category of the
words, and was consent despite variations in the size and case of the stimuli. A strong
response was also seen for written pseudowords, but no response was seen for auditory
presentations of words or pseudowords. Thus, the authors concluded that VWFA carries
out prelexicakoding of visual orthographic information, invariant of location, font, and

size.

Kronbichler et al. (2004) showed that, during a silent reading task in fMRI,
VWFA activity was modulated by the frequency of the presented word, which they
argued showed thahe VWFA is involved in recognising whole words rather than
prelexical coding. Their study showed decreasing activation in VWFA (and other
occipital and frontal regions) in response to increasing word frequency, with the lowest
level being pseudowords. &hauthors controlled for other stimulus properties such as
string length, syllable length, and bigram frequency. The effect of bigram frequency
may, however, have confounded the results. The authors reported that they controlled
for this variable, but dieshot report any statistical test to say that the bigram frequencies

were not significantly different across groups, and the values reported show a trend for
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bigram frequency to increase as word frequency decreases. Although, the trend does not
appear strongnough to rule out a whelgord interpretation of the results presented by
Kronbichler et al. Moreover, Glezer, Jiang, and Riesenhuber (2009) showed neural
tuning to whole real words at VWFA using an fMRI rapid adaptation paradigm. Glezer
et al. demonsated that for real words there was significantly more adaptation for
repetition (e.g.,boat boa)) than for ondetterdifferent (e.g., coafiboaf), which
produced the same amount of adaptation as a completely different wordig&ig.,
boaf. However, for geudowords, although repetition produced the most adaptation
(e.g.,soat soa), the ondetterdifferent condition (e.gpoat soa) showed significantly

more adaptation than a completely different pseudoword (engg soa). The authors
proposed that #hresults indicated tight neuronal tuning to whole words in VWFA, with
broader tuning to pseudowords, which would be compatible with an expedener

improvement in tuning through extensive exposure to real words.

In contrast, other studies have shavat the same vOT region is active in tasks
other than visual word recogmih, suggesting that the labé/WFA may be
inappropriate. Price and Devlin (2003) presented a review of 18 studies that showed
activation within 6 mm of the site Dehaene et al. @0@ported as VWFA. Price and
Devlin showed that this region was active, for example, when viewing, naming and
performing actions to pictures of objects (e.g., Moore & Price, 1999), when reading
Braille (Buchel, Price& Friston), and when repeating andaking degsions to auditory
words (Price Winterburn, Giraud, Moore, & Noppeney®0d; ThompsorSchill,
Aguirre, D 6 E s1999)s As taativity was sEem wizemh no visual stimuli were
presented, Price and Devlin, therefore, argued that this vOTnréginotexclusively
devoted to either visual form or visual word form processing. The authors presented
three possible alternatives for the functional role of vOT: (1) There are different
populations of cells with different functions within vOT; (2) Thexe single cognitive
function that underlies all responses that must account for the tactile and auditory
responses of vOT; (3) The same population of cells perform different functions
depending on interactions with other brain regions. Thus, the autbocduded that
vOT is a polymodal area that is involved in visual word recognition but is not specific

for visual word forms.

Devlin, Jamison, Gonnerman, and Matthews (2006) further argued against vOT
as a store of visual word forms in a feedforward webgnition system. Instead, they
proposed that vOT acts as an interface between visual information and higher order
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properties, such as the sound and meaning of a stimulus. In a primed lexical decision
task in fMRI, Devlin et al. looked for effects of leality, orthographic priming and
semantic priming at a vOT region of inte
A lexicality effect was found, as shown by repetition priming of real words (algiri

CABIN) but not pseudowords (e.golst SOLSY atvOT, in contrast with a prelexical

role of vOT. Devlin et al. also manipulated the pritaeget relationship for real words

such that they could be related in either form (dagten FAST) or meaning (e.g.,

profiti GAIN) or both (e.g.deadly DEAD). A significant interaction between form and
semantic effects was revealed. The form priming effect at vOT was reduced when
meaning was also shared compared to when form alone was shared. The authors argue
that this semantic modulation of form priming is not patible with the claim that
prelexical letter combinations are stored in vOT. They argue that vOT activity is
modulated by both bottomp and topdown processes, allowing the integration of

visual and nonvisual information.

The findings of nonvisual effegtat vOT, including Braille reading, and
semantic modulation, therefore contradict the hypothesis of VWFA as an exclusive
orthographic representation region in a feedforward word recognition system.
Additional evidence in favour of an interactive bidireotl word recognition system
that includes vOT comes from Hellyer et al. (2011). Hellyer et al. used number words
and digits as their stimuli in a number decision task and a phoneme decision task in
fMRI. During passive viewing, a main effect of stimulugpé was seen, with
significantly greater activity to number words than digits in VWFA (in both
anatomically and functionally defined sites). During the active tasks, a main effect of
task (number decision or phoneme decision) was seen at VWFA, with cagtliji
stronger activation for the phoneme task, whether the task was performed on number
words or digits. The activation seen during presentation of digits was, therefore,
modulated by task. Thus, the authors concluded that the results are consistemt with
interactive or parallel distributed processing reading system, and not with a feedforward

orthographt processing role of scalled VWFA

Finally, Dehaene and Cohép011)proposed a number of interesting questions
for future research in this area: (Whatare the neural codes in the vOT and how are
they influencd by language rules? (2) What a@he roles of top-down influence on the
vOT and literacy? (3) What is the connectivity profile of vOT before and after learning
to read? (4) What are the retaships between the fusiform face area and word
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recognition; does reading recycle the face recognition system? As yet, the specific
role(s) of vOT and the supposed VWFA remain(s) uncertain, however, that this region
is relevant for visual word recogniticand responds to the orthographic properties of

words is clear.

2.3.3.2 Neuroimaging and Semantics

In building up a picture of the visual word recognition system in the brain,
another important question is how and where meaning is accessed. There are key
differences between orthographic and semantic information. Orthographic input
necessarily comes from visually presented words and letter strings. Semantic input, on
the other hand, can come from a variety of visual and auditory sources, such as written
words, pictires, and spoken words. Orthography can be studied outside of language by
using pseudowords and unpronounceable letter strings, whereas semantic information is
necessarily tied to real language. Semantic knowledge can occur outside of literacy and,
unlike orthography, is learned via other means prior to learning to read. Therefore,
semantic concepts must be shared across input modalities, requiring either multimodal
or amodal brain regions or multiple semantic areas serving different modalities. This is
suggestive of a highly complex and interactive semantic network; an idea supported by
Devlin et al.od6s (2006) finding of a sema
vOT. There was no main effect of semantics at vOT, so this region is not itsdifveens
to semantics, suggesting interactive connectivity with semantic regions or processes.
Spitsnya, Warren, Scott, Turkheimer, and Wise (2006) also showed convergence of
spoken and written input along the superior temporal sulcus and at the temporal pole
and angular gyrus. These regions were hypothesised to connect unimodal spoken and
written language input to anatomically distributed stores of knowledge about objects
and concepts. The authors suggested that these stores lie mainly in the temporal lobe,

with frontal activations relating to metalinguistic processes.

Binder, Desai, Graves, and Conant (2009) reviewed 120 PET and fMRI studies
of semantic processing of spoken and written stimuli. The authors found seven brain
regions associated with semantiogasses: (1) posterior inferior parietal lobe (angular
gyrus and portions of supramarginal gyrus), (2) lateral temporal cortex (middle
temporal gyrus and portions of inferior temporal gyrus), (3) ventral temporal cortex
(mid-fusiform and adjacent parahipgampal gyrus), (4) dorsomedial prefrontal cortex,

(5) IFG, (6) ventromedial prefrontal cortex, and (7) posterior cingulate gyrus. Their
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findings suggest a widespread semantic network Kegpee 2.6) and revealedpecific
subsystems of semantic knowledge iatatto actions, manipulable aféets, abstract
concepts, and concrete concepts. The authors proposed that more posterior (temporal
and parietal) components of the network relate to storage, whereas fronpalneo s

relate to retrieval of semantic information. This semantic network was broadly similar
to the network shown by Pulveifter, Kherif, Hauk, Mohr, and Nimm&mith (2009)

using fMRI. Pulverniller et al. also showed evidence of overlapping categpesific
semantic networks, but did not make a distinction between posterior and frontal aspects
of these distributed networks.

Figure 2.6 The semantic etwork. Left hemisphere regions shown by PET and
fMRI studies to be associated with semantic processes. Adapted from Binder
et al. (2006).

2.3.3.3 Neuroimaging, Phonology,and Br ocads Area

This section will examine the contribution of functional neuroimaging to
phonology a visual word recognition process that is esglscimportant for this thesis
Phonological input, like semantics, can come from both written and spoken language.
Therefore phonological processes might also be expected to involve a complex,
anatomically distributed eaehasween ikplicatedim r a i
speech output processes since neuropsychological case studies by Broca (1861a; 1861a;
1863; 1865) and this section will explore whether this region is also relevant for

phonological input processess well a®ther proposed funicns of this region.

In a metaanalysis of 129 fMRI and PET studies, published between 1992 and
2004, Vigneau et al. (2006) examined 45 studies that included phonologically relevant
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contrasts. This analysis revealed 125 peaks of activation in the |etilflolme and 122

peaks across the left temporal and inferior parietal areas, though a limitation of this
metaanalysis is that these regions were selected a priori and peaks outside these areas
were not examined. Nonetheless, the large number of conteasaling activation

across these areas demonstrates their importance for phonological processes. This
widely distributed network overlapped with the networks for semantics and sentence
processing examined in the same ratalysis, though, the centres mfiss for each
process were significantly different (as verifiedtigsts). In a review of fMRI studies

of semantics, Bookheimer (2002) also demonstrated the close proximity of
phonological, semantic, and syntactic processes in inferior frontal cdtiexpeaks of

IFG activity tended to be located more anteriorly for semantically related tasks,
clustering around BA 47 (pars orbitalis); syntactic tasks showed peaks around BA 44/45
(pars triangularis) and phonologically related peaks occurred in poste@oclustered

around the border of BA 44 and BA 6 (pars opercularis and precentral gyigise

2.7 shows the clusters of phonological activity revealed by Vigneau et al. (2006) and the
IFG peaks revealed by Boo&imer (2002).

@ syntax
@ semantics

O phonolo
0 p ay

Figure 2.7 Summary of phonological and IFGtavations. Approximate IFG
Brodmann areas indicateddapted from Bookheimer (2002; circles) and

Vigneau et al. (2006; squares).

The studies reviged by Vigneau et al. (2006) and Bookheimer (2002) included
auditory presentation of stimuli, and other studies have shown a close relationship
between phonological processing of auditory and visual stimuli. For example, Poldrack
et al. (2001) showed pamgpercularis and pars triangularis activation both for rhyme

judgements on visually presented words and for intelligible speech; Haist et al. (2001)
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showed activation of primary auditory cortex during a visual phonological lexical
decision task, which thegpeculated related to tajpwn activation during phonological
word form analysis; and Burton, LoCasto, Krdtsble, and Gullapalli (2005) showed
increased activity in pars opercularis to phonologically related tasks for both written and
spoken words. Howeyr, of particular interest for this thesis are regions that respond
during visual word recognition and that can be linked to phonological encoding

processes.

A number of studies have looked at the dissociation of phonological and
semantic processes specito visually presented words. For exampBgld, Balota,
Kirchhoff, and Buckner (2005) used an fMRI adaptation paradigm to look at
phonological and semantic processing of written words. In fMRI adaptation,
behavioural priming responses are correlated witttduced hemodynamic response.
This is thought to reflect increased efficiency of processing on subsequent trials where
neural processes are shared (see danson, 2003, for a review). In the phonological
adaptation task, participants were asked todpce the regular pronunciation of
irregular words, such as pronouncipigpt to rhyme withmint and hint. The semantic
task required participants to generate appropriate verbs corresponding to nouns. The
results showed that more posterior IFG (BA 44/6) vedated to phonology and more
anterior IFG (BA 45/47) was related to semantics. A region of interest (ROI) approach
restricted the main analyses to the prefrontal cortex, though exploratory-lwhoie
analyses also revealed phonological effects at thgramarginal gyrus (BA 40).
However, in this study, the tasks and contrasts were particularly chosen to reveal
cognitive control aspects of phonology and semantics. The results, therefore, did not
show a broad network, such as that seen by Vigneau e0@6)(Zhe results also do not
support a role for Brocabds area in-totnput

phoneme conversion.

In order to dissociate phonological and semantic processes during a more
implicit task that did not require overt phdagical or semantic judgements, Mechelli,
Josephs, Lambon Ralph, McClelland, and Price (2007), used an unmasked priming task
in fMRI. The authors contrasted phonological and semantic priming of words and
pictures, where participants were asked to readaarenboth items in a prifm&arget
pair. The results for prini¢arget pairs with shared phonology (relative to semantically
related or unrelated) showed activation in the bilateral insula; the medial aspect of IFG,
but outside of the region typically labelle as Br ocads area. Thi s
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of stimulus modality, and there were no effects specific to phonological processing of
words but not pictures. Shared semantics revealed activation in left pars orbitalis of
IFG, middle temporal gyrus, angulgyrus, and superior frontal gyrus. The semantic
results were also no different for words or pictures. The authors concluded that reading
words and naming pictures rely on shared phonological and semantic systems. Mechelli
et al . di d n o activityhirotire pi®notmgical @mitrasts, fupporting Gold

et al.d6s (2005) interpretation of Brocab

than relating to phonological input.

Wilson, Tregellas, Slason, Pasko, and Rojas (2010) made the phonological
aspect of their fMRI study even more implicit by using masked priming. Wilson et al.
used homophone (e.gpausé PAWS and pseudohomophone (e.gurmi GERM
masked primes in a lexical decision task. The study revealed phonological priming
effects (reducettemodynamic response) in bilateral superior and middle temporal gyri,
precuneus, superior frontal gyrus, supramarginal gyrus and angular gyrus, but did not
reveal any inferior frontal regions of activity. Overall, these studies have revealed a
widespreado honol ogi c al net wor k, but the contr
functional neuroimaging studies has been mixed. Bookheimer (2002) and Vigneau et al.
(2006) showed clearly dissociable activity for phonological and semantic processes in
this region as revealed by data from over 150 fMRI and PET studies. However, what
level of phonological process these activations relate to (from the early input encoding
level up to speech output) is unclear. As Gold et al. (2005) suggested, these activations
may relate to phonological aspects of cognitive control; an interpretation also supported
by the results of Mechelli et al. (2007) and Wilson et al., which did not show IFG

activity during implicit phonological tasks.

2334 What Ot her Rol es f or Brocabds Area?

Movingbeyond vi sual word recognition, Br
wide range of linguistic and ndmguistic functions. Such nelnguistic roles of
Brocads ar e amagenyc(Binkafski etnab, t2@00; Gerardin et al., 2000),
object manipulatiorand grasping (Binkofski et al., 1999), motor preparation (Krams,
Rushworth, Deiber, Frackowiak, & Passingham, 1998; Rushworth, Krams, &
Passingham, 2001), planning (Fincham, Carter, van Veen, Stenger, & Anderson, 2002),
action understanding (Rizzolatti &raighero, 2004; Rizzolatti, Fogassi, & Gallese,
2001; Rizzolatti, Fogassi, & Gallese, 2002) and imitation (Meltzoff & Decety, 2003).
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I n a linguistic context, but outside
area has been linked to the semantiegration of observed gestures with heard speech
(Willems, Ozyirek & Hagoort, 2006) and in the unification of syntactic, semantic, and
phonological information (Hagoort, 2005). This unification is said to occur on a
syntactic level by matching written opaken input to stored syntactic frames of
reference, on a semantic level by selecting and integrating word meanings of unfolding
discourse into a representation of the preceding context, and on a phonological level by
unifying phonological segments into fheword utterances and monitoring intonational
phrase (Hagoort, 2005).

A similar argument is that Brocabds ar
between competing phonological form3$anuary, Trueswell, and ThompsS8ahill
(2009) provided evidere for this topdown conflict resolution in an fMRI study.
Participants were presented with pictures that were paired with spoken instruction
sentences creating varying degrees of conflict. High conflict was created, for example,
by playing the sentenedean the pig with th&eaf alongside a picture of a pig holding a
leaf and sitting next to a sponge. In this case, the participant is likely to antidgate
the pig with thespongebut the sentence ifact should be interpreted akan the pig
that hasthe leaf The participants were also tested with a Stroop task, as this task is
known for involving a high level of cognitive control. The authors found linearly
increasing activation in BA 44/45 in line with the predicted level of conflict in the
picturd sentence task. This region overlapped with activity relating to the cognitive
control aspect of the Stroop task, indicating that the recruited processes responded to
general cognitive control demands, and were not specific to the syntactic ambiguity

creakd by the picturiesentence pairs.

Finally, in a recent metanalysis of neuroimaging studies, Liakakis, Nickel, and
Seitz (2011) looked at 485 studies published between 1991 and 2007 that showed
activity in IFG or insular cortex. The studies were categdriby task into seven
groups: (1) semantic processing, (2) syntactic processing, (3) phonological processing,
(4) working memory, (5) listening and limovement observation, (6) fine movement
control, and (7) perceptive processing with empathy. The amalysecaled three
significant, spatially distinct clusters in the left hemisphere and one in the right
hemisphere. The authors defined the right hemisphere cluster as relating to fine
movement control. The three left hemisphere clusters were said totoeléiteworking
memory, such as verbal and digit recall tasks, at BA2)4empathy, such as evaluating
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emotional expressions, at BA 47, and (3) semantics and phonology, such as synonym
and rhyme generation tasks, at BA 45/M6tably, unlike previous metanalyses (e.qg.,
Bookheimer, 2002, Vigneau et al., 2006), Liakakis et al. were unable to dissociate

phonological and semantic processes in their analyses.

In sum, phonological processes have been linked to a broad network of regions
across the left temparl and inferior parietal | obes,
area in phonological processing during visual word recognition has not been clarified by
neur oi maging studies and Brocads area an
range of lingistic and nodinguistic roles.As argued by Price and Devlin (2003),
regarding the function of VOT/VWFA, there are at least three possible ways that the
many reported functions of Brocads area
populations of cé$ occupying the same cortical region, but with different functions; (2)
there is a single cognitive function t hé¢
same population of cells perform different functions depending on interactions with

other bram regions.
2.3.4 Summary

Thi s section on Ovi sual wor d recogn
neuropsychology and neuroimaging as tools for studying visual word recognition that
can go beyond the capabilities of models and behavioural studies by explorimginvher
the brain these processes take place. In models of word recognition, researchers create
hypothesised functional modules or connections, but these do not necessarily reflect the
organisation of the brain. Neuropsychology, in particular double disgosatan lead
to insights about processes that are anatomically and functionally distinct. This can
inform theory about normal functioning, but there are many important caveats that must

be considered when interpreting lesion deficit data.

Br oc ads s heere mtrodacad, both from a neuropsychological and
neuroimaging perspective. As a classic key component of the speech and language
network, it is important for reading research in general, but neuroimaging studies have
additionally revealed phonologitay s peci fic aspects to th
vi sual word recognition. The |l inguistic ;

picture, as it also appears to have roles in action, planning, and cognitive control.

Functional neuroimaging eweace of the general regions responsible for visual
word recognition processes in the brain has been discussed. Neuroimaging, particularly
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when combined with sophisticated task design, has led to important insights into how
the brain might process single Wis; however, the question @fhenhas yet to be
answered. In understanding how these brain regions result in visual word recognition, it
is important to know how they interact. Knowing when things happen helps to establish
causal links between brain reg@and processes, for example, phonological encoding
could not be a necessary process in word recognition if it were found to only ever occur
after semantic access (Perfetti & Bolger, 2004).The final section of this review will
focus on the temporal dynams o f the neur al net wor k an
potentially, a key brain region for phonological access, drawing on evidence from the
priming literature, electroencephalography (EE@nd magnetoencephalography
(MEG).

2.4 The Time Course of Phonology

2.4.1 Introduction

When the eyes are presented with print, a complex sequence of processes
ensues. This temporal sequence is essential to the understanding of how visual word
recognition takes place in the brain (Perfetti & Bolger, 2004) and, therefore, will be
expored in this final section. The timing of word recognition processes have been
studied in many ways, for example, the priming paradigm has been used behaviourally
to infer the relative time courses of orthographic and phonological processing. Priming
tasks have also been combined with the high temporal resolution of EEG and the high
spatiotemporal resolution of MEG, leading to a broader understanding of how the

processes of visual word recognition may interact.
2.4.2 Temporal Investigation with Behavioural Priming

As discussed above, Ferrand and Grainger (1992; 1993; 1994) used masked
pseudohomophone priming experiments to explore the nature of phonological access
during visual word recognition. In a primed lexical decision task, Ferrand and Grainger
(1993) parenetrically varied the prime exposure duration in order to explore the relative
time courses of orthographic and phonological contributions. Orthographic and
phonological priming were defined as a having significantly faster reaction times than
unrelated cotrol primes. The strongest orthographic priming effects occurred at prime
exposure durations of 17 and 33 ms, whereas phonological effects peaked at prime
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durations of 67 ms. However, while this experiment shows a clear early influence of
phonological inbrmation that is preceded by orthographic effects, shedding light on the
temporal sequence of events, it does not necessarily show that phonological processing
therefore takes place by 67 ms. Although it is tempting to draw this conclusion, the
experimentonly shows that 67 ms of prime exposure provides sufficient input to the
system for phonological effects to take place at some time, as evidenced by a change in
lexical decision reaction times around 500 ms later. In this case, the phonological
processingould therefore take place any time between the prime onset and the reaction
time. Furthermore, Frost Ahissar, Gotesman, and Tayeb (2003) and Tzur and Frost
(2007) demonstrated that there is a significant interaction between prime duration and
luminance accordance with Blochodés | aw,; Hood
the amount of energy that is provided to the cognitive system. While the luminance of
the stimulus determines this energy directly, the exposure duration allows the amount of
energy tobe summed over time. Therefore, the minimum prime exposure duration (at a
particular luminance) needed to show an effect cannot be taken as the minimum amount

of time needed by a process.

The main disadvantage of using behavioural experiments to proletkiags
of the brain is that with these tasks only the input and the resulting output are known for
certain. Sophisticated task designs, such aofHaerrand and Grainger (1998)ake it
possible to infer the temporal sequence of processes in tine Hoavever, it is difficult
to infer absolute timings from these experiments. Behavioural paradigms, such as
masked priming, have therefore been combined with the high temporal resolution of

EEG, leading to fuller insights into the neural processes ingdolve
2.4.3 Temporal Investigation with Electroencephalography

EEG allows online recording of electrical potentials from the scalp, which are a
direct reflection of the electrical currents produced by active populations of neurons.
PET and fMRI measure indicator$ cerebral blood flow in order to indirectly gauge
the level of neuronal activity. This affords EEG a muagher temporal resolution than
hemodynamic methods, although, due to the low conductivity of the skulli (¥A%1D
that of the brain; Hamalainen &afi, 2002), the electrical potentials measured by EEG

are prone to distortion, leading to a much lower spatial resolution.

Hauk, Davis, Ford, Pulvermiller, and MarsMfilson (2006) took advantage of
the high temporal resolution of EEG in order to explbie processing stages of visual
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word recognition. Participants performed a lexical decision task on words and matched
legal pseudowords, where the words varied in the properties of frequency, length,
bigram/trigram frequency, and semantic coherence (aureas how likely it is for
particular words to coccur). Linear regression analyses of evefdted potentials
(ERPs) revealed effects of word length and bigram/trigram frequency earlier than 100
ms from word presentation, with wheleord frequency effets appearing by 110 ms.

The first effects of lexicality and semantic coherence were seen by 160 ms. Source
estimation analyses suggested that the surface structure of the word is processed in vOT
by around 100 ms, with semantic information interactinghvet widely distributed
cortical network by 160 ms. From 200 ms onwards the authors demonstrated parallel
activations across many brain regions and simultaneous effects of length, frequency,

lexicality and semantic coherence.

Results from EEG (e.g., Hauk at, 2006) have revealed that visual analysis,
orthographic, and semantic processes start to occur within a few hundred milliseconds
of viewing a word. Although fMRI has revealed detailed anatomical maps of visual
word recognition, it cannot uncover thigpidly evolving and overlapping sequence of
processes. The temporal resolution of fMRI is limited by many factors. For example,
although a single slice of the brain can be acquired quickly, it can take 2 or more
seconds (depending on the specific imagiaguence) to acquire a whole brain volume
of images. The temporal resolution is further limited by the low sitgaabise ratio
and the variable hemodynamic response time acrossipants and brain regions (see
e. g., Kim, Richter, & UYurbil, -fiell™MRI7) . N
scanners, and new analysis techniques help improve the temporal resolution (depending
on the specific questions asked of the research), but ®aRhot compete with the
millisecond by millisecond resolution that can be achieved using EEG. Therefore, EEG
revealsdetailed temporal information that could not be seen using fMRI, and that
research (e.g., Hauk et al., 2006) has shown to be relevatitefoapid evolutiorof

visual word recognition processes.

Grainger, Kiyonaga, and Holcomb (2006) combined the high temporal
resolution of EEG with masked phonological priming, in order to investigate the time
course of orthographic and phonological proaegsi hey used four priming conditions
to separately test orthographic and phonological effects. Orthographic priming was
investigated using transposed letter primes (éarini BRAIN compared to controls
with replaced instead of transposed letters (&asjrii BRAIN. Phonological priming
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was tested using pseudohomophone primes (@ang BRAIN compared to controls
which shared as many letters with the target word, but were pronounced differently
(e.g.,brani BRAIN. The event related potential (ERRpults from the silent reading
task indicated that during the 16B50 ms window, orthographic priming was taking
place at posterior &, whilst during the later 26850 and 350550 ms windows

phonological priming was taking place at anterior sites.

Intracranial EEG, recorded from patients with depth electrodes implanted in the
brain as part of the clinical evaluation of severe epilepsy, has placed phonologically
related processes at around #WB0 ms.For exampleMainy et al. (2008) showed
activity in the pars opercularis of IFG under their phonological and semantic tasks, with
the strongest activity for the phonological task at around 400 ms after word
presentation.Sahin, Pinker, Cash, Schomemd Halgren (2009) also demonstrated
activity at pars operdaris for their phonological task at around 450 ms following a
target word. Participants were shown visual cues to either read the following target
word, or to complete the sentence using the following target word. For example, in the
phonological conditin, the cughose are the __, followed by the target wordbck,
would require the participants to sagcks silently in their headsIn the two control
conditions, either the word did not neeanfging to fit in the sentencthatisthe )
or the insruction was just to repeat the word. The authorsfact s howed Br oc
activity for all three conditions by 200 ms that was significantly stronger for low than
for high frequency words. The authors interpreted this 200 ms response as relating to
lexica access, however it may relate to initial input phonological processing of the
target word, with the later (450 ms) response relating to the phonological aspects of
cognitive control processes, as previously shown by Gold et al. (2005) using fMRI.
Though,the temporal resolution of fMRI is typically on the order of seconds, thus is it
not possible to know the precise timing of the effect seen by Gold and colleagues.

Evidence from ERPs has placed phonologically related processes within 250 to
500 ms of wordonset (e.g., Carreiras, Perea, Vergara, & Pollatsek, 2009; Grainger et
al., 2006; Holcomb & Grainger, 2006; Holcomb & Grainger, 2007; Mainy et al., 2008;
Newman & Connelly, 2004; Sahin et al., 2009) and within the pars opercularis of left
IFG (Mainy et al, 2008; Sahin et al., 2009). Ashby (2010) has argued that these
findings represent lexical level phonological effects (such as phonological speech output
processes) and that this leaves open the possibility of finding earlier sublexical input
phonologicalprocesses. Ashby, Sanders, and Kingston (2009) provided such evidence
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by demonstrating processing of splvonemic features of visually presented words by
around 80 ms. Ashby et al. (2009) recorded EEG as patrticipants read real word targets
with voiced andunvoiced final consonants (e.gad, fat), preceded by masked
pseudoword primes that were incongruent or congruent in voicing and vowel duration
(e.g.,fap, faz). Phonological feature congruency modulated ERPs by 80 ms, indicating
that subphonemic feattes can be activated rapidly during word recognition. Similar
results were found by Ashby (2010) using syllable priming. Syllable primes were
congruent (e.g.pon### PONDERor po## PONY) or incongruent (e.gpon# PONY

or po#### PONDER with the initial taget syllable and target words appeared in both
congruent and incongruent conditions (counterbalanced across two groups). ERP results

showed a main effect of phonological congruency by 100 ms during silent reading.

One explanation for the surprisingiarly phonological effects found by Ashby
et al. (2009) could be due to the nature of the evoked average signal. Event related
potentials (ERPs) are based on averaging signals over many trials. This averaging in the
amplitude domain across repeated trzdacels out surrounding brain noise and sums
together responses. However, this means that only the brain responses that are
consistently locked in time to target onset would be observed in the ERP, because any
responses that are variable over time woulddeelled outluring averaging. Ashby et
al. used short monosyllabic stimuli and consistently manipulated only the final
consonants of their primes and targets. Th&/ have succeeded in aligned the phases
of the cortical responses to individual triaigficiently to reveal a significant effect of
phonological consistency in their evoked averaged analysis, owing to the sequential

nature of phonological encoding (Carreiras r&ed, Grainger, & Perea, 2005).

EEG results represent an important contributiorthe study of phonological
processes in visual word recognition. In particular, by extending findings from
behavioural paradigms and placing sublexical phonological processes as early as 80 ms
after word presentation. The major disadvantage of the itpahiis the limited spatial
resolution. MEG, on the other hand, combines the high temporal resolution of EEG with
good spatial resolution and is therefore able to make a significant contribution to the
understanding of how visual word recognition takeselay placing it both in space

and time within the brain.
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2.4.4 MEG and Phonology

Both MEG and EEG detect signals generated by the same neural activity. In the
case of EEG these are electrical potentials generated by populations of neurons and for
MEG these a the magnetic fields resulting from those electrical potentials. Unlike the
electrical potentials of EEG, the magnetic fields measured by MEG pass through the
scalp and intervening tissue largely undistorted (Hari & Salmelin, 1997). This affords
MEG a mud better spatial resolution than EEG, while still taking advantage of the
direct measurements of neuronal activity that lead to a much higher temporal resolution
than hemodynamic imaging methods. The methods of MEG will be distusseore

detail inChapter 4

As discussed above, behavioural priming tasks are based on the principle that
processing of the target will be affected by the previous presentation of the \Mirae.
these overlap, for examplen an orthographic or photogical level, insights into these
processes can be revealed. Combining priming with EEG reveals how brain activity is
affected by this overlap, placing the manipulated processes accurately in time. This
principle can be extended to MEG, allowing researsho place the priming effect in

both time and space.

Wheat et al. (2010) used a masked pseudohomophone priming task in MEG to
investigatethe time course and cortical location of phonological access. The authors
used three priming conditions (adapteshirGrainger et al., 2006); a pseudohomophone
prime (e.g.breini BRAIN), an orthographic control prime (e.groini BRAIN), and an
unrelated control prime (e.dgpud BRAIN. The pseudohomophone and orthographic
primes both shared the same four out of fetters with the targetand the unrelated
prime shared no letters. Because the pseudohomophones and orthographic controls
shared equal orthographic overlap between prime and target, regions showing greater
activity to the pseudohomophone condition thHa brthographic condition relate to
phonological priming over and above any orthographic priming effects. Viinaie
beamforming anal yses showed significant
specifically in the pars opercularis of the leffarior frontal gyrus (BA 44) and
overlapping with neighbouring precentral gyrus (BA 6), within the first 200 ms from
target onset.n a region of interest analysa the border of left pars opercularis of
inferior frontal gyrus and precentral gyrus (LIp@ / PCG; overl apping

area), the authors demonstrated significantly stronger activity for the pseudohomophone
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condition than the orthographic condition within ~100 ms of target onset. From this
critical contrast, it appears that LIFGpo/PCG hamola in processing phonological

aspects of visually presented words within 100 ms of word presentation.

Wheat et al. (2010) interpreted the early activation of LIFGpo/PCG during
pseudohomophone priming as reflectsigdexical access to phonology duringswal
word recognition. They also argued that the result suggests that early visual word
recognition processes may take place via a direct-fiispeech mapping that is
mediated by an articulatory code. There are several lines of evidence in suppat of t
interpretation but also several alternative possibilities that must be argued against. For
example, it could be argued that this result is specific to priming and does not relate to
any basic visual word recognition processes, although this doesenotade the case,
as early LIFGpo/PCG activity has previously been observed in other tasks. Cornelissen
et al. (2009) reported an MEG study in which participants carried out a passive viewing
task. These authors found stronger responses to words thamnaonstrings, false
fonts and faces in Brocads area within 1
also found activation in Broca's area at ~130 ms during a modified lexical decision task.
Although these studies were not able to specifically ifiertiphonological role for
Brocads area, they provide valuable supp:
regionduringnosp r i med vi sual word recognition. T
is also corroborated by the ERP results of Ashbgle{2009) and Ashby (2010). In
these studies, Ashby and colleagues showed a significant effect gfhenbmic
phonological priming within 80120 ms of viewing a word. As discussed above, the
particular stimuli used by these authors may have allowed tilemxpose early
phonological processing that would not usually be revealed by averaging evoked
potentials. MEG analysis methods, such as beamforming, alloweheemato access
the so called fAi nduc edorespanges that areunllyassen we | |
using ERPs. The terimducedrelates to oscillatory brain activity that is not locked in
time relative to a stimulus. These oscillatory changes would therefore be cancelled out
by averaging in the amplitude domain (as with ERP analysis), hlieaevealed using
frequency domain analyseghis will be discussed in more detail in subsequent
chapters The early priming result of Wheat et al. was induced type activity, supporting
the idea that early phonological processes generally take plaoey dusual word
recognition, but would not be revealed by the ERP analyses of, for example, Grainger et
al. (2006).
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Support for Wheate t al . 0 s lexicak artic@atory sadd comes, for
example, from direct recording in surgical patients (Greenleé¢.,e2GD4 and fMRI
studies (Brown Ngan, & Liotti, 2008) indicating thatLIFGpo/PCG is strongly
associated with motor control of speech articulators. Further evidence for an association
with speech production codes comes from Pulilenet al. (2006) whdound that
when individuals listened to speech sounds, somatotopic representations of articulatory
features were activated precentral gyrusRCG which were spatially consistent with
the motor representations required for generating those same speeds.sFinally,
activation of this speetmotor region is consistent with findings from behavioural
studies suggesting that the phonology accessed in visual word recognition is sensitive to
articulatory characteristics of the words (Abramson and Goldid@&7; Lukatela et
al., 2001; 2004). Alternatively, it is also possible to interpret the results in terms of the
conflict resolutionmechanisms ofianuary, et al. (200%ee sectior2.3.3.4 ). This
would be particularly releant for phonological priming, where there is a potential
conflict to resolve between different orthographic representations activating the same
phonological representatior.(.,breini BRAIN versus two different orthographic and
phonological representatis €.g., broini BRAIN. Though, if this were the case, it
would leave open the question of when and where the initial phonological input
representations are formed prior to any phonological conflict being redmhveti00 ms
at LIFGpo/PCG

245 Summary

The tempral aspect of word recogimh is an essential component of
understanding how the brain reads. This section has introduced three methods that have
been used to study the temporal aspects of visual word recognition. The contribution of
behavioural priminghas been discussed, along with the limitations of behavioural
studies for inferring neural timings. EEG has been introduced as a technique with
excellent temporal resolution but limited spatial resolution, that when used with elegant
word recognition task€an provide valuable insights into how and when different
processes might take place. MEG has been introduced as a technique that combines the
excellent temporal resolution of EEG with good spatial resolution. When frequency
domain analyses are used, MiGalso able to reveal neural activity that is not usually

seen by EEG studies.
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Evidence has been presented that places phonological processing in
LIFGpo/PCGas early as 8120 ms after viewing a word. Not all studies, however, are
in agreement with thertiing of phonological processing; others placing it much later
from around 250 ms to 500 ms. As Ashby (2010) argued, theber éanings may
relate to sulexical phonological access. Later activity, therefore, may relate to whole
word phonological process, such as the phonological cognitive control observed by
Gold et al. (2005).

2.5 General Summary and Conclusion

The aim of this review was to explore what is currently understood about the
rol e of Brocads area during Vviuwmuwld wor
recognition in general has been explored, with a specific focus on the phonological
aspects of reading model s and behavi oul
introduced as a key region in speech and language from neuropsychology. The sub
regios o f Brocads area have been explored
opercularis of inferior frontal gyrus in
for the possible roles of Brocads area \

also beemeviewed.
2.5.1 Key Findings

The keyfindings from this review were

1 Computational models of visual word recognition have significant advantages
over verbal models and can be used to simulate and predict human behaviour;
however, no model currently accounts fal observed word recognition

phenomena.

1 The role of phonological processing during visual word recognition continues to
be disputed. Evidence suggests rapid and automatic sublexical phonological
access that may take place alongside diedatal processe This is in contrast

to the slow and secondary phonological route proposed in the DRC model.

1 Neuropsychology and neuroimaging go beyond the capabilities of models and

behavioural studies by localising word recognition processes within the brain;
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however,there are many caveats that must be considered when interpreting

neuropsychological evidence.

1T Brocabs area has been shown to be a k
network. This region contributes to fluent speech, along with a range of visual

word recognition and cognitive control processes.

T The ©pars opercul ari s of l eft i n;ferio
LIFGpo/PCQ has been shown to be particularly relevant for phonological
processing, as shown during fMRI visual word recognitionstaskwever, the
inherent limitations of the temporal resolution of fMRI mean that the different
levels of phonology (initial encoding processes, later feedback processes, and

higher order control processes) cannot necessarily be separated.

1 Many EEG studietave placed phonologically relevant processes within 250 to
500 ms of word onset; however recent evidence from EEG and MEG suggests
that sublexical phonological information may be processed in the pars
opercularis as early as 80 to 120 ms.

1 Wheat and collagues (2010) demonstrated phonological priming at the pars
opercularis of left inferior frontal gyrus within 100 ms of word presentation and
provided evidence that this activity related to activation of sublexical phonology

via an articulatory code.
2.5.2 Research Questions

Based on the evidence presented in this review, it seems that the specific role of
phonology during visual word recognition is yet to be defined. There is evidence in
favour of a rapid (~100 ms) activation of sublexical phonology during visoati
recognition, but this is surprising based on predictions frommugé theory and some
EEG studies. Further investigation is therefore needed to confirm the role of phonology

during visual word recognition and place this within the brain in tindespace.

The specific research questions that will be addressed by this thesis are; (1) what
is the role of Brocads area for phonol og
i's Brocabds area involved in rapiedftghonol
representations at Brocabs? For exampl e
phonol ogi cal information? (3) Il s Brocads

For exampl e, i f subl exical phonol orgai c al
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during visual word recognition, do these representations play a necessary functional role

in word recognition?
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Chapter 3

Experiments 114

3.1 Overview

This chapter reports four behavioural priming experiments. The main purpose of
these experiments was to test wieethublexical priming effects could be found using
nonword stimuli, and whether this was true for both lexical decision and naming.
Experiments 1 and 2 used a lexical decision task and Experiments 3 and 4 used a
speeded naming task. In all four experimemts asked whether phonological priming
of both word and nonword targets could be produced using nonword primes by
manipulating the phonological similarity between the prime and target. A large set of
word and nonword stimuli was constructed and testedrder to maximise the
behavioural phonological priming effect. Ultimately, these stimuli will also be used to
explore sublexical priming effects using MEG.

3.2 Introduction

As seen inChapter 2 behavioural priming has been comhineith EEG and
MEG in order to probe the neural processes involved in visual word recognition.
Pseudohomophone (Wheat et al., 2010), syllable (Ashby, 2010), and phonetic feature
(Ashby et al., 2009) primes have revealed phonological priming effects \aithimd
80 to 120 ms of the target word onset. Furthermore, Wheat et al. used source
localisation techniques in MEG to place this priming effect close to the border of pars
opercularis of left inferior frontal gyrus and precentral gyrus (LIFGpo/PCG); part o
Brocads area that has been | inked to pf
Broca, 1861a; Brown et al., 2008; Vigneau et al., 2006). All three of these studies used
nonword primes, providing support for the interpretation that these studied revea
subl exi cal phonol ogi cal effects. I n part

primé target pairs that were either congruent in final consonant voicing and vowel
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duration (e.g.fapi FAD) or incongruent (e.gfaz FAT), showed that the similarit§or
dissimilarity) between articulatory features of the primes and targets determined the
priming effect. However, these studies also had in common the use of real words as
targets. This leaves open the possibility that lexical effects also contributee to
phonological priming effect.

Serial search flags Operates in parallel Candidates matched fo stimulus
close matches

“house”
L ————————
l Blocked by masking
HOUSE - _'—’ Final candidate
i produced
HORSE | — —i — | HOUSE
: All entries except
MOUSE — — exact match
i closed down

Figure 3.1 The entryopening account of maskedimping. Multiple lexical
entries are opened by a word (or closely matching nonword prime), until
eventually the matching emgtis chosen. Multiple entries are therefore open
when a target is presented, resulting in a reaction time advantage if the target

is already open. Adapted from Forster (1998).

It has been argued, particularly based on repetition priming of lexical decision
tasks (Forster & Davis, 1984), that masked priming effects typically take place at a
l exi cal l evel. Fopsehengandc®aunsbdpadsnt sy
words occurs because identical word primes (or closely orthographically relatkdmwo
nonword primes) activate one or more possible lexical entried~{gese3.1). Residual
activation of these entries means that the appropriate target word entry is subsequently
faster to reactivate, resultig in faster response times. Phonological behavioural
priming effects might also be explained in these terms. For example, pseudohomophone
priming might occur because the prime is a close enough match to activate the lexical
entry of the following word tayet via a sublexical route. This paetivation of the
target wordds | exical representation by

target . Al ternative accounts of priming
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occurs because the wodone to identify the prime can be applied to the target, even if
they ae not identical (ForsteMohan, & Hector,2003). Ultimately, this theory is very
similar to the entryopening account, in that priming eventually results from faster
activation of dexical representation of the target, due to processes that are initiated by
the prime. These theories operate within a localist, modular system, such as the DRC
model (Coltheart et al., 2001) or the BIAM (Ferrand & Grainger, 2003; Grainger &
Ferrand, 1994Grainger et al., 2003; Jacobs et al., 1998; Ziegler et al., 2003), where
whole words are stored in a mental lexicon. They are not compatible with the
nonlocalist, distributed representations described by PDP models (e.g., Harm &
Seidenberg, 2004; Plaut al.,, 1996; Seidenberg & McClelland, 1989) due to the
absence of wholevord lexical entry nodes in these models.

Demonstration of priming effects for nonwords would be evidence against an
entryopening or savings theory of masked behavioural priming, adls bf these
accounts specify that priming occurs at the lexical level. Forster and Davis (1984) did
not show any repetition priming of their nonword targets, in line with the predictions of
their entryopening theory. Ferrand and Grainger (1992) alseddai show priming of
nonwords in their phonologically primed lexical decision task in French. Homophonic
French nonword pairs (e.drati TRAS were not responded to faster than orthographic
controls (e.g.clofif CLON), whereas for word targets pseudohoimape primes (e.g.,
lonti LONG) produced significantly faster reaction times than orthographic controls
(e.g.,lonci LONG). This result does not challenge a lexical level account of priming;
however, one criticism of F e rfereat mahwoedn d G
targets were used for the homophonic and control conditions, whereas the same targets
were used for both equivalent real word conditions. Although counterbalancing meant a
participant still saw a word target only once, the two nonword taayetitions may not
have been as well matched to each other on baseline unprimed reaction times. This
point was conceded in a later lexical decision study (Ferrand & Grainger, 1994) where
the nonword analyses were not presented for this reason.

Masked repttion priming effects for nonword targets in lexical decision are
typically small and often not significant, and Bodner and Masson (1997) argued that
this is because the decision to respomato a nonword suffers from conflicting
processes. On one hargyblexical priming is produced by repetition primes, which
speeds up the identification of the nonword target. However, on the other hand, the

repetition of the nonwords results in a perceptual fluency that creates a familiarity effect
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for the primed nonwa targets, making it difficult to reject them as nonwords, thus
slowing the participantsd responses. The
nonwords under most circumstances. In their priming task, Bodner and Masson
manipulated the case dtfe targets in order to disrupt this familiarity effect (e.g.,
custard cUsTaRg. The result was a net repetition priming effect for nonwords that was
even larger than for real words (93 ms and 75 ms, respectively). Forster (1998) argued
that although thipriming task shows evidence of sublexical effects, this is due to the
specific nature of the mixechse stimuli. Forster proposed that mioage presentation

forces deeper orthographic processing than under normal circumstances and it is the
activation @ letter entries which are then primed. Ordinarily, Forster argued, these letter

entries would not need to be accessed and so no nonword priming would be seen.

In contrast, Perea, @nez, and Fraga (2010) showed masked repetition priming
of nonword target$n Spanish without any specific manipulation of the stimuli. Their
lexical decision task showed an 11 ms priming advantage for repeated nonwords,
compared to nonwords primed by an unrelated nonword. Furthermore, the authors
challenged a popular explanationthe literature for the (usual) lack of priming effects
for nonwords. This popular explanation is that priming can only be seen during positive
(i.e.,ye9 responses, as negative responses aft
deadline for rejeng a nonword in lexical decision (as seen in the DRC model,
Coltheart et al., 2001, and in the multiple read model, Grainger & Jacobs, 1996)
means that any sublexical priming cannot be detected, unless the deadline is altered on
the basis of the prie (Forster, 1998). Perea et al. challenged this view, not only by
demonstrating sublexical repetition effects during lexical decision, but by further
demonstrating equivalent nonword priming when the nonwords required a positive
response in a go/Ago task The authors used bootstrapping simulations to show that
the 13.5 ms priming effect for nonwords in the geguotask was of equal magnitude to
the effect in lexical decision. This finding would not be supported by a deadline

account.

Two studies in Hebre also showed nonword priming in a series of lexical
decision experiments. Frost, Ahissar, Gotesman, and Tayeb (2003) showed repetition,
phonological, and orthographic priming at a smaller magnitude but similar overall
pattern to real words. Tzur and Frd®007) also generated repetition priming for
nonwords. Again, this was of a smaller magnitude than for the real word targets, but

was still a significant priming effect in two out of three experiments. Unlike Bodner and
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Masson (1997), these studies did mse any unusual manipulations of the stimuli in
order to produce the nonword priming effects. The BIAM (Grainger & Ferrand, 1994;
Grainger et al., 2003; Jacobs et al., 1998; Ziegler et al., 2003) performs well on fast
phonological priming tasks due t® isublexical input phoneme mapping (Diependaele
et al., 2010). Therefore, this model could potentially account for priming of nonwords

via these sublexical phonemic representations; although this has not been tested.

The results of Bodner and Masson (199Most et al. (2003), Tzur and Frost
(2007), and Perea et al. (2010) demonstrate that sublexical priming effects can be
revealed behaviourally, as evidenced by the priming of nonword targets. In standard
repetition priming tasks, it seems likely that egialexical priming advantage is elicited
for real words that cannot exist for nonwords. Forster et al. (2003) suggested that
sublexical components probably contribute no more than a 10 ms advantage in
repetition priming. This may be confounded by famitiarconflicts for primed
nonwords in the lexical decision task, resulting in no overall behavioural priming effect
(Bodner & Masson, 1997). The net behavioural priming effect, therefore, probably
consists of lexical, sublexical and postlexical effects. iEhative contribution of each
type of effect being dependent on the task constraints, for example, Bodner and Masson
created a strong sublexical orthographic effect by emphasising the importance of

individual letters to word recognition.
3.2.1 The Present Experiments

Wheat et al., (2010), Ashby, (2010), and Ashby et al. (2009) have shown
phonological priming effects within the first B020 ms of word presentation. It has
been hypothesised that this relates to the priming of sublexical phonological processes.
Wheat et al . further | ocalised this pri mi
which has previously been implicated in phonological and articulatory processes
(Broca, 1861a; Brown et al ., 2008; sVigne
area has a role in sublexical phonological processes during visual word recognition,
t hen it should be possible to show equi
nonword targets. I f the priming eftheect p
the lexical status of the stimuli should not change the pattern of phonological priming
seen using MEG. The presence of similar phonological priming of nonword targets
would contradict a lexical interpretation of the results, and provide further dppa

sublexical phonological role of left IFG in visual word recognition. The following four
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experiments, therefore, aimed to produce a suitable nonword priming experiment to be
used later in MEG.

The important distinction between these behaviourahipg effects and the
results from EEG and MEG studies is that behavioural experiments only allow the
measurement of the output from the system. It seems that lexical effects contribute
significantly to the behavioural priming effect, and this seems feaskl the reaction
time is probably based on having finished the entire word recognition process, which
will include lexical and postlexical effects, such as orthographic checking (e.g., Lupker,
Brown and Colombo, 1997). However, EEG and MEG allow a winddw earlier
sublexical processes, that contribute greatly within the fir800 ms (e.g., Hauk et al.,
2006), without the confounding effects of these later processes. Therefore, the
mechanisms of behavioural priming are not central to this thesis)yabehavioural
effect may be the result of an interaction between sublexical, lexical, and postlexical
effects. However, a reliable phonological behavioural priming result will provide a

strong basis for investigating sublexical phonological effects MEBEG.

In sum, the present experiments serve a dual purpose of investigating sublexical
priming effects behaviourally and preparing a suitable test of sublexical effects for use
in MEG. Though, the behavioural results will likely include lexical and posiéxi
effects, evidence of sublexical priming will be a suitable basis for progressing to an

MEG investigation of sublexical phonology.
3.3 Experiment 1

Experiment 1 was the first of two primed lexical decision experiments.
Previously, lexical decision experimsrhave been used in English to successfully show
phonological priming (e.gLukatela et al., 2001; Lukatela et al., 2004; Lukatela et al.,
1998. However, none of these experiments have examined the phonological priming
effect on nonword targets. The moord targets in lexical decision experiments in
English have included pseudohomophones and illegal letter strings (e.g., Rastle &
Brysbaert, 2006), but researchers have treated the nonword trials as foils and discarded
them. Only in French (e.g., Ferrand@rainger, 1992) and Hebrew (Frost et al., 2003;
Tzur & Frost, 2007) have the nonword targets been presented under the same

phonological priming conditions as the real word targets.
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This experiment used the same priming parameters as Wheat et al. (Ba10); t
IS, a fourfield masking paradigm, with the prime sandwiched between two masks, and
the target clearly visible (i.emask prime masktargef). The task was changed from
reading aloud in Wheat et al. to lexical decision here in order to incorporate the
nonword targets. Lexical decision also provides a stronger test of sublexical effects than
reading aloud, because Forster (1998), for example, suggested that behavioural priming
effects in reading aloud could be due to priming of postlexical articulatamning and
not to any word recognition processes. This experiment also included the creation of the
nonword target and prime stimuli that were used in the four experiments presented in
this chapter. Phonological priming was measured as faster reacties tonthe
phonologically primed (PSEUD) trials than to orthographic controls (ORTH). Targets
and primes from both of these conditions always shared all but one letter. Any
advantage of the orthographic control prime over an unprimed control condition,
conssting of five dashes (UNPRIMED), shows the priming that occurs based on the
almost complete orthographic overlap and partial phonological overlap between prime
and target. The phonological prime then shows any priming over and above this, in the
case whex there is the same amount of orthographic overlap but the prime and target
sound the same. In other words, equivalent levels of orthographic priming are expected
in the orthographic and pseudohomophone conditions, with additional phonological

priming in the pseudohomophone condition.
3.3.1 Methods

3.3.1.1 Participants

Twelve nativeEnglishspeaking adults (9 femalesl,ge 21.50 yearsSD 1.57)
gave their informed consent to participate on a voluntary basis. All were reported to be
right-handed, with normal or correct¢otnormal vision, and with no history of any
reading disorder. The experiment was conducted in accordance with the Department of
Psychology Ethics Committee, University of York. Participants were paid £4 or
awarded course credits. One additional partitiggaok part, but was excluded from all

analyses due to a mean error rate >10% with a maximum error rate of 20.5%.
3.3.1.2 Materials

The stimuli were 200 English realord (M freg/million 54.49,SD 156.29) and
200 nonword targets matched on length6(detters, man 5.00), and nonword or

pseudohomophone primes that were created from their targets by replacing one letter.
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Word and nonword target stimuli were presented in three conditions, denoted biy prime
target relationship. Pseudohomophones primes (PSEUD) weigndd to sound the
same as their target word or nonword and orthographic controls (ORTH) were designed
to sound different from their target. In a third, unprimed, condition, the prime was
replaced by five dashes+--). Examples of matched words and namngs are shown in

Table3.1; the full stimulus list can be seenAppendixA.

Table3.1
Examples of Primes and Targdig Position of Letter Switch and Length

Prime
Lexicality PSEUD ORTH Target Position Length
Word tipe tope TYPE 2 4
Nonword nirm narm NERM 2 4
Word breef broef BRIEF 3 5
Nonword bokus bofus BOCUS 3 5
Word sitrus hitrus CITRUS 1 6
Nonword ciprin viprin SIPRIN 1 6

An initial list of four to six letter nonwords was generated using the
WinWordGen 1.0 application (Duyck, Desmet, Verbeke, & Brysbaert, 2004), with the
default constraints of number of orthographic neighbouiislQ® minimum legal
bigram frequency (30), and minimum onset/suffix bigram frequency (15). Appropriate
primes were then generated from the list of nonword targets by replacing one letter so
that the pronunciation of the nonword prime was different from or remained the same as
thetarget nonword. Primi¢arget pairs were then rated according to how well the primes
fit the desired constraints of MAsounds t

the targeto.

A tiered rating procedure was undertaken, with each experimpatécipant
interaction taking place separately. First, the entire stimulus set ofipairget pairs
was randomized and then split into one list of primes and another of targets. Three
experimenters each asked three different independent participants slaeddhe list
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of primes, whilst the experimenter viewed a matching list of targets. The experimenter
then rated each pronunciation of a pri me
or ndi fferent fromo t he ajpgh)r Bapiciparstweret ar ¢
blind to the target spelling and experimenters were blind to the prime spelling. This
ensured all stimuli were evaluated for pronunciation without the confounding influence

of shared spelling, for example, if a participant readicdlithe nonwordokusfrom the

list of primes, the experimenter had to identify if the pronunciation they heard matched
the written nonwordBOCUSin their list of targets. Nonword targets were selected for

the experiment if they were paired both with ayskghomophone prime that was rated

at least six out of nine times as sounding the same as the target and with an orthographic
control prime that was rated at least six out of nine times as sounding different from the
target. In other worddjokusmust rateas soundshe-same at least six times, ahdfus

must rate as soundkfferent at least six times for the targ@DCUSto be accepted. The

intraclass correlation coefficient of the nine participants Was95% CI [.58, .64].

After the rating procedureh¢ final list contained 200 nonword targets that were
each matched with two nonword primes. The two lists of nonword primes were
checked for bigram frequency differences by using the combined token bigram
frequency score of primes from each condition.e Tirean Log token frequency for
PSEUD NONWORD primes was 5.6(6€ 0.03) and for ORTHNONWORD primes
was 5.66 $E 0.03). A pairedt-test revealed no significant difference between the
nonword prime conditionst(398) =-1.57,p = 0.12, indicating that righer condition
contained primes made up of more frequently occurring letter pairs than the other
condition. This ensured any orthographic relationship to British English was controlled

for because no prime group was more familiar in terms of spellimgtti@aother group.

The four to six letter word targets were then chosen from a pool of 400 by first
using the same rating procedure as for the nonwords to ensure well matched primes.
Then the final targets were then chosen from the resulting list of 3diatohing to the
nonword list on string length and the position of the letter switch. For example, the
pseudohomophoinevord pair breefi BRIEF would be an appropriate match for the
pseudohomophoineonword paibokus BOCUS because both are five letters lonida
have the letter replacement at position three in the string (shown in bold; séalakso
3.1). The mean Log token frequency for PSEUWORD primes was 5.57SE0.03),
for ORTH WORD primes was 5.635E0.02). A paired-testrevealed no significant
difference between the word prime conditioi382) =-1.63,p = 0.10.
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Stimuli were displayed on a Mitsubishi Diamond Pro 19 in. CRT monitor,
controlled from a Windows PC. Stimulus sequence was generated and controlled using
Preentation Version 14.0 (Neurobehavioral Systems, Inc.), which has the advantage of
locking the temporal sequence of events to the vertical screen refresh with microsecond
precision. The screen resolution was 1024 x 768 True ColotBIB4with 100 Hz
vertical refresh, allowing events to be manipulated in multiples of 10 ms. Responses
were made using a bespoke button box via LPT1 port, which performed debouncing in

hardware.
3.3.1.3 Design

All participants saw all of the target stimuli three times; once for eatheof
three primétarget conditionsThe experiment therefore used a witurbjects design,
with the dependent variable pfimé target relationship and the independent variable of

reaction time.

Counterbalancing and pseutindomization in the following ay ensured that
each participant saw a unique stimulus order and controlled for potential order effects
created by the repetition of each target three times (once for each stimulus type). First,
the stimuli from the six conditions were divided equallyittiree blocks (A, B, and C)
so that a target appeared only once in each block, and with an equal number of prime
types in each block. Each participant was then assigned one of six possible block orders
(ABC, ACB, BAC, BCA, CAB, CBA) ensuring that any ordeffects of primeétarget
pairing were controlled for between participarigally, a unique order was created for
each participant by randomizing the stimulus order within each block (keeping the
block structure in order to preserve prirteget level canterbalancing) This final
randomisation also ensured word and nonword trials were shown in an unpredictable

order for the lexical decision task.

3.3.1.4 Procedure

The experiment took place in a windowless room with overhead illumination
provided by afluorescentstrip light Each trial lasted 3090 ms (for timings $egure
3.2) with trials looping continuously. The fixation cross indicated the start of a new
trial. Each trial contained a brief lower case masked nonword doitweved by an
upper case target, displayed in black on a light grey background. The change in case

between prime and target controlled for repetition effects due to visual pattern on the
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retina. Sti mulii subt ended ~aviewingglistamaeiofi z o n
~70 cm.

Participants were instructed to focus on the centrally presented fixation cross,
and to decide as quickly and accurately as possible whether each uppercase target was a
real word or a nonsense word and to respond by pressen@ppropriate button.
Participants responded with their right forefinger for a word and left forefinger for a
nonword.  Timings of responses were logged by Presentation Version 14.0
(Neurobehavioral Systems, Inc.), which provides an estimate of thetaingpecision
of each trial. Participants were questioned after the experiment to ensure they were not

able to report the primes.

TIME
1200ms
200ms HE#HHHH
500ms breef
70ms HHuHHHHE
20ms BRIEF
300ms

500ms

Figure 3.2 Theduration of eachwent within atrial.

3.3.2 Results

Incorrect rsponses were first removed. The mean error rate was 5.SD% (
2.26). Any trials that were logged by Presentation as having a temporal precision
uncertainty of 5 microseconds or greater were also removed (<1% trials). Reaction
times (RT) greater or lessah 3 standard deviations from the mean (by condition for
each subject) or greater than 1100 ms were treated as outlying data points and were
excluded from further analysis (<1% of trials; for a discussion of the influence of

outliers see e.g., Miller, 199Zimmerman, 1994).
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As shown inFigure 3.3, there appeared to be a trend for targets primed by
pseudohomophones to be responded to fastest, followed by orthographic controls, and
unprimed targets responded to slowésterall, the real word targets were responded to

37 ms faster than the nonword targets.
3.3.2.1 Reaction Time Analyses by Participants

Reaction time data were analysed using repeated measures ANOVAs (in PASW
18, SPSS Inc., Chi cago, vdrifyjhat thdVlessurmptidnypfd st
sphericity had not been violated and if necessary a correction was applied where stated.
A two-by-three repeatetheasures ANOVA with the withisubject factors of lexicality
and primétype was conducted. The results showedigmificant main effect of
lexicality, F(1,11) = 33.68p < .OOl,dp2 = .75, and of primigype, F(2,22) = 55.90p <
.OOl,dp2 = 0.84, and a significant interactidf(2,22) = 7.67p = .OOS,c{D2 = .41.

As there was an interaction between lexicality and grigpe, separate orgy-
three ANOVAs were then conducted, sjigt the data by lexicality. For real word
targets, there was a significant main effect of prityyee, F(2,22) = 27.89p < .001,d,°
= .72. Planned repeated contrasts revealed significant differences between PSEUD and
ORTH, F(1,11) = 17.62p = .002,d,” = .62, and between ORTH and UNPRIMED,
F(1,11) =11.18p = .007,(1,02 = .50. For nonword targets, there was a significant main
effect of primétype, F(2,22) = 31.58p < .001,0|p2 = .74. Planned repeated contrasts
revealed no significant differences betwdeBEUD and ORTHF(1,11) = 0.03p =
0.86,o[p2 < .01, but a significant difference between ORTH and UNPRIMED,11) =
37.67,p<.001,d,°= .77.

3.3.2.2 Reaction Time Analyses by Items

Items analyses corroborated the findings. For real words, there was aargnifi
main effect of primétype, F(2,392) = 23.52p < .001,c|p2 = .11. Planned contrasts
revealed significant differences between PSEUD and ORF{H,196) = 17.43p <
.001,d,>= .08, and between ORTH and UNPRIMBE(1,196) = 6.86p = .014,d,”> =
.03. Fornonwords, there was a significant main effect of prityyee, F(2,392) = 51.23,

p < .001, qu = .21. Planned contrasts revealed no significant differences between
PSEUD and ORTHF(1,196) = 0.12p = .74,c|p2 < 0.01, but a significant difference
between ORH and UNPRIMEDF(1,196) = 83.37p < .001,d,’ = .30.
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Figure 3.3 Mean reaction times by pririgpe andlexicality. Standard error

bars, corected for repeated measures.

*** p< 001, * p<.01, n.s. = nosignificant

In sum, word targets were responded to faster overall, and show both
phonological priming (PSEUD faster than ORTH) and orthographic priming (ORTH
faster than UNPRIMED). Nonword trials did not show any phonological priming, but
did show orthgraphic priming.

3.3.3 Discussion

The purpose of Experiment 1 was to explore whether a phonological priming
effect could be produced for nonword targets in a lexical decision task. Priming of
nonwords would reveal a sublexical component of the behavioural griefiect.
However, these sublexical effects may be difficult to demonstrate behaviourally. In
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Experiment 1, for nonword targets, no phonological advantage was shown for the
pseudohomophone prime over and above the orthographic control prime. Orthographic
form priming was, however, shown by significantly faster reaction times to the

orthographically primed nonwords than for unprimed nonwords. For the word targets,

both phonological and orthographic priming was shown.

At this point, Experiment 1 could havedretranslated into an MEG experiment.
The word targets showed behavioural priming under similar parameters to Wheat et al.
(2010), but with a change of task. It could therefore be expected that this experiment
woul d show phonol ogiafa Wordpargetsn Equigalers honvbrdo ¢ a
priming under these conditions in MEG would be a strong test of the sublexical nature
of activity at Brocads area. However, gi
has not been tested previously in Englisi,ti2 phonological priming effect for words
was small, at just 12 ms, compared to 21 ms for Wheat and colleagues, (3) parameters
such as lighting conditions, contrast energy, and visibility of the prime have proved
critical in producing priming effects @, Frost et al., 2003; Humphreys et al., 1988;
Lukatela et al., 1999), and (4) MEG experiments are expensive both in terms of time
and resourceswe deemed it prudent to further investigate whether a behavioural
phonological priming effect could be produt for nonwords in English. A second

lexical decision experiment was therefore conducted with slightly altered parameters.
3.4 Experiment 2

In Experiment 2 the priming procedure was altered slightly with the aim of
increasing the priming effect for both worddanonwords. One factor that has been
shown to impact on the priming effect is the visibility of the prime, for example,
Humphreys et al. (1988) showed that within trial priming effects benefit from masked
priming procedures, whereas list effects (i.ehssguent presentations of the same
target within a stimulus list) benefit from unmasked procedures. The prime duration
used in Experiment 1 was 70 ms. Although Wheat et al. (2010) previously demonstrated
that this was not long enough for the participaotbe able to identify the prime, some
participants from Experiment 1 did report being able to see a flickering pattern before

the target was presented.

Forster, et al. (2003) mentioned that in their experience, an intervening mask

between the prime and tkerget can lead to an increased visibility of the prime and to a
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weaker priming effect. Wheat et al. (2010) used an intervening mask in line with the
successful phonotpcal priming task of Grainger et §2006). However, the prime and
backward mask dutians of Grainger et al. resulted in a total SOA of just 67 ms,
compared to a total SOA of 90 ms in Experiment 1. Ferrand and Grainger (1993)
demonstrated that the optimal SOA for phonological priming in lexical decision task in
French is 6070 ms. At thisprime duration (without an intervening mask), there was a
decline in the facilitation provided by orthographic overlap and an increase in the

facilitation provided by phonological overlap.

In Experiment 2, the intervening mask between the prime and tamget
removed, in order to make the prime less visible. This is in line with the-fietée
masking procedurenfask primei targe) used by, for example, Forster and Davis
(1984), Ferrand and Grainger (1993), Lukatefaal. (1998), Frost et al. (2003), and
Tzur and Frost (2007). Removing the intervening mask and shortening the prime
duration by 10 ms resulted in an SOA of 60 ms, in line with the phonological priming
findings of Ferrand and Grainer (1993). Therefore, the stimuli and task remained the
same a€xperiment 1, but the trial event sequence and timings were modified in order
to investigate whether nonwords could be primed under different trial parameters and to

try to increase the strength of the word phonological priraffert
3.4.1 Methods

3.4.1.1 Participants

Twelve nativeEnglishspeaking adults (11 femalédage22.58 yearsSD 10.05)
gave their informed consent to participate on a voluntary basis. All were reported to be
right-handed, with normal or correct¢olnormal vision, and with no history of any
reading disorder. The experiment was conducted in accordance with the Department of
Psychology Ethics Committee, University of York. Participants were paid £4 or
awarded course credits. One additional participant took part, but was excluded from all

analyss due to a mean error rate >20% with a maximum error rate of 31%.
3.4.1.2 Stimuli, Materials and Design

The stimuli, materials and design were identical to Experiment 1.
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3.4.1.3 Procedure

1200ms
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Figure 3.4 The timings of eaclevent within a trial. The second mask has been

removed, and the prime duration shortened to create a new SOA of 60 ms.

The procedure was modified from Experiment 1 by removing the backward
mask so that the new trial event sequence mask prime target The prime duration
was also shortened to 60 ms from 70 ms. These changes resulted in a new SOA of 60
ms, reduced from a 90 ms SOA in Experiment 1. The new trial event timings are shown
in Figure3.4. All other asped of the procedure remained the same as Experiment 1.

3.4.2 Results

Incorrect responses were first removed; the mean error rate was 835%% (
5.34). Any trials that were logged by Presentation as having a temporal precision
uncertainty of 5 microseconds or gieyawere also removed (<1% trial®Tsgreater or
less than 3 standard deviations from the mean (by condition for each subject) or greater
than 1100 ms were treated as outlying data points and were excluded from further

analysis (<1% of trials).

Figure 3.5 shows a trend for real word targets to be responded to faster than
nonword targets, with a mean RT advantage of 47 ms for words. For real words, targets
primed by pseudohomophones appeared to be responded dst.fd&sir nonwords,

targets primed by orthographic controls appeared to be responded to fastest.

77



Chapter 3 Experiments 1i 4

3.4.2.1 Reaction Time Analyses by Participants

A two-by-three repeated measures ANOVA with the witbibject factors of
lexicality and primétype was conducted. Thiesults showed a significant main effect
of lexicality, F(1,11) = 44.54p < .OOl,dp2 = .80, and of primigype, F(2,22) = 9.25p
= .OOl,dp2 = .46, and a significant interactiof(2,22) = 3.56p = 0.046,(:1p2 =.24. Due
to the significant interaction and the main effect of lexicality, separateptiaee

ANOVAs were then performeaf words and nonwords.

%ok ok
[ ]
560 o | | [ |
%k
550 - —
540 | n.s. I
1
530 - I I
520 |
—
)
£ 510
S
g 500
= 490
c
O 420
v
o
470 -
i
460 |
450 -
440 |
430 |
420 - . . .
Pseud Orth Unprimed Pseud Orth Unprimed
Word Nonword

Figure 3.5 Meanreaction times by primeype and lexicality Standard error

bars, corected for repeated measures.

*** p< 001, *p<.01, *p<.05, n.s. = not significant.

For red words, there was a significant main effect of piitype, F(2,22) =
3.62,p = .O44,dp2 = .25. Planned repeated contrasts revealed a significant difference
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between PSEUD and ORTH(1,11) =5.42p= .O4,dp2 = .33, but not between ORTH

and UNPRIMED,F(1,11) = 0.11,p = .75, dp2 = .01. For nonwords, there was a
significant main effect oprime'type, F(2,22) = 7.91p = .003,qp2 = .42. Planned
repeated contrasts revealed no significant difference between PSEUD and ORTH,
F(1,11) = 2.20,p = .17, dpz = .17, but a significant difference between ORTH and
UNPRIMED, F(1,11) = 16.40p = .002,d,” = .60.

3.4.2.2 Reaction Time Analyses by Items

Items analyses corroborated the findings. For real words, there was a significant
main effect of primétype, F(2,392) = 6.37p = .002,dp2 = .03. Planned repeated
contrasts revealed a significant difference betwe8BUD and ORTH;(1,196) = 9.87,
p= .002,c|p2 = .05, but not between ORTH and UNPRIMHEE1,196) = 0.08p = .78,
olp2 < 0.01. For nonwords, there was a significant main effect of ptype, F(2,392) =
11.03,p < .001,c{02 = .05. Planned repeated contsaevealed no significant difference
between PSEUD and ORTHF(1,196) = 0.53p = .47, clp2 < .01, but a significant
difference between ORTH and UNPRIMEE(1,196) = 18.21p < .001,d,* = .09.

In sum, word targets were responded to faster overall andeshplonological
priming (PSEUD faster than ORTH) but not orthographic priming (ORTH equal to
UNPRIMED). Nonword trials did not show any phonological priming, but did show
orthographic priming.

3.4.3 Discussion

The purpose of Experiment 2 was to explore whethghanological priming
effect could be produced for nonword targets and increased for word targets by
modifying the parameters from Experiment 1. However, for nonword targets, no
phonological advantage was shown for the pseudohomophone prime over anthebove
significant orthographic form priming effect. For the word targets, a small but
significant phonological priming effect was shown, but there was no advantage shown
for orthographic priming alone. Therefore, it seems that under these parameters, words
show only a phonological priming effect and nonwords show only an orthographic

priming effect without a further advantage for phonological overlap.

That the real word targets show only phonological priming under these
parameters is not surprising based lom finding of Ferrand and Grainger (1993) that at
an SOA of 6070 ms the advantage of shared phonology increases and the advantage of
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shared orthography decreases. It might be surprising that the word effect is smaller than
in Experiment 1, however, Frost al. (2003) and Tzur and Frost (2007) demonstrated
using a series of primed lexical decision experiments that SOA does not always
determine how successful a prime will be at influencing processing. There is a
significant interaction between prime durati@and luminance (in accordance with

Bl ochds | aw,; Hood & Finkelstein, 1986) i
that is provided to the cognitive system. The luminance of the stimulus determines this
energy directly and the exposure duration alldiaes amount of energy to be summed

over time. The findings of Frost et al. (2003) and Tzur and Frost (2007), therefore,
suggest that the specifics of any particular experimental setup (such as screen properties
and room lighting) interact with the prime gsentation parameters to produce the
overall priming effect. Consequently, tharpe duration and SOA necessdoyelicit

priming in any lab may not be expected to be constant across labs. In conclusion, the
priming parameters used in Experiment 2 didnesult in a phonological priming effect

for nonwords or an increase in the priming effect for real word targets.
3.5 Summary: Experiments 1 & 2

The goal of Experiments 1 and 2 was to produce phonological priming of
nonwords targets during a lexical decisiosktan English. Phonological effects for
English nonwords have yet to be reported in a primed lexical decision task, although
similar effects have been shown in Hebrew (Frost et al., 2003). The overall aim was to
produce this behavioural phonological prigieffect for nonwords in English in order
to translate this into an MEG experiment. This experiment could then be used as a test
of the nature of the phonological priming seen by Ashby, (2010) and Ashby et al.
(2009) in EEG, and by Wheat et al., (2010Bat o ca6s area wusing ME¢
status of nonword prime and target pairs allows the investigation of a possible

subl exi cal role of Brocab6s area during Vi

Both Experiments 1 and 2 showed significant orthographic priming of manwo
targets, but no phonological priming. A lexical level interpretation of priming would not
predict any priming when the target is also a nonword. Consequently, these experiments
demonstrate sublexical orthographic form priming of nonwords in a lexicaside
task in English. However, this is not sufficient for an MEG investigation of sublexical

phonology. Experiments 3 and 4 will, therefore, look at how changing the task will
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affect the priming result in order to extend the phonological priming eféect with the

real words to the nonwords.
3.6 Introduction: Experiments 3 & 4

The lexical decision task is a stronger test of sublexical effects than reading
aloud, as it has been argued that priming of nhonwords in a reading aloud task could be
due to the prinmg of postlexical articulatory planning and not to any word recognition
processes (Forster, 1998). However, the disadvantage of lexical decision is that the task
demands are different from basic visual word recognition. The process of rejecting a
nonwordmay be subject to different effects from the decision to accept a real word,
such as in the perceptual fluency effect of Bodner and Masson (1997), described above.
Lexical decision tasks typically show larger frequency effects and longer reaction times
(eg.,Balota & Abrams, 1992Balota & Chumbley, 1984 which also suggests different
processes result in the final response. The choice of task has also been shown to have a
significant effect on the type of priming that is found (Kim & Davis, 2003). Thesgfo
the failure to find an effect of sublexical phonology under lexical decision does not
necessarily constitute negative evidence for sublexical phonological involvement in

visual word recognition (Johnston & Castles, 2003).

Rastle and Coltheart (1999)uied homophonic priming in reading aloud only
when either the target or the prime was a real word. Homophonic honwordeggirs (
kefif KEPH) did not produce any priming. However, in their task, both the prime and the
mask were visible and named aloud, vat800 ms interstimulus interval. As discussed
above, prime visibility has been shown to be a critical factor in phonological priming
(Humphreys et al., 1988). Therefore, the results of Rastle and Coltheart do not preclude

the finding of phonological primig of nonwords when the primes are masked.

Masson and Isaak (1999) demonstrated both repetition and orthographic priming
of nonwords in their masked reading aloud paradigm. However, their stimuli did not
permit testing for phonological effects. In a fdiegld (maskprime masktarged
masked reading aloud task, Horemans and Schiller (2004) investigated sublexical form
priming effects in Dutch. The findings demonstrated significant orthographic form
priming effects and implied a sublexical basis for theogffeut again phonological
priming was not tested. Grainger and Ferrand (1996) compared masked orthographic

and phonological effects across different tasks in French; however, the primed nonword
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targets were only presented in the lexical decision taskshoded no priming effects
(though, as mentioned above, different nonword targets were used for each prime
condition, limiting the conclusions that can be drawn).

Consequently, it is seems that orthographic priming effects can be seen for
nonwords in the @aing aloud task as in the lexical decision task. However, the
phonological priming effect in nonword naming is under explored. Both the lexical
decision task and reading aloud may be susceptible to effects that are not related to
basic visual word recogimn processes, therefore, strong conclusions about the
sublexical nature of the effect cannot be drawn from either task. The following two
experiments will examine the possibility of producing behavioural phonological

priming effects for nonword targets a reading aloud task.

3.7 Experiment 3

The phonological priming effect for word targets in Experiments 1 and 2 was
small compared to the behavioural effect of Wheat et al. (2010). Wheat and colleagues
used a speeded naming task rather than the lexical ated¢ask used so far in this
chapter. The purpose of Experiment 3 was to replicate the behavioural experiment of
Wheat et al. (2010), but including nonword, as well as word, targets. In other words, a
direct replication of Experiment 1 in design, but thetipgpants named the word and
nonword targets instead of making a lexical decision. As the same experiment
parameters were used as in Experiment 1, the participants saw a randomised mix of

word and nonword trials.

The priming timings of Experiment 1 wengsed rather than Experiment 2
because Experiment 1 showed stronger priming effects for words and used the same
parameters as Wheat et al. (2010). Although the SOA of 90 ms is longer than some
research has shown to be optimal for phonological priming feegrand & Grainger,

1993), as Tzur and Frost (2007) demonstrated, luminance interacts significantly with
SOA and can therefore influence the priming effect. Critically, the luminance, SOA and
other environmental factors were kept constant across the mgmeal conditions to be
compared; therefore, the exact luminance and exposure durations are not critical to the
priming result (Tzur& Frost, 2007). Ultimately, the conditions used by Wheat et al.
have shown successful phonological priming in our lab ¢omdi (i.e., longer prime
duration, but low screen contrast and mesopic or scotopic viewing conditions), possibly
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due to the i nteraction bet ween stimul us
Hood & Finkelstein, 1986).

One difference between Experimie8 and the preceding experiments is that this
experiment used a subset of the stimuli used in Experiments 1 and 2. Around 100 trials
per condition will be needed in the MEG version of the experiment, whereas the lexical
decision experiments had 200 stimper condition. This allows the stimuli to be
selected for the strength of their phonological priming effect based on the significant

phonological priming effect of the word targets in Experiment 1.
3.7.1 Methods

3.7.1.1 Participants

Twenty four nativeEnglishspeakiy adults (6 malesMage 20.13 years SD
3.15) gave their informed consent to participate on a voluntary basis. All were reported
to be righthanded, with normal or correct¢éatnormal vision, and with no history of

any reading disorder.

An additional 4 peicipants (2 malesMage 19.75 yearsSD 0.50) were tested,
but excluded from all analyses because (1) the fire alarm sounded during testing, (2)
they were not a nativenglishspeaker, (3) the voice key was not activated by the start
of the word, or (4the voice key was set off by breathing noises prior to target word

presentation.
3.7.1.2 Materials

In order to maximise the phonological priming effect and to create a suitable set
of stimuli for MEG, a refined set of stimuli was selected based on the reacties tim
from Experiment 1. As there was no phonological priming effect for nonwords, stimuli
were selected based on the real word data. First, stimuli were ranked in order of mean
phonological priming effect (ORTH minus PSEUD) and selected only if they showed a
mean pseudohomophone advantage; that is, at least 1 ms faster mean reaction time for
PSEUD than ORTH. This resulted in 123 targets, which were then selected if at least
five participants from Experiment 1 showed a pseudohomophone advantage for that
target This left 110 word targetdV freg/million 54.15,SD 186.66). The mean of Leg
bigram token frequency fdPSEUD WORD primes was 5.52SE 0.04), forORTHi
WORD primes was 5.62SE0.03). A paired-test revealed no significant difference
between the prim conditionsf(205) =-1.75,p = .08.
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The nonword targets were then selected by matching to the word targets on
string length and the position of the letter switch (aBxperiment 1. The mean of the
Logio bigram token frequerycfor PSEUD NONWORD primes was 5.583E0.03), for
ORTHi NONWORD primes was 5.689E0.03). A paired-test revealed a small but
significant difference between the nonword prime conditiof24,8) =-2.07,p < .05,
with the orthographic primes being slightmore word like in their orthographic

structure.

Stimuli were displayed on a Mitsubishi Diamond Pro 19 in. CRT monitor,
controlled from a Windows PC. Stimulus sequence was generated and controlled using
Presentation Version 14.0 (Neurobehavioral Systénts). The screen resolution was
1024 x 768 True Colour with 100 Hz vertical refresh, allowing events to be manipulated
in units of 10 ms. Vocal responses were recorded using an-Aedimica microphone.

This is a professional, studio quality micropbahat is optimised for recording speech.
The analogue to digital conversion of the microphone output was performed by a
Soundblaster Xifi card in the Windows PC. Conversion was carried out at 44 KHz with
16-Bit resolution. The recording level of the miptmne was set for each participant
before testing to ensure appropriate triggering of the voice keyAppendix B).
Timings of responses were logged by Presentation Version 14.0 and sound files of
partici pant s 0ecordeds gp dhatstieesaccuvacy @& responses could be
determined offline.

3.7.1.3 Design

All participants were presented with all stimuli from each condition, making a
total of 660 trials, with each target seen three times. Stimulus presentation was
counterbalancednal pseudorandomised asErperiment 1

3.7.1.4 Procedure

The procedure was the same Bsperiment 1with the exception of the
instructions given to participants. Participants were instructed to attend thelgentra
presented fixation marks, and to say each word or rapdeord out loud as quickly

and accurately as possible.
3.7.2 Results

Incorrect responses were first removed; the mean error rate was 339% (

2.00). Vocal reaction times (VRTSs) greater or less thataBdard deviations from the
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mean (by condition for each subject) were excluded from analyses. VRTs greater than
1100 ms or less than 200 ms were also excluded. The mean attrition rate after error
removal, thresholding, and any trials where the particigehbot respond, was 11.41%
(SD9.21).
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Figure 3.6 Mean reaction timeby primd type and lexicality. Standard error

bars, corected for repeated measures.

% < 001, * p< .01, *p < .05.

As shown inFigure3.6, there appeared to be a trend for PSEUD to be responded
to fastest, followed by ORTH, with UNPRIMED being the slowest. Overall, the real

word targets were responded to 43 ms faster than the nonword.targets
3.7.2.1 Reaction Time Analyses by Participants

A two-by-three repeated measures ANOVA with the wibirbject factors of
lexicality and primét ype was conducted. Mauchl yds t e
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of sphericity had been violated for prifgpe, j (2) = 8.02, p < .05, and
lexicality*primei type, j %2) = 11.92,p < .05; therefore a GreenhouGeisser
correction was applied. The results showed a significant main effect of lexicality,
F(1,23) = 148.54p < .001, Partiatf = .87, and of primietype, F(1.53,35.24) = 48.8%
<.001,d,” = .68, but no significant interactioR(1.41,32.43) = 3.3 = .06,d,’ = .13,.

Separate onby-three ANOVAs were then conducted, splitting the data by
l exicality. For real wor ds , ptioMef spbenidityyhads t e
been violatedj %(2) = 6.94,p < .05; therefore a Greenhou&eisser correction was
applied. The results showed a significant main effect of prype, F(1.57,36.21) =
61.64,p < .OOl,qp2 = .73. Planned repeated contrasts revealgdificant differences
between PSEUD and ORTIR(1,23) = 39.62p < .OOl,d\D2 = .63, and between ORTH
and UNPRIMEDF(1,23) = 39.78p < .001,d,” = .63.

For nonwor ds, Mauchl ybds test i ndicat e
been violatedj %(2) = 12.15,p < .05; therefore a GreenhouSeisser correction was
applied. The nonwords showed a small, but significant, main effect of igyipee
F(1.40,32.29) = 13.83p < .001, d,° = .38. Planned repeated contrasts revealed
significant differences betwed?SEUD and ORTHE(1,23) = 5.73p = .03,d¢,2 = .20,
and between ORTH and UNPRIMEB(1,23) = 8.60p = .008,qp2 =.27.

3.7.2.2 Reaction Time Analyses by Items

Items analyses corroborated the findings. For real words, the results showed a
significant main effect foprimei type, F(2,218) = 52.79p < .OOl,qp2 = .33. Planned
repeated contrasts revealed significant differences between PSEUD and ORTH,
F(1,109) = 18.75p < .001,d,” = .15, and between ORTH and UNPRIMBEE{],109) =
32.65,p < .001,d,” = .23.

The nonwods showed a small, but significant, main effect of prityee,
F(2,218) = 19.49p < .001,d,;,2 = .15. Planned repeated contrasts revealed significant
differences between PSEUD and ORTH1,109) = 5.55p = .02, dp2 = .05, and
between ORTH and UNPRIMEIF(1,109) = 14.11p < .001,4,° = .12.

In sum, word targets were responded to faster overall and showed phonological
priming (PSEUD faster than ORTH) and orthographic priming (ORTH faster than
UNPRIMED). Nonword trials also showed phonological priming anthographic

priming.
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3.7.3 Discussion

The purpose of Experiment 3 was to explore whether a phonological priming
effect could be produced for nonword targets using a reading aloud task. For nonword
targets, for the first time in this series of experiments, a @bgital advantage was
shown for the pseudohomophone prime over and above the significant orthographic
form priming effect. The effect size was small with just 7 ms between the reaction times
for the pseudohomophone and the orthographic conditions. Havikigedifference is
in line with predictions that the sublexical portion of the behavioural priming effect is
between 7 and 10 ms (Forster et al., 2003). This evidence for sublexical phonological
priming gives a basis for expecting phonological primingnafiwords using the same

experiment in MEG.

For the word targets, a significant orthographic priming effect was shown, with
a further significant advantage for phonological priming. At 15 ms, this is the largest
difference between the pseudohomophone aadtthographic conditions that has been
seen so far in the current series of experiments. The increase in phonological priming
could relate to an additional effect of the priming of articulatory planning processes for
speech output, however, the orthodnagpriming effect is also more than double that of
Experiment 1 (9 ms and 21 ms, respectively), suggesting that other mechanisms may be
involved. It could be that the process of lexical decision slows the behavioural response
such that an early orthograplpriming advantage is lost, though the mean reaction time

for words is only 11 ms faster than for Experiment 1.

At this point, significant phonological priming has been shown for nonword
targets as well as word targets in a reading aloud task. We de@mesufficient
evidence to warrant translating the experiment into an MEG task to examine when and
where in the brain any differences can be shown between the phonological and
orthographic conditions for both words and nonwords. The patterns of difference
between words and nonwords can then be compared and contrasted to test the
hypot hesis that early activation of Broc:

sublexical phonological processes.
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3.8 Experiment 4

A question remains regarding the beiloaval nonword priming effect. Will the
same phonological priming effect be seen if the nonwords are presented alone?
Experiment 3 used the same experimental format as Experiment 1, and therefore
comprised a mix of word and nonword trials; however, theevidence to suggest that
there is a cost to processing mixed stimulus lists compared to pure blocks that separate
different types of stimuli (e.g., Los, 1996). For example, Los (1999) demonstrated that
when participants had to identify noidegraded andsegmendeleted digits,
participants were slower to identify the digit during the mixed presentation of stimulus
types compared to pure blocks of either nmisgraded or segmedetleted digits. The
mixing cost was not reduced by cues to the followirg tyjpe. Therefore, Los argued
that this reaction time cost during mixed presentation comes from sthauNes

adjustments in perceptual processing on alyairial basis.

A

According to Los6 (1996) mixing cost
reaction times when mixed with other stimuli, than when presented alocentrast,
according to Lupkeetalds (1997) 6time criterion eff
time criterion during a task (e.g., the time when articulation will be initictteat) is
appropriate for the difficulty level of the stimuli. This response time stays relatively
constant over during a block of stimuli and is set at an intermediate level when easy and
difficult items are mixed together. Therefore, easier items woulds@nded to more
slowly when mixed with more difficult items, and more difficult items might be
responded to faster. Lupker et al. describe this combination of mixing costs and mixing
benefits as a homogenisation pattern; demonstrated by showing thairdsrcan be
named faster when mixed with easier stimuli, such as high frequency words than when

presented in pure blocks.

On the basis of these examples, it is difficult to predict how separating the word
and nonword trials into pure blocks will affect thiecal reaction times. The aim for
Experiment 4 was, therefore, to extend the priming result to separate blocks of words
and nonwords and to explore any possible interaction between design type (i.e., mixed
vs. blocked stimulus presentation) and priminfgaf Experiment 4 was identical to
Experiment 3, except that participants were presented with all of the real word trials

first followed by the nonword trials or vice versa.
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3.8.1 Methods

3.8.1.1 Participants

Twenty four nativeEnglishspeaking adults (8 maledfage 21.08 years,SD
6.10) gave their informed consent to participate on a voluntary basis. All were reported
to be righthanded, with normal or correct¢éatnormal vision, and with no history of

any reading disorder.

An additional 2 participants (2 femalddse 19 years,SD 0) were tested, but
were excluded from all analyses due to (1) having a heavy cold that resulted in

mispronunciation of many of the targets, (2) an incorrect block sequence was presented.
3.8.1.2 Materials & Design

The materials and design were iteal to Experiment 3.
3.8.1.3 Procedure

The procedure was identical to Experiment 3, with the exception that all words
were presented first followed by all nonwords, or vice versa. The order of word and
nonword presentation was determined by the participant nuallmeated when the

experiment appointment was booked.
3.8.2 Results

Incorrect responses were first removed; the mean error rate was 53I% (
3.09). VRTs greater or less than 3 standard deviations from the mean (by condition for
each subject) were excludedrn analyses. VRTs greater than 1100 ms or less than 200
ms were also excluded. The mean attrition rate after error removal, thresholding, and

any trials where the participant did not respond, was 8.&3947 (18).

There appeared to be a trend for PSEUDegwedsponded to fastest, followed by
ORTH, with UNPRIMED being the slowest. Overall, the real word targets were
responded to 52 ms faster than the nonword targets. Mean reaction times for
Experiment 4 (Blocked) are shown alongside those from Experimentix@dMin

Figure3.7.
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3.8.2.1 Reaction Time Analyses by Participants
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Figure 3.7 Mixed (Exp 3) andlocked (Exp 4) mean reaction times fayme
type and lexicality. Standd error bars, avected for repeated measures.

*kk p< 001, ** p< .01, *p < .05

First an omnibus 2x2x3 ANOVA was conducted including the data from
Experiments 3 and 4. This included the betwseljects factor of design (Mixed vs.
Blocked), and the whin-subjects factors of lexicality (word vs. nonword) and piime
type (PSEUD, ORTH, UNPRIMED). Mauchl yos
sphericity had been violated for printgpe, j %(2) = 13.35, p < .05, and
lexicality*primei type, j %2) = 10.54,p < .05; therefore a GreenhouGeisser
correction was applied. The results showed a significant main effect of lexicality,
F(1,46) = 121.04p < .001,d,° = .73, and of primigtype, F(1.59,8.20) = 130.96p <
.001, qu = .74 and a significant interaction between lexicality and grigpe
F(1.66,76.11) = 4.29 = .02,(1,32 =.09. There was a significant main effect of design,
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F(1,46) =4.18p = .047,pr2 = .09, but no interaction with lexitty, F(1,46) = 1.14p=
29, dy° = .02, or with primétype, F(1.59,73.20) = 1.67p = .20, d,” = .04, or with
lexicality* primei type,F(1.65,76.11) = 2.09 = .15,(1p2 =.04.

Next, for the Blocked data, a twwry-three repeated measures ANOVA with the
within-subject factors of lexicality and primey pe was conducted.
indicated that the assumption of sphericity had been violated for igyipeej %(2) =
6.52,p < .05; therefore a Greenhou&eisser correction was applied in this case. The
reaults showed a significant main effect of lexicaliB(1,23) = 43.66p < .001,(102 =
.66, and of primitype, F(1.59,36.61) = 86.06) < .OOl,dp2 = .79, but no significant
interaction,F(2,46) = 2.76p = .07,d,° = .11.

Separate onby-three ANOVAs werethen conducted, splitting the data by
lexicality. For real words, there was a significant main effect of priype, F(2,46) =
77.07,p < .001,c{02 = .77. Planned repeated contrasts revealed significant differences
between PSEUD and ORTIR(1,23) = 28.65p < .OOl,clp2 = .56, and between ORTH
and UNPRIMEDF(1,23) = 53.75p < .001,d,” = .70.

For nonwor ds, Mauchl yds test Il ndi cat e
been violatedj %(2) = 8.78,p < .05; therefore a Greenhou&eisser correction was
applied. The nonwords showed a significant main effect of priype, F(1.51,34.61) =
53.40,p < .001,<le2 = .70. Planned repeated contrasts revealed significant differences
between PSEUD and ORTIR(1,23) = 8.94p = .007,d,” = .28, and between ORTH
and UNPRMED, F(1,23) = 62.04p < .001,d,’ = .73.

3.8.2.2 Reaction Time Analyses by Items

Items analyses corroborated the findings. For real words, there was a significant
main effect of primetype, F(2,218) = 125.99p < .001,d,” = .54. Planned repeated
contrasts revdad significant differences between PSEUD and ORHd,,109) =
43.75,p < .001,dp2 = .29, and between ORTH and UNPRIMBE1,109) = 78.06p <
.001,d,” = .42.

For nonwords, the results showed a significant main effect of piyme,
F(2,218) = 63.87p < .OOl,dp2 = .37. Planned repeated contrasts revealed significant
differences between PSEUD and ORTH1,109) = 10.78p = .001,dp2 = .09, and
between ORTH and UNPRIMEIB(1,109) = 54.77p < .001,d,’ = .33.
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Table3.2

Summary of Phonologicalriting Effectfor all Experiments (ms)

Word Target Nonword Target
Experiment PSEUD ORTH Priming PSEUD ORTH Priming
1 Lex. Dec. 474 486 12 512 512 0
2 Lex. Dec. 479 487 8 530 525 -5
3 Mixed 457 471 15 507 514 7
4 Blocked 402 418 16 458 465 8
Overall, reaction times for the fibloc
the Aimi xedodo experiment, with a smal.l but

experiment also appeared to elicit a slightlsosger priming effect than the mixed
experiment for the nonwords (as shownTiable 3.2, along with the phonological
priming effects for all four experiments), with a larger effect size for this contrast for
blocked than for mixé¢. Both words and nonwords showed phonological and

orthographic priming.
3.8.3 Discussion

Experiment 4 shows that phonological and orthographic priming can also be

shown in a reading aloud task when the words and nonwords are presented in separate

blocks. The raction times in this blocked experiment were significantly faster overall
than the mixed experiment, and the differences between conditions were slightly larger,
though there was no significant interaction between design and the other factors,
indicating hat the overall priming pattern remained the same over both experiments.
Again, this experiment provides evidence of sublexical orthographic and phonological
priming effects, due to the significant priming effects for nonword targets primed by

nonwords.

The difference in reaction times between the blocked and mixed versions of the
experiment cannot easily be explained i
effect due to the fact that both words and nonwords were named more slowing during

mixed pesentation. Lupker et al. would predict a homogenisation of reaction times,
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meaning that nonwords (the harder stimuli) would be named faster in the presence of
real words (the easier stimuli) due to a shifting response time criterion. The apparent
mixingoost f or both words and nonwords fits
of switching between different processes for different types of stimuli. Though, this
account does not explain the presence of homogenisation effects in the literature.
Lupker, Kinoshita, Coltheart, and Taylor (2003) argued that a combination of mixing
costs and homogenisation effects can account for both types of effect. Lupker et al.
(2003) posited that mixing stimuli that require the same processing routine will result in
homayenisation, whereas mixing stimuli that require different processing routes will
result in a mixing cost for both stimuli, due to the necessity to switch between processes
on a triatby-trial basis. Lupker and colleagues also suggested that for moreuldiffic
word lists, especially those including nonwords, lexedacking strategies may be
introduced in order to check the prepared articulatory output against an output lexicon.
If this were the case, this delay in response due to lesiwaiking in the mied
experiment could result in a small loss of priming effect by the time the response is
initiated.

3.9 General Discussion

This chapter reported four behavioural priming experiments, designed with the
purpose of choosing suitable parameters and stimuli fgrh@nological priming
experiment to use in MEG. A suitable experiment would show phonological priming
effects for both word and nonword targets under equivalent priming conditions. This
would then be used in MEG to explore the possibility of sublexical qgibgital

priming effects in Brocab6s area.

Experiments 1 and 2 used a lexical decision task with two slightly different
priming paradigms. Both experiments showed significant orthographic priming of
nonword targets. However, neither experiment showed aoggbbgical priming effect
for nonwords. Although these experiments failed to show any sublexical phonological
effect, they cannot be interpreted in terms of lexical level priming, as this interpretation
would not predict any priming when the target is asoonword. These experiments,
therefore, demonstrate sublexical orthographic form priming of nonwords in a lexical
decision task in English. Though, neither experiment resulted in a suitable paradigm for

an MEG investigation of sublexical phonologicalnping.
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Experiments 3 and 4 used a reading aloud task. Both experiments resulted in
significant orthographic and phonological priming of nonwords. The priming effect
appeared marginally stronger in Experiment 4, where word and nonword targets were
presentedn separate blocks, than in Experiment 3, where words and nonwords were
mixed. For the first time in English, these experiments demonstrate behavioural
phonological priming of nonword targets; further evidence against a fully lexical
account of masked primg effects (e.g., Forster & Davis, 1984; Forster et al., 2003). In
both cases, the real word targets showed stronger phonological priming effects. This
could be due to the further contribution of lexical priming effects for real word targets,
or that someof the priming advantage is lost for nonword targets due to the longer

reaction times.

If the purpose of these behavioural experimerdste explore the mechanisms
of behavioural masked priming then a number of limitations must be addressed. For
example Experiments 3 and 4 used a refined set of stimuli, which may have contributed
to the enhanced priming effects. The word stimuli in particular were chosen on the basis
of previous phonological priming effects. Therefore, in order to fully explore the
phondogical priming effect in lexical decision, Experiment 1 should be repeated using
the refined stimulus set. The data from Experiments 1 and 2 could be reanalysed using
just the refined stimulus set, however, this would not be a fair comparison, as
Experimants 3 and 4 were completed by twice as many participants. Furthermore, there
was an important change between the two sets of experiments that makes comparison
difficult. In Experiments 1 and 2 stimuli were presented in black on a light grey
background, hoever, in Experiments 3 and 4 this was changed to white stimuli on a
black background. In hindsight, all of the experiments should have been run with white
stimuli on a black background, as this is the presentation method that will be used in
MEG. Experimehn 2, along with the findings of Tzur and Frost (2007) and Frost et al.
(2003), shows the importance of ensuring that Bld#inance interactions are kept
constant across experiments and experimental conditions. Therefore, the presentation
method was changetb match the MEG constraints for Experiments 3 and 4, but
unfortunately this means Experiments 1 and 2 are not directly comparable.
Consequently, this series of experiments is adequate for the purpose of producing a
sublexical priming test for use in MEQut not sufficient for drawing strong

conclusions about the mechanisms of masked phonological priming. On the basis of
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these experiments, the possibility of finding phonological priming in a lexical decision

task in English has not been thoroughly in\gested.

In conclusion, both Experiments 3 and 4 showed phonological priming of
nonwords, and so both would be suitable for useniMEG exploration ofsublexical
phonological priming. As a direction for future research, it would be interesting to
explore he differences between #eexperiments in MEGFor the purpose of this
thesis, Experiment 3 will be translated into an MEG experiment. This experiment
provides an intermediate position between the blocked experiment and a lexical

decision experiment, blotof which should ultimately also be tested in MEG.
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Chapter 4
Experiment 5: MEG

4.1 Overview

This chapter reporta phonological priming experimenh MEG on a set of
participants who were selected on the basis of their performance in the behavioural
experimentbasedon Experiment 3 oifChapter 3 The main purpose of this MEG
experi ment was to investigate the role o
recognition, and the nature of amordghono
to test the hypothesis that Brocads area
a phonological priming task was used with nonword primes and targets. Equivalent
priming effects for words and nonwords would suggesty involvement ofublexical
phonological processes. Source localisation techniques allow any priming effects to be
placed with good spatial resolution in the brain. Region of interest analyses further
allow priming conditions to be directly compared lwixcellent temporalesolution.

First, MEG will be introduced as an imaging method and reviewed with regard to its

suitability for this experiment.
4.2 Introduction to MEG

MEG is a noAnvasive method for studying neural activity, providing a direct
means of | ooksiknugl 1066t h(rHaurgh & hSeal mel i n, 199
achievable in animals or brainjured patients (Lounasmaa, Hamalainen, Hari, &
Salmelin, 1996). As with any neuroimaging technique, the ultimate goal of MEG is to
measure, and reconstruct as ac@lyads possible, neural activity. The purpose of this is
to understand how neural networks interact to form the basis of perception, action, and

even conscious thought (Lounasmaa, et al., 1996).
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4.2.1 MEG Recording

4.2.1.1 What Are The Signals?

The neural activity meairedwith MEG originates mainly in the 2500 érof
cerebral cortex, whosé 2 mm thickness is highly convoluted to fit the 700’ surface
of the inner skull. Théhuman cerebratortex contains on the order of ‘t(heurons
interconnected via approximatel§0™ synapses (Hamaldinen, Hari, lllmoniemi,
Knuutila, & Lounasmaa, 1993). Neurons communicate across synapses by releasing
neurotransmitters into the extracellular space, affecting the potential efypagitic
cells in an inhibitory or excitatory walf. a cell receives enough excitatory input, it will
fire an action potential, and propagate the signal, via the release of neurotransmitters at
the synapse, to neighbouring neurons. Any task involving the brain requires
simultaneous activity in large poptions of neurons, communicating via electrical and
chemical activity. The primary signals detectable by M&& thought to be generated
by the large pyramidal neurons due to their arrangement perpendicular to the cortical
surface, with approximately 1@yramidal cells per mfof cortex (Hamaldinen & Hari,
2002). The possynaptic potentials produced by these neurons can last several tens of
milliseconds, allowing the temporal summationetéctricalcurrents from populations
of neighbouring, parallel onged neurons (Baillet, Mosher, & Leahy, 2001). These
postsynaptic currents, like any current, produce a corresponding magnetic field, and it

is these tiny net magnetic fields that MEG is tailored to detect.

The magnetic fields generated by the brain amgicélly around 50500
femtoTeslas (1& Tesla) in strength. That is one part in’X 1F of t he Ear |
magnetic field at 0.5 microTeslas (Lounasmaa, et al., 1996; Vrba & Robinson, 2001).
These signals are far weaker than many other environmental ticadisturbances,
such as power lines or moving vehicles, and biomagnetic fields, such as eye or muscle
movements. Cardiac activity, for example, produces magnetic fieldsl@00 times
larger than the signals of interest (Vrba, 2002). Therefore, for #umetic fields to be
detectable outside the head, simultaneous activity frofii100 pyramidal cells is
required (Vrba & Robinson, 2001), coming from around a 40°rarea of cortex
(Hamalainen, et al., 1993). These magnetic fields pass through the statpeavening
tissue largely undistorted (Hari & Salmelin, 1997); unlike the electrical potentials
measured by the closely related EEG method. Although MEG and EEG detect signals
generated by the same synchronised neural activity, the electrical poteraadsred
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by EEG suffer from disturbances caused by, for example, the low conductivity of the
skull (1/8Q 1/100 that of the brajrHamalainen & Hari, 2002).

4.2.1.2 How Are They Measured?

MEG uses an array of magnetometers placed at many locations around the head,
usually in a helmeshaped configuration. These magnetometers contain
superconducting quantum interference devices (SQUIDs) and flux transformers
immersed in cryogen (liquid He or N within a thermally insulated and
electromagnetically transparent dewafVrba & Robinson, 2001). SQUID
magnetometers are highly sensitive to the external magnetic flux associated with current
flow, such as at synapses and during action potentials. The magnetic flux is detected by
the superconducting flux transformers and theagnetically coupled to the SQUID by
the signal coil (Hari & Salmelin, 1997).

During MEG recording, the participant sits or lies with their head inside the
dewar, which is typically situated within a magnetically shielded room (Vrba &
Robinson, 2001). Therotection from external magnetic disturbances provided by the
magnetically shielded room is an important component of a setup designed to ensure a
high signalto-noise ratio (Haméalainen & Hari, 2002). This setup also includes the
configuration of the magriometers (designed to be maximally sensitive to brain
signals) as well as online and offline noise reduction (by monitoring the electromagnetic
noise within the room) and bandpass filtering (Hamalainen, et al., 1993). Additionally,
the measurement and eejion of (or correction for) biomagnetic artefacts, such as eye
movements, and averaging over a large number of trials, serve to increase thsignal

noise ratio further (Hamalainen, et al., 1993).

The position of the participants head within the de(@ad therefore relative to
the MEG sensors) must be known, particularly for group sespaee analyses (see
sectiond4.2.3 ). It is recorded by the MEG system using a combination of 3D digitizing
methods and small coils moent at speci fic anat omical |
head, such as the nasion and preauricular points (Hamaléainen & Hari, 2002; Vrba &
Robinson, 2001). A current is passed through each colil so that its magnetic field can be
detected by the MEG systeoma@ used to determine the pc
head (Vrba & Robinson, 2001). These anatomical landmarks can also be used to co

register the MEG data with a structural MRI scan, in order to specify the shape and
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| ocation of t h e refatom to the MEGasansodss(Vrba & &obmson,
2001).

This recording procedure results in a distribution of magnetic fields across a 2
dimensional helmeshaped array of sensors outside of the head. However, the challenge
for analysis methods is to infdiow these fields were generated within the 3
dimensional volume of the brain. MEG analyses fall into two categories; sensor space
approaches, which analyse data directly at the level of the sensors, and source space
approaches, which aim to localise the B&ural sources of activity. These approaches
will be discussed in the next section.

4.2.2 Introduction to MEG Analysis

4.2.2.1 Preprocessing

Depending on the subsequent analyses to be performethesoftware used,
various prerocessing steps can be incorporated. tirhe-window of interest (or epoch)
for a trial should be defined; for example, an epoch might span the 900 ms prior to the
stimulus onset, until 1000 ms post stimulus onset. Any epochs containing magnetic
artefacts, such as blinks, must be identifiedelgg or using electrooculogram (EOG)
data recorded during the scan. These epochs must then be removed or corrected before
further analysis. Epochs may be averaged across conditions, within or between

participants, in order to increase the sigioahoise raio.
4.2.2.2 Sensor Space Analyses

The simplest level of MEG data analysis is to plot the signal patterns recorded at
the sensors without attempting to infer the neural sources responsible for these signals.
One type of sensor space analysis is the exdated feld (ERF or overlaid response
plot) in which the magnitude of the ppeocessed MEG data is plotted over time, such
that a single figure represents all sensors overlaid, averaged across one condition, for
one participant, for the duration of the epoche(B&gure 4.1). The magnitude and
latency of the peaks can then be compared across cond@ionwur plots are another
way of representing sensor space information and more commonly used than overlaid
response plotsContour plots display the distribution of activity across sensors from one
participant, for one experimental condition, at one point in time ESgere 4.2).
Choosing plots that are representative of the data isuliffior this type of analysis, as

it is unfeasible to present contour plots for every combination of participants,
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experimental conditions, and points in time. Furthermore, sensor space analyses can
take into account the layout of the sensors, but dexicitly account for the position

of the participantdéds head in the dewar o
Because a signal pattern at a particular sensor in one participant does not necessarily
come from the same brain location as ami@@l sensor for another participant, group

analyses are not usually performed in sensor space.
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Figure 4.1 Overlaidresponse plotShows one patrticipant, for one condition.

Each coloured line representetmagnitude of the magnetic field over time
for one MEG sensor.
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Figure 4.2 Contour plot. A single plot shows the magnetic field recorded at the

sensors for one participant, for one experimental conditnpne time
window.
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4.2.3 Source Space Analysis

4.2.3.1 The Inverse Problem

Although sensor space analyses can compare conditions with millisecond
temporal resolution, this is not sufficient for an exploration of where in the brain the
activity is taking place. Sourceace techniques can be used to infer the locations of
neural activity responsible for generating the signals recorded at the sensors. A step that
is vital for testing the hypotheses of this chapter. However, there are inherent problems
with this, due to @ampting to work backwards from the 2D sensor space to the 3D
neur al sources. This difficulty is term
magnetic field has been precisely measured outside the head, there is not a unique
solution of the primary wrent distribution within the head (Hamélainen & Hari, 2002;
Hamalainen et al., 1993). As Helmholtz (1853, as cited by Hamalainen, et al., 1993)
demonstrated, knowledge about the electromagnetic fields outside a spherical conductor
is not sufficient to prvide a unique description of the current distribution inside the
conductor, owing in part to the existence of primary current distributions that are
magnetically silent (e.g., radial sources, see sedtiddl ), electricaly silent, or both
(Hamalainen, et al., 1993). Therefore, in order to localise successfully the source(s) of
neural activity based on a twbmensional map of magnetic field distribution,
assumptions must be made which constrain the number of possilatitiesender the

problem soluble (Hillebrand, Singh, Holliday, Furlong, & Barnes, 2005).

Various source reconstruction techniques have been designed to cope with the
inverse problem, which applies whenever one is trying to deduce the source currents
from theexternally measured signals, either in MEG or EEG (Hamalainen, et al., 1993).
Different source localisation techniques apply different assumptions and/or restrictions
to the data, resulting in a variety of strengths and limitations across techniques. For
example, analysis methods may differ in terms of spatial and temporal resolution or
their abilities to detect focused or distributed sources. Nevertheless, whatever the
analysis technique, the inverse problem remains vastly underdetermined, due to the
resticted number of spatial measurements (in the region af30W) and the number of
unknowns (on the order of 4Baillet, et al., 2001).

4.2.3.2 Current Dipole Modelling

Current dipole modelling is an example of a source space analysis method, and

as such, attentp to estimate the location, strength and orientation of neural sources

101



Chapter 4 Experiment 5: MEG

from the magnetic fields measured at the sensors (Hamalainen & Hari, 2002). In the
simplest case, the single bdéi#ting current dipole, or equivalent current dipole, is
calculated fo the measured magnetic fields at any particular point in time (Hamaéalainen

& Hari, 2002). Multidipole fitting requires more complex modelling and is based on
the assumption that only a small number of neural sources contributed to the measured
field, often using a priori estimates of the number of sources. In either case, the optimal
source parameters are found by using the Jegshres criterion to minimise the
difference between the measured magnetic fields and the magnetic fields predicted by
the model The result is an estimate of the orientations and locations of the dipoles, as

well the strengths of the dipoles over time (Hamalainen & Hari, 2002).

One drawback to current dipole modelling is the lack of stability of the model as
more neural sources wmwibute to the measured magnetic field. The success of
equivalent current dipole modelling may also be limited if there are competing
possibilities for the neural source configuration, or if the actual distribution of the
sources is not well approximatég a dipole (Hamalainen & Hari, 2002). Furthermore,
the use of a priori knowledge of expected sources is often needed to constrain the
selection of the beditting solution, meaning that it is not necessarily suitable for
exploratory analysis.

4.2.3.3 Minimum Norm Estimation

Minimum norm estimation is another source space approach, which assumes
neural sources are distributed, either across the cortical surface or within the brain
volume, using information from structural MRI scans to constrain the model
(Hamalairen & Hari, 2002). The aim is to produce an estimated distribution of sources
that has the least energy and minimises the difference between the magnetic fields
estimated from the model and the measured magnetic fields (Hillebrand et al., 2005).
The assumpin that the chosen solution should be the solution with the least energy
resultsin a bias towards superficial sources and necessitates the investigator to factor in
a depth bias based on previous fMRI data, Bayesian inference, or simulated data
(Hillebrand et al., 2005).

Minimum norm estimation will result a blurred estimate of the neural sources,
even for poirdlike sources (Haméalainen & Hari, 2002); unlike dipole modelling, which
will always result in focal source estimates, even if the actual neunaesdistribution

was diffuse (Hillebrand et al., 2005). In assessing the suitability of these two methods
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for a study, it is therefore necessary to have some prior knowledge of the expected

source distribution.
4.2.3.4 Beamforming

The chosen analysis method fdretMEG data presented in this chapter is
beamforming. Beamforming is a spatial filtering technique for MEG source space
analysis, which uses narrowband filters to increase the sensitivity to signals from a
location of interest, while attenuating signalsmtiog from all other locationge.g.,
Hillebrand et al., 2005)This selective spatial filtering is applied throughout the volume
of the brain to each point of a pdefined regular grid of points. In fact, three spatial
filters, or 0bedateécb gridhmintsode for eacheof ttage prihagonal
directions. This grid can be constrained by anatomical information from a structural
MR | scan, ensuring that only points from
The particular beamformer pliied atYork Neuroimaging CentreYNIC) is a linearly
constrained minimum variance beamformer adapted from Van Veen, van Drongelen,
Yuchtman, and Suzuki (1997). Optimal spatial filters are implemented across the grid
by applying a set of weights to thetadaThese weights must satisfy a linear constraint
that allows the signal to be passed from each location of interest, while the power
minimisation suppresses activity originating from other braiatioos (Van Veen et al.,
1997). Beamforming, thereforesidesteps the inverse problem by using this regular
array of beamformers to calculate the contribution of each grid location to the measured
field, rather than trying to work backwards to fit the total measured field (Haméalainen &
Hari, 2002). Beamformingan model both focal and distributed sources, including even
point-like neural sources under favourable sigimahoise ratios, down to the size of the
filter grid (Huang et al., 2004). Furthermore, there is no limit to the number of neural
sources that ecabe resolved, and the number of expected sources does not have to be
defined a priori (Van Veen et al., 1997).

The signatto-noise ratio of the data is often small, which can result in false
detection or missed detection of neural sources in the resptiimgr map. This can be
improved in two ways. Fst, it is important that only cleamiata are entered into the
analyses. That is, data that are free of mageetefactscaused, for example, byilbks
and ot her move mé.e.,tclunk ofdatasich & ampeaperimental trial)
is examined either by eye or using an algorithm and then either corrected or removed
prior to beamforming. Next, the resulting map of neural power is normalised by an

estimate of the noise power map, aided by referencenelmwithin the magnetically
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shielded room, but away from the participants head. This normalisation results in a
neural activity index (NAI) map. Local maxima in the NAI are then identified as neural
sources. A drawback of this approach is that any spatiidtant sources that are
perfectly correlated will be identified as noise and cancelled out. However, perfect
correlation between two distinct sources is unlikely and Huang et al. (2004)
demonstrated that beamforming is capable of resolving sourcedatedr as highly as
90%.

4.2.3.5 Evoked Versus Induced Responses

A significant attraction of beamforming is the ability to resolve both evoked and
induced changes in oscillatory neural activity. Evoked responses are those which are
tightly phaselocked to the stimlus, in other words, they generate a stereotypical wave
sequence at a fixed time after a specific stimulus is presented. The averaging of evoked
responses in the amplitude domain across repeated trials cancels out surrounding brain
noise and sums togeth#dre systematic signal changes, similar to the ERPs of EEG
analysis. However, any ngghaselocked changes, in other words any signal changes
that are jittered in latency from trial to trial, will be cancelled out during averaging in
the time domain (seeg, Hillebrand, et al., 2005). These Aoimaselocked changes are
termed é6inducedd and can be reveafligpard by
4.3 for an illustration).Changes in the power of this-going nonphaselockedsignal
componentvere often overlooked by rearchers using evoked averagingwéver, it
has been shown that these induced changes play an important role in cortical function
For example, optical imaging and simultaneous microeleetmedording in cathas
shownthat ongoingnon-phaselocked oscillatory activity canbe used to predict later
evoked responsefArieli, Sterkin, Grinvald, & Aertsen, 1996 In humans,alpha
oscillations (813 Hz) in the visual cortex have been shown teease in power when
participans close their eyes (e.g., Chapmdmoniemi, Barbanera, & Romani984)
Tallon-Baudry, Bertrand, Peronnet and Pernier (1998) proposed that gamma band
oscillations play a role in binding together different aspects of neuogessing in
order to build a complete percefrecent MEG investigations have also shown that
cued spatial attention to the hand can increase the powwau-afpha (714 Hz) and
mu-beta (1529 Hz)oscillations in the somatosensory hand area, which dexrehen
attention is cued to the foot (Jones et al., 20Eally, in a state of the art concurrent
transcranial magnetic stimulation (TMS, discussed in more detdilhapter % and
EEG study, Thut et al. (1) demonstrated that alpha oscillations couldtbeulated
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and enhanced by TMS to the parietal cortex attention netwoik.alpha oscillation
entrainmentwas due to increased phdeeking of the ongoing activity. Itoccurred

only at the intrinsic glha frequency otachparticipantand interacted behaviourally
with performance on visual attention tasks. This demonstrates not only a correlation
between intrinsic neural oscillations and behaviours but also stiaulating and

enhancing these oscillatis has a measurable effect on behaviour.

Evoked Induced Evoked Induced

Tr1 Tr1
Tr, Tr,,

Figure 4.3 Amplitude versus frequency domain analysése example of the

=

left shows responses in the amplitude domain and on the right shows the
frequency domainWhere the responses are jittered in time across trials
(induced), they will be cancelled out in the amplitude domain, but can be
revealed in the frequency domain. Evoked responses can be revealed by both

methods.

Frequency domain analysis successfully awve both norphaselocked
(induced)and phasdocked (evoked)responses as changes in power at a particular
frequency at a particular tim&herole of particulafrequencycomponents with respect
to visual word recognition is poorly understodtbwever,whatever the functions of
different aspects of the signal, it is clear that there is an advantage of being able to
reveal as much information about the signal as possible, and that to average over epochs
in such as way as to attenuate the induced compaesulis in a loss of available

information. Furthermore, Wheat et al. (2010) showed their early phonological priming
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was revealed by tiniédrequency analyses that reveal both pHasked and noiphase
locked changes, whereas previous ERP studies (capatdeealing only phastcked
responses) typically reveal a later involvement of phonology (e.g., Grainger et al., 2006;
Mainy et al., 2008).

4.2.3.6 The Statistics of Beamforming

The beamforming procedure described above can be used to generate NAI maps
for epohs of MEG data, such as experimental trials. These epochs can then be
statistically compared to test the hypotheses of the experiment by dividing epochs into
groups, for example, by block, experimental condition, participant group, and so on.
Whole-brain analyses across a group of participants can also be used to examine the
spread of activity across the brain during a trial for different experimental conditions. In
order to achieve this, epochs of data (in this example, spanning a trial plus seme pre
trial period) are portioned into time windows and frequency bands for each condition
separately. For example, 200 ms long time windows from trial onset for the duration of
interest (e.g., 00 ms, 100300 ms, 200400 ms, etc.) and 10 Hz frequency bands
(e.g.,5115Hz, 1525 H2,2%35 Hz, etc.) . Each data port
interest (i .e., the trial part of the ep
baseline period, such as a 200 ms window from thdrg@iepart of the epoch.d¥ each
timei frequency portion of an epoch, for a particular condition, the null hypothesis that
the O6actived NAI map i s not significant]|

tested.

For the first, withinsubjects, level of wholerain analysisa paired samplets
statistic is computed for every point in the grid, using the mean difference in oscillatory
power, averaged across epochs, for the relevant frequency bands, between the passive
and active NAI maps. In this way, a sepatateap is genetad for each participant, for
each activepassive contrast, for each of the twwmdow and frequenchand
combinati ons, for each e X p € mapsearet theh co

transformed into the Montreal Neurological Institute (MNI) standardespac

The group level of analysis uses a matg@p norparametric permutation
method based on the methods of Nichols and Holmes (2004). The permutation
distribution of the maximal statistic (the largest meaalue, in this case) is computed
(averaging acres participants), by fiabelling experimental conditions (in this case

active vs. passive), from the population of grid points in the standard MNI space
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(Nichols & Holmes, 2004). The null hypothesis for a single grid point states that the
distribution would have been the same, whatever the labelling of experimental
conditions (i.e., there is no differencetimistribution between the active and passive
periods). At the level of the group whdbeain image, the omnibus hypothesis (that the
hypothesisfoal | gri d points is true) iIs reject
actual |l abelling of the experiment was i
for the maximal statistic. Whend is the number of possible reldibgs andT is the

value of the statistic for the actual labelling of the experimenthdléc& Holmes

(2004) state that

We reject the null hypot Wwauistessat si gn
t han U. Equivalently, T must be great
the permutation distribution. Thus, the critical value is the (c + 1)th

| argest me mber of the permutation di
rounded down. If T exceeds this critical value then the test is significant

at level U. (p. 8).

This test has been shovim have strong control over experimavise Type |
error, thus inherently correcting for multiple comparisomithout the need to apply
additional corrections (such as BonferrpniFor a formal proof see Holmes, Blair,
Watson, and Ford1996). The resultip groupt maps can then be used to display
activity that is significantly different from baseline for each of the acpassive
comparisons. Changes in power in a positive direction, relative to baselinsfteare
termed event related synchronization @Rwhilst negative changes as¥rhed event
related desynchrorasion (ERD; Pfurtscheller & Lopes da Silva, 1999).

The same method can be used to compare one experimental condition directly
with another, rather than an actipassive contrast. For exampla specific time
window and frequency band of the condition A could be directly contrasted with the
equivalent window of condition B, akin to contrasts in fMRI. However, a direct
comparison of this kind could potentially produce false negative resulte isame
regions were equally active during both conditions. Furthermore, a whole brain contrast
between conditions also runs the risk of producing false negative results if, for example,
positive and negative power changes in different frequency bandslleal each other
out. A region of interest approach can be used to directly compare conditions, with the

further advantage that the tiifeequency resolution of the data is preserved.
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4.2.3.7 Virtual Electrodes

One weakness of the whebeain beamforming analyse described above, is
that the analyses are performed over long time windows (~200 ms), resulting in a loss of
temporal resolution. AROI approach can be used to retain a higher degree of temporal
resolution at specific liod¢atal ons eichr ote
electrode is essentially the result of beamforming at a single point in 3D grid of points
(computed separately from the grid defined for wHwolgin analysis). As described
above, for each grid point of interest, three spdiitdrs are applied, one for each
orthogonal direction. The virtual electrode procedure results in a description of the
oscillatory power over the duration of an epoch coming from the location of interest in

the three directions, for each participant,dach experimental condition.

As discussed above, a particular advantage of beamforming is its ability to
resolve induced changes in oscillatory power. In order to be able to do this, the time
series produced by each beamformer is transformed into aiftegeency
representation of the data (séegure4.4). At YNIC the specific transform used is the
Stockwell Transform (Stockwell, Mansinha, & Lowe, 1996), has a frequency dependent
resolution, meaning that temporagsolution is better at higher frequencies and
frequency resolution is better at lower frequencies. This has implications for the

interpretation of virtual electrode results, which will be discussed in more detail below.

Amplitude

APV

0 20 40 60 80 100 120

Time

Figure 4.4 Transform from amplitude domain to frequency domainhe
transform shown is the Stockwell TransforAdapted from Stockwell et al.
(1996).

The Stockwell Transform results in tiirfeequency plots ototal (nonphase
locked plus paselocked)and evokedphaselocked)power, for each virtual electrode

(separate plots for each direction, participant and condition). Plots can then be averaged
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over direction and participants to make statistical comparisons between thdeyeup

timei frequency plots for different conditions by, for example, computing a difference or

a percentage signal change between conditions. Statistical comparisons between plots
must take into account spatial covariance. That is, due to the nature of the plots, th
power in one timifrequency pixel is more likely to be similar to a neighbouring pixel
than it is to a pixel further away. The virtual electrode method of beamforming allows
the potential for millisecond temporal resolution inherent in the data todeaet and

does not require the data to be partitioned into-tvmelows and frequeneyands.
4.2.4 Limitations of MEG

The major limitation of MEG lies in the ability to accurately and precisely

reconstruct the spatial locations of neural sources. There arenhihomogeneities in

the achievable spatial resolution across the brain; in particular, deep sources cause
difficulties because the magnitudes of the magnetic fields fall off rapidly with the
square of distance from the source of electrical activityigbtiand & Barnes, 2002).
Hillebrand and Barnes (2002) demonstrated a ~90% detection rate for MEG signals
from the upper cortical surface (such as the inferior frontal, precentral, and middle
occipital gyri) while signals from the underside of the braimenmoorly detected. For
example, detection probability fell to ~50% for the medial portion of the middle and

anterior fusiform gyrus (the territory of s@lled VWFA, see sectioh.3.3.1 ).

Further difficulties come from deténg radially oriented sources, that is, those
sources oriented perpendicular to the surface of the scalfFigee 4.5). Perfectly
radially oriented sources are magnetically silent as the magnetic field geheoas not
penetrate the scalp, unlike tangential sources. This means that any number of radial
sources could be present, without any effect on the signal recorded at the sensors.
However, Hillebrand & Barnes (2002) noted that, although radial sourckse(ti@s
having @ 15° angle with radius) have a low detection probability, they comprise less

than 5% of the cortical surface, and are situated in very thin (~2 mm) strips at the crests

of gyri.

109



Chapter 4 Experiment 5: MEG

e e N
Coronal sectlon ‘ ‘
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Figure 4.5 Tangential and radial sources. (a) Coronal section of a brain,
showing the cortex in grey. (b) The convoluted cortical surface and
perpendicular orientation of pyramidal neurons result in radial and tangential
currents. (c) Tangential currents will resid an external magnetic field. (d)

No external magnetic field will be observed from perfectly radially oriented

sources. (e) Magnetic fields from tangential sources will exit and enter the
scalp.From Vrba & Robinson (2001).

Finally, with regard to the patial resolution achievable with beamforming
analyses in MEG, Barnes, Hillebrand, Fawcethd Singh (2004) conducted a
beamforming analysis of MEG responses to a flickering checker board stimulus
reversing at 17 Hzpresented visualljor 15 s blocks gearated by 15 s fixatiorData
were divided into 1 s epochs of active (checkerboard) and passive (fixation) stimulation.
Barnes et alanalysed the data with a virtual electrode grid spacing of 1 mm and
calculated the smoothness of the activation pattacnsss voxels in terms of the full
width halfmaximum (FWHM) of an equivalent Gaussian point spread function. They
found that ~85% of voxels had a FWHM of 10 mm or less. For spatial sampling at k
mm intervals, the smallest FWHM it is possibleegiimate s 2k mm (FristonHolmes,
Poline, Price, & Frith1996. As per the Nyquist sampling theorem, any portions of the
image less smooth than 2k mm FWHM will be under sampled or, equivalently, the
resolution in the image for those voxels will be determinechbysampling interval. In
the experiment reported in ththapter for reasons of computational resources, 5 mm
grid spacing was used rendering 5 fnwoxels. Therefore, based on the data from
Barneset al.it is estimated that ~85% of the voxels in the daforted here would have
been under sampl ed. Hence the resolution

likely constrained by the 5 mm sampling grid, and not by the smoothness of the data.
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For reference, ~95% of voxels in Barnes et al. had a FWHM ahm or less, and this

is equivalent to a grid spacing of 6 mm. Therefore, it is possible to calculate that cortical
responses in the studies reported in this thrasitd belocalized to within 6 mm with a

p = .05. However, the achievable spatial resmlo here may be disadvantaged
compared to Barnes et. alisual word recognition has many transiemd physically
distributedcomponents andere each stimulus is presented for only a few 100 ims
contrast, Barnes et al. analysed long time windowsevttee visual system expected

to fall into a steady stateThis is likely to result in a much higher sigratnoise ratio

for the experiments presented by Barnes et al. compared to the experiment presented in
this chapterAlthough, any loss adbcal spatial resolutiorn the current experimentill

be compensated fdoy the fact that there are likely to be several centimetres separating

theactive nodesf the reading network
4.2.5 Advantages Over Other Neuroimaging Methods

The spatial resolution of MEG Isnited compared to techniques such as fMRI
and PET, both by the small humber of spatial measurements (generdlBoO@p@&nd
by the inherent ambiguity in reconstructing the underlying sources from the measured
signals (the inverse problem; Baillet et &001). However, there are many advantages
of using MEG over other imaging methods for the type of experiment presented in this

chapter.
4.2.5.1 Hemodynamic Imaging Methods

Hemodynamicimaging techniques, such as fMRI and PET, are so called
because they rely orighals relating to blood flow in order to infer the underlying
neural activity from the metabolic activity of the brain. fMRI takes advantage of the
lack of local energy stores in the brain, the high demand for energy by active neurons,
and therefore theeed for increased blood flow to active areas (Huettel, Song, &
McCarthy, 2008). The blood oxygen level dependent (BOLD) signal is measured from
this blood flow, and results from the differing concentrations of oxygenated and
deoxygenated haemoglobin depergdon the metabolic activity of the neurons. The
degree of deoxygenation of the haemoglobin affects the susceptibility of the blood to
the field of the MRI magnet; the more highly oxygenated the blood, the stronger the
MR signal (Huettel, et al., 2008).

Although fMRI and PET provide excellent spatial resolution, they have poor
temporal resolution (typically on the order of seconds for fMRI and tens of seconds for
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PET (Hamalainen, et al., 1993). PET has the further disadvantage of requiring an
injection ofa radiolabelled tracer, making it a highly invasive technique and limiting the
number of times a person can be scanned (Palmer, Brown, Petersen, & Schlaggar,
2004). The invasiveness of PET, combined with its particularly low temporal resolution,
rules it ait as a potential technique for this experiment. While MRI is unsuitable for
patients and participants with metal in their bodies including implants such as pace
makers or shunts, it is relatively nonwasive. However, the temporal resolution of MRI

is limited, not just by the inherent temporal resolution of blood flow, but also by the
acquisition parameters. A single brain slice can be acquired very quickly; however, it
typically takes around i3 seconds to scan a whole brain volume using standard
paramegrs. The averaging procedures needed to ensure a goodteigo&e ration

then blur the temporal resolution further. For the purposes of this experiment, temporal
resolution is critical. In order to compare the processing of real words and nonwords,
they must be examined in space and time. It is possible to predict (based on behavioural
results) that nonwords would be processed via the same regions, but lag behind the real
words in processing speed. This would not necessarily be revealed by MRI arlalyses.
fact, due to the summing of data over large time windows, MRI might not reveal
activity in all of the early basic word recognition regions that are of interest to this
thesis as activity has been shown to spread and evolve rapidly after word onset (e.g
Hauk et al., 2006

4.2.5.2 Electroencephalography

As mentioned above, EEG detects signals generated by the same neural activity
as MEG, but the actual signals detected are different. Whereas MEG measures magnetic
field, EEG measures the electrical potentidilat tpass through the skull. Because the
conductivity of the skull is low the electrical signals can become distorted, decreasing
the ability of EEG analysis to spatially localise the neural activity (Hamalainen & Hari,
2002). Furthermore, analysis of EEG often limited to ERPs which, due to the
averaging procedures, only reveal the evoked (pluaked) component of the signal.
Cognitive tasks in particular might not be expected to generate strictly-jocase
responses, and therefore may benefit from ability of MEG to resolve both evoked
and induced (nophaselocked) componds. As discussed i€hapter 2 ERP studies
have typically revealed phonological processes from around 250 ms after target word
onset (e.g., Carrais et al., 2009; Grainger et al., 2006; Holcomb & Grainger, 2006;
Holcomb & Grainger, 2007; Mainy et al., 2008; Newman & Connelly, 2004; Sahin et
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al., 2009). However, Wheat et al. (2010) showed their early phonological effects (~100
ms) were in the inducecbmponent, and argued that this may be why ERP studies have
generally failed to show such an early phonological effect. Therefore, for the purposes
of investigating early phonological processes MEG is able to reveagbmaselocked

responses that canno¢ seen using ERPs, and further able to localise these with better

spatial resolution than EEG.

4.2.5.3 Optimal Spatial and Temporal Resolution
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Figure 4.6 Multimodal imaging offers immved combined spatial and
temporal resolution copared to EEG/MEG or fMRI aloné&rom He, Yang,
Wilke, and Yuan (2011).

NIRS, neatinfrared spectroscopy; SPECT, singleoton emission computed
tomography; ESI, electrospray ionisation; MUA/LFP, muhit neuronal

activity/local field potential; SUA, singlanit activity.

The optimal spatial and temporal localisation of neural activity comes from
multimodal studies that are able to take advantage of the strengths of different imaging
techniques to compensdor the weakness inherent in other techniques (see Figure 4.6).
For example, in a multimodal fMRI/EEG/MEG study, Ou et al. (2010) acquired

concurrent EEG and MEG (E/MEG) data during somatosensory and auditory tasks and
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(separately) fMRI scans of the samarticipants performing the same somatosensory
and auditory tasikmsf orOne detr eagli.obnsal i feMRIi ma
minimum norm procedure, but a set of weights is computed from both the E/MEG and
the fMRI data. These weights are applieml a dense grid of source locations
(independently for each location), taking advantage of the spatial alignment of neural
and hemodynamic activity, but allowing for their inherent differences. In this way, the
inherent ambiguity in the spatial resolutioh minimum norm estimates (due to the
inverse problem and magnetically silent sources, see above) is reduced by the superior
spatial resolution of fMRI, whilst retaining temporal resolution that could not be

achieved by hemodynamic methods (for a reviesvt$e, Yang, Wilke, & Yuan, 2011).
4.2.6 Summary

In sum, the aim of this section was to introduce MEG as the appropriate imaging

technique for the study presented in this chapter, and has shown that:

1 Whist MEG and EEG detect signals generated by the same syiseltroreural
activity, the magnetic fields recorded by MEG pass freely through the skull,
unlike the electrical potentials detected by EEG.

1 A challenge for MEG is in inferring the 3D neural sources from a 2D map of the
magnetic field. Thdsine unigue rsalugian,sbeat thpre ard | e r

many source space techniques that aim to overcome this.

1 Current dipole modelling and minimum norm estimation are suitable for
detecting focal and distributed sources, respectively, requiring a prior

assumption abouhé expected distribution of sources.

1 Beamforming does not aim to solve the inverse problem and therefore requires
fewer prior assumptions. However, it does assume that sources are not perfectly
correlated, and requires averaging over time windows of ~208nd frequency
bands of ~10 Hz.

1 Beamforming can be used in a virtual electrode approach, allowing the full
timei frequency range of the data to be seen. MEG is capable of very high

temporal resolution, with a sampling frequency range of 678069.01 Hz.

1 Whereas ERPs can only reveal philsked (evoked) responses, MEG
beamforming analyses can also reveal-pbaselocked (induced) changes in
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oscillatory activity. This has previously been argued to be important for

uncovering early phonological processé#eat et al., 2010).

1 Although the spatial resolution of MEG is lower (~6 mm) than fMRI (~1 mm),
this trade off in spatial resolution is not a critical as the difference in temporal
resolution. The millisecond temporal resolution of MEG will essential for

probing the earliest processes of visual word recognition.

In conclusion, like any neuroimaging technique, there are limits to the
capabilities of MEG. However, MEG combines the properties of excellent temporal
resolution, good spatial resolution, and tidity to resolve both evoked and induced
neural responses. Thus, MEG provides the opportunity to study the fine grained rapid
temporal evolution of cortical activity as well as accurately reconstruct the location of
the neural sources and resolve both fifeaselocked and the noephaseocked

components of the response.
4.3 Experiment5

Following on from the experiments @hapter 3here an MEG translation of a
behavioural phonological priming task will be presented. The aim isedb the
hypot hesi s t hat Brocabs area, speci fi ce
neighbouring precentral gyrus (LIFGpo/PCG), is involved in rapid phonological access
during visual word recognition. It is also hypothesised that these early phmablog
representations at LIFGpo/PCG will be sublexical. This experiment, therefore, aims to

replicate and extend the findings of Wheat et al. (2010).

Wheat et al. (2010) used masked phonological priming of silent reading in MEG
to demonstrate that LIFGpo/RBCactivity could be modulated by the phonological
relationship between prime and target. The response was stronger at LIFGpo/PCG for
primes and targets with complete phonological overlap (brgini BRAIN than for
primes and targets with only partial ptudogical overlap (e.g.broini BRAIN.
Crucially, the orthographic overlap between the two conditions was the same.
Furthermore, this difference in activity was seen within 100 ms of a target word being
presented. This timing is much earlier than mightehbeen predicted from previous
EEG (e.g., Grainger et al., 2006; Mainy et al., 2008) studies. However, early activation
of this region is in line with previous MEG studies of visual word recognition (e.g.,

Cornelissen et al., 2009; Pammer et al., 2004) somde EEG studies (Ashby, 2010;
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Ashby et al., 2009). This region has previously been linked to articulatory spedch
processes, supporting the interpretation of this activity as prelexical phonological access
via an articulatory code. Alternative inpeetations include the conflict resolution

processes described, for example, by January et al.;(2868%ectio2.3.3.4 ).

Although, Wheat et al. (2010) were able to strongly link LIFGpo/PCG activity
to phonological process using a masked priming task, a question still remains about
the nature of any phonological representaioAs discussed irChapter 3 this
experiment will extend the findings of Wheat et al. by including nonword targets, as
well as word targets, in a silent reading task. Extension of the result to nonword targets
will imply a sublexical basis for the phonological priming result, as nonwords would
not be expected to produce lexical level priming. Replication of the origintahd for
real word targets is also important. This will show generalisation of the effect to a
different set of stimuli and participants. Moreover, the nonword activity at LIFGpo/PCG
should be equivalent to the word activity, both in this experimenbaiéeat et al., in
order to infer that this sublexical access is an automatic part of normal word reading,

and not a specific artefact of nonword decoding.

As shown inChapter 3it was important to start this experiment watrstrong
phonological priming effect. Once behavioural phonological priming has been achieved,
MEG allows us to view when and where in the brain phonologically relevant activity
can be seen. There is often individual variability in priming effects; fomeia
Appendix C shows the priming effects for the participants of Experimeiined
naming; see alsoHolyk & Pexman, 2004) This demonstrates thawhile most
participants(22/24 for words; 15/24 for nonwords) showed a posipviening effect
(i.e., phonological condition fasterpevertheless, a minority of participants (2/24 for
words; 7/24 for nonwords) showed a negative effieet, orthographic condition faster)
or no priming effect (2/24 for nonwordsyherefore,in the wselected populationf
Experiment 3 (mixed naming)ositive priming was shown to be the norm. Hene,
order tomaximise the signab-noise ratio for investigating the neural correlates of
priming in MEG, participants were precreened for their abilityo be phonologically
primed. Participantswere only invited to take part in MEConly if they shoved
phonological priming of worddNo participant selectiowas made on the basis of the

nonword effect
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4.3.1 Methods

4.3.1.1 Participants

Participants were 30 natiEnglish-speaking adults (9 maleMage 21.7 years,
SD3.12) who gave their informed consent to participate on a voluntary basis. The study
conformed to ethical approval, granted by the Research Ethics Committee, York
Neuroimaging Centre. All scored aitigly right-handed (Annett, 1970and had normal
or correctedo-normal vision, with no history of any reading disorder. Reading
proficiency was verified using the Test of Word Reading Efficiency (TOWRE;
Torgesen, Wagner, & Rashotte, 1999) and the Test of IrmedgMard Reading
Efficiency (TIWRE; Reynolds & Kamphaus, 2007).

Of these, 24 participants attended an MEG scan. Data from four MEG
participants were excluded due to a high artefact rejection rate (87%), falling asleep
during the scan, a large change in hpasition during the scarM(1.95 cm;SD 1.32
cm), or poor performance on the behavioural task (10% targets detected). The final
group of MEG participants were 20 nati#aglishspeaking adults (7 malef8tage22.10
years,SD3.61), who passed the selectimiteria.

4.3.1.2 Behavioural: Materials, Design & Procedure

The materials, design and procedure were identical to Experiment 3. Participants
were presented with word and nonword targets in a pseudorandom order and asked to
read them out loud as quickly and actely as possible. After completing the

experiment, the TOWRE and TIWRE were administered, in that order.
4.3.1.3 MEG: Materials, Design & Procedure

The materials, design & procedure was identical to Experiment 3 with the
following exceptions. The experiment was rfpemed in a completely dark,
magnetically shielded room. At a Vviewinc
vertical and, on average, ~5e horizont a
experimental conditiondSEUD WORD, ORTHI WORD, PSEUD NONWORD, and
ORTHI NONWORD); the unprimed conditions were not included in order to shorten
the duration of the experiment. A longer duration makes it more likely that a participant

will become uncomfortable, resulting in more movement, including head movement.

The experiment was performed with the projector brightsesdo Oand with

the addition of a 50% neutral density filtdihe filter reduced the glare halo created by
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light from the projector being scattered by the projector screen. This extra light seen
without the filter made the stimuli difficult to view comfortably. With the filter, pilot
testing showed that the stimuli could be seen clearly without any extra glare. These
were also the settings used by Wheat et al. (2000gse settingsiinimise thetransient
contrast changewhen stimuli appear and disappear, whithurn helps to reduce the
transientresponsg seen in MEGwhich may otherwise dominate the response pattern.
The addition of nonius lines above and below the stimuli as a fixation indiatso
removed unnecessary transients relating to the fixation cross appearing and
disappearing. Instead, the nonius lines remained on screen throughout the experiment,

but were dimmed to gicate the intertrial interval.

Participants were instructed toageeach real word or nonsense word silently in
their head. They were also asked to press a button whenever they saw an animal name.
These catch trials were created by inserting an animal name into the position of the
prime or the target. Catch trials inethiarget position allowed online monitoring of
whether the participant was attending to the experiment. Prime position catch trials
allowed online monitoring of whether the participant was consciously aware of, and
able to report, the prime identity. Regges were made with the forefinger (word) and
middle finger (nonword) of the left hand.

The meandelay between the behavioural session and the subsequent MEG

session wa87 days (RangeSi 166).
4.3.1.4 MEG: Data Acquisition

MEG data were collected at YNIC usireg4D Neuroimaging Magnes 3600
Whole Head, 248 Channel system, with SQUIDs arranged in a helmet shaped array.
Data were sampled with an aafias filter at 200 Hz and a sample rate of 678.17 Hz.
Prior to scanning, a-B digitizer (Polhemus Fastrak) wasad to record the shape of
the participant's head and the relative position of the five head coils-fegstration
with the MRI scan. All participants underwent an MRI scan at YNIC to obtain a high
resolution T1 weighted anatomical volume with 1 mmtngpic resolution, using GE
3.0T Signa Excite HDx. MEG and MRI data wereregistered using an 4house
technique adapted from Kozinska, Carducci, and Nowinski (2001).

4.3.1.5 MEG: Data Analysis

After data acquisition, the continuously acquired MEG data weyaaeted into
epochs of 1490 ms, which spanned from 790 ms before target onset to 700 ms after; any
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epochs containing artefacts, such as blinks, swallows and other movements, were

rejected manuallfe.g., sedppendix D.

A minimum variance beamforming techniquehich was developed and coded
at YNIC, and which is adapted frowan Veen, van Drongelen, Yuchtman, a8dzuki,
(1997)was wused for source reconst rregalar 800 n .
lattice of points, spaa 5 mm apartvas defined At eachgrid pointin the lattice for
each participant, three beamformers were applied to reconstruct current flow in the
brain in three orthogonal directignseparately for each experimental conditidlext
(for purposes of whle brain frequency domain analysis), at each of these points,
comparisons of the power at particular frequency bands were made between a 200 ms
passive time window and a sequence of 200 ms active windows. We defined the passive
window as-790 to-590 ms target onset = 0 ms) during a period of blank screen prior to
the forward mask near the start of a trial ($egure 4.7). See Appendix Efor a
discussion of the placement of the passiveogeri

Passive Active
-790ms -590ms Oms 200ms 400ms 600ms
A el
| ] I ] ]
Mask P Target

Figure 4.7 Epoch ggmentation. One 1490 ms epoch, showing the position of
the passive window and active windows. The trial sequenoeask prime

mask target The inteftrial blank screen is shown imegen.

Nonparametric permutation tests were used to derive whole braint-real
statistical maps for each participant (see e.g., Nichols & Holmes, 2001). Finally, the
individual t-maps were transformed into MNI space to permit group analysis, again
using norRparametric statistics. Separate group statistical maps were plottigadfogd
(5-15 Hz), fbetad (1525 Hz) andii | gamma (25-35 Hz) frequency bands for each
condition. For a review of beamforming methodologies see Huang et al. (2004).

For the virtualelectrode analysis, regions of interest were chosen from the

whole-brain  beamforming results. The corresponding individual slice number
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coordinates were then computed for all participants from their structural MRI data and
beamformers applied to the equest grid point in each participant. A Stockwell
Transform was performed (using Matlab, MathWorks, Natick, MA) on the resulting
time series for each direction, for each participant, for each condition. These time
frequency representations were then avetageer participants and directions, in order

to make statistical comparisons between conditions. The statistics will be discussed

below.
4.3.1.6 Behavioural: Data Analysis

Responses were recorded using a digital microphone positioned directly in front
of the parttipant. Sound level was calibrated individually prior to recording. Timings of
voice key responses were logged by Presentation (Neurobehavioral Systems, Inc.,
Albany, NY) and sound files of responses were recorded for offline analysis. All
incorrect resposes and voice key triggers other than verbal responses (such as coughs
and hesitations) were removed prior to VRT analysis. VRTs outside 3 standard
deviations of the mean (by condition for each subject) were treated as outlying data

points and were excluddrom further analysis.

Prior to inclusion in the group anal
individually (after error removal and thresholding) and excluded if the mean reaction
time for PSEUD WORD was not faster than foORTHIi WORD (i.e., test br
phonological priming of words Four participants were excluded on this basis. A
further two participants dropped out of the study at this stage and four participants were
excluded after participating in MEG. One participant previously participated in
Experiment 3 and was not-tested prior to participating in the MEG study. Reported
behavioural data are, therefore, based on 19 of the 20 participants who successfully

completed the MEG scan.
4.3.2 Results

4.3.2.1 Behavioural Pretesting

Incorrect responses were remoyéite mean error rate was 2.41% (SD 1.85).
The mean attrition rate after error removal, thresholding, and any trials where the
participant did not respond, was 3.84% (SD 2.78). As showrFigure 4.8, there

appeaed to be a trend for targets primed by pseudohomophones to be responded to
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fastest, followed by orthographic controls, and unprimed targets responded to slowest.

Overall, the real word targets were responded to 47 ms faster than the nonword targets.

A two-by-three repeated measures ANOVA with the witbirbject factors of
Lexicalityand Primel'y pe was conducted. Mauchl yods te
of sphericity had been violated for Prime Typé(2) = 7.17,p < .05; therefore a
Greenhous&eisser correction was applied. The results showed a significant main
effect of Lexicality, F(1,18) = 168.32p < . O Fﬁ £ ,90, é&nd of Prime Type,
F(1.49,46.36) = 33.1H9< . Opb:16,5, amf a significannteraction,F(2,36) = 15.15,
p< . 0,04.46.
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Figure 4.8 Meanreaction times by primeype and lexicality Standard error

bars, corected for repeated measures.

% < 001, ** p< .01, *p < .05.

Separate onby-three ANOVAs were then conducted, splitting the data by
Lexicality. For real wor ds, Mauchl yds te

had been violated,?(2) = 6.05,p < .05; therefore a Greenhou&eisser correction was
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applied.There was a significant main effect of Prime Typ€,.54,27.70) = 71.41p <

.00 g? = .8@ Planned repeated contrasts revealed significant differences between
PSEUD and ORTHF(1,18) = 88.15p < . Opézl .83, ahd between ORTH and
UNPRIMED, F(1,18)= 66.57p< . 0,0=159. d

For nonwords, there was a significant main effect of Prime Tif(236) =

11.04,p< . 0,&)4.38. Rlanned repeated contrasts revealed significant differences
between PSEUD and ORTIA(1,18) = 8.98p = . Op6=8.33, agfl between ORTH
and UNPRIMEDF(1,18) =6.05p= . 0,2=425.

4.3.2.2 MEG: Preprocessing and Catch Trial Responses

Data from four participants were not included in any analyses. The remaining 20
participants had a mean artefact rejection rate of 23%19%) aand a mean head
movement of 0.41 cn500.17 cm). The head movement score for each participant was

computed by averaging over the movement values for the five head coils.

Signal detection analysis of catch trial responses revealed a .12 probability of
correctly identifying an animal word in the prime position, resulting in a meaif
1.04 8D 0.60), indicating a low level of visibility. For animals in the target position,
there was a .87 probability of correct identification, resulting in a nde@ 3.78 (SD

0.68), indicating participants were successfully attending to the task.
4.3.2.3 MEG: Whole-Brain Beamforming

As shown inFigure4.9, wholebrain beamforming revealed significant activity

in the region of LIFGpo/PCG hin the first 200 ms when the target word was a real
word and the prime was a pseudohomophone. This is an isolated region of left frontal
activity in this first time window, with a concurrent spread of activity across the
occipital lobe and ventrally taavds the left middle temporal region. Within the first 400
ms, activity continues to spread from the occipital pole ventrally, towards the left
temporal pole, and dorsally, to encompass inferior parietal regions. The frontal region of
activity also spreadw cover most of the inferior frontal gyrus and the inferior portion

of precentral gyrus. Activity in the right hemisphere and underside of the brain can be

seen inAppendix
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p < 0.0001

0-200 ms 100-300 ms 200-400 ms
Figure 4.9 Beamforming forPSEUD WORD. Threedimensional rendered

cortical representations showing significant activity above baseline in the left
hemisphere for PSEUDVORD, in the frequency range 1125 Hz, from 0
400 ms from target word onsétMaps areghresholded gb < .05 (corrected).

p < 0.0001

0-200 ms 100-300 ms 200-400 ms
Figure 4.10 Beamformingfor ORTH WORD. Threedimensional rendered

cortical representations showing significant activity above baseline in the left
hemisphere for ORTHNORD, in the frequency range 1% Hz, from 0400

ms from target word onsdtMaps are thresholded jpk .05 (corrected).

In the orthographically primed condition for real words (showRigure 4.10)

LIFGpo/PCG ativity is not apparent until the 10800 ms time window. Again,
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activity spreads from the occipital pole ventrally towards the temporal pole and dorsally
towards the parietal lobe within the first 400 ms. Activity in the inferior frontal gyrus is
restrictal to the pars opercularis within this time and frequency range. All activations
were in the ERD direction, meaning that the passive period has more power than the

active period. No differences were found in the other direction for any active period.

0-200 ms 100-300 ms 200-400 ms

100-300 ms

Figure 4.11 Beamforming for PSEUDNONWORD. Threedimensional
rendered cortical representations showing significant activity above baseline in
the left hemisphere for PSEWRONWORD, in the frequency range i1Zb

Hz, from 0 400 ms from target nonword onseMaps are thresholded pt<

.05 (corrected)(a) Shows the earliest occurrence of LIFGpo/PCG activity (b)

shows a sagittal section into this activity.

For the nonword targets, activity in the phonologicallynail condition shows a
similar pattern of activation to both the real word conditions. As showAngure 4.11,

there is a similar spread of left hemisphere ventral and dorsal activations, evolving
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across the first00 ms from target nonword onset. Hereisolated region of frontal
activity is seen at LIFGpo/PCG by IIGBD0 ms with no frontal activations within the
first 200 ms time windowThe cutaway inFigure 4.11(b) showsthat this region of
activity is larger than it appears from the surface. No other time windows (in any
condition) showed activity hidden just under the surfdge.200'400 ms, there is
widespread left temporal and frontal activation. Right hemisphere uamarside
activations can be seen Appendix F In contrast, for the orthographically primed
nonwords, there is no LIFGpo/PCG activity that is significantly different from baseline
activity within the first 400 ms from target movord onset (sed-igure 4.12).
Orthographically primed nonwords show a similar ventral and dorsal spread of activity,
but to a lesser extent than seen in the other three conditions, and with no frontal

component

0-200 ms 100-300 ms 200-400 ms

Figure 4.12 Beamforming for ORTHIi NONWORD. Threedimensional
rendered cortical representations showing significant activity above baseline in
the left hemisphere for ORTHIONWORD, in the frequency range 1125

Hz, from 0 400 ms from target nonword onseMaps are thresholded pt<

.05 (corrected).

In sum, on the basis of whebrain beamforming results, there appears to be a
difference between the phonologically primed and the orthographically primed
condiions for both real words and nonwords. For the PSBWDRD condition,
LIFGpo/PCG appears to be active earlier than for the QRVBIRD condition in
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comparison to the passive baseline period. ForRBEUD NONWORD condition
activation includesLIFGpo/PCG, in ontrast to the ORTHNONWORD condition,

which shows noLIFGpo/PCG activity that is significantly different from baseline.
Therefore, both words and neards show and advantage of phonological priming at
LIFGpo/PCG. However, the precise time and frequenngeaf the activations cannot

be seen through whelaain methods. Furthermore, these results represent iactive
passive contrasts, which may mask any brain regions that are equally active throughout
the epoch, including the chosen passive period. Thesexwrah methods also do not
allow statistical comparisons between conditions. Thus, ROIs will be chosen for more

detailed analyses.

4.3.2.4 MEG: Virtual Electrodes
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Figure 4.13 Evoked timéfrequency plots for theedirectionsat LIFGpo/PCG,

MNI -44, 20,-8. Separate plots showing the averaged X Y and Z directions for
the evoked response to PSEMRORD across the full epoch700/ 700 ms)

and frequency rangei(h00 Hz).

In order to compare activity at LIFGpo/PCG asdhe conditions, a region of
interest was chosen based on the only area of frontal activity during the first 200 ms.
The area of this activity from the PSEUWORD condition was centred on MNI
coordinates44, 20,-8 (seeFigure4.13). The virtual electrode analyses shown here will
focus on timéfrequency analyses that allow the total power change to be seen. This
includes the nophaselocked (induced), as well as the phdseked (evoked) response.
However, theifst example will step through the analysis path for the evoked response,

as the nature of the evoked response makes it more easily identifibleevoked
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signal is revealed by computing the average signal in the time domain, for each
participant, for eeh direction separately. A Stockwell transform is then computed for
this time domain average for each participant and direction. Conversebtaiothe

total signal, the ®ckwell transform is computed for each individual trial, for every
participant ad direction, without any prior averaging in the time domain. The average
Stockwell is then computed for each participant, for each direction separately. Thus,
both cases result in 3 average Stockwells (one per direction) for each of 20 participants,
the diference beingthat the evoked data are gaeeragedacross trialsn the time
domain whereas the total data are only averaged after transforming to the frequency

domain.
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Figure 4.14 Evoked grand averagésr PSEUD WORD and ORTHWORD
at LIFGpo/PCGMNI -44, 20,-8. The evoked response for PSElMWORD
(left) and ORTHWORD (right) aftersummingacross the three directions for
the full epoch {7901 700 ms) and frequency rangé {80 Hz).

For both evoked and tlt analyses, the first step was to average theitime
frequency representation of power of the 20 participants, for each direction separately;
examples of the averaged tinfikequency plots for the PSEUBWORD condition for
the evoked response are showrfigure4.13. The three directions are theammed
and averaged across participants (G. G. R. Green & W. Woods, personal
communication, 2008j)o compute a grand average for each conditiigure 4.14
shows the results of this averaging for PSEMIDRD and ORTHWORD for the
evoked response. Statistical comparisons can then be made across the two plots to
directly compare the two conditions for differences in power at LIFGpo/REZEé
duration and frequency range of interd3ifferences between conditions before 0 ms

will not be examined, as this is when the target is presented and a priming response
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cannot occur prior to thisdowever, as shown iRigure4.14, there is a large response
prior to 0 ms. The premask started320 ms, followed by the prime é20ms, and the
post mask at20 ms. The timing of the pretarget response therefore coincides with the

mask and may relate, for examapto the expectation of an upcoming target word.

In order to statistically compare the grand avetagei frequencyplotsbetween
conditions it is important to consideproblem of spatial covariance; that is, tiine
frequency tiles that are closer togetlage more likely tohave similar values for the
outcome variable between conditiotgn tiles that aréurther apart from each other
(seeFigure 4.15 for an illustration). TheProc Mixed analysis in SASSAS Insttute
Inc., North Carolina, UBis able toestimate the spatial covarianoe the timel
frequencyspace, in order thabrrecededimates ofthe significance of the least squared
mean of the outcome variable in eathel frequencytile can be reported, argpatial

covariance thereby accounted for.

|2 LU

g
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Figure 4.15 Spatial covariance. In a tirmigequency plot, tiles that are closer
are more likely to be similar to each other than distant tiles. For exathnele,
magqnitudes of the outcome variableTile A and Tile B are more likely to be
similar to each other due to their proximity, where as they are less likely to be
similar to Tile C. Statistical comparisons of plots must take this into account.

4.3.2.5 MEG: Evoked Power Virtual Electrodes

The result of PSEUDNORD minusORTHI WORD evoked response is shown
in Figure 4.16(a). This is the raw difference between the two grand average plots,
showing regions of tinidrequency where the peer in one condition is greater or less
than the other. Note that the difference plots show just théd fiietgiency period of
specific interest, where as the previous raw plots have shown the fullfrexpeency
range. Figure 4.16(b) then shows the distribution of the results of Proc Mixed,
highlighting regions wherg < .05. Plot (b) shows significant differences in either
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direction, therefore, comparison with (a) is necessary to understand the direction of a

difference.
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Figure 4.16 Evoked dfference betwee?SEUD WORD and ORTHI WORD

at LIFGpo/PCGMNI -44, 20,-8. (a) shows the raw difference between the
two conditions (red PSEUD>ORTH, blue ORTH>PSEUD) for theation of
the trial (0 700 ms) for 550 Hz, (b) shows thp values for the-tests of least
squared means at each tile in timei frequencyplot. Light yellow represents
regions ofsignificantchangebetween PSEUDNORD and ORTHWORD, p

< .05

This evoked response for PSEUMWORD minus ORTHIWORD at
LIFGpo/PCG shows both phonological and orthographic prirmirdjfferentfrequency
bands(as indicated by the significant regionshufth red and blugwithin around 200
ms of word onset. The ~13 Hz evoked regmoims likely to occur around 200 ms,
although it appears to start around 100 ms due to the lower temporal resolution of lower
frequencies in the Stockwell transform. Next the total power analysis path with be

illustrated.
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4.3.2.6 MEG: Total Power Virtual Electrodes
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Figure 4.17 Total timé frequency plots for three directioas LIFGpo/PCG,
MNI -44, 20,-8. Separate plots showing the X Y and Z directions for the total
power of PSEUDWORD across the full epockh7@0i 700 ms) and frequency
range (5100 Hz).

For grand average ofotal power for each condition first the time frequency
representation of powewas averaged ovethe 20 participants, for each direction
separately; examples of the averaged timguency pbts for the PSEUDWNVORD
condition for thetotal response are shown kgure4.17. The three directions are then
summed andaveragedacross participants (G. G. R. Green & W. Woods, personal
communication, 2008p compute a grand average for each condi(smeFigure4.18).
However, unlike the evoked component, no claegas of response in relation to
stimulus onset can be seen. This is because there are large globatdhahgegyower
spectrum from the alpha band, through the frequency ranges, up to the gamma band and
beyond. The power range for a typical tirfrequency plot of total power, averaged
across time, is shown iRigure 4.19(a). It shows an order of magnitude difference in
mean power between the highest and lowest frequencies. Attempting to capture such a
large range of power on one colour scale means that the relatively small changes of
power within a frequency band Wbe difficult to resolve visually because they will be

embedded within such a small range of the colour scale.
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Freq (Hz)
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Figure 4.18 Total grand averageor PSEUD WORD and ORTHWORD at
LIFGpo/PCG,MNI -44, 20,-8. The total power of PSEUIWORD (left) and
ORTHI WORD (right) aftersummingacross the three directions for the full
epoch {790/ 700 ms) and frequency rangé {®0 Hz).
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Figure 4.19 Mean power per frequen. Plot (a) shows a large difference in
mean power per frequency from the lowest to the highest frequencies. After

normalisation (b), mean power is almost flat from ~15 Hz upwards.

In this thesis, two methods have, therefore, been used to allow theefglati
small changes in total power within and between conditions to be visualised. First, the
grand average tiniérequency plots for each condition have been normalised per
frequency bin with respect to the same baseline as is used for the-bsduole
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beambrming analyses. To do this, firstveragetotal power is computed for each
frequency bin over the passive perit®0 -590 ms.Then, total power at each time
point in the timéfrequency plot is normalised with respect to that frequency bin by

computing tle percentage signal change, that is,

total power at freq @
meanbaselinepower at freq w

1 2100

(seeFigure 4.20 for an illustration) As can be seen by comparing the axef&igtire

4.19 (a) and (b), the range of power across frequency bins is much smaller after
normalisation. The steep drop in power as a function of frequency is almost flattened
out; meaning changes in power within frequency bands within relativatyow
frequency bands are easily resolved by the colour scale as a Tesgknerate grand
averaged timidrequency plots which illustrate the difference between conditions, we
simply computea percentage signal change between two conditions directth the

same as is done when computing a contrast in fMRI.

100 4

90 4

80

70 4

60 4

50 4

Freq (Hz)

40

30
20

10

-600 -400 -200 0 200 400 600
Time (ms)
Figure 4.20 An illustration of the normalisation procedure. The average power
for each frequency bin in the passive periodsed to calculate th@ercentage
signal change per frequency between baseline and eadhremesncy tile in

the period of interest
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Figure 4.21 Total percentage signal change between PSBVDRD and
ORTHI WORD at LIFGpo/PCG,MNI -44, 20,-8. (a) and (b) show the
normalised grand averages for PSHWIORD and ORTHWORD,
respectively;(c) shows the % signal change between the two conditions (red
PSEUD>ORTH, blue ORTH>PSEUD) for the duration of the trial’ (@ ms)

for 5150 Hz;and (d) shows thep values for the-tests of least squared means
at each tile in thaimei frequencyplot. Light yellow represents regions of
significantchangeébetween PSEUDNORD and ORTHWORD, p< .05

First, the total power for the word conditions is exaed. Figure4.21 shows the
results of the normalisation of PSEMYORD and ORTHWORD. Figure4.21(c) the
shows the raw percentage signal chakggure4.21(d) shows, for each tini&equency
tile, whether the percentage signal change between the two conditions is significantly
different from 0, computed using Proc Mixembntrolling for spatial covariance.

Regions shown in light yeailv indicate regions where PSEUWORD is stronger than
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ORTHI WORD at LIFGpo/PCG, indicating phonological primiged) within ~250 ms
from word onset, but no orthographic primifdue).

gE8

g8 4

sbbvc‘.w«'.vr'oo
sEEdigg

P

300 400 500 300 400
Time (ms) Time (ms)

200 300 400 500 600 700 0 100 200 300 400

Time (ms) Time (ms)

500 600 700

Figure 4.22 Totd percentage signal change between PSBUDNWORD

and ORTHNONWORD at LIFGpo/PCGMNI -44, 20,-8. (a) and (b) show

the normalised grand averages for PSENDNWORD and ORTH
NONWORD, respectively; (c) shows the % signal change between the two
conditions (rePSEUD>ORTH, blue ORTH>PSEUD) for the duration of the
trial (Oi 700 ms) for 550 Hz; and (dshows thep values for thd-tests of least
squared means at each tile in timei frequencyplot. Light yellow represents
regions of significant changebetween PSBDi NONWORD and ORTH
NONWORD, p< .05

Next, he same analysis path was used to explore tth& response at
LIFGpo/PCG for nonword targetgigure 4.22 shows the normalised grand average
total response for PSEUDNONWORD and ORTHNONWORD, with the raw
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percentage signal changandthe plot ofp values indicating whether this percentage
signal change is significantly different from ere, phonological priming can be seen
at around 50150 ms and again at 50800 ms, with no advantage for the
orthographically primed nonwords.
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Figure 4.23 Total percentage signhal change between PSBMORD and
PSEUD NONWORD at LIFGpo/PCGMNI -44, 20,-8. (a) and (b) show the
normalised grand averages for PSEDDORD and PSEUDNONWORD,
respectively; (c) shows the % signal change between the two conditions (red
WORD>NONWORD, blue NONWORD>WORD) for the duration of the trial

(0i 700 ms) for 550 Hz; and (dshows thep values for thet-teds of least
squared means at each tile in timeei frequencyplot. Light yellow represents

regions of significant change between PSEUD WORD and PSEUD
NONWORD,p< .05

The last virtual electrode comparisons at LIFGpo/PCG are directly between the
word and lmnword conditionsFigure4.23 shows the percentage signal change between
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total power for PSEUDWORD and PSEUDNONWORD, indicating a stronger
response to phonologically primed nonwords than phonologically primedsvpoior to
100 ms and at 1%@00 ms. Conversely, there are only marginally significant

differences between the orthographically primed word and nonword conditions (see
Figure4.24).
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Figure 4.24 Total percentage signal change between ORVBRD and
ORTHI NONWORD at LIFGpo/PCGMNI -44, 20,-8. (a) and (b) show the
normalised grand averages for ORWMWORD and ORTHNONWORD,
respectively; (c) shows the % signal charigetween the two conditions (red
WORD>NONWORD, blue NONWORD>WORD) for the duration of the trial
(0i 700 ms) for 550 Hz; and (dshows thep values for thet-tests of least
squared means at each tile in timeei frequencyplot. Light yellow represents

regions of significant change between ORTHIWORD and ORTH
NONWORD, p< .05

136



Chapter 4 Experiment 5: MEG

Finally, a control virtual electrode was placed at left middle occipital gyrus
(LMOG). The site was chosen based on the same beamforming comparison used to
place the LIFGpo/PCG virtuatlectrode; the first 200 ms window of the PSHUD
WORD beamforming. The LMOG virtual electrode was placed at Ml -98, -2,
which is the peak of the occipital activity and the only other significant peak of activity
during the first 200 msFigure 4.25 shows the percentage signal change between
PSEUDandORTH for words and nonwords at this site. As can be seen in parts (b) and

(d), there are only marginal regions of significant difference for both comparisons.
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Figure 4.25 Left middle occipital gyrus control virtual electrodeMNI -18,
-98, -2. (a) and (b show thepercentage signal changed p valuesbetween
PSEUD WORD and ORTHWORD; (c¢) and (d)show the pearentage signal
changeandp valuesbetweenrPSEUD NONWORD and ORTHNONWORD.
p < .05 shown in light yellow.
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4.3.3 Discussion

The aim of this experiment was to te
involved in rapid phonological access during visual word reit, in a replication of
Wheat et al .o6s (2010) finding. I n an ex
hypothesised that any early phonological representation would be sublexical in nature,

as tested by the addition of nonword targets to the empat.

The suitability of the participants to take part in the MEG study was verified by
ensuring all participants showed a phonological priming effect for words, as this has
been shown to be variable across individuals in previousrempnts (see e.g.,
Appendix G Holyk & Pexman, 200¢4 Although participants were not selected on the
basis of nonword priming, there was a significant effect of both phonological and
orthographic priming for nonwords. This sublexical behaviouramioig result
confirmed the potential of the experimental desimd stimuli for investigating

sublexical effects.

The wholebr ai n beamforming results show a
involvement in phonological processing of words within the i fhs of target word
onset. As i n Wheat et al.é6s (2010) study
primed words (as compared to baseline) peaked around the border of LIFGpo/PCG.
This activity did not become apparent for orthographically primedisvantil 100 300
ms, demonstrating an early advantage of phonological priming at LIFGpo/PCG. A
direct comparison of PSEUDVORD and ORTHWORD using virtual electrodes
showed significant differences between the two conditions from around 200 ms; later
thanwould have been predicted based on Wheat &palnonwords, again, whelerain
beamforming results indicated that LIFGpo/PCG activity for PSENNDNWORD was
stronger than baseline by around 1800 ms, with a large spread of activity around
Brocadsy 200408 md Converselyy, ORTHONWORD showed no
LIFGpo/PCG activity that was significantlyreater tharbaseline within the first 400
ms. Interestinglya direct virtual electrodecomparison between PSEURONWORD
and ORTHNONWORD, indicated early differences between the conditions.
Phonologically primed nonwords showed significantly stronger activity at LIFGpo/PCG

prior to 100 ms from target nonword onset.
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One particularly interesting finding is an early significant difference between
phonologically primedwords and phonologically primed nonwords at LIFGpo/PCG
prior to ~75 ms. This findingshows a stronger response at LIFGpo/PCG to
phonologically primed nonwordshan words. However, there is only marginal
difference between orthographicalyimed words andnonwords. These comparisons
suggest that the phonological priming advantage is significantly stronger or earlier for
nonwordsthan words and that this difference is specific to phonological priming and
not a general lexicality effect. A general lexicalgffect would be apparent in both
phonological and orthographic wewrsusnonword comparisons. It can be inferred
from this finding that LIFGpo/PCG is particularly involved in phonological processing
of nonwords andhatperhaps there are other lexipabcessing mechanisms involved in
reading the real words, lessening the advantage of phonological priming at
LIFGpo/PCG. Another possible interpretation is based on the timing of the word and

nonword response, and will be discussed below.

Another feature othese virtual electrode comparisonsaitate (400600 ms)
phonological advantag®er both words and nonword3his later difference may relate
to an articulatory planning response in preparation for a spoken response, or the effects
of withholding thatresponse during silent reading. LIFGpo/PCG gained the name
Brocaoddsuearteoa i ts | ink to speech disorder
has since been strongly related to speech output processe8¥even, et al., 2008;
Greenlee et al., 2004Rulvermiller et al., 2006). This suggests a dual role for
LIFGpo/PCG during reading aloud in both phonological input processes, and
articulatory output processéBhi s possi bBto-dnao mdp @Ainmgnsy of
structure has been discussed, &xample, by Price and Devlin (2003), Mcintosh
(2000), and Friston and Price (2011).

Finally, with regard to the LIFGpo/PCG resultee timing of the real word
phonological advantage appears later than predicted on the basis of Wheat et al. (2010).
This result can be explained by the mixing cost account of Los (1996). If the reading
network responds flexibly on a tril-trial basis, then there will be a reaction time cost
when different types of stimuli, that require different types of processes, ard mixe
together. This reaction time cost was shown between Experiments 3 aQthdpter 3
Whenwords and nonwords were mixed together, vocal reaction times were slower than
when words and nonwords were in separate blocks. As Méteal. did not use

nonwords, the words were necessarily presented in pure blocks. The later timings of the
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priming result for words in the current experiment could, therefore, relate to this mixing
cost. Surprisingly, there does not appear to be a mitisg for nonwords, due to the
earlier priming effect for nonwords than words. Furthermore, this earlier effect for
nonwords than words is in contrast to reaction time data, where wordereistently
named faster than nonwordas shown inChapter 3(seealso, e.g., Coltheart et al.,
2001; McCann & Besner, 1987However, looking at the direct comparison between
PSEUD WORD and PSEUDNONWORD, it appears that, while the early (~100 ms)
priming effect favours the nonword targetisere is a significant advantage in the later
aspect (400600 ms) for real word targets. If this later aspect relates to articulatory
planning, this might explain the reaction time advantage for real words over nonwords.
This interpretation is suggestie# a highly complex interactive network that is flexible
based on the needs of the task anahgii (Friston& Price 2011 and perhaps shows
that within the same stimuli both mixing costs and mixing benefits ostuilar to
Lupker et)sugdstiolss (2003

In sum, both word and nonword targets showed evidence of phonological
priming at LIFGpo/PCG. Phonological priming of real words replicates the findings of
Wheat et al. (2010), providing further evidence of a phonological role for LIFGpo/PCG
during visual word recognition. Though, for real words the priming effect appears
slightly later than shown by Wheat et al. Activation of LIFGpo/PCG during silent
naming of nonwords shows that this region is not solely involved in lexical level
processes. Furthmore, phonological priming of nonwords demonstrates that this
region is sensitive to the sublexical phonological relationship between nonword primes
and targets. The specificity of this phonological priming to LIFGpo/PCG is further
supported by the neardi of differences between the equivalent comparisons at LMOG
for a peak chosen from the sarbeamforming result. There dppear to be slight
differences between the phonological and orthographically primed conditions at this

site, however, these differezsare small and only marginally significant.
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Figure 4.26 An illustrative semivariogram. The blue line indicates the value of

empirical semivariance as a function of the separdtidretween pairs of
pointsin the timéf r equency pl ot . The | ine begin:
the empirical semivariance of pairs for whith= 0. Spatial correlation
decreases (i .e., empirical semivarianc

after which thereisnofurthr change i n spatial <correl

There is a limitationn the current analysis pathwadlyat should be borne in
mind when interpreting the virtual electrode resufisatial covariance can be estimated
from a variogram, or plot oémpirical senivariance $), which is calculated from the

formula

1

O = 7\ ,’2
rQ >d (0 )

wheremis thenumber of pairs of observatiortsjs thedistance apantf a given pair of
observations; andy; in the timei frequency plot; ang; is the ith value of percentage
signal change (in the current case) which distance away from thigh value of signal
changey;. Thus, for every distandg empirical semivariance is equal to the sum of the
squared differences between all pairs of points (at disthpcmultiplied by 1 over
twice the number of pairsLittell, Milliken, Stroup, Wolfinger, & Schabenberger,
2006. A semivariogramcan then be plotted as illustratedHRigure 4.26. The critical
values of this plb(i.e., the nugget, range, and sill) can be estimated for a given dataset
and enteredis parametersto the mixed modelspecified in Proc Mixedin order to
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control for spatial covariance, as has been done for the data described in this chapter.
An exampe of the variogram for real data is shown idrigure 4.27 and clearly
demonstrates the existence of spatial covariance in these data
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Figure 4.27 Empirical semivaance. The empirical semivariance (right)
computed from a representative MEG datdedt), plotted as a function di

for all directions.
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Figure 4.28 Irregularities in ttTesubsetted variogramd&he sixsmall plots
show empirical variance within a tireequency tile, for each of the six time
bins, with each line representing one frequency bin. Empirical semivariance is
therefore not regular across the plot, due to the inhdnerd frequency

inhomogeneit of the Stockwell transform
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Returning to the limitation alluded to above; the problem arises from the
inherent timel frequency inhomogeneity ofthe Stockwell transform. As mentioned
above, the Stockwell transform results in a fifnequency distributionnat has better
temporal resolution at higher frequencies, and better frequency resolution at lower
frequenciesFigure 4.28 illustrates the problem. In this figure, the timquency plot
has been split intequaly sizedtimel frequency tiles for six time bins and 3 frequgenc
bins. If empirical semivariance isomputed and plotted separately for each tile can
see thathe slope, range, and sill values depend of the frequency range in each tile. This
inhomogendy is not ideal because, as currently implemented in SAS, Proc Mixed
assumes that the smoothing function used to estimate spatial covariance should maintain
a constant shape and scale across the sampled ($Eaeethetimel frequencyplot).

Currently, asmplemented in SAS 9.2, it is not adaptive.

Frequency warp Time compression

|
I

Figure 4.29 The timé frequency resolution of the Stockwell transform and
Proc Mixed. The regular tiniéequency tiles of Proc Mixed are not a good
match for theitmei frequency resolution of the Stockwell transform. However,

a frequency warp and time compression could be applied to the plot in order to
match the timifrequency resolution to Proc Mixed.
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Therefore, ae possible solution might be to apply a transfosmegularise the
timei frequency resolutiorfbut more importantly, the spatial covariance) of the plots
before performing any statistical comparisotisereby bypassing the probleiSee
Figure 4.29 for an illustraton of such a transform. This procedure should be
investigated for future analyses of this type.

Other directions for future research include a comparison of the mixed design
(as presented here) with the blocked design experiment (as shown in 8e€tignA
within-participants investigation of the apparent mixing cost would be particularly
important for relating the later phonological priming effect for words shown here with
the earlier effect shown by Wheat et al. (2010)rthermore, a blocked design
experiment would allow interpretation of the difference in timing between real word and
nonword targets shown here. The mixed versus blocked design would highlight whether
these differences relate to intrinsic differences in tthengs of word and nonword
processes, or to differences attributable to the mixing costs and mixing benefits of the

different stimuli.

LIFGpo/PCG LMOG VWFA
-44,20, -8 -18,-98, -2 -44,-58, -15

Figure 4.30 Comparison of virtual electrode locations. The spdiitars of
LIFGpo/PCG and LMOG (left and centre) appear more focused than for
VWEFA (right).

Additionally, future research may wish to include other likely visual word
recognition nodes, such as other regions implicated in phonological processing (e.g.,
inferior parietal areas; Vigneau et al., 2006), regions associated with semantics (e.g.,
angular gyrus, infeor temporal gyrusBinder et al. 2009) and regions implicated in

orthographic processing (e.g., vOT; Dehaene et al., 2002), as well as investigatin
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right hemisphere homologues of these sites. While the two ROIs displayed here address
many of the questions posed in this thesis, they do not represent a full exploratory
analysis of the data. However, an important caveat when choosing virtuabasdectr
locations is that the spatial filter for any one beamformer needs to be relatively well
focused. While this requirement is well met for superior virtual electrodes, the spatial
filters for sites further away from the sensors, such as vOT, are inglgatess
focused, meaning thatirtual electrodes placed in thesegions would not be as
anatomically specific as for more superior regions. While vVOT/VWFA is a region of
great interest for many researchers investigating visual word recognition, R®ks in t
ventral occipital/mid fusiform territory may not be directly comparable with more
superior sites, such as the LIFGpo/PCG ROI used here. For ex#igpies4.30 shows

the spatial filters weightings of the grobpamformers (in one direction) applied to the
LIFGpo/PCG and LMOG virtual electrode sites, compared to a similar plot for
published fMRI coordinates of VWFA (MN#44, -58, -15; Jobard et al., 2003). These

plots show that the LIFGpo/PCG and LMOG sites appeare focused than the VWFA

site. However, as yet, there is no way to quantify the apparent differences between these

plots.

Finally, the datgresented heéewhilst in favour of a role for LIFGpo/PCG in
sublexical phonological input proces8edo not necesarily rule out alternative
interpretatios. For example, phonologically related activity could indicate a persistent
neural association between orthography and phonology tledt @/er from learning to
read géuch as when using letimound kowledge tosound out a new wordjut that no
longer plays a part in visual word recognition (Whitney & Cornelissen, 200&)y
studies have shown the predictive valugopbbnologicalawareness on learning to read
(e.g.,Bradley & Bryant, 1988 However, it has alsbeen shown thétwhile poor
phonological awareness continues to be associated with reading disability in l&ter life
high reading proficiency can be associated with surprisingly low scores on measures of
phonological awareness (e.g., Scarborough, Ehri,QI&Fowler, 1998). This may
indicate that skilled readers have less need to rely on phonologicatisiiilseginning
readers. Alternatively, LIFGpo/PCG activity could relate to conflict resolution
mechanisms such as those described by January etG9; §2@ sectio2.3.3.4 ). This
would be particularly relevant for phonological priming, where there is a potential
conflict to resolve between different orthographic representations activating the same
phonological represeatiion (e.g.breini BRAIN versus two different orthographic and
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phonological representations (e.groini BRAIN). Further support for this region in
conflict resolution comes from Novick, Kan, Trueswell, and Thom¢&amill (2010)

who suggested, froma @s st udy of a Brocads aphasic
Brocads aphasia coul d-dbm cogntiyelcantrohneechanlsy a
involved in selecting between competing alternatives. In conffadgrenko, Bher, and
Kanwisher (2011) recentishowed in their fMRI data that posterior LIFG was not
activated by cognitive control or conflict resolution type tasks. Fedorenko et al. did
show an overlap betweenritten language processing and verbal working memory
tasks in this region, and inferréidlat previous cognitive control and conflict resolution
tasks activate LIFG due ta necessary role of verbal working memory during
demanding cognitive tasks. Fedorenko euliimately proposed that posterior LIF&

a linguistically specialised braingin, rather than a region that supports language via

more general functions.

These alternatives cannot be conclusively ruled out on the basis of the current
MEG results. ldwever, first, it is difficult to explain how verbal working memory
might differentally be affected by phonological and orthographic primes,sandndly,
if LIFGpo/PCG activity related to conflict control mechanisms then the question arises
of when and where the phonological representation®areed that are then resolved at
LIFGpo/PG5 by ~100 ms. In order to rule out LIFGpo/PCG as activasugiexical
phonological representations that are no longer necessary for successful reading,

Chapter Swill present a TMS investigation of this region.
4.4 Summary

The keyfindings from Experiment 5 were

1 A significant phonological priming advantage at LIFGpo/PCG for both words

and nonwords.
1 Phonological priming for words was evident by ~250 ms from word target onset.

1 Phonological priming for nonwords was evident by ~75 rasmfnonword target

onset.

1 Nonwords showed an earlier or stronger phonological priming effect than words
at LIFGpo/PCG.
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1 A late (500600 ms) phonological advantage was also shown for words and

nonwords, implicating LIFGpo/PCG in articulatory output processes

1 The specificity of the priming effect to LIFGpo/PCG was shown by a null result

for equivalent contrasts at LMOG.

In conclusion a phonological priming effect was localised to LIFGpo/PCG,
indicating a role for this region in phonological processes dusirsgal word
recognition. The earliest effects were shown with around 75 ms of target onset,
demonstrating a likely role in input processes. A later {600 ms) phonological
advantage suggests a complex and interactive role of LIFGpo/PCG in word readling a
naming. Ultimately, it appears that LIFGpo/PCG is significant for phonological input
and output processes, however, these results should be viewed in light of the important
caveat that MEG data are inherently correlational. Therefore, it is not passibler
from these results that LIFGpo/PCG performs a functionally necessary role during

visual word recognition, as will be discussedimapter 5
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Chapter 5
Experiment 6: fMRI-Guided TMS

5.1 Overview

This chapter presents an fMBUidal transcranial magnetic stimulation (TMS)
study conducted in Dutch with native Dutch speakers. The main purpose of this study
was to investigate whether Brocads area
word recognition. This was sted by stimulatig individually fMRI-defined left IFG
and comparing performandering word reading and picture namirdingle pulse TMS

was usedo chart the functional involvement of this region to the two tasks.
5.2 Introduction to Transcranial Magnetic Stimulation

When stidying visual word recognition, it is important to consider not just the
input to and output from the reading system, but also to understand what is happening
inside the black box. Neuroimaging methods such as fMRI, MEG and EEG allow us to
investigate theénternal workings of the system by measuring correlations betimpen
stimulus, overt behaviour and signals from cortical and subcortical structures with
varying degrees of spatial and temporal resolution. A well accepted limitation of this
approach, hoewver, is that an observed correlation does not necessarily indicate that the
measured signals are causally related to the behavioural task under consideration
(Pascualeone et al.,, 2000). For example, it is difficult to control for strategic
behaviours usd by participants that are not necessary for a behavioural outcome per se,
but which may nevertheless produce misleading correlations between behaviour and
brain activity (Pascualeone, 1999; Pascudleone et al., 2000). While careful

experimental desigoan minimize effects like these, thereby bolstering the evidence for

148



Chapter 5 fMRI-Guided TMS

causality, nevertheless, neuroimaging methods alone can never be sufficient to make the
case they are inherently correlational. However, by disrupting normal brain function,
TMS cancrat e a traaki édmt@ai v il-esone Ad399 Waldh a&s c u a |
Rushworth, 1999). Therefore, by delivering TMS pulses appropriately in space and time
(Walsh & Rushworth, 1999), and comparing the consequences of the induced temporary
lesions to appropate controls (de Graaf & Sack, 2011), researchers can infer whether
activity in specific brain regions is indeed necessary for a given task (Rascun et

al., 1999).

When a current is passed through a coil of wire, a magnetic field is induced.
During TMS, this magnetic field induced in a cod is placed close to the scalp,
resulting in an electric field perpendicular to the magnetic field. This electric field will
cause current to floyarallel tothe plane of the coil, activating populations of neurons
via synaptic inputs (see e.g., Hallet, 2000). In contrast to the diffuse and irreversible
brain lesions studied inemropsychology (se€hapter 2 TMS can induce relatively
spatially specific lesions, with a spatial resolutiorthe region of 0.61.5 cm (Walsh &
Rushworth, 1999). Furthermore, Paseuebne, Bartres-az, and Keenan (1999)
detailed a number of advantages TMS has over lesion deficit studies, for example: TMS
can be conducted in normal participants, avoiding angmial confounds of additional
lesions or health problems; TMS lesions can be studied immedi&sieningthe
possible confounds that arise as a restifiunctional reorganisatiom patients TMS
can be repeated within and between participantsy@fpexperimers to be conducted
on groups of participants, as compared to the serendipity of lesion location in different
patients and dissociations between closely spatially related brain regions can be studied

by creating relatively focal lesions.

The magnetic pulses delivered during TMS can be applied in a number of
different ways, with different behavioural outcomes (see e.g., Hallet, 208&gts can
be either inhibitory or excitatory, for example, stimulation of visual cortex can result in
scotoma (inhibitory) or phosphenes (excitatory), depending on the type of TMS
del i very ( O06 S h drasindle pil&e ITMShjyst oBe0pQlse )s.delivered per
trial. Using this method, the contribution of an area to a function can be charted
chronometricallyby varying the time of pulse delivery and measuring a behavioural
outcome In order to have a stronger and longer lasting effect, multiple pulses can be
delivered per trial, such as the triple pulse design of Schuhmann, Schiller, Goebel, and
Sack (2009)Schuhmann et al. used tegs at a frequency of 40 Hz (i.¢hree pulses
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deliveredover50 ms)t o measure the chronometric fur
area to picture namindn repetitive TMS, low or high frequency trains of pulses are
deliveredfor a period of time prior to a task. The effects of repetitive TMS can last
beyond the stimulation time, with 1 Hz or less pulse delivery often leading to inhibitory
effects, but greater than 5 Hz stimulation leading to facilitatory aftereffects
(Hoogendan, Ramakers, & Lazzaro, 2010). Furthermore, longer stimulation durations
lead to longer lasting aftereffects (Hoogendam et al., 2@&i0yle pulse TMS therefore

has the highesemporalresolution both with respect to tebortertime taken to deliver

the TMS pulse (or train of pulses) and thieorterduration of any TMSnduced effect.

On the other hand, because single pulse TMS is temporally transient, when exactly the
pulse is delivered with respect to the stimulus may be more critical for findindeat, ef
especially when the neural process to be disrupted is also brief, representing a possible

temporal disadvantage for some studies.

5.3 Experiment 6

5.3.1 Motivation

In Chapter 4of this thesis(see also Ashhy2010; Ashby et al., 2I9;
Cornelissen et al., 2009; Pammer et al., 200/heat et al., 2000 evidence was
presented for sublexical phonological representations at LIFGpo/PCG withims of
targetonsetThe f act t hat B ctaobeaséewithia thefist 25icl®0i v at |
ms of viewing a word and that this can be modulated by phonological relationship
provides supportor the ideathat the activity seen relates to fast phonological access.
Moreover,phonological priming of.IFGpo/PCG is not likely to be due to any stgite
behaviour because the participants were not aware of the primes and therefore could not
modify their behaviour based on predictions about grtarget relationship. However,
although there isa strong case for fast phonological access that is neceksary
encoding,becauseMEG and EEGcannot demonstrate a causal relationship éetw
brain signals and behavionpt all alternatives can be discounted. For exanipléhe
previous chapte(p. 145 conflict resolution mechasms (e.g.January et al., 2009;
Novick et al., 201} verbal working memory (e.gkedorenko et al., 20),1and

redundant phonological representations, were presented as possible alternative
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interpretations for earliZIFGpo/PCGactivity. Here, TMS willbe used to create focal
and transient virtual lesions tdFGpo/PCGin a chronometric design in order to test
the hypothesis that thputative early sublexical phonological representations seen at

LIFGpo/PCG are functionally necessary for visual word racam.

5.3.2 Background

In order to demonstrate that TMS has had an effect on visual word recognition at
all, it is necessary to show a change in an appropriate behavioural measure, such as
VRT. However, a change in VRT in response to a written word, when api48 is
delivered at a certain time to a specific stimulation site, would not necessarily show that
the site was involved in word identification or encoding at that time. This is because an
effect on VRT could equally be caused by a disruption to theckpeutput processes
that are also necessary for successful reading aloud but that are not specifically related
to the early encoding processes of word identification. It is therefore important to have
an appropriate control condition that allows us tokengéhe distinction between the
putativeencoding processes that lead to successful visual word recognition versus any
speech output components that lead to successful naming and so will also have an effect

on the vocal reaction time.

Picture naming offera useful control condition for comparison with reading
aloud. The processes we are particularly interested in disrupting with TMS are the early
encoding processes, such as the mapping of orthographic to phonological
representations, which may occur at LgAPCG within the first 100 ms. This type of
phonological access may be required for visual word recognitionatmuably,would
not be required for picture recognition. However, in an overt naming task, both reading
aloud and picture naming would recquiarticulatorymotor repesentations for speech
output. For examplehased on a metanalysis of 82 neuroimaging studies of word
production, Indefrey and Levelt (2004) (
being the point in the word reading ancttpre naming where the two processing
streams convergeSyllabification is defined by Indefrey and Levelt as an abstract
segmentalphonological representation that takes place prior to the activation of
phoneticarticulatory motor representations that aeguired for speech output, and

occurs by around 330 ms after viewing a picture in their model.

I n Il ndefrey and Leveltds (2004) mo d e

anterior sites, with no (or very little) feedback. This suggestion was supported 8y ME
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findings fromVihla, Laine, and Satelin (2006)during naming and categorisation of
object picturesVihla et al. showed a similar posterior to anterior progression, with
activity peaking in frontal sites (in the region of posterior IFG and PCG) ati 6880

ms. FurthermoreVYihla et al.demonstratedhat this frontal activitywas strongewhen
participants named the pictures or performed a phonological judgement than when they
performel semanti c or visual judgementcson sup

thatabstract phonological processes occur around this time.

Schuhmann et al . (2009) used TMS to
involved in picture naming at around 300 ms after a target was presented. Dutch
participants were shown pictureEmonosyllabic Dutch nouns and asked to name them
aloud. Using an online everglated triplepulse TMS paradigm, these authors applied
40 Hz TMS triplets to posteriorBr o ¢ a 6 & fiva time goints (150/175/200 ms,
225/250/275 ms, 300/325/350 ms, 40@M4B0 ms, and 525/550/575 m)lowing
picture presentationVRTs were slowest for pulses delivered around 300 ms.
Schuhmann et al. interpret this as a disruption to syllabification in line with the model
of speech production presented by Indefrey ancelt€2004).However,Schuhmann,

Schiller, Goebel, and Sac011) recently published data that contradict parts of
Indefrey and Level@i §2004) model.In a similar triplepulse TMS design, Schuhmann

et al. (2011) stimulated the posterior part of left supgr t empor al gyr us
area), p o st e {inithe regidh rofogpars dpercularisgdred ahe midsection of

the left middle temporal gyrudriple-pulse TMS simulation of each site (in separate
sessions) betweelb0 and 575 ms following pictarpresentationeplicated the finding

t hat Brocads area is <critical for pictu
Werni ckebs area di srupted picture nami n
Surprisingly, based on | ntibe 6f maldle tempadal L e v «
gyrus produced significantly shower VRTs when pulses were delivered at around 225
ms and again at around 400 ms. This finding suggests a complex network for picture
naming, including both feedforward and feedback processes. Irasprittdefrey and

Leveltts model predicts only feedforward processasluding the opposite prediction

t hat Wernickeds area wi l.INo paet ofdnddfreyvaad pr i

Leveltds model can account fralgyrus.he | ater

Thus, there is converging evidenteh a t post er isdunctidBallyo c a 6 s
relevant forpicture naming at around 300 m#thaugh it is not yet clear precisely what
function this region performs. Furthermore, on the basis of Schuhmann(2208i;
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2011) and Vihla et al. (2006),wasnot expected that this region would be involved in
picture naming prior to ~300 ms. Though
(2009; 2011) earliest pulse trains started at 150 ms after stimulus onaatngnthat

Brocads involvement prior to 150 ms cann:

Here, the naming paradigm of Stimann et al. (2009)as extendetb include
written words as well as picture©ne further change fronschuhmanne t al . 0 s
experiment waghat theydefined the stimulation target region anatomicalllyereas
here it was definetlnctionally. InSchuhmanre t  study, BIEGpo was specified in
each participant individually based on their structural anatoewealed by MRIWhile
this doegake accountof the anatomical variation between participants, it does not take
into account the known functional variation ofstliegion (e.g., Derrfus®Brass, von
Cramon, Lohmann, & Amunt2009). Therefore, in the current study, an fMRI localiser
was ugdto identify a phonologically relevant peak of activity in LIFGpo/PCG for each
participantin orderto stimulate this site precisely. fMRuided TMS was shown by
Sack et al. (2009) to be a more powerful localisation technique than using structural

MRI data alone.

In sum,by comparing the effect of TMS to LIFGpo/PCG on picture naming and
single word reading, we can dissociéte early encoding process, hypothesised to
occur only for word reading, from tHater speech output processkgpothesised tbe
common to reading and namingndividually defined LIFGpo/PCG target sitegere
stimulatedduring word reding and picture namingusing VRTs as a measure of
successful task performanc&lowed reaction times would be expected if the
stimulation site is1ecessary for the current task at the time of pulse deliVesrefore,
for picture namingve expected to replicate slowed reaction times for pulse delivery at
300 ms (Schuhmann et al., 20011 and to showno effect of TMS pulses earlier
than 300ms. For word reading, in line with the findings Ghapter 4(and previous
findings for written English, e.gAshby et al., 2009; Cornelissen et al., 2009; Pammer
et al., 2004; Wheat et al., 2018lowed VRTs were expected at ©01fs, and again at
~300 ms. This later reactivation of LIFGpo/PCG would mirror the virtual electrode
findings of the previous chapter and coincide with the convergence of word reading and
picture naming during preparatory output processes described Hyeindad Levelt
(2004).
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5.3.3 Methods

5.3.3.1 Participants

Participants were 12 rigitanded, native Dutch speakers, with no history of

reading disorder, 2 of whom were malld,ge= 2122, SD= 1.72). Of these participants,
10 (2 male) subsequently underwent TM&de= 20.85 SD= 146). All had normal or

correctedto-normal vision and had no history of neurological or psychiatric disorders.

They received medical approval for participation and gave their written informed

consent in accordance with the Medical Ethicahnissionof Maastricht University

They were compensat e donwimpldtion\wfahe sthdy.rDae tovo r t

the possibly of discomfort during TMS, all participants who scheduled and attended a

TMS session were eligible for full compensation without the need to complete the

study This was explained to the participants at the first TMS session.

5.3.3.2 Materials

For both experiments, Presentatifuersion 14)was used to control stimulus

presentation and record participants®o

Table5.1

Means and Standard Deviations of Stimulus Properties

Type Mean String Mean Frequency per Mean Horizontal
Length Million (CELEX INL) Visual Angle

Dutch word 3.8 (0.71) 69.30 (105.98) 2.2°

Pseudoword 3.8 (0.71) - 2.2°

Line drawing - 69.30 (105.98) 2.6°

Checkerboard - - 2.6°

Stimuli for the TMS experiment consisted of 30 high frequency, monosyllabic

Dutch nouns (CELEX INL corpus) and 30 line drawings of the objects that the same

Dutch nouns represent (adapted from Snodgrass & Vanderwart, 1980). FbRhe

experiment, two additional stimulus categories were 30 pseudowords created from the

real Dutch words by replacing one or two letters, and a black and white square

checkerboard stimulus. The properties of these stimuli are givérate 5.1 and

examples inFigure 5.1. The full stimulus listof pseudowords, Dutch wordsnd
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English translations can be seerAppendix G Stimuli were always presented as white

on a black background.

Figure 5.1 Stimulus &amples. The Dutch wordlag (flag) was transformed

into the nonworad/log for the pseudoword condition.

Pulses were applied using the MagProX100 stimulator {Meit Functional
Diagnostics A/S, Sklovunde, Denmark) and a figofeight coil (MGB70, inner
radius 10 mm, outer radius 50 mm). The maximum output of this coil and stimulator
combination is approximately 1.9 Tesla and 150 A/uS. During sham stimulation,
specific figureof-eight placebo coil (M&@-B70) was used to reproduce the same

acoustic stimulation as the active coil without inducing a magnetic field.
5.3.3.3 fMRI Design and Procedure

A blocked design was employed for the fMRI localiser. This ensured miaxim
power to localise activity related to each target category. A total of 240 trials, 60 per
condition, were assigned to 3 functional acquisition runs containing 8 target blocks
each. The 8 blocks, presented in a pseudorandom order, each consistedats aDar
particular category. A trial comprised 600 ms blank screen followed by 1000 ms target,
resulting in 16 s blocks. Target blocks were separated by a 16 s fixation screen. Each
run started with visual instruction followed by fixation. The duratibm oun was 4.5
min, resulting in a total duration of 13.5 min. Participants were instructed to attend the
fixation cross and to silently read or name the stimuli. Participants viewed all picture
stimuli twice before the scan. They were instructed to teadtimuli out loud on the
first presentation, in order to learn them, and to practise silent naming without any lips
movements on the second presentation. The checkerboard was trained with the name

Apatroono (pattern).
5.3.3.4 TMS Design and Procedure
An eventrelated singlegulse TMS design was employed in order to give the

maximum temporal resolutiofin terms of pulse delivery duration and duration of the
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effect) The experiment consisted of two sessions, one using real TMS, and one using
the sham coil. Sessioorder was counterbalanced across participdifis. meardelay
between the first and second session 3vdays (Range2i 7). Across participants it was

also counterbalanced as to whether all words or all pictures were presentedhest.
randomisedvord and picture stimulus lists were each chunked into 6-bhaaks to

allow participants sufficient rest breakihe (on averagepbs trials pemini-block had
duratiors between 6850 and 8850 ms, resultingmimi-block lengths of ~5 min and
session lengiis ofaroundl hour.Trial timings are depicted iRigure5.2. Pulses (1 per

trial) were applied at 75, 100, 125, 225, 300, or 500 ms post target Bheetuster of
pulses around 100 msas chosenn order to maimise the chances of capturing an
early effect. The 300 ms pul s e(2000a201lk hos e
finding and the 225 ms and 500 ms pslag&ere expected tashow a return tdaseline

VRTs. Thus this irregular pulse spacing potentialljloas the double peak of
disruptionand return to baselin® be captured with fewer pulses than if they were
regularly spacedOnline control trials where no pulse was delivered were also included.
All stimuli appearednceundereach pulse time (i.e.,times) Trials were presented in

a new random order for each participant.

.
N,
™
.
D

TIME

7100 ms

.
e
‘e
.
e
0

6500 ms

750 ms
Figure 5.2 TMS trial tmings. Two typical trials starting with a fixation cross

randomly jittered between 6000 and 808 durationin steps of 100ms.

Trials looped continuously.
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Participants were instructed to read the stimuli aloud as quickly and accurately
as possible. Responses were recorded using a digital microphone. TMS was applied
with the coil manually held tangentially ttne skull with the coil handle oriented

perpendicular to the opercular part of the inferior frontal gyrus.

The target site was chosen based on e
a peak of frontal activity (for each individual separatelythat fell within the
approximate anatomical territory of pars opercularis of LIRGthe start of each TMS
session, participants were coregistered to their structural brain imaging data using the
BrainVoyager TMS Neuronavigator (Brain Innovation BV, Maastricht, the
Netherlands). This allows for continuous online coil navigation to a target point on the
cortical surface prelefined based on the fMRI data. During the sessions, the proximity
of the coil to the target point was continuously monitored and the coil grositijusted

between trials when necessary.

Stimulation intensity was determined by finding eaahrpt i c riestireg motdr s
threshold (RMT)prior to the experimentRMT provides a measure of sensitivity to
stimulation and is used to ensure an equivalémigation level for each participant that
is proportionate to his or her cortical excitability at rest (see e.g., Stewart, Walsh, &
Rothwell, 2001). RMT was deemed a suitable estimate for excitability of LIFGpo/PCG
due to its proximity to motor cortex. Whestimulating visual cortex, a similar
thresholding procedure with visual phosphenes is (S¢ewart et al.,, 2001). Here,
RMT was determined by observing physical movements, though measurement of motor
evoked potential can also be used. RMT was defing¢deastimulation level at which a
hand twitch occurredbn 50%trials (i.e., a stimulation level halfay between no
observablemotor stimulation and full motor stimulation), by placing the coil over the
hand area of right motor cortex and gradually indargaghe stimulation intensityThe
experimental stimulation level was then determined from this threshold (up to a
maximum of 200% RMT), however, the level of facial muscle reactions generated by
stimulatingLIFGpo/PCGlimited the level of stimulation thatould be applied in most

cases. The average stimulation level was 150% RMT (Rangei290%).
5.3.3.5 MRI Data Acquisition

During each of the three functional runs, 150 functional volumes were acquired
with a T2* weighted echplanar imaging (EPI) sequence (TEcho time, 30 ms, TR
repetition time, 2000 ms, FAflip angle, 90°, 32 slices with a thickness of 3.5 mm, 224
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mm FOVi field of view, with a 64 x 64 matrix resulting in 3.5 x 31m in plane
resolution). These were followed with a higésolution anemical image, acquired

using a magnetisatieprepared rapid acquisition gradient echo (MPRAGE) sequence
with a 1 mm isotropic resolution. This sequence consisted of 192 1 mm sagittal slices
with a matrix of 256 by 256 voxels (TR = 2250 ms, TE = 2.6 msF7FX). All MRI

data were acquired in a-B magnetic resonance scanner (Siemens Allegra MR
Tomograph; Siemens AG, Erlangen, Germany) with a volume head coil at the Faculty
of Psychology and Neuroscience, Maastricht University, the Netherlands. Stimuli were
displayed onto a frosted screen at the head end of the scanner bore, using an LCD
projector (PLEXT11-16, Sanyo North America Corporation, San Diego, CA). Subjects

viewed the screen via an adjustable mirror mounted on the head coil.
5.3.3.6 MRI Analysis

MRI datawere analysed offline using BrainVoyager QX 2.0 (Brainlnnovation,
Maastricht, the Netherlands). The first 4 volumes of each functional run were excluded
to allow for T, saturation, permitting the fweighted MR signal to stabilize.
Preprocessing of the fational data consisted of slice scan time correction using cubic
spline interpolation, 3D motion correction involving trilinear/sinc interpolation, and
linear trend removal. Functional runs were visually inspected to examine whether any
subject moved excswely during data recording, which was not the case. The 2D
functional runs were transformed into 3D volume time courses, aligned to the high
resolution anatomical volume. The higsolution volumes were used for surface
reconstruction of the left hemilspre of each participant. The surface reconstruction was
performed in order to recover the exact spatial structure of the cortical sheet in order to
improve the visualisation of the functional data in relation to the anatomy of each
participant. This alloed for precise localisation of TMS stimulation using

Neuronavigation.

For the group analyses, anatomical and functional data from each participant
were transformed into Talairach standard space (Talairach & Tournoux, 1988). Each
parti ci pan tad ¢in Talarach spaca)lwasshemn digned to create an average
group surface reconstruction. Functional analyses were then performed using a random
effects general linear model (RFX GLM) and the results overlaid on the group average
surface reconstructiomhe RFX GLM allows the generalization of the group statistical

inferences to the population level.
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For the individual analyses, anatomical and functional data from each participant
were aligned to AGPC space (rotating the cerebrum into the anterior cesure-
posterior commissure plane) without performing any spatial transformation. Functional
analyses were performed for each participant separately using a fixed effects GLM and

overlaid on their own surface reconstruction.

For both the RFX and fixed e&ffts GLM, the fixation periods were entered into
the model as the baseline. The predictor time courses in the model (for words,
pseudowords, pictures and checkerboards) were adjusted to account for the delay in the
hemodynamicesponse by convolution withhemodynamigesponse function.

5.3.3.7 TMS Response Time Analysis

Responses were recorded using a microphone positioned directly in front of the
participant. Sound level was calibrated individually prior to recording. Timings of voice
key responses were loggey Bresentation and sound files of responses were recorded
for offline analysis. All incorrect responses and voice key triggers other than verbal
responses (such as coughs, hesitations and TMS pulse clicks) were removed prior to
VRT analysis(seeAppendix Bfor a discussion of voice key efficac{yRTs outside 4
standard deviationsf the mean for a participant by type (word/picture), pulse time, and
stimulation (TMS/Sham) were treated as outlying data points and were excluded from

further analysis.
5.3.4 Results

534.1 fMRI

RFX GLM group results shows regions of activipy<{.001) for each condition
as compared to the passive baseline fixation condition. For all blocks other than
fixation, participants were asked to name the stimuli silenttheir head. As shown in
Figure5.3, words, pseudowords and pictures show a peak of activity at the junction of
the inferior frontal sulcus (IFS) and precentral sulcus (PCS), in other words, the border
of LIFGpo aad PCG. At a lower threshold the pattern of BOLD responses can be seen
to include cortical areas commonly activated by reading and visual word recognition
tasks (Dehaene et al., 2005; Jobard e2aD3; Vigneau, et al., 2005).
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Word > fixation Pseudoword > fixation

Picture > fixation Checker > fixation

Figure 5.3 RFX GLM results. Activity shown at junction of inferior frontal
sulcus (IFS) and precentral sulcus (PCS; dotted black lines) for all but the
checkerboard conditiofp < .001) Results are displayed on an average of the
cortical surface reconstructions of the 12 participants.

The contrast pseudowords > words was expected to strongly localise
LIFGpo/PCG, based on an fMRI study Wyimmer et al. (2010) in German participants.
In Wi mme r estudy, goarticipasits were asked tnake phonological lexical
decisions to words, pseudohomophones, and nonwords. For exaaxpland taksi
would require ayesresponse, whiléazi would require ano response. Normal readers
showed significantly stronger LIFGpo activity for nonwords, Idwked by
pseudohomophones, then real wokldmmer et al. suggested that this LIFGpo activity
might relate to the access of sublexical phonological segments and phonological
productive processes, due to the greater need to piece together phonologicatssegme
for pseudowords than words (in a dwualite framework) Germanis a highlyregular
language, as is Dutch andwas important for this study that a contrast was chosen to
localise phonology within the confines of such a transpaoetitography Similar
research in English would not necessarily have provided a reliable basis for use here due
to the opacity of English orthography (e.g., the highly irregular spelbrspund
correspondencen yach). Here, his contrast was thereforexpectedto localise
phonologically relevant areas of LIFGpo/PCG for each individual. As showigure

5.4, this group contrast revealed significantly greater activation for pseudowords over
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real words along PCS, bordering LIFGpo &@G.Figure5.5a shows the results of the

contrast pseudowords > words using a Fixed Effects GLM for one representative

participant.

Figure 5.4 RFX GLM contrast. Ativity shown at junction of inferior frontal
sulcus (IFS) and precentral sulcus (PCS; dotted black lines) where
pseudoword > wordp < .001) Results are displayed on an average of the

cortical surface reconstructions of the 12 participants.

pseudoword>word (pseudoword+word+picture)>checkerboard

Figure 5.5 Fixed dfects GLM. Activity shown at junction of inferior frontal
sulcus (IFS) and precentral sulcus (PCS; dotted black lines) for two
participants |§ < .001). Results are displayed on the cortical surface

reconstructions ofwo individualparticipants.

Significantly stronger activation for pseudowords than words, relating to
sublexical phonological access in LIFGpo/PCG, was observed in 7/10
participants. For the remaining three participants, the contrastigwopseudowords +
pictures) > checkerboards was used to define an equivalent response in the
LIFGpo/PCG region Kigure 5.5b). Closely corresponding activity was found for all
participants; the peak of this activitor each individualwas then marked as the target

point for TMS neuronavigatiolhe peak of this activity fell close to the site stimulated
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by Schuhmann et al. (2011), which thiegatediisuperior to the apex of the vertical

ascending ramads ( p .the 8iyision ad gars opercularis and pars triangularis.
5.3.4.2 TMS Induced Changes in Accuracy

All incorrect, nonverbal and outlier responses were removed and data from one
participantexcluded from all analysedue to the high number of missing or rejected

trials.

The mean error ratgincluding missed trials due to hesitatiomg¢re calculated
for each puls¢ime for both the real TMS andham stimulation, for words and pictures
separately. The mean error rates were: TMS pictures = 4.5% (SD 0.9); TMS words =
0.5%(SD 0.6); Sham pictures = 3.1% (SD 0.7); Sham words = 0.8% (SD 0.7).

A threefactor, repeateemeasures ANOVA of number of errors was computed
in SPSS. The withisubjects factors of TMSham (TMS vs. sham stimulation type),
stimulus (word vs. picture sth), and pulse time (six levels) were entered into the
model. The results showed a significant main effect of stimul(4,8) = 23.77p =
.001,(102 = .75, and a significant interaction between stimulus and i&W&n,F(1,8) =
7.56,p = .03,d@2 = .49. Noother effects were significafE < 1.7,p > .17) These
results demonstrate that participants made significantly more errors to the picture
stimuli, and that this difference was significantly greater under real TMS stimulation.

5.3.4.3 TMS Induced Changes in VRT

Mean VRTs were calculated for each pulse time for both stimulation and
stimulus types. The means are plotteéigure5.6. This figure shows a large difference
between the sham and TMS VRTSs for theputse tria$ for words and pictures (34 ms
and 21 ms difference, respectively). Due to these large differences,-fhdseatrials

are excluded from all analyses. See below for a discussion.

A threefactor, repeatetheasures ANOVA of VRTs was computed in SPSS.
The within-subjects factors of TMSham (TMS vs. sham stimulation typsjimulus
(word vs. picture stimuli), and pulse time (six levels) were entered into the model. The
results showed significant main effects of stimuk(4,,8) = 91.19p < .001,(102 =.92,
and pulse timef(5,40) = 4.83p = .002,d,” = .38, but not of TMBsham,F(1,8) = 1.45,
p = .26, o|p2 = .15. There was also a significant TMBam*pulse time interaction,
F(5,40) = 2.69p = .04,dp2 = .25. No other interactions were significdkt< 1.5,p >

.26). These results show that pictures were named significantly slower than words, that
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the timing of pulse delivery affected VRTSs, and that this was modulated by the type of

stimulation applied (real vs. sham).
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Figure 5.6 Mean VRTSs for both TMS and sham conditions. Separate lines for

TMSI pictures, shaiipictures, TM$words, and shaimvords. Standard errors.

A separate twdactor, repeatetheasures ANOVA of VRTs for TMS
stimulation was computefdr the factors stimulus and pulse time. The results showed a
main effect of stimulus(1,8) = 75.98p < .001,dp2 = .91, and of pulse tim&(5,40) =
3.36,p = .01,d,” = .30, but no interactiork(5,40) = 0.78p = .57,d,* = .09. This lack
of interadion suggests that words and pictures are equivalently affected by TMS pulse
delivered at different times. Planned polynomial contrasts revealed a significant
quadratic effect of pulse timef(1,8), p =.008, dp2 = .61. Significant pairwise
comparisons@reindicated inFigure5.7 (corrected for multiple comparisons with Least
Significant Difference however, these comparisons did not survive the stricter

Bonferroni correctioh
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Figure 5.7 Significant pairwise comparisons for TMS words and pictures. No

other comparisons were significant.

* p< .05, ** p< .001

A similar two-factor, repeatetheasures ANOVA for sham stimulation was
computed for the factors stimulusdapulse time. The results showed a main effect of
stimulus,F(1,8) = 60.36p < .001,d,’ = .88, and of pulse timé;(2.91,23.29) = 3.96
= .02,d,? = .33 [corrected for a violation of sphericity(14) = 26.49p < .05], but no
interaction,F(5,40) = 037,p = .87,dp2 = .04. Planned polynomial contrasts showed a
small significant linear trend;(1,8) = 5.42p = .048,(1,)2 = .40.

5.3.5 Discussion

This study was designed to address whether LIFGpo/PCG activity observed
within ~100 ms of viewing a word (Ashby at, 2009;Ashby, 2010Cornelissen et al.,
2009; Pammer et al., 2004; Wheat et al., 2010) is necessary for successful single word
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reading. In native Dutch speakers, TM@&s appliedo LIFGpo/PCG over a range of
time delays with respect to stimulus onaetl compared the impact of the TMS at each
time delay on the vocal reaction times for word reading and picture naming. It was
predicted that for picture naming, pulse delivery at 300 ms would result in slower VRTs
(Schuhmann et al., 2002011). For word eading, slower VRTsvere predictedor

TMS pulses delivered at around 100 ms as well as at 300 ms.

As predicted, VRTs were slowest for picture naming when TMS pulses were
delivered at 300 ms after viewing the picture. In addition, reaction times weredslowe
for pulse delivery at 225 ms. Word reading was also disrupted by pulses delivered at
225 to 300 ms after word presentation. Contrary to expectations, there was no disruption
to word reading for pulses delivered prior to 225 ms. Pulses delivered betweenl 7
125 ms produced no significant change to VRT or accuracy for words or for pictures.
The lack of significant interaction betwestimulus type and pulse time shows that the
TMS effects were equivalent for both stimulus types.

The sham results showed raain effect of stimulus type, owing to the
consistently faster reaction times to words than to pictures. However, the sham
condition also showed a small linear effect of pulse time, relating to the slightly faster
VRTs for later pulse times. This is a pusing result, as the sham condition would be
expected to show no change in VRT across pulse times. This result does detract slightly
from the result for real TMS stimulation, as the sham condition should be used to
demonstrate that there are no flaviS-specific effects of different pulse times due to,
for example, the clicking noise of the coil when a pulse is sent. On the other hand, the
shapes of the sham and TMS effects are different, suggesting that any effects during the
sham condition cannot explaaway the whole effect seen during the TMS condition.

The sham effect will be discussed in more detail below.

The group fMRI results confirmed that LIFGpo/PCG is activated during silent
reading andsilent naming of the stimuli used in the TMS tadkurthemore, all
participants showed activity at a closely corresponding site on the LIFGpo/PCG, border
demonstrating the suitability of the stimulation site for the TMS task in all participants.
However, as discussed previously, the fMRI results do not givedioation of the
timing of LIFGpo/PCG involvement in word or picture recognition, and cannot be used

to determine that LIFGpo/PCG is functionally necessary for the task.
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The results of the current study replicétte slower VRTs oSchuhmann et al.

(2009 201) when TMS i s administered to Brocaé
naming. Thisix onsi stent with the interpretation
in picture namingat ~300 ms following stimulus presentation. This study extends the
work of Schuhmann et al. (20022011 by showing that Broca
~225 300 ms isalso necessary for successful single word reading. In addition, the
current study i mpr oved; 201D TMS calget lsite sefectione t  a
procedure by sing a prior fMRI task to locate the peak of phonologically related
activity within the LIFGpo/PCGborderfor each participant.

Il ndefr ey an4)actoant o $peedhsproqu@iOnGuggestsdhatract
syllabification processs occurby around 330ms after viewing either a picture or a
written word. Thiswould coincide with the sloweeaction times seen here after TMS
pulses were delivered at ~300 ms. Althodigisf i ndi ng fits with | n
account of speech production, neither theiodel, nor the results presented here,
explain how written words and pictures can activate syllabification processes at
equivalent times, but then produce ~100 ms slower reaction times for pictures than for
words. Thesefindings show the slowest mean respe for picture naming at 300 ms
and the slowest mean response for word reading at 225 ms, though overall, VRTs at 225
and 300 ms are not significantly different from each other. It may be that pulses
delivered just prior to 225 ms would have been evereratfective at disrupting words,
or pulses delivered just after 300 ms would have been more effective at disrupting
pictures, thereby revealing a greater dissociation between the two processes, and
relating more to the ~100 ms difference in VRAdefrey @011) recentlyupdated the
timing estimates for word production processes, including integrating Schuhmann et
al . 6s (20009) finding. sltmd abstrac yhonpl@igal 1 )
syllabification processes do not take place untilids5 ms, but sggest that due to the
short stimuli and short naming latencies of Schuhmann et al. (2009), syllabification
might be expected to occur earlier in this cdsdefrey (2011) also concedes (contrary
to Indefrey & Levelt, 2004) that subregions of IFG may hdistinct roles for word
production, including articulatofgnotor planning aspects, rather than just abstract

syllabification processes as previously argued.

The results presented in this chapteto not support the hypothesis that
successful single word réimg requires the involvement of LIFGpo/PCG within ~100

ms of word presentationFollowing from this, three interesting theoretical
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interpretationswill be discussed(1l) LIFGpo/PCG is not necessary for reading aloud
before 225 ms at all. It may be thatepiously seen early LIFGpo/PCG activation,
although associated with viewing written words, is not a necessary component of
successful reading aloud. For example, Whitney and Cornelissen (2005) prtpise
when children are learning to read, they are gadan explicitly mapping between
orthography and phonology when sounding out a new word. Hence sequential
phonological representations of words are rehearsed during reading development and
become strongly associated with their corresponding lexical eygsg®ns. With
experience and exposure to print, readers later become more able to make use of direct
orthographieto-lexical representations, removing the necessity for orthography
phonology mapping during successful word identification. Although oogdr
necessary, the strong orthogragityphonology connections may remain, resulting in

an automatic activation of a phonological representation that does not directly
contribute to task performancelternatively, LIFGpo/PCG may indicate verbal
memory ativations that, although consistently activated by written stimuli (e.g.,
Fedorenko et al., 2011) are not necessary for the basic process of reading aloud. They
may instead form the foundations of later processes, such as integrating words into
sentencesk-or exampleNixon, Lazarova, Hodinottill, Gough, and Passingham (2004)
demonstrated a facilitatory effect on phonological verbal working memory using repetitive
TMS to posterior LIFG Though, their study does not rule out that these facilitations were,

in fact, related to the initial encoding of the written stinmather than to a memory aspect.

(2) LIFGpo/PCG is not necessapyior to 225 msfor reading aloud in native Dutch
speakers, but is still required for readers of English. Wheat et al. (20d@hapter 4
demonstrated the phonological relevance of LIFGpo/RE€&75 100 msduring silent
reading in native English speakers, but due to differences in the transparency of
orthography between English and Dutch, it mayhse t IFGpo/PCG is not useful for
phonological access in Dutciméso isnot necessary for reading until the later output
processes occurring around 2380 ms. For example, Ziegler et al. (2010) showed that

in more opaque orthographies, such as Englisendfr, and Portuguese (based on
measures of orthographic entropy; Borgwaldt, Hellwig, & De Groot, 2005),
phonological awareness has a greater impact on reading performance than in relatively
transparent orthographies, such as Dutch, Hungarian, and Fibuishto the opaque
orthography of English, it may also be true that conflict resolution processes are more
important for English readers than for Dutch. January et al. (2009) demonstrated that

LIFG is active during conflict resolution of Stroop stimuli addring resolution of
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syntactically ambiguous sentences in English participants. However, studies of native
Dutch normal and dyslexic readers have shown no anterior activity during passive
observation of incongruent lettespeechsound pairs (Blau, Van Ateldt, Ekkebus,
Goebel, & Blomert,2009; Blau et al.2010; Van Atteveldt, Formisano, Blomert, &
Goebel,2007). Therefore, the irregular lettsound correspondence in English may
require a more complex process in order to resolve phonological ambigTiters. are

many instances in English where the same graphemes can be pronounced many ways
(e.g.,hint vs. pint) or where the same pronunciation arises from many spellings (e.qg.,
throughvs. threw). This may involve many simultaneous representations alclogsal

and ventral route, which are then resolved at LIFGpo/PCG. Although, if this were the
case, it would call into question where and when the phonological representations are
formed that are then resolved at LIFGpo/RPQ8 LIFGpo/PCG is not necessaiyr

reading aloud in this case where nativetdbuspeakers are reading high frequency
words that are viewed many times. The high frequency and therefore familiar nature of
the targets, combined with transparent Dutch orthography may create a situatien wher
rapid phonological access (as hypothesised to occur at LIFGpo/PCG) may simply not be
required for successful lexical access and word identification. If the word identity is
solvable via an orthograpliiexical route, such as described by Coltheart g2801),

then successful word reading may take place in this case without early LIFGpo/PCG
involvement.This optionsuggests possible differences in processing between English
and Dutch readers, or possible variable recruitment of the reading networldidgpen

on the task constraints. Evidence for differences in language processing between Dutch
and English native speakers can be found, for example, in two studies on the effects of
orthography on speech production (Damian & Bowers, 2003; Roelofs, 2006)tHn
studies, participants learned sets of pramgsponse pairs of words and were asked to
produce the appropriate spoken response when presented with the written prompt. The
orthographic and phonological relationship between the initial phonemes of thromp
response pairs in a block was manipulated; such pairs shared initial phoneme and letter,
or just phoneme, or just letter. Damian and Bowers (2003) showed evidence of a
mandatory activation of an orthographic code during speech production in English
spealers. This was true even when computing orthography was not relevant, and in fact
disruptive, for the task. This was demonstrated by a reaction time cost for items sharing
initial phoneme but mismatched on letter (e.g., cakighey) In contrast, Roelofs
(2006) showed that in a comphla experiment Dutch speakers dmbt show a
disruptive effect of orthography during speech production on tasks where the
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orthography is not relevanOn the other handBrysbaert (2001) showédusing
masked pseudohomophonenpingd that native Dutch speakers automatically access
sublexical phonology, suggesting that sublexical processesimiagt, take place even

when a word can be identified using orthograpleixical mechanisms.

There are some methodological aspects thatuldh be considered when
interpreting the results. The single pulse TMS paradigm allows precise temporal
stimulation of a specific target site. While we can be confident (based on the fMRI
guided neuronavigation) théte target site was selected appropigt we cannot rule
out the possibility that reading relevant processes were indeed taking pllhetaaget
site that were not influenced blye particular choices for pulse sequence, strength and
timing. Here, a cluster of TMS pulse times around 100 wmas usedin order to
minimise the possibility that the processes of interest would take place at a short
duration falling between our pulse times, however, it is still feasible that this has
occurred. Future studies aiming to explore an early encodiagfalIFGpo/PCG could
use even more pulses delivered within the early period of interest, or use-dmuble
triple-pulse paradigms with overlapping pulse delivery times. However, choice of pulse
strength and sequence may be limited due to the fact thhaagiog pulse strength and
number of pulses applied over LIFGpo/PCG will increase the strength of the facial
muscle reactions experienced by participants (Wasserman, 1998). These muscle
reactions may cause discomfort, and may also make it more difficypafticipants to

produce a vocal responaad therefore have confounding effects on VRT.

Further limitations include the difference in mean VRT across thpuise
conditions. The purpose of the online-malse condition is to monitor baseline
performanceo the task in order to account for any nonspecific session effects, such as
general fatigue. In order for this to be a useful control, the mean VRT across the TMS
and sham sessions would be expected to be very similar. However, VRT appeared much
slower b no-pulse trials during real TMS than during sham. This suggests an eddball
like deviation from expectation when no pulse is delivered (see also de Graaf, Herring,
& Sack, 2011, for a similar occurrence), therefore making these trials an inappropriate
cortrol. The second control condition was the sham stimulation.shiaen condition
was expected to produce no change in VRTs over time, demonstrating that there are no
disruptive effects of the TMS clicking noise or other iMS-specific effects.
However, tlis was not the case, as there was a significant effect of pulse time for sham

stimulation. This finding is difficult to explain but, unfortunately, may be a consequence
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of the small sample size of this study. Examining the individual responses to the sham
conditions (sedppendix H, there does not appear to be a strong trend in sham VRTs
across pulse times. Therefore, it is possible that small deviations across participants
have undue influence on the sample méayain, this als calls into question the results
from the real TMS conditianThe individual result$or real TMSappear more strongly
disrupted across pulse time, but this effect does not appear consistent across
participants. The results of Schuhmann e(2009; 201} help to support the findings

of the current experiment by corroborating the role of LIFGpo/PCG for naming at
around 300 mposttarget However, in general, theesultsof the current experiment
should be viewed with caution and as a preliminary expetinoé a larger study.
Replication with a larger sample size would be the first necessary step to allowing

stronger inferences to be made.

More speculative interpretations aogportunitiesfor future directions include
the possibility of right hemisphereompensation during TMS stimulation. For example,
Hartwigsen et al. (2010) showed that fguise trains of 10 Hz TMS to both right and
left posterior IFG disrupted phonological decisions to visually and auditorily presented
words (see also Hartwigsen & 8reer, 2011, for a review). Furthermore,the right
hemisphere hypothesis of deep dyslexia (characterised by an inability to read nonwords
but preserved higfrequency word recognition) it is suggested that deep dyslexics
translate print into meaning ime right hemisphere and output speech using the left
hemisphere (e.g., Coltheart, 1980; Coltheart, 2000). Such an allocation of resources
during the current TMS experiment would explain the lack of an early LIFGpo/PCG
disruption for written words, due tbe ability of a right hemisphere language system to
read high frequency concrete words, along wiligaificantlate disruption relating to

speech outputy the left hemisphere

Finally, anotherspeculativeconsideration ishe type of neural activity thaan
be disrupted by TMSWheat et al. (2010) showed that the early LIFGpo/PCG activity
reveal by MEG is induced oscillatory activity (see sectidh3.5 ). This is as opposed
to the evoked responses revealgd HRP analys, which has showhIFGpo/PCG
occurring later, at around 300 ms (e.g., Grainger et al., 2006)timing of this evoked
response fits well with the timing of the LIFGpo/PCG revealed by TMS in the current
experiment. Therefore, if TMS were better suiteddisrupting evoked rather than
induced oscillatory responses, this might account for the lack of early effect shown here.
The hypothetical interaction between TMS and thegoimg evoked neural activity
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would be along the lines of a destructive interfeecbetween the stereotgal wave of

the evoked responsand a similar wave created by the TMS pulse; analogous to the
interaction between two seat§ripples in a pondkor induced activity, however, there is

no stereotypical wave, rather these is an m®eeor decrease in the power ofgmng
oscillatory activity. Thepredictablephase pattern of TMS may therefore have less effect
on this norphaselocked activity. An underlying assumption of this speculation is that
TMS pulses produce a wave, rathernth@her noisy disruption. Evidence for this is
currently sparse, howevdPaus, Sipila, and Strafella (2001) administered single pulse
TMS to left primary motor cortex during concurrent EEG recording. Paus et al. showed
that TMS elicited a series of evokgubtentials with a positive peak at 30 ms, and
negative peaks at 45 and 100 ms following a single pulse. This P30/N45/N100
waveform was then followed by highly synchronised oscillatory activity in the beta
frequency range and lasting for several hundrellisetonds.TMS delivered at the
appropriate time may therefore interfere with similar pHasked evoked neural
responses. However, any aphaselocked induced component may not fredictably
affected by a single TMS pulse due to an inconsistesporse pattern across

participants and trials.

5.4 Summary

The key findings of Experiment 6 were

1 Consistent LIFGpo/PCG activity to pseudowords greater than words for all

participants in fMRI

1 Significant disruption to vocal reaction times for both pictures and svéod

TMS pulses delivered between 225 and 300 ms

1 No significant disruption to word reading prior to 225 ms, contrary to

predictions

1 No significant disruption to picture naming prior to 225 ms, in line with

predictions

In conclusion, this experiment repdited the findings of Schuhmann et al.

(2009) that Brocads area is functional/l
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after stimulus presentation and extending this finding to word reading. This experiment
failed to show evidence for a necessamnctional role of LIFGpo/PCG for word
reading before 225 ms in Dutch speakers, contrary to predictions from MEG in English
speakers. Further work is needed to confirm the validity of the findings from this
preliminary experiment and many possibilities fluture directions havearisen
Thorough investigation of the choice of TMS pulse sequence and strength and the
possibility of differential effects on evoked and induced neural activity should be
carried out. Following this, assuming the current patterrrestilts holds, further
experiments are needed to tease apart the possible theoretical interpretations. Any future

experimers should also be replicated in native English speakers.
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Summary and General Discussion

6.1 Overview

This chapter summarises and dsses the main findings from the experiments
presented in this thesis. Theoretical implications of the findings are discussed and future

directions are proposed.

6.2 Research Aims

Based on the evidence presente@€apter 2it wasconcluded thathe specific
nature of phonologyrepresentationgluring visual word recognition and when and
where they are activated ayet to be definedh the literatureEvidencewas presented
in favour of a rapid (~100 ms) activation of sublexicabpdlogy during visual word
recognitiona t Bro¢clhdwe aare,a many alternative ro
visual word recognition have also been proposed. Therefore, the aims of this thesis were
to test the hypotheses (1) tHatr o ¢ a 6is invavedeirarapid phonological access
during visual word recognitiorf2) thatBr o c a 6 s a sseldexicaleplponotogioaln t
information and(3) that thesesublexical phonological representations play a necessary

functional role in word recognition.

6.3 Summary of Research Findings

6.3.1 Chapter 3

In Chapter 3 four behavioural masked priming experiments were presented.
Experiments 1 and 2 used a lexical decision task to investigate the possibility of finding
sublexical phonological primingfamonword targets by homophonic nonword primes.
Neither experiment found evidence for sublexical phonological priming; however, both
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experiments showed significant orthographic priming of nonwords, suggesting that it is
possible to find some sublexical rkad priming effects in English. As the intention
was to investigatsublexicalphonological priming in MEG, further experiments were

carried out with the aim of extending this finding to phonological effects.

In Experiments 3 and 4, the task was changedading aloud, along with some
refinements to the experimental stimuli and procedure. Both of these experiments
showed significant sublexical phonological priming effects, as well as orthographic
effects. Thepriming effect was smaller for nonwords thaar fwords, in line with
predictions by Forsteet al. (2003). The difference between Experiments 3 and 4 was
that in Experiment 3 word and nonword targets were presented in a mixed list, whereas
in Experiment 4 word and nonword targets were presented mragepblocks. This
difference resulted in significantly faster reaction times to the blocked version of the

experiment, in line with the predictions of Lupker et al. (2003) and Los (1999).

6.3.2 Chapter 4

In Chapter 4an MEG masked lpnological priming experiment was presented.
The significant behavioural sublexical phonological effect of Experimeiiged
naming) was used as a basis for the silent reading task used in this experiment.
Furthermore, all participants wepge-screenedor behavioural phonological priming.
This provided a strong basis for localising sublexical phonological effects using MEG.

The key findings of Chapter 4 were

1 A significant phonological priming advantage at LIFGpo/PCG for both words

and nonwords.
1 Phonolaical priming for words was evident by ~250 ms from word target onset.

1 Phonological priming for nonwords was evident by ~75 ms from nonword target

onset.

1 Nonwords showed an earlier or stronger phonological priming effect than words
at LIFGpo/PCG.

1 A late (300Gi 600 ms) phonological advantage was also shown for words and

nonwords, implicating LIFGpo/PCG in articulatory output processes.

1 The specificity of the priming effect to LIFGpo/PCG was shown by a null result

for equivalent contrasts at LMOG.
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6.3.3 Chapter 5

Chapter 5Spresented a chronometric fMiguided TMS investigation of the
functional relevance of LIFGpo/PCG during visual word recognition, in comparison

with picture naming. The key findings of Chapter 5 were
1 Consistent LIFGpo/PC@ctivity for all participants inthefMRI localiser task.

1 Significant disruption toVRTs for both pictures and words for TMS pulses

deliveredat around225 300 ms

1 No significant disruption to word reading prior to 225 ms, contrary to
predictionsof functonal relevance of LIFGpo/PCG to visual word recognition at
~100 ms.

1 No significant disruption to picture naming prior to 225 ms, in line with

predictions

6.4 General Discussion

Overall, the findings of this thesis support a role for post@ioro c a 6irs a r
rapid phonological accesturing visual word recognition. The MEG results showed
significant phonological priming at LIFGpo/PCG within ¥2B0 ms in a silent reading
task. This task was shown behaviourally to produce phonological priming effects, as
shown by the contrastpseudohomophone condition minus orthographic condition.
Using the same contrasts in MEG, signifidgngjreater activity for phonological
priming was foundat LIFGpo/PCG within ~200 ms for real words and within ~75 ms
for nonwords. This dferential LIFGpo/PCG activity based on the phonological
relationship between the prime and target provides evidence of the role for posterior
Br o c a Girs rapal pleomaological access. No such priming f@asd at the LMOG
control site, which was based tre only other peak of activity apparent within thie O
200 msbeamformingvindow.

Moreover, that a phonological advantage was shown for nonword targets
indicates that the putative phonological representations at LIFGpo/PCG are sublexical
in nature. The eadr advantage for nonword phonological priming than word
phonological priming further suggests that LIFGpo/PCG may be particularly specialised
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for nonword identification via graphente-phoneme mapping, and that other lexical

mechanisms may contribute teetrecognition of real words.

However, no evidence presentadthis thesis can strongly support a necessary
functional role of LIFGpo/PCG during visual word recognition. Although this region
appears sensitive to phonological relationships, particulariinéowords, MEG data
are inherently correlational and therefore cannot conclusively rule out other possible
functions of this activation. For example, LIFGpo/PCG has been implicated in conflict
resolution(e.g., January et al., 2009; Novick et al., 201%) gerbal working memory
(e.g., Fedorenko et al., 201 Blternatively, although phonological representations may
be activated in this region, they may be redundantvisual word recognitionThe
TMS studydid not indicate a functional role for LIFGpo/BCprior to ~225 ms, due to
the lack of disruption to VRTs during reading aloud for TMS pulses delivered prior to
this time. Therefore, these alternative interpretations of the MEG data cannot be ruled

out.

6.5 Future Research

It is clear from the findings prested in this thesis that LIFGpo/PCG is sensitive
to the phonology of written words within a very early timefra®@¢her studies have
shown activation within a similar brain region at similarly early timings for real words
(Ashby, 2010; Ashby et al., 200@prnelissen et al., 2009; Pammer et al., 2004, Wheat
et al., 2019 The evidence presented here now also suggests that this sensitivity is
modulated by lexicality; showing a preferential response to the phonology of nonwords.
However, despite this moungnevidence, what is still not clear is the functional

significance of this activation.

There are a number of investigations that, based on the findings of this thesis,
appear critical to understanding the role of LIFGpo/RP@@or to ~200 msduring
visual word recognition First, the possibility of differences between native Dutch and
native English readers must be investigaldte MEG paradigm presented here must be
replicated in Dutch and the TMS study must be replicated in English before strong
theoreical interpretations of the data can be proposed. For example, whether or not the
early LIFGpo/PCG response is apparent in MEG during visual word recognition in

Dutch has implications for whether TMS of this region in Dutch could be expected to
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influence ehaviour. Similarly, whether or not the TMS finding can be replicated in
English is important before the possibility of a functional role of LIFGpo/PCG can be
ruled out with more confidence. There are a number of possible combinations of
outcomes from thidine of investigation, as outlined ifable 6.1. The following
discussion of these possibilities assurtieg sufficient improvements have been made

to the TMS experiment so that the results can be relied upon with reasonable
corfidence. For example, as discussedCinapter 5 the choice of pulse timing and
sequence could be changed to cover the entire period of interest with overlapping pulse
trains in an extension athe triplepulse TMS design usday Schuhmann et al. (2009;
2011). Furthermore, as the current line of investigation is particularly interested in
visual word recognition, rather than picture naming, future experiments might replace
the picture condition with a nonword reading conditidhe inclusion of a nonword
reading condition might improve the chances of disrupting processes at LIFGpo/PCG
that are necessary for nonword reading but that can be bypassed by high frequency real
words. The chronometric investigation of picture naming Hhasen thoroughly
investigated by Schuhmann and colleagues and it would make the experiment
unfeasibly large to use words, nonwords, and pictures. Therefore the picture condition
would not need to be replicated. However, if any early disruption was foumnebfds

or nonwords, poshoc confirmation that similar disruption could not be achieved for

pictures under identical conditions would be prudent.

6.5.1 Outcome A: Replication in Both Languages

Outcome A inTable6.1 refers to he simpést outcomeand the most beneficial
for the hypotheses of this thesiis outcomevould ke that Dutch participants shaav
similar early phonological priming pattern in MERatis localised to LIFGpo/PCG for
words and nonwords. In this case, it would ffiredicted that Dutch and English
participants would behave similarly in TMS. Therefore, it would be hypothesised that
both English and Dutch participants would show an e&BO00 ms)behavioural
disruption to reading aloud in line with the hypothesesthi$ thesis. The TMS
experiment presented iBhapter 5has not yet ruled out this possibility, due to the
limitations discussed previouslg.g., small sample size, choice of pulse sequence)
Finding this TMS disruption in botButch and English participants would be strong
support for a necessary role for LIFGpo/PCG during the eargjestaf visual word

recognition.
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Table6.1

Outcomes of MEG and TMS Replication in Dutch andighg|

DUTCH
ENGLISH MEG = yes* MEG = no*
MEG = yes TMS = yed TMS = nd' TMS = yed TMS = nd'
T™MS A B C D
= ye$' Functionally Functionally Present and
necessary in necessary in functionally
Dutch and English only necessann
English English only
TMS E F G H
=nd" Never Present in
functionally English only
necessary for but not
encodingor functionally
not disruptable necessary
with TMS

*MEG = yes /no refers to the presence of absence of phonological priming at
LIFGpo/PCGprior to 200 ms

ATMS = yes / no refers to the presence or absence of disruption to VRTSs prior to 200
ms during reading aloud

6.5.2 Outcome B: Same MEG but Different TMS

The interpretation becomes more complicated under the possibility that Dutch
and English pdicipants show similar MEG priming, but deviate with respect to their
TMS results. In other words, this possibility takes into account that the current TMS
results may hold for Dutch participants, but investigations in English may reveal an
early word reding disruptionThis outcome would imply that although LIFGpo/PCG is
universally sensitive to sublexical phonology, English, but not Dutch, readers require
this information for visual word recognition. Differences in the orthographic opacity of
the two laaguages might result in this difference. Due to the presenceaniy
heterographic homophonesd.,throughvs. threw) and homographic heteronyms (e.g.,
to closethe door vs. comeloseto me), English may require a more complex visual
word recognition pocess that relies on the information provided by LIFGpo/PCG in
order to settle on the appropriate pronunciation for a word, whereas the more regular
orthography of Dutch may mean other mechanisms are able to compensate for the loss

of phonological informaon from LIFGpo/PCG.
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6.5.3 Outcome D: Different MEG and Different TMS

It may happen that no LIFGpo/PCG activity is found for Dutch participants in
MEG and the current pattern of TMS results hold in Dutch. In this case, if an early
disruption were found for Engln participants a functional role of LIFGpo/PCG in
English would be apparent that does natunén Dutch. An interpretation based on the
difference in opacity of Dutch and English orthography would be likely in this case
similar to Oucome B, aboveThis outcome would open up a research line conmgari
various levels of orthographigpacity in MEG and TMS and would have significant
implications for models of visual word recognition. In this case, models of reading
based on English data could not necessael considered applicable to languages with
a more transparent orthography.

6.5.4 Outcome F: Same MEG, Same TMS

This outcome considers the possibility thewen though the MEG results are
replicated in Dutch, neither Dutatior English participants show anyrgadisruption
during TMS. The two general interpretations for this would be, firstly, that
LIFGpo/PCG is not necessary for reading aloud in either languaigescondly, that
LIFGpo/PCG is not disruptable with TMShis outcome would require in depth
investigation of the possible interpretations discusse@hapter 5 For example, the
first step would be to investigate whether induced oscillatory activity, of the kind seen
in the MEG experiment, could be disrupted with TMfSthis could be established, a
line of research would open up &scertainwhether early LIFGpo/PCG activity might
contribute to any task, such as those with a strong conflict resolution or verbal working
memory component. The phonological masked primiis§ taight also be performed
under TMS in order to verify that early LIFGpo/PCG activity does, in fact, result in the

behavioural phonological advantage seen during overt naming.

6.5.5 Outcome H: Different MEG but same TMS

This outcome considers the possibilityatDutch participants may not show
LIFGpo/PCG activity in MEG, and neither language may show an early TMS
disruption. In this case, a likely interpretation would be along the lines of redundant
LIFGpo/PCG activity in English due to the nature of learnmgetad a language with a
more opaque orthograph@n the other handas in Outcome F, it would need to be

established that early LIFGpo/PCG activity does not contribute significantly to conflict
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resolution or verbal working memory tasksdifference in tle disruption of these tasks

in Dutch would then need to be verified. However, this would call into question where
these types of activities took place in Dutch, or why they were less relevant for reading
in Dutch.

6.5.6 Outcomes C, E,and G

It is considered urkely that replication of the TMS experimenting an
improved design and a larger sample woulglveal early disruption to visual word
recognition in Dutch that cannot then be replicated in a native English sample
(Outcomes E and GJt would be very difficlt to intepret such results if they arose.
Multi-region TMS to the networks of Dutch and English readers would be necessary to
investigate divergence and convergence of the two reading systems.

Outcome C, that Dutch and English readers would show thestpppattern of
TMS and MEG results, is also considered unlikely. In other words, if Dutch participants
show no early LIFGpo/PCG in MEG, then it is not predicted that Dutch readers would
show an early TMS effect at this region, but English readers watld n

6.5.7 Summary

Many interesting interpretations arise from the possible combinations of
outcomes that would be predicted for a replication of the MEG and TMS experiments
described in this thesis in a native Dutch and native English sambplef these
outcorres would result in further lines of research into the possible behaviour of the

underlying reading system of the brain.

6.6 Implications

6.6.1 Connectivity of the Visual Word Recognition Network

Notwithstandinghe need for further investigations into the repliaabf these
resultswithin and across languages, the implications of the current results will be
considered. The current pattern of results is suggestive of a highly complex and
interactive network. For example, LIFGpo/PCG appears to be sensitive ubthrical
phonology of written words as early as ~75 ms after stimulus presentation. Furthermore,

it appears that the reading system differentially processes words and nonwords within
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this rapid timeframeThis suggests possible feedforward and feedbackemions
operating rapidly to shape the network for the appropriate type of proce2sienling

this rapid connectivity may be beyond the scope of whodén MEG analyses (as
revealed by the limited spread of activation averaged across the first 26mapter

4). However, recent investigations using time sensitive effective connectivity measures,
suggest that it may be possible to reveal early parallelisatiothe visual word
recognition networkvithin the first 100 mof viewing a word. For exampleobier et

al. (2011; alsoMunding 2011, Quinn 2011 reportedan MEG experiment where
single word reading was used with a dreek repetition identification task. Here,
partial directed coherence (PDC; Bac&&@ Sameshima2001) was used as a measure

of Granger causalityn order to investigate the partial influence of brain regions on
other brain regions. The results suggest that within 100 ms, changes in PDC are already
evident between many putative nodes of the readiegwork. Notably, PDC also
increases from LMOG to LIFG by around 200 ms, withimxreasein conrectivity in

the other direction, though the results are unable to rule out the influence of a third node

on both these regions that might account for this apaonnectivity.

Further evidence for this possible early interactivity of the reading network
comes, for example, from Penolazzi, Hauk, and Pulukem(2007), who used highly
probable and less probable pairs of words in sentences to show an effectdof
frequency and of context probability in parallel at around 120 ms from target word
onset. The authors suggested that this -semaultaneous lexical access and context
integration shows evidence for parallel rather than sequential stages of visual word
recognition.Pulverniiller, Shytrov, & Hauk (2009also demonstrated usigEG data
that phonological, lexical and semantic features of words are extracted and integrated
with the semantic and syntactic context in parallel processes occurring withind.00 an
200 ms of viewing a wordPulverniiller et al. (2009) suggested that from around 200

ms, secondorder cognitive processes then take @Jauch as semantic reanalysis.

Interactivity is also apparent in fMRI evidence of -w@vn modulation of
activity at VOT. For example, Twomey, Duncan, Price, and Devlin (2011) showed that
vOT activity during lexical decision could be modulated by the type of task
(orthographic vs. phonological lexical decisions) and the type of stinmdidg,
pseudowords, and pseudohorhopes), with a significant task*stimuli interaction that
is difficult to explain in terms of a purely feedforward account of visual word

recognition.Semantic modulation (Devliet al., 2006) and phonological modulation
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(Hellyer et al., 2011) of vOT actityi also support this account of interactivity, despite

the inherent lack of temporal information in these fMRI data.

The interactivity angbarallelisationof the visual word recognition network does
not relate well to feedforward modular cognitive modelg)( DRC; Coltheart et al.,
2007), but isindicative of the type of cortical organisation suggested by interactive or
dynamical system models. According to this approach, the dynamics of word
recognition are characterised by a connectionist network; asiche PDP or triangle
family of models(introduced in sectio8.2.2 ; e.g., Harm & Seidenberg, 2004; Plaut et
al., 1996; Seidenberg & McClelland, 198%ere, two phases of processingcor in
response to seeingveord; firs, changes in the pattern of activation between nodes of
the network settle into an Aattractor st
distributed across the network; secondly, and at a slower timescale, the strengths of
connections between nalare adjusted via a learning process (Rueckl, 2002). This
selforganising pattern of learning via exposure can occur both on a long and short
timescale, with the shortest timescale accounting for priming effégés to the
adjustment of the weightings oécently activated connectignso that on subsequent

activations the system is able to respond faster and more accurately (Rueckl, 2002).

Investigations into thispossible parallelisation of the reading network, in
particular the choice of signal processimethods (such as PDC), should take into
account the physiology of neuronal communicatidweraging MEGand EEGdata
over windowsevenas small as 100 ms may result in a loss of information thabrign
be revealed by methods such as siglad multiunit recordingand local field
potentials For example, LiuAgam, Madsen, and Kreiman (200@corded intracranial
field potentials from 912lectrodesdistributed across the occipital, temporal, frontal,
and parietal lobes of 11 patients (implanted tfee purpose of surgical evaluation of
severe epilepsy). Patients viewed pictures of objects from different categories while
intracranial field potentials were recorded. Of the 111 (12%) of electrodes that showed a
selective category response, the majonigre found inventraloccipitotemporal cortex.

A classifier was then able to decode the object category viewed on a single trial as early
as 100 ms after stimulus presentation. The results of Liu et al. demonstrate two
important principles; first, that witn 100 ms in the human brain sufficient processing
has already taken place that can allow the category of an object to be revealed, and
secondly, that intracranial recording can revpatterns ofactivation specific toan

individual trial. Information fom individual trialsis not usually examinedith MEG or
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EEG due to the much lower sigrtatnoise ratio(though, various methods have been
used to examine singteial ERPs, e.g., Quiroga & Garcia, 2003hysiological
methods with a much higher local §phand temporal resolution should therefore also

be used to inform theories of visual word recognition that tend to be based on the more
general view of the system provided ByRI, EEG, and MEG Similarly, theories
regarding the pattern of spatial commuation between areas should relate toviable
anatomical connectivity between these regiaugh asvidence from diffusion tensor
imaging (DTI)and diffusion spectrum imaging (DSI). For example, Friederici (2009)
reviewed the white matter fibre ttac(as revealed by DTI and DSI) connecting
languagemplicated regions of thetemporal and frontal cortices;n i particular,
suggesting that a connection between po
temporal gyrus is crucial for human languageiphillhis wassupported by the finding

that primates which are unable to process hierarchically structured sequences do not
possess this connecti@iriederici, 2009)

6.6.2 The Nature of Phonological Representation at LIFGpo/PCG

The final issue to be consideréxithe way in which this putative sublexical
phonology at LIFGpo/PCG might be represeniaftheat et al. (2010) argued that these
representations are formed via a sublexical articulatory code, citing evidence from
electrical stimulation tract tracing in feents (Greenlee et al., 2004). Greenlee et al.
recorded evoked responses in the orofacial representafiddCG in response to
electrical stimulation of LIFGgemonstrating functional connectivity between these two
regions. Brown et al. (2008) also demivated activity of this region during articulatory
movements in fMRI. Two lines of evidence then stem from the known articulatory role
of LIFGpo/PCG territory, in support of a sublexical articulatory phonological

representation of visually presented words.

The first line of evidence comes from theories of embodiegnition The
central viewpoint of mbodied cognibn asserts thatognitive processes are rooted in
t he bodyods i nteractions wi t h the world
embodied cogtive theory is that the purpose of cognition, in evolutionary terms, is
action (Wilson, 2002) For exampleyisual perception of an object seen in a particular
orientation facilitates subsequent performance on a grasping task when the two objects
match inorientation Craighero, Fadiga, Umilta, & Rizzolatti, 1998n other words,

the visual input primes the motor system for activatiBmgle unit recording in
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macaquemonkeys has shown thatotor neurons that respond during grasping
movements also respowthen a monkey looks at a graspable object, even when no
action is performed (Rizzolatti et al., 198&urthermore, sec al | ed-n @mr on s 0
have been observewnhich are active both when monkeys make goal directed
movementsand when monkeys observe thesevements being performed (Rizzolatti

et al., 1996)The implication is a hard wired shared representational network for action
and perception, stemming from the observationiamtition of the behaviour of others
(Meltzoff & Decety, 2003)When observig both lexical and nonlexical lip movements,

in PET, participants showctivity in LIFG that is greater for lexical lip movements
(Paulesu et al., 2003). Taken together, these studies start to form the picture that the
representation and understanding lo@rved actions takes place via the neurons used to
perform those actions, and that this theory might extend to spEeemotor theory of
speech perceptiothus postulates that the motor cortex is involved in processing the
auditory information from speé (Liberman & Mattingly,1985; see alsd?ulvermdller et

al., 2006); in other words, that speech sounds are mapped onto their corresponding motor
(i.e., articulatory) representationélthough, nore moderate views emphasise auditory
processing in speeclegeption, whilst accepting that speech perception and production are
linked, especially during language development (see e.g., Scott & Johnsrudeag@03)
evidence from aphasia shows a dissociation between deficits of speech comprehension and
deficits ofspeech production (see e.g., Scott, McGettigan, & Eisner, 2009).

The second line of evidence then comes from the idea that reading and speech
production may be intricately linked via the process of learning to, lgadounding out
words andby reading abud to an adult (Kujala et al., 2007). Furthermd@ehaene and
Cohen (2011) discussed the idea ofireeuronal recycling process, whereby existing
cortical systems are reuband reorganised in order tepresent written wordg.herefore,
returningto the suggestion of an articulatenyotor representation of sublexical phonology
during visual word recognitionthese existing speeghotor representations, used in both
producing and understanding speédbe to learning via the imitation of othgrare the
recycled during the process of learning to read, resulting in an articutatdoy

representation of whdin alphabetic writing systemsy, essentially, written speech.
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6.7 Conclusion

The results presented in this thesis indicate an early sensitivisylilexical
phonological information at LIFGpo/PCG during silent reading of English. The present
experiments have failed to demonstrate that this region is functionally necessary for
reading aloud prior to 200 ms in Dutch. The combination of these fisdeays to
many possible interpretations, which cannot be ruled in or out without further
investigation As yet, the functional significance of this activation, therefore, remains

unclear.
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Appendix A

Full Behavioural Stimulus List

WORD Pseud Orth NONW P<ud Orth
ABOUT abowt abopt AHAIN ahayn ahaln
ABSENT  abcent abrent AHEED aheid ahend
ACID asid apid AITER aeter anter
ACTOR aktor astor ALIM alym alam
ADORE adorr adork ANGEW  angeu anged
AFFECT  affekt affest BANTS bantz banty
AGILE ajile anile BOCUS bokus bofus
AIRWAY  aerway aurway CABON kabon sabon
ARENA arina arona CAINK cainc cainp
BAIL bayl barl CALLO kallo mallo
BEIGE baige boige CANOL kanol panol
BIRCH burch borch CAREET kareet nareet
BLEAK bleik blerk CEIFY seify heify
BLOW bloe blop CILD sild hild
BLOWN bloan bloin CIVEN siven biven
BRAIN brayn brarn CIvVIB sivib vivib
BREW bruw braw CLAFF klaff plaff
BRIBE brybe brobe CLAINK clainc clainp
BRIEF breef broef CLYMP climp clemp
BURST berst barst COIG coyg corg
BURY bery bory COPST copzt copat
CADET kadet madet COUNKY  cownky colnky
CAMEO kameo bameo COUPOX coopox colpox
CANAL kanal hanal CROOG kroog proog
CASUAL cazual caqual CUNIC cunik cunie
CENTRE sentre rentre DIMPER  dymper domper
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CEREAL cireal coreal DINIM dynim dunim
CHEEK cheak cheuk DORIN doryn dormn
CHIVE chyve cheve DRIVEG  dryveg draveg
CIRCUS  cercus corcus DUAF dwaf diaf
CITRUS sitrus hitrus EANCE eanse eange
CIVIL sivil bivil FACEM fasem fadem
CLEAN klean plean FEEPLY feaply femply
CLEAR cleer cleur FEVY fevi fevo
CLEFT kleft sleft FEYTER fayter foyter
CLUNG klung plung FICKY fikky firky
COLUMN  columm colump FIECE feece frece
COMET komet fomet FLAIG flayg flarg
COOKIE  cookiy cookip FLEACH fleech fleych
COUCH cowch corch FLOAK floac floam
CRISP krisp trisp FOGRY fogri fogre
CROOK krook frook FRENK frenc frene
CROWD  croud crond FRIT fryt frut
CRUST krust grust GANIC ganik ganim
CURSE kurse lurse GASLY gazly gaply
DEAF deff deif GECTO gekto geito
DECADE dekade deyade GEPTIC geptik geptil
DECAY dekay deny GIEBE geebe gnebe
DISMAL  dysmal dosmal GIECA gieka giela
DIVERT divurt divart GLACK glakk glask
DOUBT douwt doust GLEAF gleef gleff
DRINK drynk dronk GLING glyng glong
DROWN  droun dromn GOISE goize goime
DWARF dwarv dwarn GROOS  grooz grook
EDIT edyt edat GUIRE gwire gaire
ELBOW elboe elbox GUOL gwol geol
EMPTY empti empth HANTY hanti hanth
ENGINE  enginn engino HEASH heesh helsh
EPIC epik epin HEASY heazy heaby
EQUIP eqwip eqsip HERGE herje herme
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Full Behavioural Stimulus List

ERASE
EXACT
EXCEPT
FANCY
FENCE
FILM
FLICK
FLOUR
FOIL
FRAUD
FREE
FROWN
FRUIT
FUDGE
GARLIC
GLUE
GREW
HAIL
HEAVY
HEDGE
INCOME
JAUNT
JOUST
KNEEL
KNEW
KNIFE
LEASH
LEGEND
LILAC
LIMB
LIST
LOCAL
LOCATE
LOCUS

eraze
exak
ekcept
fansy
fense
fylm
flyck
flowr
foyl
frawd
frea
froun
fruut
fudje
garlyc
gluw
gruw
hayl
hevvy
hedje
inkome
jawnt
jowst
kneal
gnew
knyfe
leesh
lejend
lilak
limm
lisd
lokal
lokate

lokus

erale
exast
elcept
fangy
fende
falm
fluck
floar
forl
fraed
frem
frozn
frunt
fudle
garloc
gluf
graw
haal
hervy
hedre
inrome
jasnt
jorst
knetl
enew
knafe
leosh
lebend
lilag
limy
lisk
lopal
lomate

lowus

HODGY
HOGGY
HOYLE
HYCKLE
ICORN
INCER
INKO
IRIM
JALM
JEEDS
KANCE
KEANS
KINIS
KOLP
KORIC
KOSSY
KROLP
LAINY
LAULT
LAYMAT
LEACY
LENIAL
LOEGS
LOKELY
MACLY
MANTS
MASEL
MASPIE
MASUAL
MEVY
MINTEL
MITTY
MODGE
MUGIC

hodjy
hoggi
hoile
hickle
ikorn
inser
inco
irym
jarm
jeads
kanse
keens
kynis
colp
korik
cossy
crolp
laini
lawlt
laimat
leecy
leniel
loegz
lokeli
macli
mantz
mazel
mazpie
mazual
mevi
myntel
mitti
modje

mujic

hodzy
hogga
hoole
hockle
idorn
inger
inlo
irom
jaum
jends
kanke
kelns
kanis
solp
korit
nossy
srolp
laind
lailt
lammat
lebcy
lenirl
loegy
lokelt
macle
manty
mane
madpie
macual
meva
muntel
mitta
modse

muxic
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LOGIC logyc logac MURIST  muryst murost
LOGIC lojic loxic MYRAL miral maral
LOUNGE lownge loinge NAITER nayter nalter
MASCOT maskot masoot NAIZE naise naibe
MERGE merje merne NEAF neif necf
MILK mylk malk NEEF neaf nelf
MIMED mymed momed NERM nirm narm
MINT mynt mant NERTEX nirtex nortex
MOCHA  mocka mocua NOFFEE noffie noffle
MOIST moyst monst NOSAL nozal nopal
NASAL nazal nalal NULSE nulce nulle
NOUN nown nomn OLOK oloc olop
NUDGE nudje nudue OPINY opyny opuny
OBJECT  objekt objest ORDI ordy ordo
OLIVE olyve olove ORLOE orlow orlod
OUTER owter oster OUNCH ownch olnch
OVEN uven yven PABSE pabze pable
PALM parm paim PAILOR paylor paslor
PAUSE pauze paure PAREA paria parga
PEANUT  peenut pernut PASMA pazma pamma
PENCIL pensil penoil PASMY pazmy paimy
PIANO pyano phano PEVIL pevyl pevol
PINK pynk ponk PHEEM pheam phelm
POINT poynt poant PHEN fhen shen
POSER pozer poger PIAM pyam pham
POUCH powch polch PIEF peef pref
POUND pownd polnd PINEW pineu pinex
PRIDE pryde prade PINKON  pincon pindon
PURSE perse porse PISMIL pizmil piamil
QUARTZ quarts guarty PLICE plyce pluce
QUASH kuash duash PLUR pler plar
QUASH gwash giash POUNK pownk polnk
QUEEN quean quern PREK prec pren
QuUIZ cuiz luiz PRUNCE prunse prunle
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REALM rellm reulm PRYSH prish prash
RECORD rekord relord PUNPY punpi punph
RESIN rezin remin PURSAR persr porsar
RHYME rhime rhome PUSIL pusyl pusol
RINSE rince ringe QUAIM cuaim buaim
RISK risc riss QUENT cuent puent
ROSE roze rore QUERM quirm quorm
SAUCE sawce samce QUMID cumid numid
SAUNA sawna sarna RARKLY  rarkli rarkld
SCARF skarf starf RAVIL ravyl ravol
SCOPE skope spope REASH reesh rensh
SCRAP skrap sprap RESULE rezule regule
SCRAWL  skrawl shrawl RHISH rhysh rhosh
SCREW  skrew sprew RISET rizet riget
SENSE sence senge RITAL rytal retal
SHEEN shean sheon RUCKY rukky rulky
SHOE shoo shox RURD rerd rard
SILK silc sila SAIRG saerg saurg
SILVER sylver salver SCARO skaro sharo
SING syng seng SCRAD skrad shrad
SLEEP sleap slenp SHUET shwet shret
SLEET sleat sleut SHUNKY  shunki shunkt
SLICE slyce sloce SHYME shime shume
SMALL smaul smalil SIPRIN ciprin viprin
SMIRK smerk smark SKIRB skerb skarb
SNEAK sneek sneck SLASM slazm slarm
SOAK sowk solk SLINT slynt slont
SONIC sonyc sonac SNEAF sneef snelf
SOUND sownd soind SNING snyng snung
SPICE spise spige SOULE soole sorle
SPIKE spyke spuke SOUST sowst sonst
SPILT spylt spolt SPEE spea spem
SPOUT Spowt spoct SPRIN spryn spran
SQUAD squod squed STRECT  strekt strert
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STEAK steyk stenk SWOUT  swowt swont
SWAMP  swomp swimp TEWL teul terl
SWILL swyll swall TEWSE teuse telse
SWIRL swurl swarl THAFT thafd thafe
SWITCH  swytch swetch THAWK thauk thask
SYRUP sirup sorup THITE thyte thate
TACTIC tactyc tactac TISAL tizal tigal
TAUNT tawnt tarnt TOUSH toosh tonsh
TEACH teech terch TRAIX trayx tralx
TEASE teaze teape TRASK trasc trasm
TENSE tence tenge TRISK trisc trism
THINK thynk thonk TUINT twint thint
THINK thinc thinn TWIFT twyft twuft
THIRST therst thorst TWIK twyk twak
THRIFT thryft throft UNCE unse unle
TONIC tonik tonif UNKY unki unkt
TOXIC toxik toxie UREAM ureem urelm
TRIP tryp trop URIME uryme urome
TRUCE truse truve UTCER utser uteer
TUNIC tunik tunil VEARER veerer verrer
TURBO tirbo tarbo VERK virk vark
TWIST twyst twost VERKY virky vorky
TYPE tipe tope VIGIT vigyt vigot
ULCER ulser ulver VIRTY verty vorty
URGENT  urjent urment VORCE vorse vorle
VACANT  vakant vagant VORRY vorri Vorro
VICAR vikar vifar VOUP voop Voip
VIDEO vidio vidoo VUNISH  vunysh vunosh
VIEW viuw viow WACKLE wakkle warkle
VISIT vizit vigit WECS wecx wech
WHISK whisc whism WIMER wymer womer
WISE wize wime YARSE yarze yarte
WORTH  wirth warth YAUNA yawna yalna
WOUND  woond wornd YEARY yeery yemry
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WRIST wryst wrast YISK yisc yish
YELLOW vyelloh yellok ZEEK zeak zeck
YIELD yeeld yueld ZENE xene yene
YOUTH yooth yonth ZIABLE zyable zoable
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Appendix B

Voice Recording

% Sound Capture Settings

Sound Capture Device: (53 X-Fi Audio [BCED] ] Test Intervals

Sound Mode: |( 1, 44100, 16) w | (channels, frequency, bits per sample)

SetRecording Level: v Recording Level: |0.5055 (0-1)  Apply Now ‘ Open Windows Volume

Sound Response Device

[¥ Use ignore interval Ignore Interval: | 1000 ms
o Threshold: | 0.1 0-1)

at Interval: | 200 me [¥ Saveresponses [V Combine into one file 3
Offset Threshold: | 0.02 0-1) Recording Duration: | 1000 ms
H Test |
Voice key / T )
. ) | Stop Apply Changes | ; 3
trigger 5
Response Offset Samples Per Pixel: | 64 ;‘ 10
threshold i

Play

Clear

4| | CurrentLevel: |0.9055 I' 0 '//' ' . ' f 7 o P
e /

Voice key triggered
by response onset

Figure B.1Screenshot of voice key calibration procedure. Each participant
was given a list of words to speak aloud while the input volume was adjusted
until the onset of each worbrsistently triggered the voice kelf necessary,

the voice key trigger threshold was also adjusted to makeoiie rar less
sensitive. There wilhave been variation in the effectiveness of the voice key
for stimuli with liquid or fricative onsetshowever, this will have been a
constant source of varidity across the conditions, due to the repetition of
targets across conditions. In other words, no condition contained targets that

would have set off the voice key less effectively than for another condition.
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Individual Variability of Exp. 3

Word Nonword
Participant Pseud Orth Priming Pseud Orth  Priming

7Y 409 432 23 478 472 -6
2 359 371 12 390 395 5

3 380 405 25 442 454 12
4 286 298 12 315 330 14
5 356 375 19 405 416 11
6 383 400 17 401 425 24
7 645 672 26 726 727 1

8 348 361 13 381 394 12
9’ A77 487 10 541 520 21
10 444 458 14 523 535 13
11 400 439 39 450 472 21
12° 567 555 -12 603 626 23
13 737 767 30 788 783 -5
14 466 479 13 512 522 10
15 393 409 16 473 482 9

16° 488 492 4 515 515 0

17 558 547 -10 615 604 -11
18 519 531 12 571 571 0

19 445 463 18 471 468 -4
20 412 430 18 449 468 20
21 450 466 16 518 507 -11
22 382 392 10 423 447 24
23 479 505 26 565 598 33
24 579 581 1 608 595 -12

"Negativepriming words) Negativepriming nonworg, *No priming nonwords
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Appendix D

Artefact Rejection

The first stage of artefact rejection is an overview of all epochs for one
participant. In this view, any epochs with unusually large amplitudes can be removed.
For example, in Figre D.1 epochs 171 @ah172 have been highlighted for removal.
These epochs are contaminated by a large artefact such as a car moving close to the
building. After any particularly large artefacts have been removed, the next stage is to
examine each remaining epoch individualgure D.2shows the view of all channels
for a typical epoch, with target onset at time 0. This epoch has been contaminated by
blinking asshown by a stereotypical crossover shgpecled)that is particularly strong
in the anterior channels. This triabuld be rejected. Finally, Fige D.3 (left)shows a
portion of typical clean data, compared to data that have been cortshrzyamuscle
movement in Figure D.3 (right)n the case dFigure D.3 (right) this artefact appears to

have the stereotypicahape of a swallow.

161 162

181 182

—

i3

Figure D.1 First pass artefact rejectioAny particularly large artefacts are

removed during this first stage.
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Figure D.2 Screenshot athe second pass artefact rejection winddhis view

shows one epoch of data acrodischannels. Here a stereotypical blink is
highlighted. On this basis, this epoch would be rejected.
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Figure D.3 Screenshot otlean and contaminated dat@n the left a typical
portion of data that free of artefacts can be seen. In comparison, tioa dr
data on the righéhows a stereotypical swallow movement.
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Appendix E

Passive Period Selection

In the current experiment, there are few (if any) viable alternatives for the
placement of the passive period. The passive window should be selemtedh
period prior to the trial, as selection from the pioist period is likely to cause
systematic effects in the passive period of each condition, due to the nature of the
preceding trial. In other words, a pdstl passive window will always be ¢ceded by
the same condition, whereas {nal passive windows should be preceded by a roughly
equal proportion of trials from different conditions. Here, the target is preceded by a
rapid sequence of masks and prime, and it does not make sense tthelapessive
period within this sequence. Placing the passive period too far in advance of the trial
shortens the available intertrial interval for the participant to blink and swallow.

Therefore, the passive was pldoemmediately prior to the onset of thiest mask.

Figure E.1 Passive period examplethree different passive periods used in an
active minus passive contrast for one participant in one frequency band. White

indicatesoverlap of all three contrasts at the LIFGpo/PCG border.

The question mains whether alternative passive windows may have
considerably affected the resultsigure E.1 showsthe effect of moving the passive

period on LIFG activationin a similar MEG visual word recognition paradigm at YNIiC
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Appendix E Passive Period Selection

(Lobier, Hansen, Wheat, Valdoi& Cornelissen2011) Three passive periods were
chosen prior to target onset at 0 R&D(Q -600ms,-600 -400 ms, and400'-200 ms)A

clear overlap between the three different passive periods can be seen in white, for one
participant and frequency band, ngithe same active time window. This indicates that
there is considerable agreement in the results regardless of the choice of passive
window. It should be noted that this result is below statistical threshold as there is not

enough power in single subjeddta to reveal significant results.
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Appendix F

Beamforming Figures

Figure F.1 Beamforming for Psetdord. Threedimensional rendered

cortical representations showing significant activity above baseline for
PSEUD WORD at three frequency bands and ethroverlappingtime

windows t-Maps are thresholded jak .05 (corrected).
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