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Abstract

This thesis aimed to investigate the neural basis of linguistic and semantic control
across brain networks, using fMRI and TMS. Firstly we assessed the contribution of
premotor cortex (PMC) to speech perceptidMsS disrupted phonologichlt not
semantic judgmentgndicating a constrained role for PMi€tasksinvolving explicit access
to phonemic representationdut notin accessing meaning. Chapter 3 examined the role of
brain regionswithin the language network to both domain (phoogical/semantic) and
executivecontroldemands The results suggest that there are specialisations at the
extreme ends of LIFG for phonology (PMC/BA 44) and semantics (BA 47), as well as
contributions from posterior temporal and parietal cortex to both daims. Furthermore,
Chapter 4 investigated the role of these brain areas to amodal semaogiutionusing
picture and verbal semantic associations which varied in thifficulty (to manipulate
semantic controlemands). The findingaiggest thatvhile BA45/44 respond to control
demands across modalitiethere are specialisations within the semantic control network
for example bilateralBA 47 showed a verbal semantic preference. Chapter 5 used TMS to
further probe the role of BA 44, 47 and pMTG ac@sain (phonology/semantic) and
modality (picture/verbal)confirminga preference for verbal semantic material in BA 44
and 47, and highligiigan amodal contribution of pMTG to associative semantic
judgments. Lastly, Chapter 6 focussed on semantic obatrd manipulated retrieval and
selection demands using a cyclipature naming paradigm. We found that TMS to LIFG
caused a specific disruption of naming at the point at which the demands on both selection
and retrieval were maximal, while TMS to pMdaaised no disruption of retrieval or
selection processes. The findings of this thesis shed additional light on the role of various

areas throughout the language networks to domain, modality and control.
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verbal semantic represents greater preference for phonological than verbal semantic

YIEGSNALFEX @S0 adAatt aAayAFTAOLydte FOGAGBIGSR F2NJ
activation in specific ROIs (e.g., phonological segmentation alsgmantic represents

2OSNI L) 2F GKS (G620 aYé A& dzaSR (2 3INRBdAzZLI Ay T2 NNk
anterior IFG to summarise its overall modality preference across hemispheres)...180

Figure 72. Distributed network of areas investigated in this thesis. Areas found to be

preferential for phonology in green, semantic in red, and domain general in .blue. 185



11

Acknowledgements
| am most indebted to my supervisor, Beth Jefferies, whose door was always open,
and offered much gentle encouragement; even at times when | was most clsbless
managed to keep her poker face and with unerring patience helped me to grow

intellectually, as well as always ensuring that my work was to the highest possible standard.

| would also like to take this opportunity to thank my thesis advisory panéhéor
support throughout my PhD and for their constructive feedbatiese meetings were

always a pleasure.

| could not have conducted this research without the help of Carin Whitney who
trained me to use TMS and Gina Humphreys who provided me with sigpd guidance

while | learned to analyse fMRI data! Therefore, my sincere thanks go out to them both.

| would also like to thank all of the staff at the York Neuroimaging Centre for their

help throughout, particularly with the fMRI work in this thesis.

| also very much enjoyed lab meetings: they were a great opportunity to discuss
research around the field of semantic cognition in an informal and friendly setting.
¢ KSNBF2NBz L SELINBaa Yeé 3INIGAGAdZRS G2 GKS

years

There are also numerous individuals who helped to create tasks and collect data,
such as Shane Ford who (without a single complaint!) collected all of the images required
for the study presented in Chapter 6. The work presented in Chapters 3, 4anddnot
have been completed without the contribution of the following Masters students: Catarina
Teige, James Davey, Jonathon Moss and George Florides; who helped create the tasks,
collect picture stimuli and test participantsr their MSc in Cognitivileuroscience project
in 2011 Further thanks are extended to Tim Metcalfe who helped toategorise reaction

times for the data presented in Chapters 3, 4, and 5.

It is also with great pleasure that | thank James Taylor for many a statistical

conversaton, as well as his emotional support throughout!

Lastly, none of this thesis would have been possible without the participants who

gave up their time to take part in my studieso a very special thanks to them alll



12

Declarations
Hereby | declare that b work has been completed by the candidate under the supervision

of Dr. Beth Jefferies.

This research was supported by a Biotechnology and Biological Sciences Research Council

(BBSRC) studentship awarded to the candidate.

Part of the work in this thesihas been presented at the following conferences:

KriegerRedwood, K., & Jefferies, E. (2011). Cyclical picture naming: TMS evidence for the
role of LIFG and pMTG. Poster presented at thénfernational Conference on Memory,
York, UK.

KriegerRedwoodK., Gaskell, M. G., Lindsay, S., Jefferies, E. (2012). The selective role of
dorsal premotor cortex in speech perception: a role in explicit phoneme judgments but not
speech comprehension. Poster presented at the British Neuropsychological Society Spring

Meeting, London, UK.

KriegerRedwood, K., Gaskell, M. G., Lindsay, S., Jefferies, E. (2012). The selective role of
dorsal premotor cortex in speech perception: a role in explicit phoneme judgments but not
speech comprehension. Poster presented at the Nbimogy of Language Conference,

DonostiaSan Sebastian, Spain.

Parts of this thesis were conducted in collaboration with others:

The research in Chapter 2 was conducted entirely by the candidate, but collaboration on
ideas contributing to the design antka the written work was with M. Gareth Gaskell,

Shane Lindsay, and Beth Jefferies.

The research in Chapters 3, 4, and 5 was conducted in collaboration with an MSc in
Cognitive Neuroscience dissertation project, and the students helped design the tasks,

observed data collection and helped process the behavioural fMRI data: Catarina Teige,



13

James Davey, Jonathon Moss, and George FloAdiltionally, Tim Metcalfe helped e

categorise the behavioural reaction times for the data presented in these chapters.

The research in Chapter 6 was aided by Shane Ford who collected all of the images
used in the experimental tasks.



14

Chapter 1: Introduction and Review of the Literature

Language Networks

The ease with which we use language belies the complicated processes that
support it. For example, not only do we effortlessly produce and perceive speech sounds,
but we also rapidly map them onto meaning (i.e., semantic knowledge). Models of
language help to capture the complicated nature of what underlies such a seemingly simple
process and reveal a distributed network of brain areas that support language processing
across various dimensions (i.e., speech sound segmentation, meaning across modalities
(e.g., words and pictures), resolving increased perceptual and conceptual

difficulty/ambiguity, etc.).

Many models advocate two processing streams: a ventral speech perception route
along the temporal lobe and a dorsal auditanptor stream for auditorymotor integration
(Hickok & Poeppel, 2, 2007; Rauschecker & Scott, 200€ombining evidence from
humans and nothuman primates, Rauschecker and S¢a®09 suggest that the two
streams originate in auditory cortex, and processing is both hierarchical and parallel, such
GKIFG WE26SND O2NIAOFE I NBe.g in bkdN@I 8oged)ihatl 2 YR FTNRY
have more complex response properties: posterior superior temporal sulcus (STS) projects
G2 GKS AYGOGNFLINRSGFE €268 6Lt[ 0 FYyR LINBY23G2NI 02N
Wi 2SN f SOSEt Q aLISS&ier SISHNELS tdinfer@oyTrontat cgriex (F&)S | y i
FT2NJ WKAIKSNI f SISt A such, Kh@erdKST Dy bednBHonyodba rAoye
sensitive to the intelligibility of speech, while posterior STS (e.g., planum temporale) may
act as a computationdub for processing spectiiemporally complex sounds (like music).
Likewise, many speech perception tasks have required participants to identify/segment
ALISOATAO aLISSOK &az2dzyRa o6So3adr WLI Q2800 SRRSR Ay ¢
2007 Poeppel & Hickok, 2004ropose that the dorsal stream is engaged for tasks such as
these serving a role in auditpmotor integration(e.g., in the perceived difficulty of
producing a sound, silent articulationéugestural processing of speech; Scott, McGettigan,
& Eisner, 2009 while the ventral stream is involved in comprehension of auditory input
(i.e., whole words). Paus, Perry, Zatorre, Worsley, and E¥886) have shown a motog
to ¢ auditory flow in speech production, with increased activation in auditory speech areas

(i.e., superior temporal cortex) during the articulation of speech sisuimasked by noise
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SO as to ensure that activation in auditory cortex is due to articulation not the perception of

speech sounds).

Some models view perception and production as two separate and distinct
processes, while theories such as the motor themfrgpeech perception tightly couple the
two (Pulvermuller & Fadiga, 20): this account suggesthat the processes involved in
producing speech are also involved in perceivirfgiierman & Mattingly, 1985For
example, Wilson, Saygin, Sereno, and lacol§d@04) provide support for this theory with
their study which found that the same motor areas used in speech production (i.e., PMC)
were also activated in speech perception. It seems reasonable to assume that production
and perception are not mutually exclusiygyen that perception must inform motor
articulatory learning, as accounted for in neurocomputational models that also couple
action and perception in language acquisiti@aragnani, Wennekers, & Pulvermuller,

2008 Pulvermuller & Preibl, 1991Iinthesemodek, any activation of auditory cortex leads
to spreading activation across all regions, including motor ai@asagnaniShtyrov, &
Pulvermuller, 2009Garagnani, et al., 2008Neuroimaging studies also reveal activation for
both speech listening and covert speech production in pST@Sphsbaum, Hickok, &
Humphries, 2001Hickok, Buchsbaum, Humphries, & Muftuler, 2088 kok, Okada, &
Serences, 20Q®kada & Hickok, 2006Taken together, the literature suggests

integrated view in which motor and sensory processes interact.

Another key part of language is understandihg meaning (and context) of the
g2NRa 6S dzaS 020K Ay LISNOSLIIA2Y YR LINRBRdzO( A
F620S0d ! fFNHS ySGe2N] 2F FINBlFLA KFa 06SSy AY
¢ with different brain areas reserveif storage of semantic representations and access to
YR FLILINBLINAEFGS dzaS GKSNB2Fd C2NJ SEF YL ST 6K
must access the stored semantic meaning of this word in memanyd this store is
thought toinvolvethe anterior temporal lobeqATL Jefferies & Lambon Ralph, 2006
Lambon Ralph, Pobric, & Jefferies, 20@8bric, Lambon Ralph, & Jefferies, 2009
CAdNI KSNY2NBs (GKS 2NR Wol ylQ #ank rivegaN® G KLy 2
and the appropriate meaning must be selected for the given cor{exdample taken from:
Whitney, Jefferies, & Kircher, 20111n this case, distributed network of brain areas is
Sy3r 3SR (2 SyadNB GKF{ (HoSeved OeiNioEeSds@re Nob | y A v 3
specific to language for example, objects also have more than one meaning or use, and

when we are required to selectively fag onthe less frequenbr non-canonicaimeanings
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of objects, this may involve the recruitment of the same cortical netwaskociated with

linguistic semantic control.

This thesis explores the recruitment of specific areas within frontal cortex during
explicit semantic and phonological judgements. First, it examines whether premotor cortex
is essentiafor speech perception in the context of explicit phoneme decisions and
semantic judgementsSecondly, it looks at semantic judgements in more detail and
considers the extent to which the brain networks that contribute to executive control of
phonological, verbal semantic and picture semantic tasks overkaip.chapter will discuss
the brain areas contributing to these language networks in an effort taadte their role
in speech perception and comprehension. We will start with the contribution of motor
areas such as PMC to speech perception and progress towards the many areas recruited for

semantic cognition/control.

Coupling of speech perception andguatuction
The motor theory of speech perception lost popularity due to the apparent
inconsistency with neuropsychologi@lidence(i.e.,Basso, Casati, & Vignolo, 19Hut
the debate was reinvigorated by the discovery of mirror neurons in monfiiyzolatti,
Fadiga, Gallese, & Fogassi, 199®e advent of neuroimaging has also provided a wewy
of examining this issue, whereby researchers can see which areas of the brain are active in

both the production and the perception of speefghg., Wilson, et al., 2004
Neuropsychological indications

2 KAt S [ A0 SNYI (Libsimary&Niathgly, 1D89Statedkhat the motor
cortex is crucial to speech perception, the neuropsychological literature, in particular,

studies of expressive and receptive aphasia suggest that the motor cortex is not essential

for speech perception. Patients withNR OF Q& ot a2 (| y2fughtyl & SELINB&&AD

aphasia have lesions to left inferior frontal cortex (LIFC), typically including ventral
premotor areas that are thought to be crucial for the production of speech, and thus these
patients show marked impanent in language production. The motor theory of speech
perception would predict that these patients should also suffer from impaired

comprehension, but this is often not the ca@dexander, 199) Additionally, the reverse

LI GGSNY A& aK26y o0& LI GASYGa sAGK 2SNyAOlSQaA

fluent aphasia), who have lesions to areas crucial for language perception, and thus suffer a

N>

-~ LJK
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loss of auditory comprehension: their spokkanguage is fluent, however, it does lack
meaning(Geschwingd1971). This suggests that the inability to produce language does not
affect global comprehension and vigersa. However, these patient® show impairment

on explicit perceptual categorization tasks (e.g., identifying the acoustic boundary between
two phonemes)but these impairments are not reflected in general compreher{8asso,

et al., 1977Bishop, Brown, & Robson, 19®lumstein, Cooper, Zurif, & Caramazza, 1977
Miceli, Gainotti, Caltagirone, & Masullo, 198@oineau, Dronkers, & Bates, 200Patients
GAUK AYTSNA2N FNRY ldarfshol ifpake? girgle wordNR O Qa | LK I &
comprehension if speech is accelerated or overlaid with noise, supporting the view that
LIFC may only play a vital role in speech perception for particularly difficult(Mekseau,

et al., 200%. Additionally, dysartha and anarthria are both disorders of language

production with no impairment in general comprehensi@ott, et al., 2009. However,

like aphasia, when individuals with dysarthria are tested specifically on language control, a
deficit is seen. For instancBishop et al(1990 found that phoneme discrimination using
novel letter strings resulted in impaired performance, while comprehension and even
discriminating phoneme contrasts showed no impairment. This suggests that they may
have impaired memory for novel phonological strings, possibly because this sort of task
requires covert repetition of the novel material inherent in this task t{shop, et al.,

1990). Taken together, the neuropsychologititdrature suggests that speech motor
knowledge may not be necessary for normal comprehension, but it may be recruited for

certain features of language processing, such as explicit phoneme segmentation.
Evidence from Mirror Neurons

While it is clear thathe patient literature provides little support for the motor
theory (Liberman & Mattingly, 1985the discovery of mirror neurons in monkeys
reinvigorated the debate over the necessity of speech motor areas to perception. Single
cellre@ NRA Y 334 y2SHZNBWAINNE WYy Y2y 1Se& FNBI CpX FTANB
and when watching others perform that acti@Rizzolatti, et al., 1996There is also some
evidence to suggest that these mirror neurons are ramitidal, in that theyalso seem to
respond to the consequential sound of an act{&ohler et al., 2002 These findings are
important for theories of language because monkey area F5 is considered to be the
homologue ofeft inferior frontal gyrus (LIF@ humans-i.e., BA 44, BA 45 and ventral
PMC (PMv).
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There have been some attempts to mimic single cell recording using behavioural
measures in human subjects whereby tisduced motor adaptation is produced through
repeated movementge.g., repeated firing of motor cortex(lenberg et al(2010
blindfolded participants while they made arm movements away (from the body) and
toward (the body); despite being blindf@d when making the movements (ensuring that
adaptation is motor rather than visual perception), the motor adaptation biased
subsequent ambiguous movement perception toward the direction of the repeated
movements made. Additionally useduced motor plastity has been used in studies of
language. In one study, participants performed 10 minutes of repeated lip or tongue
movements and then performed a 2AFC syllable decision task (masked by white noise).
wSLISFGSR (2y3dz2S Y20SYSyiaQIlINRRAMIOS Rl KS oMB LIS GRS ANEBES
Y2@3SYSyida ONBIGSR GKS alyYS O2yaNHSyild oAl a F2N WL
Y202NJ d2aiSyQa NR{S Ay YSRAFGAY3 (2L R2é6y LINBOS3
(Sato et al., 2011 Support was also provided by Yuen, Davis, BrysbaerRastlie(2009),
where participants were required to produce syllables in the face of auditory or written
distractors which were either congruent or incongruent to the syllable to be produced (i.e.,
thetargdl 0 @ ¢ KS Ay O2y3INHSY (G | dzZRAG2NE &0GAYdzZ dza Y2 RATFA
target syllable, while the congruent syllables did not affect articulation (nor did the written
distractors). The authors argued that when encoding an auditory stimulusdargthe
articulatory information is automatic, and therefore reflected in the modified speech
output for incongruent trials in this experiment. These studies suggest that the mirror
neurons found in monkeys can be successfully mimicked in humans usiagdéral
studies in both action and language perception, and thus help implicate the motor cortex in

some aspects of speech perception.
Neuroimaging

Passive speech listeninghile mirror neurons reinvigorated the debate over
the motor theory of speech peeption, neuroimaging techniques have helped researchers
to test its predictions, namely that the motor areas involved in articulation are also
involved in speech perception. As suchsgive listening to speech sounds has been shown
to activate motor spech areas. Uppenkamp, Johnsrude, Norris, Margléison, and
Patterson(2006) found that the pren2 (G 2 NJ | BIBEVQ s Y ANK | OG A PS RdzZNAyYy 3 @2 ¢

listening than listening to matched nespeech sounds; a finding which is in line with
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Wilson et alQ @004) finding that the same motor areas involved in producing

monosyllables were also active when passively listening to them, as well as otlieg$in

of increased PMC activation for listening to monosyllabic w@ds, Okada & Hickok,

2006). Furthermore, TMS studies have shown that listening to speech sounds that require

strong articulation activates the motor system. For example, using a combination of TMS

and tongue motor evoked potentials (MEP), Fadiga, Craighero, BuccinRjzudiatti

(2002 found that when participants passively listened to words and pseudowords the

tongue area of the motor cortex showed an increase in MEPs for words with an embedded
R2dz0f S WNR O2yazylyil ONBIRZANAYE {irRyEAIzSs A+ IN& A0
consonant (no tongue articulation). Likewise, Watkins, Strafella, and(P@0d found that

stimulation of the left face motor area increased MEPs for speech sounds and speech

related lip movements, but not for nespeech sounds or eye movements. Additionaliyt, n

only didPulvermuller et al(2006) find differential fMRI activation for lip and tongue

movements, as well as tongue versus lip articulated phonerbesalso diffeéential

activation in the same areas for tiperceptionof these syllables, with stronger [p]

activation in ventral motor areas and stronger [t] in dorsal precentral areas (i.e., fine

grained activation by phoneme type). This receives further support &@tudy which

used online double TMS pulses to the lip or tongue areas of motor cortex immediately

preceding stimulus onset, identifying speech sounds as either [b] / [p] (lip articulated) or [d]

/ [t] (tongue articulated). This resulted in faster idert#tion of congruent phonemes (i.e.,
LISNODSLIGiAZY 2F WLI Q F2ff2Aay3ad ¢a{ G2 fALI I NBI
LISNODSLIGAZY 2F WLI Q F2ftf2eAy3d c¢caf{ G2 Gz2y3dsS |
might pre-activate/prime the area increasg the excitability of the neurons therein, and

the reduction in performance may be due to lateral inhibition between competing
representationgD'Ausilio et al., 2009 Taken together, these studies suggestfgnained

organisation by phoneme type in the motor cortex for both speech production and

perception (tasks).

Specific Roles in Speech Perceptidthough some studies have shown
fine-grained phoneme representations for passive listening to speech siipuiiermuller,
et al., 2006 Wilson, et al., 2004 most early neuroimaging studies have not reported motor
cortex activation for general speech perception; if this area were crucial to speech
perception it should sh@ strong and consistent activation across speech perception tasks,

and therefore may only be recruited for specific types of tasks (Scott et al. 2009). For
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example, Buchsbaum et 2001 reported a more sluggish BOLD response for auditory

stimuli in PMC compared to the response for production, perhaps indicatidggi W2 LJGA 2y | f Q

use in perception. Furthermor®&ogalsky, Love, Driscoll, Anderson, and Hi(k@k1)

argue against a strict motor theory of speech pgtoen, with motor cortex involvement in
speech perception reserved for 1) strategic modulation of the speech perception process in
non-natural/challenging conditions, 2) providing a bagkmechanism for processing
degraded auditory stimuli, or 3) nematural language tasks such as explicit phoneme
judgements, whemetalinguistic knowledge about speech sounus words, is used to

guide phoneme segmentation. This suggests that the motor cortex may only be involved in

& Y Slinduistic taskspecific aspect8 ¥ LISNF 2 N¥Y I yOS NI G KSNJ G KIy FdzyRI

(p.185). In addition, Scott et 42009, suggesa further role in which the motor cortex is
recruited for conversational turn taking whereby motor areas are responsible for
GO2YyPSNHSYOS: AYUSNIOGAZ2YIE ada@8yOKNRye | yR

This distinction between general speech goehension and tasks that manipulate
certain aspects of perception is seen in early research by Zatorre, Evans, Meyer, and
Gjedde(1992 who sought to investigate the brain regions involved in speech perception
using PET. In passive listening, activation was seen in the superior temporal gyrus
bilaterally,but not in motor areasHowever, when participants made perceptual decisions
on speectsyllables, activation was seenlifFGordering PMC, again suggesting motor
recruitment for specific perceptual tasks, but not passive speech listening. Similarly,
same/different decisions to stimuli that required overt segmentation, produced motor
activaion consistent with that reported in Zatorre, et £.992), but not when the same
decisions were made to stimuli that did not require dv&gmentation(Burton, Small, &
Blumstein, 200D Other research suggests that perceiving phonetically ambiguous speech
recruits motor areas, but phonetically unambiguous speech doe$Gmt Jr & Segawa,
2009. These studies support the notion that motor areas may be recruited under certain
circumstances,dr instance, where speech discrimination is particularly challenging (e.qg.,

explicit phoneme judgements, increased perceptual difficulty).

TMS has been used to confirm the involvement of speech motor areas in speech
perception as it is a useful techniqueelits ability to produce focal stimulation of brain
areas purportedly involved in a certain cognitive function. This means that TMS can be used
to help confirm whether activation seen in particular brain areas is functionally relevant (or

not). Meister etal. (2007) disrupted speech discrimination relative to baseline following

Sy & dzNJ
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TMS to PMC for tasks that required participants to identify syllables embedded in noise

(with no TMS disruption for colour or tone discrimination control tasks). Similarly,

Mottonen and Watking2009 applied rTMS pulses to the lip area of the motor cortex (left

M1) to measure the contribution of motor articulatory representations to the categorical

perception (CP) of speech. They impaired CP for speech sounds involving the lips (/pa/

ftal), but not a continuum supported by tongue articulation (/k@@a/). In contrast,

wlk AT FRE | y{R07NERI SRublyiofThtéddrical perception did not report motor

cortex activation, suggesting that the recruitment of PMC is dependenheni¢mands of

the speech perception task. Scott & Ev&10) point out that the task type can strongly

influence whether effects are seen (i.e., 2AFC vs. 4AFC), and Raizada and Etl@rack

did not require participants to make discriminations while in the scanner, as they we
AYGSNBaAaGSR Ay (GKS ONI}AY IINBFa GGKIFIG WHYLX ATEQ
gyrus), and PMC activation was not elicited in this case therefore suggesting that PMC

recruitment may not be necessitated when agplicitperceptual categoriséin is

required.Other research has demonstrated PMC involvement in segmenting speech input,
dzaAy3 GKS WOA NI dzwith resusSuggestiay thdtPMQ is n6tecrgidriof

simple phoneme and syllable discriminations, rather it is only essembhen segmentation

is necessary as in some difficult phoneme discrimination &, Tremblay, & Gracco,

2009. Sato et al(2009 suggest that these findings align with the Hickok and Poeppel

(2007 dual stream model of speech perception in that the dorsal auditoogor circuit is

not considered to be a crucial component of adult speech processing, its involvement is
ySOSaaAdlriSR gKSYSOSNI I WiNIyafl GAgodei2 F LIK2Y
NBIljdzA NERQ o0LJpc0XI |a A& aSSy Ay (GUKSAS NBadzZ Ga
to PMC. Further research is necessary to disambiguate aspects of speech perception and

speech comprehension in PMC. The literature indicates a role f@ iRMome aspects of

speech perception such as phoneme segmentation tésks,Burton, et al., 2000

D'Ausilio, et al., 20Q%ato, et al., 2009however, it has not addressed whether this area is

crucial to speech comprehension, despite the neuropsychological literature indicating that

this is not likely to be the cage.g.,Bishop, et al., 199Miceli, et al., 1980Rogalsky, et al.,

2011).

There is some indication that motor cortex activagntributes tophonologicabut
not semantic processin@ne TM& 9t & (G dzRe F2dzy R fF NHSNJ a9t Qa A

pseudo and rare worg than frequent wordgRoy, Craighero, FabHdestro, & Fadiga,
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2008; see also Fadiga et al. 2DaBerefore this site mape less interested in meaning
analysis, rather it may be recruited for phonological processing of rare/new speech stimuli.

Kotz et al(2010 provide compelling support for this interpretation showing that PMC was

VNN

aSt SOUADSt & MOURIASS yTRIY MY SWeEADeESPIG oft Y I £ 8 A A &4 Q

meaningless syllableMeister, Wilson, Deblieck, Wu, & lacoboni, 200flIson, et al.,

2004), while neighbouring area BA 44/45 was involved in higher level aoatysis,

activated by real words, not pseudowords. Therefore it may be the case that PMC serves a
domain specific function in phoneme analysis (e.g., segmentation, perception of degraded
speech, etc.), while the recruitment of LIFG (BA 44/45) may sesgpaaate function,

possibly in accessing lexical/semantic representations and/or difficulty resolution, given
that activity in LIFG is often reported when task demands incr@age Duncan & Owen,

2000. There is some indication that the two sites may work in concert with a study
showing that activity in BA 44 was a significant predictor of PMC activation for speech
listening, suggesting that LIFG may modulate PW&tkins & Paus, 2004Thus, we will

now turn to a discussion of the role of LIFG in language processing.

Divisions within LIFGhe LIFG is often separated into three subdivisions as
described by Broadmann: BA 44, 45, 4% $pecific function of theselFGregionshas
received much attention and there is a body of evidence suggesting that phonological tasks
activate posterior parts of LIFG (PMC/BA 44), while anterior LIFG (BA 45/47) is often
activated by semantic taskkIfs has been the focus of much research and has been shown
to be active for language tasks across domains such as phonology, semantics, and syntax
(Bookheimer, 200R A great deal of research has been dedicated to the role of LIFG in
phonological processing, and has shown activation in posterior LIFG (BA 44 sometimes
extending into BA 45) for a wide variety of phonological tasks. Some of these studies have
found verysimilar results to those reported in the PMC literature, for instance, one study
reported activation of BA 44/45 for long vowel discrimination to both auditory and visual
presentation of words and for explicit acoustic analysistiofiuli (e.g., parsing raidly
changing spectra within tens of ms), but not passive speech listening; thus implicating a
possible role for this site in retrieving internal representations about the sound of the
stimulus, independent of input modali{fFiez, Raichle, Miezin, & Peterson, 1p%milarly
activation has been reportedthen participants heardomprehensibleompressed speech,
as well as for (written) rhyme judgements, but, like Kotz et al. (2010), not for

incomprehensible speech processiipldrack et al., 2001
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Research as egrhs Ojemann and Mate¢€t979 has shown that direct cortical
stimulation of LIFG during surgery disrupts phoneme monitorexgdBookheimer(2002
presents two main arguments as to the role of pLIFG in phonological processing suggesting
GKFG AG A&a SAGKSNI MmO ONHzOALf F2NIWURZRyYy 2t 23A0L
articulatory loop) or 2) that pLIFG is recruited for processes such as phoneme
discrimination and sequenciri@ookheimer, 2008 In line with a role for LIFG in
phonologicafehearsal Démonet, Price, Wis@nd FrackowiaK1994) found LIFG to be
activated by tasks that required participants to sequence phonologically ambiguous stimuli,
but this site was not recruited for less complex conditions such as simple phoneme
detection, phoneticdy ambiguous stimuli, or sequential phoneme detection alone
therefore the authors suggest that BA 44/45 is recruited as part of the verbal rehearsal
strategy for completing the sequencing taSkmilarly, one study forced participants to
engage in phonolgical rehearsal by presenting stimuli visually with either same/different
stress assignment or initial vowel sound, and found that TMS to BA 44 significantly
disrupted these phonological decisions, but not a pattern span control(Tddis to BA 44
also disrupted a digit span task; Romero, Walsh, & Papagno).ZB@fulation of this site
has also resulted in disruption of phonological working memory performance foagete
phonological matching task, but not a visual matching control @ilston, Lazarova,
Hodinott-Hill, Gough, & Passingham, 2004

Ly fAYS GIASIKSIIQ UNRAIIKSNBNI [ LCD Ay LIK2yYySYS
varied VOT along aatinuum and found that PMC/LIFG was significantly active for higher
level phonological processing (i.e., making decisions on phonetic category
structure/resolving phonetic category membership/selection between competing phonetic
categories), while, in cdrast, STG was activated for lower level processing and was less
sensitive to category structure as, the authors suggest, activity is redirected to other higher
level processing areas (i.e., LIFG) for such {@umstein, Myers, & Rissman, 2005
Similarly Wright, Randall, MarslelVilson, and Tylef2011) report that passive listening of
morphologically complex wds activated BA 44, indicating.ey arguea role for this
NBIA2Y AY WhHdzi2YFGAO aSaySydaridiazy 2F aLR{Sy
(P.408)Furthermore, one study suggedtsat pLIFG may be differentially specialised for
phonememonitoringnear the border with the motocortex, and phonemeiscrimination

in a slightly more inferior and medial part pifIFGZatorre, Meyer, Gjedde, & Evans, 1996
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LIFG has also long been implicated in semantic proce&imger, Desai, Graves, &
Conant, 209; Bookheimer, 2002Noonan, Jefferies, Visser, & Lambon Ralph, submitted
Price, 2010Vigneau et al., 200&nd some studies have attempted to establish whether
functional specialisations within LIFG exist for phonological and semantic processing.
Demonet et al(1992) required sequential phonological monitoring of narrds, and
ASYIFYOGAO Y2YAG2NAY 3 F2N LREAXIGADOSENI GREZYVAI GARY AT &
found BA 44/5 to be active for the phonological task, but no activation for the semantic
task in this area (while both tasks activated other parts of the network such as STG for
phonology and the temporal lobe and angular gyrus (AG) for semantics). Similarly, Devlin,
Matthews, and Rushwortf2003 found enhanced activation in BA 44 for phonological
relative to semantic decisions and the reverse for BA 47. They confirmed these findings
with a TMS study wherdimulation of aLIFG produced a reliable increase in RTs when
subjects made semantic decisions, but not for phonological or perceptual control tasks.
Although they did not test pLIFG, these results couple nicely with those of Nixon et al.
(2004) who produce an increase in error rates for a phonological matching task following

pLIFG stimulation, but no disruption following TMS to aLIFG.

Other studies have directly compared the roles of pLIFG and aLIFG in phonological
and semantic processing. For example, MRl study showed that for passive listening of
morphologically complex words pLIFG (BA 44) was selectively activated, while lexical
decisions increased activation in BA 47 (Wright et al. 2011). Likewise, Gold and Buckner
(2002 found increased activity in posterior LIFG (BA 44/6) for controllexhplogical
retrieval (decisions about short/long vowel sounds of visually presented words and
pseudowords) and BA 45/47 for abstract/concrete semantic decisions. Poldrack et al.
(1999 made a simar distinction with BA 47/45 activated for concrete/abstract decisions
and BA 44/45 for syllable countingough, Nobre, and Devl{2005 used TMS to establish
this double dissociation within LIFG, requiring participants to make phonological or
semantic decisions on pairs of words presented simultaneously. TMS to pLIFG disrupted
homophone judgements, reflecting, the authors aggits role for integrating sensory and
motor information. In contrast, TMS to aLIFG disrupted performance for their synonym
judgement task, confirming a role for aLIFG in the semantic executive system. This is
O2yaraitSyid ¢ EAfinding thatadtivi incréasedi@dl IFG (BA 47/10) as a
function of semantic difficulty and pLIFG (BA 45) for perceptual difficulty. This is

complementel by Bokde, Tagamets, Friedman, and Hor{@@01) who showed functional
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connectivity of dorsal LIFG (BA 44/45) to posterior brain areas for accessing phonological
representations and ventral LIFG (BA 47/11) connections to temporal areas facilitating

semariic access.

Fiez(1997 a4 dz33Sada GKI G GséaBoltidsidyeteitfeselilRESYSQ 2 F
regions, with aLIFG (BA 45/47) contributing to semantic control and pLIFG (BA 44/45)
contributing to controlled phonological processing. This is supported by connectivity
studies which show pathways between the subdivis®ris [ LCD (2 Wi 26SNJ f SO
brain areas specialised by language domain (e.g., ATL for semantic store); and as with the
models of language discussed abolarguage Networlisthese are described in terms of
dorsal and ventral pathways for language. The dorsal pathway along the arcuate fasciculus
(AF) and the superior longitudinal fascicle (SLF) has been shown to specifically connect BA
44 and prenotor cortices (dorsal PMC and pars opercularis), not extending into the
ventrolateral prefrontal cortex, with perisylvian language areas and the parietal lobe
(Anwander, Tittgemeyewon Cramon, Friederici, & Knosche, 200&rker et al., 20055aur
et al., 2008. It should also be noted that there are also less dominant connections along
the Extreme Capsule (EmC) from BA 44 to fAriwander, et al., 2007 The ventral
WO2YLINBKSYaAzyQ LI GKglte KlFLa 06SSy akKzgy G2 O2
45/47) with the ATL via the EmC and the uncinate fas@eieander, et al., 20Q7
Friederici, 2009Saur, et al., 2008 This is also supported lignctional connectivity studies
which have shown BA 44 to be connected to posterior, dorsal areas such as pSTG, superior
pMTG and alPL, while BA 47 connectivity was to more inferior temporal regions and
pMTG/AG(Xiang, Fonteijn, Norris, & Hagoort, 2018dditionally, BA 45 has been shown to
be more strongly corected to the ATL via the EmC, and less dominantly, but similar to BA
44, to parietal and perisylvian language areas via the AF and®k&nder, et al., 2007
Short fibres link BA 445 and BA 487/12, which some authors suggest provides an
anatomical substrate for integrating semantind phonological informatiofGough, et al.,

2005 Ihara, Hayakawa, Wei, Munetsain& Fujimaki, 2007
Semantic Network
Semantic Processing in LIFG

The aforementioned studies demonstrate that LIFG is involved in semantic

processing, but do not necessarily indicate which aspect it contritiatésg.,
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representation, control). Semantic cognition involves both storage of semantic
knowledge/representations and control processes that direct our use of language in a
context appropriate and time sensitive manner. The literature, which includesestod
patients with various semantic deficits and neuroimaging techniques (such as fMRI, TMS,
MEG) implicate a semantic network that includes both a semantic store and a control
network that acts upon this store. Patients with semantic dementia (SD) hahe atrophy

to the anterior temporal lobes (ATL), are highly sensitive to item frequency and are not

sensitive to the effectsof @ y 3 0 A dS P GKS OdzS WiodQ R2Sa

WGAISNROUY 020K 2F GKSaS fsemaitk kngvleilge;dhdest®S &
ATL are thought to act as a semantic hub for storing semantic representéfionsett,
Jefferies, Ehsan, & Lambon Ralph, 20@¥eries & Lambon Ralph, 20@&mbon Ralph, et

al., 2009. In contrast, patients with semantic aphasia (SA) who typically have lesions in
frontal or temporoparietal bain areasdo show effects of ceing and as such are not

believed to have degraded knowledge, but rather, show deficits in controlled access to
intact semantic representationorbett, Jefferies, & Lambon Ralph, 200&fferies &

Lambon Ralph, 2006Specifically, their deficit reflects impaired semantic control, which
guides access to semantically stored representations about the meanings of words,
pictures, sounds, and objects. As such, patients with $A trauble selecting/detecting
relevant semantic associations and rejecting distractor itéefferies & Lambon Ralph,
2006). The data from patients with SA is corroborated by fMRI and TMS studies that have
shown LIFG to be involved in tasks that increase the demands om&emantrol(e.g.,

Badre, Poldrack, Pai&lagoev, Insler, & Wagner, 2Q0&hitney, Jefferies, et al., 2011
Whitney, Kirk, O'Sullivan, Lambon Ralph, & Jefferies,)26b2 example, TMS to LIFG

disrupts judgments on weak, but not strong, semantic associative relationships, indicating a

role for this site when topdown processes are engaged to establish the semantic
relationship(Whitney, Kirk, O'Sullivan, Lambon Ralph, & Jefferies,)2@hd there is a
large number of studies showing LIFG recruitment for tasks that manipulate semantic
control in various wayé.g., homonym judgment$ioenig & Scheef, 200®hitney,

Grossman, & Kircher, 20P9

There are two main arguments as to the mechanisimas guidecontext-
appropriate semantiprocessingthe selectionThompsonrSchill, D'Esposito, Aguirre, &
Farah, 199yand the retrievale.g., Wagner, Desmond, Demb, Glover, & Gabrieli, 1997

hypotheses. Thompse8chill et al(1997) have advocated a role for LIFG in which control
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mechanisms play a crucial role in selecting amongst competing alternatives. Across three
different semantic tasks (generation, classification and comparison), all varying in their
selection demads (hard vs. easy), they consistently showed increased activity inBAFG (
44/45) for selection from amongst competing semantic alternatives. Similarly, priming
studies have used competitor priming of related setn@amaterial in order to create

increase& competition/selection, whilst holding retrieval demands constant using
repetition conditions, and have reported increased activity in LIFG for selection, but not
retrieval (Moss et al., 2005ThompsonrSchill, D'Esposito, & Kan, 199@/hile the selection
hypothesis suggests that LIFG is only necessary when there are competing representations
vying for selection, the retrieval hypothesis susigethat, when automatic processes are
insufficient, topdown processes guide controlled retrieval of task relevant information
(e.g., in tasks with increasedfficulty or ambiguity; Wagner, Paiglagoev, Clark, &

Poldrack, 2001l For example, manipulating associative strength has been argued to
measure/modulate demands on retrieval and in one study participants were required to
make strong/weak associativedgments with two or four possible targets (i.e., two
manipulations of semantic retrieval: associative strength, number of targets), and found
pLIFG to be active across all of their retrieval conditions, but aLIFG was specifically active
for the conditionswhere the cuetarget associative relationship was we@agne, et al.,

2001), perhaps indicative of a functional dissociation within LIFG, but their data could not
speak to this possibility. The retrieval hypothesis has received support from a variety of
studies suggesting that LIFG works as part of the execsyistem contributing to semantic
retrievalof relevant information(Buckner, Raichle, Miezin, & Petersen, 1;99émb et al.,

1995 Fiez, 1997Gabrieli, Poldrack, & Desmond, 198&pur et al., 1994Peterson, Fox,
Posner, Mintum, & Raichle, 198&agner, Koutstaal, Maril, Schacter, & Buckner, 2080

an amodal fashiofwWagner, et al., 1997 As such, the retrieval hypothesis guides selection

when cuetarget associations are weak, regardied competition.

In a study that tried to tease apart retrieval and selection, Badre, Poldrack, Pare
Blagoev, Insler, and Wagn@005 demonstrated a dissociation of the two processes
within LIFG: manipulations of associative strength, joeigt specificity, congruency and
number of targets (i.e., retrieval demands) increased activation in BA 45, while associative
strength selectively activated BA 47. This shows, they argue, a graded distinction within
LIFG for different aspects of semantontrol, with BA 47 recruited exclusively for semantic

retrieval and BA 45 for selectidsee also: Gold et al., 20p®ther studies have used this
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dissociation to explain their findings, for example, one study which found increased LIFG
activation in response to sentences that ended with an incongruent homofioenig &
Scheef, 200 claimed that this reflected controlled retrieval processes engaging aLIFG
(Bedny, McGill, & Thompseschill, 2008Wagner, et al., 200MWhitney, et al., 2009 and
selection in pLIF@edny, et al., 200®evlin, et al., 2003rhompsorSchill, et al., 1997
ThompsonrSchill, et al., 1999Despite the attempt to tease apartlection and retrieval, it
may be more accurate to say that these tasks load these two components differently (i.e.,
load more heavily on selection or retrieval). Accordingly, Snyder, Banich, and Munakata
(2011, showed that when retrieval demands were high, selection did not modulate activity
in LIFG, while when the demands on retrieval were low, modulation of activity was seen in
LIFGvhen the demands on selection increasesuggesting that the two processes may
interact. Nevertheless, the role for LIFG in semantic control has been shown in numerous

studies that have not specifically attempted to manipulate retrieval and selection ddsna

It should also be noted that Gold, Balota, Kirchhoff, Bundknern2005 suggest
that LIFG acts as a domain general control centre, with specialisation by domain reserved
for posterior brain areas (i.e., BA 6/40 for phonology; posterior temporal lobe for
semantics), based on their results where LIFG showed a significant sesponoss
phonological and semantic tastathough there was a greater response in aLIFG for
semantic tasks and in pLIFG (near BA 6) for phonological @Gskk;et al., 20055nyder,
Feigenson, & Thompse®chill, 200Y. Rajah, Ames, and D'Espogi@008) also advocate a
domain general role in cognitive control for LIFG, reporting motor (BA 6/8) activation when
stimulus number increased, while BA 44/45 was activated for increased response number.
Inline with these domain general interpretations of LIFG, this site has also been implicated
in the Stroop task, the antiaccade task, choosing context sensitive responses (other than
the prepotent response), weighting of information in working memory, petimg
information in working memory, selection from working memory, and as a supervisory
attentional system(ThompsonrSchill, 2008 Despite these sidies implicating LIFG in other
areas of executive processing, it is clear that LIFG plays an important role in the semantic
executive control network, regardless of domain specificity. Badre and W@ do
point out that while other parts of LIFG (i.e., BA 45) are perhaps domain géDeratan &
Owen, 2000 BA 47 may be specific to the semantic doma@his is supported by a recent

meta-analysis reporting activation in LIFG across language tasks, but with subtle
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specialisations along LIFG for phonological and semantic cgNtvohan, et al., submitid

also Devlin et al. 2003, Gough et al. 2005
The larger semantic control network

Posterior Middle temporal Gyrus

Data from patients with SA also indicate a semantic control network that extends
beyond LIFG to the inferior parietal cortex (IPS)untialg angular gyrus (AG), and posterior
middle temporal gyrus (pPMTG). These patients have lesions to frontal cortex
(encompassing LIFG), temporoparietal cortex (encompassing AG and pMTG), or both, and
have deficits across a wide range of semantic conérsk$ spanning modalities
(environmental sounds, pictures, object use, and verbal mateCadbett, Jefferies, Ehsan,
et al., 2009 Corbett, Jefferies, & Lambon Ralph, 2008rbett, Jefferies, & Ralph, 2011
Jefferies & Lambon Ralp®006). Despite very different lesion locations (frontal vs.
posterior), the two patient groups manifest very similar deficits of semantic control
(Corbett, et al., 2011Jefferies & Lambon Ralph, 2006&onan, Jefferies, Corbett, &
Lambon Ralph, 20)0motivating theuse of neuroimaging techniques which provide better
spatial precision to investigate their relative roles in semantic cognition. Perhaps most
strikingly, a recent metanalysis of fMRI studies revealed pMTG as the second largest
cluster (after LIFG) in@mparison of high over low semantic contfdlbonan.et al.,
submitted). Accordingly, many studies have reported activation in both LIFG and pMTG for
tasks manipulating semantic conti@.g.,Badre, et al., 2003Nhitney, Hymers, Gouws, &
Jefferies, submittegWhitney, Jefferies, et al., 20L.Forinstance, a recent double prime
study found both LIFG and pMTG to be active when the demands on semantic control
increasedWhitney, Jefferies, et al., 20LFurthermore, a recent TMS study found that
TMS to either LIFG or pMTG disrupted processing for weakly associattat geie
matching, but not for the sbing associationg presumably retrieved automatically, not
requiring semantic contrdWhitney, Kirk, et al., 2031complementing fMRI studies
showing pMTG and LIFG involvement in semantic association(Eeste, et al., 2005
Noppeney, Phillips, & Price, 2004 agner, et al., 2001 One study found that when TMS
was applied to LIFG, compensatory activity efdted in pMTG for control demanding
semantic taskéwWhitney, et al., submitted This suggests th#tte two sites work together

in order to retrieve/select semantic information for the given context.
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Despite the evidence suggae of similar pMTG and LIFG involvement in the
semantic executive system, there is some evidence to suggest that there are some
differences between LIFG and pMTG in their contributions to semantic control. For
example, patients with semantic aphasia h#esions in either frontal or temporoparietal
areas, but for the most part exhibit similar deficits in semantic corffefferies & Lambon
Ralph, 2005 However, differences in performance do seem to emerge on some tasks, such
as tasks requiring cyclical/repeated accessaimantically related items. This task requires
participants to identify items that occur in a cycle, where the current target becomes the
distractor on subsequent trials and vice versa. The cycles are presented in blocks of either
semantically related or uelated items, where semantically related items show an increase
in competition (relative to mixed blocks). While patients with frontal lesions show a
decrease in performance across cycles, patients with temporoparietal lesions perform
consistently acrossycles on these task&ardner et al., 201 2efferies, Baker, Doran, &
Lambon Ralph, 200.7Therefore, while both LIFG and pMTG contribute to semantic
control, their roles may iffer in discrete, yet distinct, ways and further research is reekd

to clarify these roles.

Accordingly, a recent metanalysis found that while LIFG was involved in tasks
requiring either production or comprehension, pMTG seemed to be more specialisied to
receptive domair(see also: Price, 20L0Additionally, while LIFG was activated by tasks
across language domains (e.g., phonology and semantic), pMTG was highlighted as domain
specific(semantic only; Noonan, et al., submitted; see also: Gold et al., 2005; Gold &
Buckner, 200R These findings are in line with a dorsal productionte, including LIFG,
and a ventral comprehension routggpossibly through pMTG as a comprehension
hub/interface(e.g., Turken & Dronkers, 201 1o the ATIl(Hickok & Poeppel, 2007
However, it should be noted that some stud@sshow pMTG activation in generation
tasks (e.g., Martin et al., 1995) and so, the specificity to the receptive domain found in the
aforementioned metaanalysis may reflect either a geine comprehension specialisation
or a reporting bias based on task tyfdoonan, et al., submitted As such, this is a possible
avenue for further exploration with tasks that make similar demands on semantic control

to directly compare the recruitment of pMTG for production and comprehension.

One posdiility is that pMTG is recruited for tasks that load on semantic retrieval,
gKAES [ LCD -MRNJYIMS @lyBatk BifakicodRernyg, @t al., 200850ld,

et al., 2006. Some studies have reported greater activation in LIFG for tasks with a high



31

degree of semantic competition, and no pMTG modulation by competition, bherdty
increased demands on retrieval. For example, Badre @05 showed increased

activation in pLIFG for tasks requiring selection, and in contrast, activation in aLIFG and
PMTG for tasks loading on semantic retrieval. This has also flgown in double prime
studiesq where pMTG has been found to be activate across conditions due to its putative
role in retrieval, while LIFG activation is seen only in the high competition conditions
(Bedny, et al., 20085o0ld, et al., 2008/Nhitney, Jefferies, et al., 2011t has therefore
0SSy a4dA3SaGSR GKIFI{d Lla¢D YIre OG Fa Fy WSyidN
activating semantic representations when automatic retrieval fails/is wssjble, working

in concert with the LIFG which selects/inhibits amongst competing semantic alternatives
(Badre, et al., 20055o0ld, et al., 2006 Therefore, while it is clear that pMTG plays a role in

semantic control, its exact contributids yet to be clarified.
Parietal Cortex

Angular gyrus (AG) and intraparietal sulcus (IPS) have often been reported for tasks
requiring semantic control, and as such were key regions to emerge from a recent meta
analysis contrasting high and low semantic confiklonan, et al., submittegas well as
other metaanalyses of semantic processifi®inder, et al., 2009igneau, et al., 2006
fMRI and TMS studies often report activatiom the boundary of AG/IPBr tasks that
require some aspect of semantic control such as homonym judgnterggsHoenig &

Scheef, 2009Whitney, Jefferies, et al., 20}, featural semantic judgmentg.g.,Sharp, et

al., 2010 Whitney, et al., 201 and other aspects of semantic contfelg.,Bedny, et al.,

2008 Hirshorn & Thompsoschill, 2006Lee& Dapretto, 2006Seghier, Fagan, & Price,

2010 Xiang, et al., 20900ne study showed that stimulation of IPS disrupted difficult
semantic feature selection tasks and reemantic feature selection, but not semantic
associative judgmentsuggesting that the more dorsal aspects of parietal cortex (dAG/IPS)
may be sensitive to featural integratighitney, et al., 2012 Moreover, a recent fMRI

study revealed three segregations within this AG/IPS region, such that: dAG was activated
across semantic and nasemantic tasks, mid AG was sensitivesdémantictasks andvas
overlapping with the default network (i.e., showing deactivations for meaningless tasks),
and ventral AG was specifically active for semantic matql@aghier, et al., 2030

[ A1856A4S8S5 R!DkLt{ YR YAR ! D SYSN&ASwted & &A 3Ty
contrast of studies requiring high over low semantic control, while vAG emerged when the

semantic domain was contrasted with the phonological domainh@es due to its role in
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semantic conceptual identificatiof®eghier, et al., 2030Accordingly, AG/IPS has also hee
shown to be part of the frontoparietal control netwo(8preng, Stevens, Chamberlain,
Gilmore, & Schacter, 201Wincent, Kahn, Snyder, Raichle, & Buckner, RG0O®I has
functional connections to other parts of the semantic control network, with the strongest
connections running between: dAG/IPS and BA 45; mid AG and BA 47; and vAG to ATL
(Xiang, et al., 200)0These functional connections align well with the aforementioned roles
emerging from Seghi¢J S (i(2010fstddy, &nd as such AG/IPS is an interesting area to

study with regard to its specific role in langgaprocessing.

Empirical Questions for this Thesis

In view of the literature, this thesis sought to answer questions as to language
specialisation along the dimensions of domain (phonological and semantic), modality
(verbal and picture) and control (e.getrieval and selection), across a distributed network
of brain areas. The first question to arise was that of motor cortex contributions to speech
perception, in light of recent support for the motor theory of speech perceptiog.,
Fadiga, et al., 2002Meister, et al., 2007Wilson, et al., 2004 Recent TMS studies have
indicated a role for PMC in speech perception, but have only tested the claims of the motor
theory along one dimension, namely phdogy (e.g.,D'Ausilio, et al., 20Q%adiga, et al.,
2002 Wilson, et al., 2004 Therefore they cannot speak to the necessary role of PMC in
speech comprehension, which given the literature suggesting a specific role for this site
according to task type, is an important empirical question. If motor areas (i.e., PMC) are
crucial to spech perception, then stimulation of this area should cause disruption across
language domains (i.e., phonological and semantic), therefore, in order to confirm the
motor theory, TMS to PMC would need to disrupt processes engaged in more naturalistic
speed conditions, such as accessing meaning. We started our exploration of the language
network with this question, in order to assess the necessary contribution of PMC to other

aspects of speech perception (Chapter 2).

Moreover, while domain specificity hasceived some attentiofe.g., the
dissociation within LIFG between phonological and semantic processindyevtin, et al.,
2003 Gough, et al., 200Wixon, et al., 2004 the interactionbetween domain and control
has not been concurrently assessed. For example, many studies have separately shown the
phonological/semantic dissociation, and that LIFG is involved in semantic control, but they
have not concurrently tested how activation is dwated when the demands on both

increase within the same experiment. Therefore, we turned our attention to assessing any
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specialisations by domain, control and the interaction of the two, across a network of areas
previously shown to be involved in lingtic control (LIFG, pMTG, AG/IPS; Chapter 3).
Furthermore, while patients with SA show multimodal deficits in semantic cof@mbett,
Jefferies, Ehsan, et a2009 Corbett, Jefferies, & Lambon Ralph, 2008rbett, et al.,

2011), there has been no study, to our knowledge, that has simultaneously mlategl

the demands on semantic modality and control within the same experiment. Therefore, we
again investigated the distributed network of brain areas reported to be involved in
semantic control to assess their contribution to semantic control across lipd@hapter

4). Moreover, TMS can be a useful techniqgue when confirming fMRI findings, because often
different tasks can elicit large swathes of activation in similar areas, with very subtle
specialisation (e.g., phonological and semantic tasks in M) TMS can help to
clarify/confirm. Therefore, we used TMS to probe the role of BA 44, BA 47 and pMTG in

phonological and amodal semantic control (Chapter 5).

While the literature clearly indicates that some areas are involved in semantic
control (i.e., LIFG, pMTG,; e.Badre, efal., 2005 Corbett, et al., 201 IWhitney, Jefferies,
et al., 2011 Zempleni, Renken, Hoelkdpogduin, & Stowe, 200,/the exact control process
engaged is still under debate.qg., selection, retrievaBadre, et al., 2005nyder, et al.,
2011, ThompsonSchill, et al., 1997 Therefore, we attempted to disambiguate retrieval
and selection processes using a cyclical naming paradigm: we used TMS to investigate the
role of LIFG and pMTG in semantic control, #madly along the dimensions of retrieval

and selection, as well as the interaction between the two processes (Chapter 6).
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Chapter 2: The Selective Role of Dorsal Premotor Cortex in
Speech Perception - A role in explicit phoneme judgements

but not speech comprehe nsion

Introduction

A key controversy within the neuroscience of language concerns whether speech
perception relies on purelguditorymechanisms osensorimotoiprocessing. One account,
the motor theory of speech perception, states that brain areas invbla@roducing
speech, such as the premotor cortex (PMC), necessarily participatel@rstanding
spoken language under normal circumstan@alantucci, Fowler, & Turvey, 2006
Liberman & Mattingly, 198Rizzolatti & Craighero, 20P40n the other hand, many
current models of language propose two parallel processing streams: one that runs dorsally
foradzZRAG2NE Y202NI AYGiSaNIGA2Y S | YR (HickkkO2y RI @Sy iN
Poeppel, 20042007 Rauschecker & Scott, 2009 asks involving speech perception
differentially recruit these two routes depending on the extent to which they involve access
to articulatory representationand concepts. Crucially, these accounts do not regard PMC
as a core part of the ventral stream, which may be sufficient for comprehension of clear
auditory input without the involvement of a motor code.

Neuroimaging studies hayeovided support for the motor theory, reporting
motor cortex recruitment during tasks involving phonemic judgemédtausilio, et al.,
2009 Meister, et al., 200/Mottonen & Watkins, 200p passive speech listening of
meaningless monosyllablgs.e.,Pulvermuller, et al., 200@&Jppenkamp, et al., 2006
Wilson, et al., 2004 and ontrasts of synthetic vowel sounds over non speech stimuli
(musical rain; Uppenkamp, et al., 2Q0Blowever, functional neuroimaging studies cannot
determine whether this motor activation essentiato speech perception and the
neuropsychological literature largely contradicts this view. Patients exfivessive aphasia
have severe deficits of language production following lesions to left frontal cortex and the
motor theory would predict that these patients should also be impaired on auditory
comprehension, however this is often not the cdse., Miceli, et al., 1980Theydo show
impairments on explicit perceptual categorisation and phoneme awareness tasks (e.g.,
identifying the boundary between two phonemes; performing explicit phoneme
segmentation), whik require access to explicit/categorical phonological representations,

but these impairments are not reflected in general comprehengBasso, et al., 1977
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Bishop, et al., 199@lumstein, et al., 197 Miceli, et al., 1980Moineau, et al., 2005
Rogalsky, et al., 20)1.1This dissociation is captured by studies in which patients were
impaired on judgements based on perceptual features (same/different judgements), but
showed no deficit for spoken wospicture judgements based dhe semantic content of
the word (Bishop, et al., 1990Rogalsky, et al., 2011

Recent Transcranial Magnetic Stimulation (TMS) research has confirmed a focal
role for PMC in some speech perception tasks, including speech discrimination of syllables
embedded in nois¢D'Ausilio, ¢al., 2009 Meister, et al., 200) categorical perception
(Mottonen & Watkins, 2000 and phoneme discrimination of nonsense syllalf&sto, et
al., 2009. While these TMS studies indicate that PMC plays an important role in explicit
phoneme judgements, an important caveat remains: other aspects of speech processing,
such as mapping sounds onto mean{hMarslenWilson & Warren, 199Morais &
Kolinsky, 199% may proceed without the involvement of motor speech areas. Early
auditory processes do not necessarily resolve ambiguities in the input: instead, some
models of speech perception suggest that uncertainty is cascaded downstream.
Phonological ambiguity does not pose a problem for semantic access, at least under normal
circumstanes, since semanticathelated items are rarely also phonologicalglated and
comprehension is constrained by context (for example, input which is acoustically
ambiguous at the migboint of /pa/ and /ba/ is sufficient to identify a family member). In
contrast, categorical perception and explicit phoneme judgements require participants to
access categorical representations of phonology in the absence of meaning. In these
circumstances, the articulatory features represented within PMC may be recruitedén or
02 Widzy$S dzLJQ LIK2y2f 23A0Ff LINROSaaiAyas tf26A
articulatory areas to settle on a specific phoneme. Similarly, Gaskell, Quinlan et al. (2008)
describe a model in which categorical representations of phonemes are fodomath
speech perception, but are not required for word recognition, which instead relies on a
non-categorical representation of speech. This view finds support in studies where
Wyl GdzNF f AZ3GA0Q ALISSOK O2 YLINEB K SghiehcesydogsS dI s f
not recruit motor areage.g.,Scott, Blank, Rosen, & Wise, 208@itsyna, Warren, Scott,
Turkheimer, & Wise, 2@); however when perceptual and also semantic difficulty
increases (i.e., acoustically degraded speech where the degree of semantic relatedness
between words is weak), activation can be seen in frontal and parietal éeegasSharp, et
al., 2010.
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The current study addressed this possibility using the 1 Hz paradigm to induce
WHAANILdzZ £ € Sai 2y aQfthesiisphereyRepktitideSrains biEVMSwer2 T G KS £ S
delivered to transiently disrupt the neural processing of the underlying tissue, manifested
in the concurrent behavioural disruption of tasks reliant on this area. We examined the
effects of dorsal premotor stimation on the speech perception processes necessary to
support explicit phoneme judgements, as well as the comprehension of spoken words to
allow extraction of meaning. The motor theory of speech perception suggests that both
tasks should show disruptidindicating that dPMC is necessary for both phoneme
judgement and semantic tasks), while a selective effect on phonological decisions only
would point to a more restricted role for dPMC, which would not be compatible with the
view that motor processes caniibute to speech perception in normal comprehension. TMS
to PMC was compared with stimulation of two additional sites: 1) posterior superior
temporal gyrus (pSTG), which is uncontroversially recruited during normal auditory
processindBuchsbaum, et al., 200Hickok & Poeppel, 200Bcott, 2005Scott &

Johnsrude, 2003eghier et al., 2004nd therefore expected to disrupt performance on
both tasks and 2) occipital pole (OP), a control site allowing us to characterise any non

specific effects of stimulation.

Method
Design

A within-subjects 2x3x3 factorial design was employed, including TMS (no
stimulation vs. stimulation), task (phonological, semantic, visual control) and site (OP, PMC,
pSTG) as factors. We employed an rTMS virtual lesion method, deliveringradmency
train of rTMS pulses offline. Participants then performed the task immediately after
stimulation, allowing us to rule out the possibility that the loud clicks associated with each
pulse, jaw contractions, or eye blinks following peripheral nerve stimulatisrupted
performance on the behavioural tasks. Participants performed the baseline testing
(without TMS) eithebeforeTMS stimulation, or completed baseline testing 30 minutes
after TMS stimulatior{by which time the effects should no longer be presdmbon
Ralph, et al., 20Q%obric Jefferies, & Lambon Ralph, 20@bbric, et al., 200WVhitney,

Kirk, et al., 2011 The order of baseline testing was counterbalanced across sessions for

each participant. The study made use of aliaguistic control task (scrambled pictures to
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ensure that disruption was tasipecific) and a control stimulation site (OP; to emsiivat

the effects were not due to nespecific effects of TMS).
Participants

Fifteen right handed, native English speakers who were recruited from the
University of York student population were examined in the study (nine males; mean age =
21.8, SD = 2)4All participants were reimbursed £30 for their tinfeur participants were
replaceddue todifficulties coregistering brain images with scalp locatipasdone due to
technical problems during testif§ = 5) One participant from our final sample, o was
identified as an outlier in the phonological and semantic conditions for PMC and OP, was
excluded from the analysi&ll participantgpassed safety screening for MRI and Tiv&ge
free from any history of neurological disease or mental illness aare wot taking any
medication.Each participant gave their informed consent before each TMS testing session
began, and the experiment was reviewed and approved by the York Neuroimaging Centre
Ethics Board.

Tasks

The probe words for the phonological arftetsemantic tasks were presented
auditorily, with the targets presented visually. A two alternative forced choice (2AFC)
format was used across all three tasks (phonological, semantic, visual controbisee
2-1). In the phonological task, participants had to decide which phoneme they had heard at
0KS SYyR 2F I $g2NR 6Sd®Ids | dzZRAG2NR LINRBO6S aOI N
and right hand sides dhe screen; both response options produced real words). In the
semantic task, participants had to make a decision about which semantic category the
I dZRAG2NE LINRPOS 62NR 0Sf2y3aSR (2 6Sod3ads | dzRA
Gyl G dzNT f éredsik tyge&Kd deBantic decision within the experiment
(concrete/abstract, manmade/natural, nice/nasty, hear/see, large/small, and
action/object). In the visual control task, a probe image of a scrambled face appeared at
the top of the screen and partjgants were asked which of two scrambled figures below
was identical to the probelhe nonidentical figuresvere produced by rotating the target

image through 90
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Condition Phonological Semantic Control

Probe aOF NJi ¢ a Ok NJi¢

Target p

|+

manmade| natural

Table2-1: Task conditions. The target item is underlined.
Stimuli

The auditory stimuli were crosspliced spoken words taken from a previous study;
these were modified in order to increase difficulty whilst minimising error réE&sskell,
Quinlan, Tamminen, & Cleland, 2008he stimuli were constructed from word pairs (such
as jobjog): the final phoneme from one word (i.e., /b/) was attached to the onset and
vowel ofthesecond 2 NR O0A ®Sd3 k22k 2F a223¢é0 FyYyR GKS FTAYyIl
in order to increase task difficulty when making explicit phoneme judgements. In pilot
testing, task performance at different levels of attenuation (12.5%, 25%, 50%) was
examined for ede item, and the final level of attenuation was selected to maximise
difficulty while minimising the error rate (given our primary dependent measure was
response time; RT; median level of attenuation 12.5%). The same auditory probes were
used across tasksibwere never repeated within one testing session, for example, items
presented in the phonological task in week 1 were not presented in the semantic task in
week 1, but could occur in the opposite order (semantic/phonological) in week 2. The
stimuli in the visual control task were pictures of faces, scrambled into 100 blocks

rendering them unrecognisable.
Procedure

A PC running-Brime software was used to present the tasks and record accuracy
and RT. Responses were given with left and right index fimgeresponding to the
positions of the two response options on the screen. The language tasks started with a
fixation screen for 250ms followed by the presentation of the target and distrgetgr, for
YOI NLIQZ WLIQ Aa (KS forl500msS followeg By thébaudtoryipiobell KS RA a i NI C
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triggered the next trial. For the visual control task, the probe and targets appeared on
screen simultaneously.

The experimat began with a practice block, to familiarise participants with the
tasks (6 trials per task type). There were 30 experimental trials per task (semantic,
phonological, control), with participants performing a total of 90 trials per condition
(baseline, pst-TMS). No trials were repeated within a session, but some trials (less than
20%) were repeated across sessions (i.e., one week later). The order in which the trials
occurred was randomised and the order in which the tasks were presented was pseudo
randomised across participants. Each task block was preceded by a screen which informed
participants of the new task type, and participants pressed the space bar to continue. The
different categories within the semantic task were presented in +biotks, and aan
there was an instruction screen at the start of each one, indicating the type of decision

participants would be making (e.g., concrete or abstract).
Selection of TMS Sites

Structural Tiweighted MRI scans were used to identify sites for stimulaticeairh
LI NI A OA LN yiaQ o NIranyprevigus fiinStinalm@itbiging adHTMBA TASR T
studies of speech perception and an average peak coordinate was taken. The coordinates
contributing to theleft PMC site came from Sato et @009, Meister et al(2007), Wilson
et al.(2004), Vigneau et al(2006 Y R 5 Q! dZ200%, pr@duckgithelfollowving
coordinates-52.67,-6.67, 43 (MNI). Thieft pSTG site was taken from Meister et al.
(2007), Okada and Hick@®006), Dehaend_ambertz et al(2005, and Zevin and
McCandlis$2005 producing the following coordinates’9.56,-30.53, 7.08 (MNI). These
aAiSa gSNB GKSY (NI yaFT2NYSR Ayl2 leffdcdpikal LI NI A O
pole was measured as 20mm superior and 10 mm left of the iniaim, @&vious TMS
studies(e.g., Ishibashi, Lambon Ralph, Saito, & Pobric,)2011

For 11 participants, the MRI structural imagewas\dB 3A a1 SNBR G2 GKS LJ
scalp using an Ascension Minibird magnetic tracking device (www.asceaslooom) in
conjunction with MRIreg software (www.mricro.com/mrireg.html). Five anatomical
landmarks were identified for ecegistration (tip of nos, bridge of nose, vertex, left/right
tragus). Stimulation coordinates were transformed into individual subject space using the
NI yaF2NXYFGAZ2ZY YFEGNRE FTNRY GKS wasdavysSyidq Tdzy

Brainsight 2 (Rogue Research, Moatr€anadaywww.rogueresearch.com) was used to
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co-register participant brains and to identify stimulation sites prior to rTMS administration.
Four landmarks were used for-tegistering the participants head to their brain image (tip

of the nose, bridge fathe nose, left/right tragus).
Stimulation Parameters

Before TMS testing began, individual active motor threshold was established in
each testing session. This was determined by the lowest stimulation intensity required to
elicit visible contraction ofhe first dorsal interosseous (FDI) muscle in the contralateral
hand. Motor thresholds ranged between 38% and 65% of maximum stimulator output, with
an average of 49% of stimulator output. A 70mm figure of eight coil, attached to a MagStim
Rapid2 stimulatowas used to deliver the magnetic pulses. Repetitive trains of TMS were
applied at 1Hz for 10 minutes; participants were stimulated at 120% of their motor
threshold. We used a coil orientation established as the least uncomfortable for
participants prior ® stimulation, as it has been shown that orientation does not reliably

influence behavioural effect®Niyazov, Butler, Kadah, Epstein, & Hu, 2005
Data Analysis

TMS disruption was expected to manifest itself in delayed RT, rather than a decline
in accuracyWalsh & Cowey, 2000since the behavioural task was designed to be as
demanding as possible whilst miriging error rates. The analyses therefore examined RT
for correct responses, within 1.5 standard deviations of the mean (accuracy data are
provided inTable2-2). The predictions of this study were confirmed using pairezbts to
examine if the predicted TMS effects were significant at each sitet@leel), along with
within-participants ANOVA (all twiailed) to test for the predicted interactiortsetween
TMS and task at each site (i.e., to establish an interaction of task and TMS for PMC).
Separate ANOVAs (all tvtailed) were used to examine site x TMS interactions for each

task.



41

PMC pSTG OoP
Baseline TMS Baseline TMS Baseline TMS
96.99 94.84 96.99 96.77 97.20 96.77
Control (.92) (2.01) (1.2) (1.0) (.82) (1.09)
94.62 92.26 90.54 91.61 94.62 92.69
Phonological (1.77) (1.86) (2.1) (2.51) (1.16) (1.56)

87.96 85.16 88.82 82.15 87.96 87.53
Semantic  (2.15) (1.88) (1.66) (2.33)  (2.17) (2.2)

Table2-2: Accuracy Data. PMC = Premotor Cortex. pSTG = posterior Superior Temporal
Gyrus. OP = occipital pole. Average accuracy, standard error in parenfhiegamly
paired comparison that reached significance in accuracy was between the TMS-&iMEno

conditions for pSTG and the semantic task (t(14) = 2.981, p = .01).

Results
Premotor cortex

Paired sample-tests confirmed our prediction that PMC is invadvin phoneme
judgements but not semantic judgements: phonological judgements were significantly
slowed by TMS to this sit§({4) =2.03,p < .05), while, crucially, the semantic task was
unaffected (t(14) = 1.0p > 0.1). There was also no disruptiditioe control task after TMS
to PMC (t(14) < 1). A withjparticipants ANOVA was used to confirm that the two language
tasks were affected differently by TMS: this analysis revealed a significant main effect of
task (F(1,14) = 34.6@ < .001) and a sigmifant interaction of task by TMS (F(1,14) = 4(66,
< .05; sed-igure2-1).
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Figure2-1: PremotorCortex (PMC). TMS to PMC produces significant slowing of the
phonological task but not the semantic task. Error bars represent standard error of the

mean. Stars represent significant slowing after TMS (p < .05).

One potential concern relating to the previ® analysis is that anatomical
landmarks might not be a good guide to localisation of function in specific individuals, and
therefore TMS may have been applied to a fiefevant site in at least some of the
participants (potentially masking its effect onth tasks). To confirm that TMS failed to
disrupt the semantic task, even when it was applied to a site confirmed to be functionally
relevant, we selected those participants (n=11) who showed the expectedidv&ed
disruption of phoneme detection for PMCe., slowing of 0 ms or more). We were then
able to establish if there were TMS effects on the other two tasks. Again, both the control
and the semantic task showed no effect of TMS to PMC (t(10) < 1). The phonological task
did, unsurprisingly, show agsificant disruption after TMS to PMC (t(103-78,p < .01)
and a direct comparison of the two language tasks confirmed a significant interaction of
task by TMS (F(1,10) = 7.965 .05; sed-igure2-2).



43

1400 -
1300 -
1200 -
w
=
~— 1100 - * I )
e m Baseline
1000 - I T™MS
N -
800 . . )
Control Phon Sem
Task

Figure2-2: Functionally Localised Premotor Cortex (PMC). TMS to functionally localised
PMC shows a significant slowing of the phonological taskdbiuthe semantic or control
task. Error bars represent standard error of the mean. Stars represent significant slowing

after TMS (p < .05).
Posterior Superior Temporal Gyrus

Paired sample-tests confirmed our prediction that pSTG is involved in both
phonological and semantic judgements to spoken words. TMS had a significant effect on
both phoneme judgements (t(14)-%£.77,p X05) and semantic judgements (t(14)2=40,

p < .05), but there was no effect on the control task (t(14) < Withn-participants

ANOVA confirmed that the two language tasks were equally sensitive to disruption by TMS:
there was a significant main effect of task (F(1,14) = 4p.54001) and TMS (F(1,14) =

5.47,p < .05), but no interaction (F(1,14) = 2.93;0.1; seerigure2-3).
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Figure2-3: Posterior Superior Temporal Gyurs (pSTG). TMS to pSTG showasignif

slowing for both phonological and semantic tasks. Error bars represent standard error of

the mean. Stars represent significant slowing after TMS (p < .05).

Occipital

Pole

As predicted, there was no disruption to any task after TMS to OP: patiestst

were nonsignificant for all tasks (t(14) < 1 in all cases). A direct comparison between the

two language tasks showed a significant main effect of task (F(1,14) = 3.6201), no

effect of TMS (F(1,14) < 1) and no interaction (F(1,14) < Eigas2-4).
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Figure2-4: Occipital Pole (OP). TMS to OP shows no effect for any of the tasks.dsror b

represent standard error of the mean.
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Between Sites Comparison

As the control task revealed no significant TMS effects for any of the sites, it was
not included in this analysis. A 3 x 2 x 2 withaticipants ANOVA exploring the
interactions betwea site, task and TMS revealed a significant site by TMS interaction (F(2,
28) = 5.61,p< .01), confirming that the TMS effects were site specific (i.e., disruption
following stimulation of PMC and pSTG, not OP). There was also a significant three way
interaction (F(2, 28) = 3.6p~= .038), confirming that the interaction of task and TMS was
site specific (i.e., phonological task disruption for PMC, both language tasks disrupted by
TMS to pSTG).

Discussion

This study reveals that premotor cortex (PM@)yp a restricted role in the
perception of spoken language. We explored the effects of TMS stimulation on a phoneme
judgement and a semantic decision task. This study also made use of a control task which
required challenging visual judgements in the alseof language or auditory processing,
to demonstrate that any TMS effects were specific to the auditory speech domain. The
results revealed that TMS stimulation of dPMC disrupted explicit phonological judgements,
but not semantic decisions to the saménstili. Stimulation of a second region, posterior
superior temporal gyrus (pSTG), containing auditory association cortex, produced
disruption ofboth language tasks. Since the TMS effects at this site were equivalent for
phonological and semantic decisiomg can be confident that the selective effects of PMC
stimulation do not reflect general susceptibility of phoneme judgements to interference. A
control site, occipital pole (OP), confirmed that the TMS effects werespieific: TMS to
OP did not affecperformance on any of the tasks. Moreover, there were no effects of TMS
on the visual control task at any of the sites, confirming that the effects we observed were
specific to the language domain.

This study reveals that the role of dPMC is constratngghoneme judgementdn
contrast, some theories advocate a necessary and automatic role for motor speech
representations in speech perception, an idea which has received support from the
discovery of mirror neuronfRizzolatti & Craighero, 2004; but see, Gallese, Gernsbacher,
Heyes, Hickok, & lacoboni, 2Q1and neuroimaging studi€Eadiga, et al., 2002
Pulvermuller, et al., 200@&Jppenkamp, et l, 2006 Watkins & Paus, 200%Vatkins, et al.,

2003 Wilson, et al., 2004 As functional neuroimaging methods cannot confirm that PMC
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activity plays anecessaryole in speech perception, TMS has been used inraégtudies

to show that stimulation of this region does disrupt speech perception t@3kaisilio, et

al., 2009 Fadiga, et al., 20Q0Meister, et al., 2007/Mottonen & Watkins, 2009Sato, et al.,

2009. However, all of these TMS studies, as well as the majority of fMRI studies, have used

explicit honeme judgements which have additional metalinguistic and cognitive control

demands(Pulvermuller, et al., 200&Jppenkanp, et al., 2006Wilson, et al., 2004 This

research cannot demonstrate, therefore, that PMC plays a vital role in speech perception in

simple/naturalistic situations, such as the comprehension of spoken wordticd\dhlly,

evidence from patient studies suggests that motor areas may only be crucial for tasks that

require overt segmentation or explicit phoneme awareness, and not for speech

comprehensior(e.g.,Basso, et al., 197Bishop, et al., 199@Rogalsky, et al., 2011

However, patientdypically have large and variable lesions and consequently these studies

lack spatial resolution. Neither functional neuroimaging nor neuropsychological methods

are ideally placed to confirm an essential role for a specific region such as PMC in aspects of

speech recognition. In the current study, we overcame these limitations through the use of

TMS to produce relatively focal disruption of processing within PMC in healthy participants.
The current findings complement previous TMS findings by confirmmgolle of

the PMC in explicit phoneme judgement tagkg.,D'Ausilio, et al., 20QMeister, et al.,

2007, Mottonen & Watkins, 2008 but crucially the study reveals that dPMC is not

necessary for mapping sound to meaning. A dissociation between auditory comprehension

and explicit phonemeidcrimination tasks fits well with a current model of spoken word

recognition (Gaskell, Quinlan et al., 2008), and has clear parallels in the neuropsychological

literature (Blumstein, et al., 197 Miceli, et al., 198p For example, Miceli et al. (1980)

reported 19 paients whose performance on phonological discrimination tasks was

pathological, but their performance on word (or sentence level) comprehension tasks was

normal. Patient studies in which the same stimuli are used across phonological

discrimination and comm@hension tasks have also confirmed this

discrimination/comprehension dissociatige.g.,Bishop, et al., 1990Rogalsky, et al.,

2011). Patients with impaired speech production performed more poorly than controls on

aeftflofS RAAONRYAYL (A 20/BE0EANAES db3dziia | ONSHzERANI f REASTSF SYNERly (

aefftrofS YIHGOKAYT O0ADPSPT | LIAOGAZNBE 2F | 06283 I yF

Bishop et al., 1980). The current study shows a similar dissociation but with higher

anatomical specificity, confirming thatithpattern follows stimulation of dPMC in healthy

participants.
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There is strong connectivity between pSTG and RB&Eani, Jones, & ffytche,
2005 Osnes, Hugdahl, & Specht, 20Pilvermuller & Fadiga, 2018aur, et al., 2008
what might account fothe selective recruitment of motor areas in this largeale
distributed language network? (1) dPMC may be involved in strategic modulation of the
speech perception process in noatural/challenging conditions such as repetition and
learning of new wordsyhen speech perception is challengif@yrton, et al., 2000
Demonet, et al., 1992 (2) It could also provide a baak mechanism for processing
degraded auditory stimuli. Recent support for this explanation comes from Osnes, Hugdahl
et al.(2011), who saw a decrease in PMC activation as speech became less digteded
alsoDevlin & Aydelott, 20095caott, et al., 2000 (3) dPMC recruitment may also be
necessitated when explicit knowledge of phoneme segments is req(lifiedok & Poeppel,
2000 Rogalsky, et al., 201 %ato, et al., 2009for example in nomatural language tasks
such as explicit phoneme judgements, wharetalinguistic knowledge about speech
sounds not words, is used to guide phoneme segmentafi@ngalsky, et al., 20L1Early
support for this comes from Zatorre et £.992 who found syllable judgements, but not
passive listening, revealed activationirNE OF Q& I NB | (alsd BoNdRSaER hy3 t a /
Burton, et al, 200Q. Difficult explicit judgements about the constituent sounds of words
may be aided by mental simulation within action systems. In order to establish that there is
I kidk y26 F kLk +Fi GKS SyR 2T aO Ndigab ¥2NJ SE
FT2N) aOFNI¢ YR RSOARS AT ((KAllei& Ste@es NbB2 LIA ¢ A (K
Yuen,etal., 200 Ly O2yUiN} &adz ¢gKSy fAa0SYyAy3d G2 aOl |
marnmade object, auditory representations may be mapped to meaning more directly
along the ventraldnguage routéHickok& Poeppel, 200y

In most circumstances, task difficulty and the requirement to employ explicit
phoneme knowledge are correlated. The TMS study of Sato, Tremblay2aG3)
revealed that PMC wawot recruited forsimplephoneme and syllable discriminations; it
was only essential fadifficult phoneme discrimination tasks requiring segmentation. While
the results of this study are consistent with ours, difficult tasksatten thought of as
more vulnerable to TMS effects in a variety of taavlin & Watkins, 20Qand Sato et al.
(2009 did not include a control site to demonstrate that disruption of the difficult
phonological task was specific to PMC. The current findings address this shortcoming, as
the selective pattern of interfieence seen for PMC in the current study was not reproduced
following TMS to another site within the language network (pSTG) or damguage
control site (OP).
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In summary, the current study made use of two language tasks, a visual control task
and threetest sites (dPMC, pSTG, OP) to address the crucial question as to whether dPMC
recruitment is necessary for all speech perception processes, as postulated by the motor
theory of speech perceptiofGalanticci, et al., 2008.iberman & Mattingly, 1985
Rizzolatti & Craighero, 20P4Ne revealed that although previous research has implicated
PMC in speech perception, its role is confite@xplicit phoneme judgement tasks and

does not extend to the semantic domain.
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Chapter 3: An fMRI Investigation of Phonological and

Semantic Control across Language Networks

Introduction

Two key issues concerning the language networks distributed throughout the
cortex are 1) which/how these networks are specific to different types of content and 2)
the modulation of the networks by task demands (i.e., difficulty). Chapter 2 elucidated the
specific role of premotor cortex (PMC) in speech perception: TMS to PM@tdis
phonological, but not semantic judgements. However, this region is part of a larger
network contributing to both representation and control, and a natural question leading on
from the confirmation of a domain specific response at a particular sitieei interaction of
domain and control. Therefore, this chapter will focus on phonological and semantic
control across a wider network using fMRI (PMC, left inferior frontal gyrus (LIFG), posterior

middle temporal gyrus (pMTG), and parietal cortex).
Prenotor cortex

There has been some support for the motor theory of speech perception
(Galantucci, et al., 200@&om neuroimaging and TMS studies showing PMC involvement
for speech perception taske.g.,Fadiga, et al., 200Riberman & Mattingly, 1985
Pulvermuller, et al., 200@&Jppenkamp, et al., 2008Vatkins & Paus, 200%Vatkins, et al.,
2003 Wilson, et al., 204). However, these ks require participants to make
metalinguistic judgements, which are not a naturalistic assessment of speech perception.
wSOSyild addzRASE dzaAy3a Wyl ddzaNF t AaGA0Q tAAGSYAY
task requirements, have reported activ@a in superior temporal sulcus (STS)/superior
temporal gyrus (STG)/temporoparietal (TP) and anterior temporal lobe (ATL) regions, but
no activationin areas previously shown to be active for tasks requiring control, such as
PMC, LIFG and pMTS&pitsyna, et al., 20060ur TMS results (Chapter 2) support these
findings demonstrating a role for PMC in aoatural speech perception tasks, but not
access to meaning. Additionally, studies of patients with expressive aphasia biaves o
left frontal cortex and show marked impairment in language production. Contrary to the
predictions of the motor theory of speech perception, these patients do not show deficits
in global comprehensiofe.g.,Mceli, et al., 198)) butdo show impairment on explicit
perceptual categorization tasks (i.e., identifying the acoustic boundary between two

phonemes) that are not reflected in general comprehengBasso, et al., 197Roineau,



50

et al., 200%. Many studies in healthy populations provide evidence that corroborates these
neuropsychological findings, such as studies showing premotor response-tatioe

speech sound§.e., ingressive clicks; Agnew, McGettigan, & Scott, g@jllable

judgements but not passive listenigatorre, et al., 1992 segmentation of consonants

not simple speech discriminatidBurton, et al., 200)) discerning phonetically ambiguous
speech(Gow Jr & Segawa, 200@s well as one study showing that simple phoneme
discrimination does not necessitate PMC with recruitment only necessamidre

challenging phoneme discrimination tag&ato, et al., 2009 and our finding that TMS to
PMC disrupted phoneme, but not semantic decisions (Chapter 2); these firadlisgeak

to a nonessential role for PMC in speech perception. This suggests that while motor areas
may be recruited in some language tasks, they are not necessary for general
comprehension of clear auditory input. While Chapter 2 provided evidencerfona

essential role for PMC in general comprehensgjdhe exact nature of the role of PMC
remains unclear. For example, is PMC recruitment modulated by difficulty across linguistic

tasks, or restricted to the phonological domajif at all.
Left InferiorFrontal Gyrus

Many studies reporting PMC involvement in speech perception tasks also report
activation spreading into pLIKSoonan, et al., submittedPrice,201Q Vigneau, et al.,
2006); and much research has investigated the contribution of LIFG to linguistic processing,
with numerous studies exploring specialisation for different domains (e.g., phonology or
semantics). Many studies report posteri@cruitment of LIFG (BA 44) for tasks requiring
phonological decision®.g.,Blumstein, etal., 2005 Nixon, et al., 20040jemann & Mateer,
1979 Poldrack, et al., 200 Romero, et al., 2006and anterior recruitment (BA 45/47) for
tasks that are semantic in natufe.g.,Badre, et al., 2009evlin, et al., 2003Vagner, et
al., 2001 Whitney, Kik, et al., 2011 As such, there is evidence to suggest a graded
response along LIFG for phonological and semantic input; and some studies have directly
compared the two domains in LIFG, in order to confirm this postamberior
phonologicalsemantic dissociation withithe same experimenfe.g.,Bokde, et al., 2001
Gough, et al., 200%Koechlin & Jubaul008 Poldrack, et al., 1999A theory that unites
these studies is the idea that LIFG contributes to lingutsiitrol (Fiez, 199, which finds
support in a recent metanalysis which showed that phonological and semantic tasks
activated the entire LIFG, but with subtle distinctiosgecialisation in posterior IFG for

phonology and anterior IFG for semantic con{fébonan, et al., submitted However, very
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few studies have simultaneously manipulated domain (semantic vs. phonology) and

difficulty/control demands.

There are, however, some studies that have attempted to manipulate control
demands while also investigating domain specificity in LIFG. For ex&nplier et al.
(2007 used a factorial design, with high and low conflict conditions for semantic similarity
(global vs. specific) and vowel sound judgements. However, the high confiicblolgical
judgements required participants to inhibit semantic information, thereby confounding the
direct comparison of phonological and semantic control in LIFG. Another study used
challenging phonological and semantic tasks, but rather than compdrér to easy
versions of the same task, they were compared to a baseline task, thus domain and
difficulty (easy vs. hard) could not be directly compaf@dld, et al., 2006 Therefore, our
study tried to assess the degree to which subdivisions of LIFG are modulated by domain,

difficulty and the interaction of the two.
Posterior Middle Temporal Gyrus

While the role of LIFG in linguispoocessing has been widely studied, the role of
pPMTG remains less certain. The neuropsychological literature indicates a role for this site in
semantic control, as patients with lesions to temporoparietal cortex show marked
impairments on tasks requiringpntrolled access to semantic representatig@®rbett,

Jefferies, Ehsan, et al., 20@Dorbett, Jefferies, & Lambon Ralph, 200&fferies & Lambon
Ralph, 200p Additionally, it has been shown to be involved in taglquiring semantic

control in both fMR(Badre, et al., 2009Noppeney, et al., 2004V hitney, et al., submitted
Whitney, Jefferies, et al., 201Zempleni, et al., 200aAand TMSWhitney, Kirk, et al., 2011
Whitney, et al., 201p and in a recent metanalysis it was the second largest cluster to
result from a compariso of highg low semantic contro(Noonan, et al.submitted). It has

also been shown to respond to tool u@€able, l&n, Wilson, ThompseS8chill, & Chatterjee,
2005 and actions/verbgKable, et al., 2009 ranel, Martin, Damasio, Grabowski, &

Hichwa, 2005 which may, as noted by Noonan et(@ubmitted), indicate that this area is
sensitive to changing context (many of these tasks require participants to generate a verb
given a noun). This site has also been implicated in models of languagéardsrface

between speech representations in superior temporal gyrus (STG) and conceptual
representations in the antéor temporal lobegATL; Hickok & Poeppel, 2Q0Kioreover,
O2yySOUGADGAGE &d0dZRASE KI @S (ad2IISKIARII RIdB

i R A
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structural and functional connectivity throughout the language network: this may indicate
a role for this site in both semantic and phonological control, as it has up to six major
pathways connecting with it. Therefore, our sjudias interested in investigating the
degree to which pMTG is domain specific, given a recent 1aesdysis that found this site

to contribute exclusively to the semantic domé#apecifically control; Noonan, et al.,

submitted), and as such also measure this sites contribution to control.
Parietal Cortex

Another area often implicated in the language network is angular gyrus
(AG)/intraparietal sulcus (IPS): it has emerged as a key site activated by semantic material
in numerousmeta-analysegBinder, et al., 2009Noonan, et al., submittedvigneau, et al.,
2006). This site haalso been shown to be involved in a wide range of tasks such as
semantic(Demonet, et al., 1992Noonan, et al., submittedsharp, et al., 2030/igneau, et
al., 2009, sentence comprehensidiMashal, Faust, Hendler, & JuBgeman, 2009
Obleser & Kotz, 20)0reading(Carreiras et al., 20Q0%isual search/attentiori.e., feature
and conjunction searctyonner et al., 200onner et al., 200 number comparison
tasks(Gobel, Walsh, & Rushworth, 200&nd, even, left/right decision#lirnstein, Bayer,
Ellison, & Hausmann, 201 T herefore it isi0t surprising that it has been implicated as part
of the multtdemand networkDuncan, 201 Likewise, Seghier et £2004) report that
dorsal AG responded to both semandicd honsemantic material, consistent with the
multi-demand network; while the response in other parts of AG, such a®\@jdvas less
domain general and was found to be specifically involved in word reading and semantic
associations. Additionally, AG aettion has been reported for semantic tasks, while
meaningless tasks cause deactivation, further implicating it as a part of the semantic
network (Binder et al., 1999Noonan, et al.submitted Seghier, et al., 20Q04Despite
activation in this area being reported across various task types (language astangoiage
tasks), there are few reports of phonological tasks eliciting AG activ@ahAG is not
reported in either of these metanalyses for phonologydoonan, et al., submitted
Vigneau, et al., 20Q0pwith most studies reporting the activation in supramarginal gyrus
(e.g.,Noonan, et al., submittedvigneau, et al., 20Q@®r parietal operculunfe.g., Sharp, et
al., 2010. This makes AG an interesting site to examagetwo recent investigations
suggest graded functional specialisations across AG for semantic, domain general and

default networks(Noonan, et al., submittedseghier, et al., 2004
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This study assses the contribution of PMC, LIFG, pMTG and AG to phonological
and semantic control, using fMRI, with a paradigm where task format is matched as well as
manipulating difficulty across both language domains. Therefore, we could assess the
increased activit in each of these brain areas for heightened difficulty which was both
specific to and shared across domains. In line with the findings from Chapter 2, as well as
other research suggesting a restricted role for PMC in speech percéptipriotto,

Hickok, & Holt, 200Rogalsky, et al., 201 $cott, et al., 2009 we hypothesised that

activation in PMC would be restricted to resolving phonological, but not semantic,
judgements. Additionally, the previous literature indicates a functigmatled distinction

along LIFG for phonological and semantic téskg,Gough, et al., 20Q%oldrack, et al.,

1999 Vigneau, et al., 2006Therefore, we predicted a heightened response in posterior
LIFG (BA 44) for phonological tasks, potentially modulated by difficulty (i.e., additional
recruitment for the phonological hard condition in comparison with the semantic hard,
while possibly stiltesolving difficulty in both domains); the opposite effect was expected in
anterior LIFG (BA 47). The specificity of BA 45 is less certain as it is often reported for both
task types, and has in some cases been suggested as an integration zone for gicaholo
and semantic materiglGough, et al., 20Q31agoort, 2005Ihara, et al., 200){ therefore it

was predicted that this site may not show a specific preference for either task (i.e., domain
general response). We predicted that pMTG would skhawodulation with task difficulty

for the semantic judgements, given previous studies showing its involvement in semantic
control (Noonan, et al., submittedVhitney, et al., submittegWhitney, Jefferies, et al.,

2011, Whitney, Kirk, et al., 201 Whitney, et al., 201R Additionally, pMTG recruitment for

the phonological tasks was not predicted, as it did not emerge as a key site in the
comparison of phonology > semantics in a recent ratalysis, but did emerge in the

reverse contras{Noonan, et al., submitted The last key area to be investigated was AG,
where much research has shown a response toas@in tasks, but its contribution to
phonological tasks is somewhat unclear. In line with the rddthand network and other
studies showing dAG/IPS activation for a range of tasks, we expected dAG/IPS to be
activated by tasks requiring semantic contrd,veell as likely being activated by difficult
phonological judgements. In mAIG, we expected activation for the semantic tasks as this
site has been shown to be active for semantic associafiodependent of stimulus input;
Seghier, etal., 2008 A0 Qa O2yiNROodziAz2y (2 LIK2y2f23A0!I f
previous findings of midG involvement in word reading suggested that this site may also

be activated by the phonological tasks as reading involves access to phonology.
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Method
Design
A within subjects 2 x 2 factorial design was used for the behavioural tasks, with task

(phondogical, semantic verbal) and difficulty (hard/easy) as factors.
Participants

Twentythree participants were examined in the study (16 males; mean age = 23.2,
SD = 2.9). One participant was removed as their accuracy was too low (53%) and yielded
too fewtrials to include in the analysis. All participants examined were right handed, native
English speakers recruited from the University of York student population and the general
York population, and were compensated £10 for their time. All participants seneened
for MRI safety.

Tasks

Each task involved auditory presentation of a probe word and a target and two
distracters presented on screen. A three alternative forced choice (3AFC) format was used
for both tasks (see Table 1). The hard phonologasit tequired participants to match a
phoneme from the auditory probe word to the correct target, which had the relevant
phoneme missing. Participants performed this task in +biacks in which they were
instructed as to which phoneme to pay attentonfo S ®> a VYl 6§ OK FANRGE S aYlF GO
Gral O2yaAradSR 2F |y FdzZRAG2NE LINPO6S FYyR GKNBS |y
GNRIFf g2dz R O2yarad 27F | yscreemzBhbice2(®d@u LINPG6S G RdzO| €
cgar-3 YU GKSNBE WEHONDEKAYEA aQB: OBANBOG NBaLRyasS oidN
easy task required participants to make rhyme judgements: they heard an auditory probe
4dzOK |4 aRdz01¢ YR 6SNB NBIldzZANBR (2 OGK22asS (KS |
AO0NBSY OK2ALa8uckcoipIBYSaRdzAKAOK Ay GKA& OF 48 2 dzt

[SN

Eyerhymes were also used to prevent participants from simply matching based on

orthography. The semantic verbal hard and easy tasks involved making associative

judgements to semantic stimulivhere probes and targets either share low (hard) or high

(easy) semantic associations. For example, an easy association (highly associated words)

g2dzft R Ay Of dzZRS |y | dzRAG2NE LINE O SlakeckiBadzgO1 ¢ = YR G KN
door, with lake beig the correct response. A hard trial (lowly associated words), the

association may be duakgun, a less prevalent association for either word to the other

(Table3-1).
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Probe Target Distractor 1 Distractor 2
Phonological L _
a RdzO | truck cigar game
Easy
Phonological oL
a RdzO | tru_ _gar ga_
Hard
Semantic Easy, & RdzO lake cigar door
Semantic Hard & RdzO gun cigar door

Table3-1: Task conditions.
Stimuli

Stimuli were auditory probes, and target and distractors appeared on a black
screen in succession. Auditory probes were recorded by a male native English speaker,
using Audacity (http://audacity.soueforge.net/), in a soungbroof room. The stimuli were
normalised for volume and power by digitadlgaling them in Matlab
(www.mathworks.co.uk/), producing a level -@5db root mean square. The MRI auditory
stimulussystem (MR Confon mklwww.mr-confonde/en/products.html) presentation is
calibrated to give a maximum level of-80 db. The same probes were used for hard and
easy versions of the two tasks, and the same probes were used across semantic and
phonological tasks (however, there were additiopedbes for the semantic condition, that
did not appear in the phonological task, due to the experimental design in which another
semantic task also occurred in the same scanning se$s®timuli were acquired from the
MRC psycholinguistic databa@earch criteria: concrete nouns, coneess and
imageability > 500Coltheart, 1981Wilson, 198& Targets and distractors were developed
using the MRC psycholinguistic database (phonological hard), two websites
(Www.rhymezone.conandwww.rhymer.con) wereused for the phonological easy task,
and the Edinburgh Association Thesaurus (http://www.eat.rl.ac.uk/) for the semantic tasks.
There were no significant differences for target words across task and condition for written
frequency (F(3, 357) < 1) or worhpth (F(3, 357) = 1.08F = .355). However, the
semantic and phonological targets did differ on imageability (F(3, 282) = 10.65601).

Additionally, there were no significant differences for imageability between hard and easy

! Participants completed three tasks in the scanner: easy/hard phonological, easy/hard verbal
semantic association judgements, and easy/hard picture semantic association judgements which will
be discussed in chapter 4.
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conditions of each tds(phonological: t(116) <4.395,p = .166; semantic: t(142)-532,p =
.595).

Procedure

A PC running Presentation 13.1 softwareibehavioural Systems,
www.neurobs.com) was used to present the tasks and record accuracy and RT. Responses
were given with the left hand, with three buttons corresponding to the positions of the
three response options on the screen. The tasks started with a fixation screen for a jittered
amount of time (50@; 2000 ms) followed by the auditory probe and the-sereen taget
and distracters. Participants were required to make a response, which triggered the next
trial, if no response was given after a maximum of 5 secs the experiment would move onto
the next trial.

The experiment began with a practice prior to entering MRI scanner, to
familiarise participants with the tasks. The experimental task consisted of 45 experimental
trials per task type and difficulty manipulation (phonological (hard/easy), semantic verbal
(hard/easy), semantic picture (hard/easy)), with paigants performing a total of 270
trials. The tasks were presented in mini blocks of 15 trials per block, with a total of 18
blocks (3 blocks per condition). Each nfiltck was followed by 7 secs of rest, with a
fixation cross on the screen. The ordemihich the trials occurred was pseudandomised
and the order in which the tasks were presented was counterbalanced across participants.
Each task block was preceded by a screen which informed participants of the new task
type: the duration of this instrun screen was 1 sec. Participants also performed a
picture semantic task, which was interleaved with the other tasks explained above: this

task is discussed in the next chapter.

Image Acquisition

Data were acquired with a GE 3 Tesla HD Excite MRiescainthe York
Neuroimaging Centre (YNIC), in a single scanning session. A Magnex, 8 channel, gradient
insert head coil with a birdcage, radio frequency coil tuned to 127.4MHz was used. A
gradientecho EPI sequence was used to collect data from 39 cantgyaxial slices (TR 3s,
TE = 25 ms, FOV 260 fmmatrix size = 128 x 128, slice thickness = 3.5 mm). Structural MRI
images were acquired with a resolution of 1. mm x 1 mm x 1 mm. The functional data was

co-registered onto structural Fiveighted images (TR8.03, TE = 3.07 ms, FOV 290 mm X
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290 mm x 176 mm, matrix size 256 x 256 x 176, slice thickness =1.13 mm x 1.13 mm x 1
mm). Functional data was additionally-cegistered to TX, weighted FLAIR images (5.6
mm x 5.6 mm x 3.5 mm), taken in the same plas¢he EPI slices with interleaved slice

acquisition.

Data Analysis

An event related design was used in which accurate responses only were used in
the analysis. All firdevel and highetevel analyses were run using FEAT (FMRI Expert
Analysis Too) B A 2y pdpy>X Ay C{[ 6CawlL. Qa {2FiGsl NB
to inferential statistical analysis the following ppeocessing was applied: Individual brain
extraction (BET) to remove ndmmain material from images for eegistration of the
Fdzy OlAz2ylf RFEGFXZ a/C[Lw¢ Y2GA2Y O2NNBOGAZ2Y 6
timing correction using Fouriespace timeseries phase shifting (Sinc interpolation with a
Hanningwindowing kernel), FWHM 6.0 mm spatial smoothing (Gaussian Kehnighpass
temporal filtering (Gaussianweighted least; squares straight line fitting, with sigma =
Mmann aSO0® 2SS dzaSR CL[a O0CL[aT CawlL. Q& LYLNROD
of time series autocorrelation to fit the model to the data, alhlowerf S @St |yl f&asSaod
canonical gamma HRF was used to model the HRF response with a temporal derivative of 6
seconds. The first two volumes were removed to match the NFI presentation files and
volumes collected by the scanner. To analyse the dathe group level, we entered lower
f SOSt C9! ¢ RANBOG2NARASA Ayd2z I KAIKSNI £ §4St C
Bayesian mixed effects analy@8eckmann, Jenkinson, & Smith, 20@&olrich, 2008
Woolrich, Behrens, Beckmann, Jenkinson, & Smith, R@@saussianised T/F) statistic
images wee thresholded using clusters determined by 2.3 and a (corrected) cluster
significance threshold qf < .05(Worsley, 2001

Each task and condition was modelled separately using event based explanatory
variables (EV) which were convolved to the haemodynamic response function (gamma
function). The haemodynamic response function was aligned to the beginneagbf
correct trial and lasted for the duration of the event. Incorrect/removed trials were
modelled as a separate EV, therefore, any data not modelled was included as rest. Several
contrasts were run (11 total): A contrast against rest/baseline was coaddot each task
(phonological easy, phonological hard, semantic verbal easy, semantic verbal hard,

semantic picture easy, semantic picture hard), the hard version of each task was also
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contrasted against the corresponding easy version (phonologicalgyatndnological easy,
semantic verbal hard semantic verbal easy, etc.), contrasts of semantic veyilayme

judgements and of semantic pictugesemantic verbal were also included.

Region of Interest Analysis

Each region of interest was createdngiALE map$-{gure3-1) resulting from a
high¢ low semantic control analysis in a recent metaalysis investigating semantic
control (Noonan, et al., submitted These ALE maps were converted intolldpace using
C[]Lw¢ oO0FawL. Qa [AYSINI wSIAAGNIGAZY ¢22f0 | YR (KS
OKOGUGLIYKKGSHIDPONI AYYlF LIP2NBKI f Sk 0 I-41Rmagésl Yy RI NR Wab L
were used to align the two coordinate spaces, in order to transform the Talairach ALE maps
intoablL aLJ} OS Yl L&A® 9 OK NBtS@Iyd whL gFa ONBFGSR
remove/erase areas not needed for each individual ROI (e.g., for the AG ROI, LIFG
activation was removed and vieersa). The individual demarcations of LIFG (BA 44,735,
were created by using the Harva@xford Cortical Structural Atlas ROIs (thresholded at 25)
and multiplying (using fsimaths) them by the LIFG mask from the ALE maps. BA 44 was
ONBI SR dzaAy3a WLYTSNAZ2NI CNRY (I ferioFiolNalza = LI NE 2 LIS N
DENMHzAX LI NBE GNRIFy3IdzE F NARAaQd . ! nT1 gFa ONBFGSR dziA
in order to avoid overlap with the posterior LIFG ROIls. Fsimaths was used to ensure that
SIFOK whL gl a dzyAfl G4SNI f nesyirk zewosh Kratdkigndi RQ 6 O2y G Ay
concern was that while we were using ROIs that were known to be involved in linguistic
control (.e., the contrast betweehigh¢ low controlfor semantic tasks within the Noonan
et al., submitted, metaanalysi$, we may beruncating activation specific to phonology at
the extents of the ROIs used (particularly LIFG), therefore we supplemented our LIFG ROI
with an ROI of PMC/BA44 from an ALEBpmiphonology > semantics and an aLIFG ROI
from an analysis of semantics > phorgj¢Noonan, et al., submittedto capture any
truncated activation in the high > low semantic control ROI of LFk@re3-1b). The PMC
and pSTG ROI were created using fsimaths to create sphenasdethe coordinates used
in chapter 2. The pSTG sphere was 10mm in size to capture all of the coordinates which
contributed to the mean TMS coordinate, and the PMC sphere was 9mm to capture all of
the dorsal PMC coordinates in the TMS coordinate. The R&tk analysed using the FSL
FEAT tool, as in the whole brain analysis, but here we appliethpgehold masking to

constrain the search of activation to voxels within a given ROI. These Z (Gaussianised T/F)



59

statistical images were voxel corrected for itiple comparisons within the ROI volur(e<

.05; Worsley, 200) as the voxebased correction method has good localisation power and
we were interested in the gradient of functional specialisation within our R@®(trast,

cluster size inference favoutise detection oflarger region®f activatior). Additionally, he
featquery tool was used to interrogate the FEAT results for each participant and extract
mean parameter estimates (pe) for percent signal change of the voxels defined by each ROI
for each task contrasted over rest. These values were converted to pesicgnatl change,

and were then subjected to ANOVA analysis.

Figure3-1. ALEnaps resulting from contrasts of (A) higlow semantic control and (B)

phonology > semantic (blue activation) and semanttienology (red activation).

Results

Behavioural Results

The assignment of semantic associations to easy or hard conditions was based on
SIOK LI NGAOALI yiQa NBIFIOGAZ2Y GAYS owceco | ONR&a
semantic and 90 phonologicaldts in total, and an RT was recorded for each trial. In order
to maximise the difference between easy and hard trials, the fastest one third (of the total
accurate trials) were taken for each participant for the easy semantic condition; as well as
the slovest one third (of the total accurate trials) were taken for the semantic hard
condition. The phonological tasks could not be collapsed in a parallel way because the easy
and difficult phonological judgements were different: whereas the semantic taskysilwa
involved the same instructionsfind the associated word and only the strength of the
association changed, the phonological judgements involved two different types of decisions

(easy rhyme vs hard segmeninatch). Therefore, the fastest 24 rhynals were taken
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and the fastest 24 segment (phonological hard) trials were taken, in order to keep the
semantic and phonological hard/easy tasks well matched. 24 trials for each condition were
taken because this was the average number of trials usedaftin semantic condition for

each participant. We could not use the same criterion as in the semantic task, since using
1/3 of the trials would have resulted in a maximum of 15 usable trials (45/3 = 15) per
condition. This method ensured that the effects were modelling for easy and hard
conditions were maximally distinct in terms of difficulty and not overlapping. This analysis
was used because our original assignment of trials to easy and hard conditions revealed a
large degree of overlap for the semantionditions- also meaning the semantic and
phonological tasks were not well matched on Rifj\ire3-2; also seé\ppendix 3.1and

Appendix 3.Zor the original RT analysis and fMRI results).
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Figure3-2. RTs for the original designation of easy and hard trials, where semantic RTs
were highly overlapping for the hard and easy conditions, thus phonological hard and easy
conditions did not align well in RT $emantic hard/easy RTs. Error bars indicate minimum

and maximum RTs, circles (1.5 IQR) and stars (3 IQR) indicate outliers.
Analysis of RTs Used for the Event Related iMRillysis

A comparison of RTs, for correct responses only across both verbateaskted
no overall difference between the two task types (F(1, 21) = 2)2#9146), while the

difficulty manipulation, unsurprisingly, was highly significant across both tasks (F(1, 21) =
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1059.232p < .001). Difficulty affected both tasks to the sadegjree, since there was no
significant interaction of task by difficulty (F(1, 21) = 1.@¢3,323). This suggests that
both tasks and difficulty manipulations were well matched at the behavioural level within

our stimuli subsetRigure3-3).

2.5 I

1.5 - m Easy
Hard

Reaction Time (secs

Phonological Semantic

Figure3-3. Behavioural reaction time for correct responses. Error bars indicate standard

error of the mean.
Whole Brain Analyses

To investigate which areas were activated by the two domains
(phonological and verbal semantic), a whole brain analysis was used to reveal which areas
were active against rest for the hard versions of the tasks (cluster corrgrted5s). This
ensured that we were capturing activation for these tasks, without the risk of cancelling out
mutual activity using contrasts (i.e., activity seen in both the hard and easy conditions,
which would be cancelled out in a hard > easy contrast} dimalysis revealed common
activity throughout LIFG (BA 44, 45, 47), right posterior IFG, left and right parietal areas, left
and right temporal areas and visual cort&gure3-4). The semantic activation extended
further into the left anterior temporal lobe. The phonological task showed additional
recruitment across the cortex, especially within posterior parietal cortex (particularly in the
right hemisphere). Furthermorerigure3-5 and Figure3-6 reveal activations for each task
separately to show areas of peak attit A 2y & WK2{iaLkRiaQ Ay St OK
address the potential concern that the phonological hard and easy tasks may activate

different areas, an additional figure has been included to demonstrate the large degree of
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overlap of the two phonologicahsks, with some additional recruitment of right IFG and
more extensive recruitment of LIFG for the diffiqoiftonologicatask Eigure3-7).
Additionally, acontrast of semantic > phonological rhyme revealed activation throughout

LIFG, AG, pMTG, anterior superior temporal gyrus, and visual cBigexg3-8).

Figure3-4: Whole brain analysis (cluster correctia® 2.3,p < .05). Phonological hard

(green), verbal semantic hard (red) and mutual activity (blue). L = left, R = right hemisphere.



63

Figure3-5. Cluster corrected whole brain analys@.3,p < .05) of phonological hard

over rest. L = left, R = right hemispheferalues are indicated on the colour scale.
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Figure3-6. Cluster corrected whole brain analysds@.3,p < .05) of semantic verbal hard

over rest. L = left, R = right hemisphefealues are indicated on the colour scale.
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Figure3-7. Whole brain analysis (cluster correcti@g 2.3,p < .05). Phonological hard
(green), phonological easy rhyme (violet) and mutual activity (blue). L = left, R = right

hemisphere.
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Figure3-8. Whole brain analysis contrast of semantic over phonological rhyme judgements

(cluster correctionZ>2.3,p < .05). L = left, R = right hemisphere.

Contrasts were also used to investigate which areas showed additional recruitment
when task demands ineased. The contrasts for the hard > easy phonological task revealed
activation in parietal cortex (superior parietal lobule, angular gyrus), paracingulate gyrus,
frontal gyri (BA 6, 9, 44, 45, 46, 11), and posterior temporal gyri (ocdipitedoral,
fusiform and inferior temporal areas). These contrasts can be foufiélme3-2 andFigure
3-9, and only clusters showing significant activation after cluster correcier?(3) are
reported. Names of brain areas reported are labelled according to the Ha®afdrd
Cortical Structural Atlas, TalaitaBeamon and the Juelich Histological Atlas built into the
FSL view software libraryhe contrast for the hard > easy semantic task revealed

activation in paraingulateand anterior cingulate gyrus, superior frontal gyrus, parietal lobe
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(precuneussuperior parietal lobuleBA 7), anterior temporal gyrus, inferior frontal gyrus
(BA 44, 45, 47), and superior and middle frontal gyri (BA 9, 10, 11). These contrasts can be
found inTable3-3 and Figure3-9.

Figure3-9. Whole brain analysis contrasof hard over easy for phonological and semantic
tasks (cluster correctiorz,>2.3,p < .05). Phonological hardeasy(green), verbal semantic

hard> easy(red) and mutual activity (blue). L = left, R = right hemisphere.



Contrast of phonological hard > easy judgements

Brain Area BA Voxels Z X y z

Parietal Lobe 13406

L Superior Parietal Lobule 7 561 -26 -70 34

R SuperioParietal Lobule/ Lateral

Occipital Cortex 7 552 28 -70 40

R Parietal Lobe (Sub Gyral) 542 28 -70 32

L Angular Gyrus 40 515 -36 -58 40

L Superior Parietal Lobule/

Precuneus 7 5.09 -24 -76 44

L Superior Parietal Lobule/

Precuneus 7 5.01 -16 -74 48
Cingulate Gyrus/ Medial Frontal Area 8307

L Paracingulate Gyrus 32 553 -6 26 36

L Paracingulate Gyrus 32 546 -2 22 38

L Middle Frontal Gyrus / Premotor

Cortex ~6 532 -28 0 46

L Inferior Frontal Gyrus 44/45 492 -48 22 20

L Precentral Gyrus/ Inferior Frontal

Gyrus 44 491 -40 6 26

L Middle Frontal Gyrus/ Precentral

Gyrus/ Inferior Frontal Gyrus 9/44 475 -44 8 32
Frontal Gyri 2713

R Insula Cortex 461 32 22 -6

R Middle Frontal Gyrus / Inferior

FrontalGyrus 9/44 42 50 22 30

R Precentral Gyrus/ Inferior Fronta

Gyrus ~9/44 418 42 6 28

R Inferior Frontal Gyrus 45 414 46 32 12

R Frontal Cortex 46 41 50 38 16

R Sub Gyral Frontal Cortex 11 3.63 22 40 -16

phonological judgements.

Table3-2. Cluster corrected4>2.3) contrast of hard easy task difficulty for

68
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Temporal Gyri 1309

L TemporaDccipital Fusiform

Cortex / Fusiform Gyrus 444 -30 -52 -10
L Posterior Inferior Temporal Gyru: 37/20 436 -52 -58 -12
L Posterior Inferior Temporal Gyru: 37 432 52 -62 -14
L Temporeoccipital Fusiform Corte:

/ Fusiform Gyrus 37 4.07 -24 -54 -10
L Posterior Inferior Temporal Gyru: 37 35 52 42 -14
L Occipital Fusiform Gyrus 18 277 -28 -72 -14

Table3-2. Cluster corrected>2.3) contrast of hard easy task difficulty for phonological

judgements.



Contrast of semantic verbal hard > easy judgements

Brain Area BA  Voxels Z X y z

Cingulate Gyrus/ Medial Frontal Areas 4412

L Paracingulate Gyrus 32 46 -4 28 32

L Paracingulate Gyrus 32 459 -4 26 36

L Paracingulate Gyrus / Superior

Frontal Gyrus 4.5 0 18 50

R Superior Frontal Gyrus 8 443 4 24 52

R Superior Frontal Gyrus 8 391 O 30 46

L Anterior Cingulate Gyrus 24 391 6 28 22
Parietal Lobe 1504

R Superior Parietélobule /

Precuneus 349 2 -60 50

R Parietal Lobe / Precuneus ~31 349 16 -62 24

L Precuneus / Superior Parietal

Lobule 7 344 -8 -68 34

L Precuneus / Superior Parietal

Lobule 7 343 -4 -70 34

L Precuneus / Superior Parietal

Lobule 7 342 -6 -64 50

L Precuneus / Superior Parietal

Lobule 7 332 -6 -58 48
Temporal Gyri 957

L Inferior Frontal Gyrus / L Anterior

Temporal Gyrus 47/38 425 -34 22 -10

L Anterior Superior Temporal Gyrus;

Inferior Frontal Gyrus 38/47 346 -46 14 -10

L Pallidium 345 -14 O -4

L Anterior Superior Temporal Gyrus;

Inferior Frontal Gyrus 38/47 339 52 20 -12

L Inferior Frontal Gyrus 44/45 3.22 48 20 2

Table3-3. Cluster corrected4>2.3) contrast of hard > easy task difficulty for

semantic decisons.
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L Caudate/Putamen
Frontal Gyri
L Middle Frontal Gyrus
L Superior Frontabyrus (Sub Gyral)
L Superior Frontal Gyrus
L Superior Frontal Gyrus
L Middle Frontal Gyrus
L Medial Frontal Gyrus
Frontal Gyri
R Insula
R Inferior Frontal Gyrus/ Insula
R Inferior Frontal Gyrus
R Inferior Frontal Gyrus/ Insula
R Frontal Orbital Cortex
R Frontal Orbital Cortex
Frontal Gyri
R Inferior Frontal Gyrus
R Inferior Frontal Gyrus
R Middle Frontal Gyrus
R Inferior Frontal Gyrus
R Sub Gyral

10

10
10

11

47
47
47

44/45
44

~45

748

697

565

3.02

4.45
3.23
3.14
3.13
3.04
2.87

3.9
3.75
3.63
3.22
3.13
2.95

4.08
3.66
3.4
3.19
2.8

-16

32
40
30
42
22
22

54
54
48
60
36

18

48
48
62
62
58
58

20
18
16
20

24
22
26
24
20

18
26
30
12
16
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Table3-3. Cluster correctedZ(>2.3) contrast of hard > easy task difficulty for semantic

decisons.
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Region of Interest Analyses (ROI)

Voxel correctedg < .05) ROI analyses were used to furtbstablish the relative
contribution of brain areas that were the focus of our research questions to the
phonological and verbal semantic materighe Featquery tool was also used to read out
activation patterns (percent changayeraged acrossach ROIAn advantage of
interrogating specific ROIs using both techniques is that the voxel corrected mask allows
functional specialisations within an area to be revealed, while the featquery method allows

interactions between difficulty, tasks, and regions todasily investigated.
Premotor Cortex (PMC)

To assess the contribution of this site to the two language tasks, featquery was
usedto extractpercent signal change within each condition. Hidded a significant main
effect of task (F(1, 21) = 27.7%8< .001), reflecting the hypothesised higher response for
phonological than semantic decisions, and a significant main effect of difficulty (F(1, 21) =
7.012,p=.015), as increased demands on difficulty yielded higher percent change values.
There wasninteraction of task by difficultywhich approached significan¢e(1, 21) =
3.013,p=.097). Bonferroni corrected paireshmples itests confirmed that premotor
cortex showed significantly more activation for the hard condition compared to the easy
condition for the phonological tasks (t(21)3:348,p = .006), but not the semantic tasks
(t(21) =-.61,p = .696). Thisupportsthe hypothesis, and the results from Chapter 2, that
dorsal premotor cortex is recruited for phonological decisions, but is naiairto
decisions based on access to semantic representations, even when these involve speech

perception Figure3-10).
Posterior Superior Temporay@s (pSTG)

In line with Chapter 2, we conducted an ROI analysis of pSTG using featquery. This
analysis of pSTG revealed an unexpected pattern, with a significant main effect of task (F(1,
21) = 15.614p < .001) due to a greater increase for the phonatagtask; and a significant
main effect of difficulty (F(1, 21) = 64.820x .001) which reflected greater activation for
the easier judgements, as well as a significant task by difficulty interaction (F(1, 21) =
14.793,p <.001) Figure3-10). A comparison of PMC and pSTG revealed no site by task
interaction (F(1, 21) = 2.69p~= .116), but there was a highly significant site by difficulty
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interaction (F(1, 21) = 54.67p,< .001), as well as a significant thheay interaction of site
by task by difficulty (F(1, 21) = 14.282; .001).

The main effect of task type for pSTG was unexpected, as both tasks required
participants to process an auditopyobe. Additionally, the decrease in activation for the
difficult condition was unexpected, because pSTG is thought to be involved in processing
auditory stimuli¢ a requirement which does not change for the difficult version of the
tasks. However, the cdrast between PMC and pSTG supports our conclusions from the
previous chapter: PMC is engaged by more difficult phonological decisions, while pSTG is
preferentially activated by simple tasks that involve activating meaning or phonological

forms from auditay input.

Premotor Cortex

Phonological Semantic

M Easy

~ IPosterior Superior Temporal Gyrus Hard

Phonological Semantic

Figure3-10. PMC and pSTG ROI resuligan points in each ROI represent the studies used
for the average peak coordinate (peak shown in red) in the TMS study in Chapter 2, ROI

outlined in blue. Error bars indicate standard error of the mean.
Left Inferior Frontal Gyrus (LIFG: BA 44, 45, 47)

In order to explore the functional subdivisions in LIFG for phonological and
semantic material, we used an ROI to show where in LIFG the phonological and semantic
tasks produced activation for both: 1) phonological hard > rest; and, 2) semantic hard >

rest When contrasted with rest, the phonological and semantic hard tasks revealed a
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pattern of activation consistent with a graded functional specialisation in LIFG, with
activation for the phonological task through posterior parts of LIFG (PMC, BA 44d45) an
activity for the semantic hard task spreading more anteriorly into BA 47. Additionally, there
was a large degree of overlap for the two domains in ventral parts of pLIFG (BA 44, 45): the
activation for the semantic task was more constrained to vent/Glwhile the

phonological hard task activated both ventral and dorsal LIFigsiEg3-11).

Figure3-11. Voxel correctedd < .05)ROI analysis of LIFG: The-lehd image shows the

extent of activity for each task (green: phonological; red: semantic; blue: overlap). The
right-hand images show the regions in which activation was strongest (A: phondid@yica

semantic;Zvalues are indicated by the colour scale).

This large ROI was further interrogated by using the featquery tool to extract

percent signal change within individual demarked subdivisions of LIFG (BA 44, 45, 47).

A direct comparison of #nverbal tasks confirmed the hypothesis that BA 44 is
recruited more for the phonological task than the verbal semantic task with a significant
main effect of task (F(1, 21) = 5.346; .031). There was also a main effect of difficulty
(F(1, 21) = 91.62p,< .001), and a marginal interaction of task by difficulty (F(1, 21) =
3.737,p=.067) indicating that BA 44 showed a greater response to difficulty within the
phonological domain. Bonferronitésts comparing easy and hard conditions for both
domainsconfirmed BA 44 recruitment for difficulty across domains (phonological: t(21) =
8.478,p < .001; verbal: t(21) %6.013,p < .001). Overall, these results suggest that BA 44 is
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recruited for difficult tasks across domain, but shows additional activdtiophonological

tasks Figure3-12).

A comparison within BA 45 revealed a marginal main effect of task type (F(1, 21) =
3.127,p=.092), a significant effect of difficulty (F(1, 21) = 42.956,001) and a significant
interaction of task by difficulty (F(1, 21) = 6.08; .023). Bonferroni-tests comparing
easy and hard conditions for both domains showed increased BA 45tneent for
difficult decisions in both domains (phonological: t(2t843,p < .001; verbal: t(21) =
3.595,p=.004). In summary, BA 45 shows a similar response profile to BA 44, as both
domains recruited BA 45 to resolve the difficulty manipulatiamyaver, unlike BA 44,
there is no clear preference for the phonological domain given the marginal main effect for
task Figure3-12).

For BA 47 thergvas no significant main effect of task (F(1, 21) = 1.p59,226),
but there was a main effect of difficulty (F(1, 21) = 47.547,001), which did not interact
with task type (F(1, 21) < 1); this suggests that BA 47 does not show differential recrtuitm
for the two domains. However, the ROI analysis of entire LIFG shows semantic hard activity
spreading into aLIFG, but the phonological hard task does not extend into aLIFG. Combining
the results from both ROI analyses, we can infer that BA 47 is cagni§i involved in
accessing verbal semantic material when demands on semantic contrinicaeasedand

also resolved difficulty for our phonological manipulatioRiy(re3-12).
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Figure3-12. Left Inferior Frontal Gyrus percent signal change analysis results. Error bars

indicate standard error of the mean.

To further investigate the graded distinctionrass LIFG for phonological and
semantic decisions, a between sites ANOVA was used to explore differences between BA
44 and BA 47 in response to task and difficulty, since these regions have been previously
shown to be recruited for phonological and semantecisions, respectively. This revealed
a significant interaction of site and task (F(1, 21) = 25431001): BA 44 showed a
stronger response to phonological decisions, while BA 47 showed greater activation to
semantic tasksHigure3-13). There was also a significant site by difficulty interaction (F(1,
21) = 32.497p < .001), with a greater response to the difficulty manipulations in BA 44
than BA 47 igure3-13). This analysis also revealed a significant ttwag interaction of
site by task by difficulty (F(1, 21) = 7.5@%; .012), which further suggests that anterior and

posterior LIFG respondéd the domain and difficulty manipulations differently.
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Figure3-13. Interactions across BA 44 and BA 47 resulting from an investigation of the

percent signal change at each site. Error bars indicatedstaherror of the mean.

These analyses show that LIFG is recruited for all three task types, with differential
recruitment in subdivisions of LIFG. While all three subdivisions are recruited for both task
types and show modulation with increased difficuliyese results point to a graded
specialisation along LIFG for phonological and semantic material, with BA 44 showing
greater recruitment for phonological material as well as resolving difficult semantic
associations, BA 45 revealing less specialisatyaiomain, and ventral BA 47 showing
preferential recruitment for semantic decisions (but, again, also resolving difficulty across

linguistic tasks).

The use of ROIs defined by high over low semantic control is useful as it provides
functionally defined egions that have been shown to be involved in linguistic control, and
as such can be used to investigate 1) semantic control using our tasks and 2) phonological
control (i.e., are these ROIs that have been identified in semantic control specific to the
semantic domain, or is there a degree of linguistic domain generality). However, it is
possible that in using these ROIs we are truncating activation for phonological tasks (for
example, inFigure3-11, the activation appears to be truncated at the boundary of the ROI).
For this reason, we used two supplemental ROIS to explore the activation with regard to
the functional specialisation in posterior and aribr LIFG. These ROIs were defined using
ALE maps that resulted from contrasting phonology > semantic (posterior LIFG) and

semantic > phonology (anterior LIFG), in a recent rag@ysigNoonan, et al., submitted
Posterior LIFG/PMC

There was a large degree of overlap for phonological and semantiddskslin
the anterior and dorsal parts of this ROI, but the activation for the phonological task also

extended further posteriorly and ventrallfFigure3-14). Analysis of the percent signal
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change revealed a highly significant main effect of task (F(1, 21) = 48.54001)

reflecting the increased activity for the phonological task. There was also a significant main
effect of difficulty (F(1, 21) 56.339,p < .001) and an interaction of task by difficulty (F(1,

21) =10.378p = .004). Bonferroni corrected paired samplests confirm an increase

across both domains for the difficult judgements (phonological: 1(28)862, p < .001,
semantic: t21) =-3.685,p = .002;Figure3-16).

Figure3-14. Voxel correctedy<.05) ROI analysis of LIFG: Theheftded image shows the
extent of activity for each task (green: phonological; blue: overlap). Thehaid images
show the regions in which activation was strongest (A: phonological; B: senrdices

are indicata by the colour scale).
Anterior LIFG

Interrogation of anterior LIFG revealed a dorsal to ventral gradient for the
phonological and semantic tasks, with overlap in the middle. More specifically, the
semantic hard judgements elicited significant activaiiothe most ventral and anterior
parts of this ROI, while the activity for the difficult phonological decisions was constrained
to posterior and dorsal parts of this R®Iqure3-15). However, there was no main effect
of task when comparing the percent signal change in this region (F(1, 21) = .279, p = .603),
but there was a main effect of difficulty (F(1, 21) = 18.482,001). There was also no
interaction of tak by difficulty (F(1, 21) < Ejgure3-16). These results indicate some
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degree of specialisation within aLIFG for semantic materihldnmost ventral parts of this

ROI and phonology in the more posterior and dorsal parts of aLIFG.

Figure3-15. Voxel correctedp(< .05) ROI analysis of LIFG: TheHaftded image shows the
extent of actvity for each task (green: phonological; red: semantic; blue: overlap). The
right-hand images show the regions in which activation was strongest (A: phonological; B:

semantic;Zvalues are indicated by the colour scale).
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Figure3-16. Percent signal change resulting from interrogation of premotor cortex
(PMC)/BA44 and anterior left inferior frontal gyrus (aLIFG). Error bars indicate standard

error of the mean.
PMC vs LIFG

To further investigate the relaté role of PMC and LIFG to phonological and
semantic control tasks, between sites ANOVAs were used to examine differences in
response to task manipulations for PMC and BA 44, which have both been previously
shown to be recruited for language taglesg.,ThompsonrSchill, et al., 1997Zatorre, et al.,
1992 Zatorre, et al., 1996 This revealed a negrsignificant interaction of site by task (F(1,
21) = 4.127p = .055), reflecting the greater involvement of PMC in phonological than
semantic decisions. There was also a significant site by difficulty interaction (F(1, 21) =
26.446,p< .001), due to a smaller effect of difficulty in PMC, than BA-igu(e3-17): BA
44 showed a strong response to difficulty across both tasks (also seen in the above analyses
of LIFG). This suggests that PMC may not be recruitedifficult judgements even when
these involve speech perception, rather, specifically for challggionological

judgements Figure3-10: PMC shows difficulty effect for phonological domain only).
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Figure3-17. Site by task and site by difficulty interactions for PMC and pLIFG area BA 44.

Error bars indicate standard error of the mean.

Posterior Middle Temporal Gyrus (pMTG).

In order to assss the contribution of pMTG to tasks requiring linguistatzol, we
used an ROI of pMTG resulting from a contrast of semantic high > low control in Noonan et
I £ me@aa@nalysiqsubmitted). This analysis showed overlapping activation of the two
tasks across the dorsal part of the REWg(re3-18). Additionally, the percent signal change
values revealed a significant main effect of task (F(1, 21) = 5934824) reflecting higher
values for the phonological tasks. There was no significant effect of difficulty (F(1, 21) =

2.519, p =.127) and no interaction (F(1, 21) = 1.868,255;Figure3-19).
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Figure3-18. Voxel correctedn< .05) ROI analysis of pMTG: Thelaihded image shows
the extent of activity for each task (green: phonological; ssinantic; blue: overlap). The
right-hand images show the regions in which activation was strongest (A: phonological; B:

semantic;Zvalues are indicated by the colour scale).

%3 Posterior Middle Temporal Gyrus

1 W Easy
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Phonological Semantic

Figure3-19. Percent signal @nge resulting from interrogation of posterior middle

temporal gyrus. Error bars indicate standard error of the mean.

Left Angular Gyrus/Parietal Cortex: Dorsal/Intraparietal Sulcus (dAG/IPS) and mid Angular
Gyrus (midAG)

We also used ROls of dorsal and mngular gyrus, resulting from the high over

low semantic control ALE mafrem Noonan et al(submitted)to assess the degree of
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functional overlap for phonological and semantic hard tasks, given previous research
indicating a role for these regions iarsantic controNoonan, et al., submittedSeghier,

et al., 2004 Sharp, et al., 20)0Additionally, we were interested to see if thentributions

of these regions extended beyond semantic material to other domains such as phonology.
The ROI analysis of dAG/IPS showed activation throughout dAG/IPS for the phonological
hard task, but more constrained (and less significant) activityheisemantic hard task,

which overlapped with the phonological hard task in the most anterior part of dAG/IPS
(Figure3-20).

Figure3-20. Voxel correctedp< .05)ROI of dAG/IPS: The Kiand image shows the extent
of activity for each task (green: phonological; red: semantic; blue: overlap). Thédnagtit
images show the regions in whiactivation was strongest (A: phonological; B: semaatic;

values are indicated by the colour scale).

Additionally, analysis of the percent signal change in dAG/IPS revealed a significant
main effect of task (F(1, 21) = 52.406; .001) corresponding greater response for the
phonological tasks, and a main effect of difficulty (F(1, 21) = 66p629001). There was
also a significant interaction of task by difficulty (F(1, 21) = 27{829001). Bonferonni
corrected paired sampletests demonstrated that dAG/IPS responded significantly more
to the difficult phonological condition than the easy one (t(21y £27,p < .001), but also
responded to the semantic difficulty manipulation, téegser degree (t(21) 2.374,p =

.054). Overall, dAG/IPS was recruited for task difficulty across domain, but showed
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significantly more activation for the phonological tasks and phonological diffidtigyre
3-22).

Similarly, in order to assess the degree of functional overlap in mid angular gyrus
(mid AG) for phonological and semantic hard tasks, an ROl analysis was used which showed
overlapping ativation in the most dorsal part of milG for the phonological and semantic

hard tasksKigure3-21).

Figure3-21. Voxel correctedy< .05)ROI of midAG: The lefiand image shows the extent
of activity for each task (green: phonological; red: semantic; blue: overlap). Théggtt
images show the regions in which activation was strongest (A: pbgivall; B: semanti@

values are indicated by the colour scale).

A direct comparison of the verbal tasks using percent signal change revealed only a
marginal main effect of task (F(1, 21) = 3j8%,.094), and a main effect of difficulty (F(1,
21) =55.624 p < .001). There was also a significant interaction of task by difficulty (F(1, 21)
= 7.103p = .014). Bonferonni corrected paired samplests, revealed that midG
responded significantly more to the difficult phonological condition than thgyeone
(t(21) =-7.069,p < .001), and also significantly for the semantic hard compared to easy
condition (t(21) =5.014,p < .001). In summary, miiG was recruited to resolve task

difficulty across both domain&igure3-22).
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Figure3-22. Percent signal change values for dorsal angular gyrus/intraparietal sulcus

(dAG/IPS) and mid angular gyrus (/i@). Error bars indicate standard error of the mean.

Discussion
This study examined phonological and semantic control with fMRI. Using semantic
association judgements, phonological rhyme and phonological segmentatitcliing
tasks we manipulated difficulty in order to try to assess the relative contribution of areas in
the language network (premotor cortex (PMC), left inferior frontal gyrus (LIFG), posterior
middle temporal gyrus (pMTG), angular gyrus (AG)) to tagksrtg phonological and

semantic control.
Premotor Cortex (PMC) and Posterior Superior Temporal Gyrus (pSTG)

One aim of this study was to elucidate the role of premotor cortex in speech
perception tasks. Many studies have shown PMC to play a cruciahrgpeéch perception,
using fMR(e.g.,Pulvermuller, et al., 200&Vilson & lacoboni, 200&Vilson, et al., 2004
and TMS paradigm®'Ausilio, et al., 20QMeister, et al., 200{/Mottonen & Watkins,
2009. However, many of these tasks require participantsnake explicit judgements on
the constituent sounds of a word, rather than perceiving the word as a whole. This
demonstrates an advantage of the current study, where phonological and semantic

judgements made to spoken words were compared directly. Osulte suggest that the
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role of PMC in speech perception is restricted to phonological tasks and is thus not
essential to perception of clear auditory input. More specifically, our whole brain analysis
yielded a sub cluster in PMC for the phonological haalsy contrast, but no such clusters
in PMC for the semantic hagleasy contrast. Additionally, interrogation of a dorsal PMC
ROI found a larger contribution of PMC to phonological judgement tasks than semantic
association judgements, further implicatiitg role in tasks requiring metiznguistic task

performance, not general comprehension.

These findings are in line with the findings of the previous chapter, where TMS to
PMC disrupted phonological but not semantic judgements (matched in task format). An
additional strength of the current design is that the tasks are matched on both format and
reaction time (reaction time was not matched in our TMS study). These results also align
well with data from patients showing a discrimination/comprehension dissoti (e.g.,
Bishop et al., 1990; Rogalsky et al., 2011). For example, in one study patients with impaired
speech production performed more poorly than controls on syllable discrimination (i.e.,
alFYS 2N RA RWENBVWEK owni2 &ENEgdlable inatéhibg (ye2dl 2y  LIA O dzNJ
LIAOGdNNE 2F | o62és FyR FalSR aL&a GKAA | @g2&Ké 2NJ
results sit comfortably with these studies showing that PMC is recruited specifically for
metalinguistic tasks, not general comprehé@ns This is also in line with fMRI studies
showing PMC activation for tasks requiring syllable discrimination, but not passive listening
(e.g.,Burton, et al., 200QZatorre, et al., 1996 For exampleZatorre et al(1992 reported
premotor cortex activity for decisions on syllables, but not passive speech listening;
additionally, Burton et al2000 reported PMC activity for segmenting consonants, but not
for simple discrimination of CVC words, again speaking to theessantial role of PM{

simple language perception, but rather, in solving rAlatguistic judgements.

An unexpected result was obtained for pSTG, which showed a decrease in activity
for difficult judgements/associations. pSTG has been shown to be recruited during normal
auditory processingBuchsbaum, et al., 20Q0Hickok & Poeppel, 2003cott, 2005Scott &
Johnsrude, 2003eghier, et al., 2004and was thus expected to show similar activation
across both tasks and difficulty manipulations. Meister ef24107) also reported an
unexpected null effect following TMS stimulation of pSTG for their phonological
discrimination taskOne possible interpretation is that while the phonological easy task
was immediately phonological, the phonological hard taskinegl working memory and

access to lexical representations, thus activation is allocated to other areas (i.e., PMC) for
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resolution of this task, while the phonological rhyme task reqlir®re auditory analysis.
Support for this argument comes from othdudies also reporting deactivation of STG

when difficulty increased for example, Sharp et gR010 found that when semantic

difficulty increagd, activity in STG decreased, and suggest, as we do, that this change may
reflect reallocation of resources to other brain areas. Furthermore, Blumstein @0&l5

found that STG was involved in early perceptual analysis, but was insensitive to difficulty
(as measured by RT), in line with our finding that pSTG activation was lower for thdtdiffic

versions of the two tasks.
Premotor Cortex véeft Inferior Frontal Gyrus

What, then, is the relative contribution of PMC and LIFG to phonological and
semantic control? The current study further implicates PMC in aspects efatonal
language taskand not general speech perception of clear auditory irfpsitsuggested by
the motor theory of speecherception; Liberman & Mattingly, 1985vhile BA 44
contributes toboth domains (with some degree of specialisation), PMC is more specific to
the phonological domain, as shown by the significant interaction of site and task type
(phonological judgemerdemantic association). It has been previously suggested that PMC
may respond to an increase in the number of stimuli presented, while BA 44 is active for an
increase in the number of required respongBsjah, et al., 20Q8but this is not the case in
the current study, where stimuliral response number were the same across conditions.
Another interesting finding arising from the comparison between PMC and BA 44 was that
while BA 44 is recruited across domains to resolve difficult judgements, PMC only showed
an increased response to r@sging difficult phonological judgements. The factorial design
of the current study allowed for comparison of difficulty across conditions, permitting us to
clarify the contribution of PMC to 1) domain, 2) difficulty and 3) the interaction of domain
and dfficulty. This speaks, again, to the specific contribution of PMC to language
perception: PMC recruitment is only necessitated by-natural judgements on the
constituent sounds of a woythut not required for judgements that requigecess to
meaning,regardless of difficulty. While both the phonological and semantic tasks recruited

BA 44, PMC was restricted to the phonological tasks.

The connections running from BA 44 to both phonological and semantic regions in
posterior cortex align with this domairegeral function; and PMC is connected to temporal

lobe areas sub serving phonological function, via the superior longitudiseitle(SLF) and
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AF(Parker, et al., 20Q%5aur, et al., 2008but not semantic representation, further
emphasizing the relative contribution of BA 44 and PMC tnplogical and semantic
control. While BA 44 has been consistently shown to be a part of the speech perception
architecture, the specific role of PMC in speech perception is still uncear fMRI (and
TMS) data help to elucidate the role of PMC, buekactcontribution remains

unanswered. PMC has been shown to be recruited in a variety of tasks, involving
phonetically ambiguougGow Jr & Segawa, 2008nd distorted speeckDevlin & Aydelott,
2009 Osnes, et al., 201 Bcott, et al., 2009 again, suggesting that the role of motor cortex
is restricted to 1) nowg natural language tasks, requiring explicit knowledge of phoneme
segmentgHickok & PoeppeR00Q Rogalsky, et al., 201 $ato, et al., 200R)
distorted/degraded speecDevlin & Aydelott, 20090snes, et al., 201 Bcott, et al., 2000
and 3) repetition/learning new word@urton, et al., 2000Demonet, et al., 1992

However, whatever its exact role, it is clear that our data, and that of these studies,

consistently show that PMC et necessarjor comprehension of elar auditory input.

Certain limitations should be considered, however. For example, while the
phonological hard task requidgphonological segmentation, it may alkaverequired
access to lexical representations in order to match the given phoneme onto the target
word. Future studies could examine the role of real vs.-wond phoneme matching has
on the contribution of PMC and BA 44, given previous suggestions that lexicalieysna
(Kotz, et al., 201;(Roy, et al., 2008 In summary, these results combined with those from
the previous chapter, further confirm the rotd PMC for phonological judgements, but not
semantic association judgements matched in task format and reaction time. While PMC
may play a role in explicit phonological judgements, it does not appear to be a crucial part
of the semantic network requiredf accessing semantic representations, even when

control demands are maximised.
Left Inferior FrontaGyrus LIFG)

Another key aim of this study was to investigate the functional graded distinction
along LIFG for phonological and semantic control. Prevstudies have shown posterior
LIFG involvement in phonological control and anterior recruitment for semantic control
(Devlin, et al., 20035o0ld &Buckner, 2002Gough, et al., 20Q%°oldrack, et al., 1999
Sharp, et al., 2020/igneau, et al., 2006A recent metaanalysis also confirmed this graded

functional specialisation along LIFG, while noting that LIFG responds to control demands
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across domaingbut to a varying degre@Noonan, et al., submitted The results of the

current study support these previous findings, showirggaded specialisation along LIFG,
with greater recruitment of posterior LIFG (PMC, BA 44, 45) for challenging phonological
judgements, and more anterior recruitment for difficult semantic associations (BA 45/47).
These findings are in line with other stadiwhich have also found a graded LIFG response
across domains, with additional recruitment for specific task types in pLIFG and aLIFG
(Gdd, et al., 200%

There has been some suggestion that the neural theme of control ties these
inferior frontal regions together, with posterior LIFG for phonological control and aLIFG for
semantic contro(Fiez, 199Y. The precise contribution of LIFG to linguistic control is still
unclear: what might be the reason for shposterior to anterior gradient for phonological
and semantic control? A hierarchical organisation of the frontal lobe has been previously
suggested, whereby anterior recruitment is necessitated by increasingly abstract and
complex information/rulegBadre & D'Esposito, 20p9Dur data fit comfortably with this
view, with more difficult semantic association judgements (which may require more
abstraction, given the weak relationship between the target and the prob&yating the
most anterior parts of LIFG. Additionally, the posterior to anterior gradient for the hard and
easy tasks may reflect the increased demands on maintaining complex information in
working memory in order to establish the correct target for tifficult phonological
judgements. This gradient, from easy phonological rhyme judgements (where activity was
constrained to the most posterior parts of our LIFG ROI), to phonological judgements
requiring the maintenance of complex information/rules (faniah activity spread from
posterior LIFG to dorsal aLIFG) and finally to the most abstract judgements for the semantic
associations (spreading into the most ventral and anterior parts of LIFG) reflect this
posterior to anterior gradient for linguistic cail. Moreover, there is some suggestion
that this gradient exists beyond the linguistic domg@adre & D'Esposito, 200Badre &
Wagner, 2007Wagner, et al., 1997 and this will be examined in the next chapter (Chapter
4), using nodinguistic méerials to assess the extent to which LIFG contributes to amodal

control.

The graded specialisation for phonological and semantic material along LIFG is also
in line with various connectivity studies. For example, Anwander, Tittgemeyer, von Cramon,
Friederici, and Knosch@007) report similar connections for BA 44/45 along the Arcuate

Fasciculus (AF) and the Superior Longitudinal Fascicle (SLF) to the parietal lobe and
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perisylvian areas, as well as dorsomedial prefrontal cortex and precentral gyrus; and to the
ATL along the extremepsule (EmC). Our findings are consistent with this as they show
involvement of BA 44/45 in both phonological and semantic control, in line with the
connections to ST(Petrides & Pandya, 20Q2notor cortex for phonology, and ATL for
accessing semantic representations. Additionally, Anwander and colle&2i@3 report

that BA 44 is more strongly connected to STG/dorsomedial prefrontal cortex, while BA 45 is
more strongly connected to the ATL via the EmC. Furthermore, BA 47 is strongly connected
to ATL along EmC and the uncinate fascicle (UF), implicatinggiis mxtcessing semantic
material. Friedericf2009 reports similar findings showing connections from BA 44/45

along the ARwhich separates into two segments, one connecting to STG for lower level
phonological processing; and the other to middle temporal gyrus for lexical/semantic
retrieval. Saur et a(2008) also report strong connections running from aLIFG (BA 47) to

the temporal lobe along the EmC, again implicating its role in semantic control. Given the
connections 6LIFG to language areas sub serving both domains, our findings are in line
with a functional graded specialisation along LIFG in accordance with the strength of

connectivity to posterior association areas.
Posterior Middle Temporal Gyrus (pMTG)

The lack of difficulty effedbr the verbal semantic task pMTG was surprising
given that the ROI came from an analysis of high over low semantic control. Moreover, this
was the second biggest cluster resulting from the comparison of high > low semantic
control (Noonan, et al., submitted Despite mangtudies reporting equivalent recruitment
of pMTG and LIFG for tasks manipulating semantic control using associative judgements, as
we did(Whitney, et al., submittepWhitney, Kirk, et al., 20)1and the largely equivalent
deficits in semantic control seen in patients with sem@aphasia (SA), who have lesions in
frontal or temporoparietal corteXCorbett, Jefferies, & Lambon Ralph, 200&fferies &
Lambon Ralph, 2008loonan, et al., 2010there is some indication that the two sites may
differ. For example, a recent metmalysis reported that pMTG differed from LIFG in that
activation for this site was restricted to: 1) receptive/comprehension tasks; and 2) the
semantic doman (not domain general executive control; Noonan, et al., submijtted
Additionally, patients with SA, although presenting largely similar deficits across tasks, do
dissociate on certain tasks requiring cyclicalgessing of stimuli (i.e., selection/inhibition)
(Gardner, et al., 201 Jefferies, et al., 2007Therefore, differences between pMTG and

LIFG are not unprecedented; in our study pMTG did not show modulation with task
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difficulty, but activation did spread across the dorsal aspect of this ROl when panrticipa
were making semantic judgements. These results are somewhat compatible with a recent
double prime study, where participants were required to make a yes/no relatedness

judgement on the third word presented. Neither pMTG nor LIFG were active for the

unarbiguous doubleNB I G SR 02 y R ktipgd @iyA ISNIDAE> YAt AlzKyS NB

for semantic control. However, pMTG activation was seen across trials that required
participants to recognize: 1) ambiguous doubdéated (game; danceg ball), 2) dommant
one-related (game; pillow ¢ ball), and 3) subordinate oaelated (dance; clockg ball)
targets. However, aLIFG (BA 45/47) only showed activation for the third type of double
prime (subordinate, oneelated). This is in line with our findings, whed&G showed
additional recruitment for more distantly related associations, while pMTG resolved
associative judgements regardless of semantic distance.

Ly b2 2y Ksyibm8ted) metb-ahdlydis, pMTG emerged as a key site in both
the semantic control and the semantic > phonological task cetgrd herefore, our main
effect of task (phonological > semantic) was not predicted, particularly as it has been
postulated that this site contributes exclusively to semantic corftrel, not general
executive contol; Noonan, et al., submittddHowever, there is some indication that pMTG
could contribute to other aspects of language processing, such as acting as an interface
between speech and conceptual representations, as suggested by Hickok and Poeppel
(20042007 ¢ KA& Ffaz2 FAGA 6AGK GKS ARSE GKI G
comprehension network, as it has strg structural and functional connections to frontal,
parietal, temporal and occipital regioisurken & Dronkers, 20).1of particular relevance
to our findings, pMTG is walonnected to both BA 47 and STG, and may therefore respond
to both of our language tasks. Additionally, resting state connectivity studies have shown
that pMTG is correlated with both regions in the frontal parietal (PFC; IPS/dAG) and
temporal (i.e., laguage representations) syster(Spreng, et al., 201&incent, et al.,

2008. We found pMTG to be significantly activated by both phonological and semantic
tasks andhese findings are in line with connectivity studies showing rich connections of
pPMTG to other parts of the language netwdfkatani, et al., 2005 urken & Dronkers,
2011). pMTG activation has been shown to start around 90ms after auditory stimulus
presentation, while prefrontal regions respond around 120ms, therefore it has been

suggested that information flows from pMTG to prefrontal regi¢8aur et al., 2010 This
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well placed to receive input from temporal cortices (e.g., STG, ATL) and is connected to
prefrontal regions allowing for maximal control over language representations.

Left Angular Gyrus/Parietal Cortex

The compagon of phonological and verbal semantic material in parietal
cortex/angular gyrus (AG), revealed a dissociation between dorsal/intraparietal sulcus
(dAG/IPS) and mid angular (n#A¢5) gyrus response profiles for the two domains. The
dorsal AG/IPS site revieal a greater response to both phonological tasks and a far greater
increase for the phonological difficulty manipulation than the semantic one; whileA@id
showed a similar response to both domains. There is research to suggest a graded
specialisation @ng AG, with dorsal AG/IPS involved in a variety of perceptual and semantic
tasks(Noonan, et al., submittedSeghier, et al2004 Whitney, et al., 201R For example,
tasks requiring participants to orient attention to specific features (both semantic and non
semantic) report dAG/IPS recruitmef@ristescu, Devlin, & Nobre, 2Q@onner, et al.,

2002 Whitney, et al., 2012Noolgar, Hampshire, Thompson, & Duncan, 20&4 do tasks
requiring conjunction search (which necessitate integration of informatiDohner, et al.,
2000 2002. Our phonological hard task required participants to 1) attend to a particular
phoneme segment and 2) match this onto three possibleagdwithus dAG/IPS activation
would be expected in light of previous studies demonstrating its involvement in feature
selection/orienting attention to specific features and integrating this information to find

the correct target. This is also in line witietstrong connections reported by Xiang,

Fonteijn, Norris, and Hagoof2010 between BA 45 and dAG/IPL, with weaker connections
of this region to BA 47; likewise, our study showed a stronger response of dAG/IPS to the

phonological task, especially when it involved higimtrol decisions.

Meanwhile, midAG has been suggested to be tham of overlap between the
default and semantic networks: wittteactivationdor meaningless stimuli, bwctivation
for demanding semantic tasks, word reading and-stimulus driven semantic associations
(Noonan, et al., submittedSeghier, et al2010. However, our results show equivalent
activation of phonological and semantic tasks in #a suggesting that it may be the point
of owerlap for the default and language networks more generally. This is in lindBwitier
S (2@09ggestion that midG plays a role in high level amodal integration, as it is
well connected vth various association areas, while receiving little/no direct input from
sensory cortices. AG activation has often been reported when semantic load increases,

while phonological activation is often reported in more anterior parts of parietal cortex
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(e.q.,SMG). Sharp et gR010 report activation for semantic tasks within an area of AG

GKIG Aa @SyanNrt G2 (GKS wibnfoRiacreAsBdsenadtiS R K SNEB =
difficulty (i.e., more distant featural semantic relationship) in an area just posterior to our

mid AG ROI, while their phonological task elicited activity in parietal operculum (anterior to

our AG ROIs). In line with a role foid AG in tasks involving semantic material, Obleser

and Kotz(2010 report activation for sentences over speally rotated speech and suggest

that this region is recruited for tegdown activation of concepts. Also, Vigneau e(2006
suggestthatmid D Aa GKS a3lFrdSglre GKFEG O22NRAYyFGSa N
sensory represemtion of words or objects and the symbolic association that gives them
YSFEYAYy3é 6L mMnunOX FyR Aa |a &dzOK | YdzZf GAY?2
Strong functional connectivity between m#ds and BA 47 has also been reported, with

weaker conections between mid\G and BA 44/48Kiang, et al., 20)0This would suggest

the preference for phonological material should be reduced in AB] since BA 45 showed

broadly equivalent activation for the two domains. This is largely consistent with our

results, where midAG, in comparison to dAG, shows a reduced response for phonology

while resolving difficulty across domain; accordingly, our results point to a domain general
interpretation for midAG, where both semantic and phonological material may be

integrated. Our data also indicate a greater contribution of dAG/IPL to phowalpgiian

semantic, control.
Conclusions

This study sought to investigate the role of PMC, LIFG, pMTG and AG in language
control. We manipulated difficulty across phonological and semantic tasks, and confirmed
dissociations previously seen in LIk&.,more anterior recruitment for semantic material
contrasting with more posterior recruitment in the phonological tadke also add more
data to the debate over PMC contribution to language perception by showing that PMC is
recruited for tasks requiring nta-linguistic judgements. Our pMTG ROI revealed a domain
general response that was not modulated by our manipulation of diffi¢digpite prior
studies indicating pMTG involvement for difficult semantic judgements;\Wljitney, et
al., submitted Whitney, Kirk, et al.,@L1; Whitney, et al., 201R Additionally, we showed
dAG/IPL activity for phonological tasks, with a similar contribution to the two domains in

mid AG.
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Chapter 4: Amodal Contributions of Distributed Br ain Areas

to Semantic Control z An fMRI Investigation

Introduction

Chapter 3 investigated the contribution of the language networks to both domain
(phonological and semantic) and control, revealing a largely distributed and similar network
across domain, ith discrete differences. For example, we confirmed the posterior to
anterior gradient for phonological and semantic control in LIFG, while also revealing some
surprising findings such as the response of pMTG to both domains, with no modulation of
difficulty. While Chapter 3 was restricted to the linguistic domain, Chapter 4 will focus on
semantic control across picture and verbal modalities, thus further teasing apart the role of

areas formerly shown tbe involved in language.

Semantic cognition invods the combination of diverse representations of
semantic knowledge, in many different forms such as words, pictures, sounds, objects, to
name a few; as well as efficient access and use of these representations for the given
context. For example,thewoo | Y1 Q Kl & Ydzf GALX S YSFyAy3a | yR
representation of a monepank would be inappropriate when discussing a river. The
various representations of this concegitaw onthe anterior temporal lobe (ATLJefferies
& Lambon Ralph, 200@0bric, et al., 2007 as shown bysemantic dementigatients, with
atrophy in this area, who have degraded semantic knowledge and are insensitiverg cu
(Jefferies & Lambon Ralph, 2008s well as neuroimaging studies in healthy individuals
confirming the ATL as a semantic st@ebric, et al., 20QNisser & Lambon Ralph, 2011
Additionally, the control processes required for the appropriate use of these
representations ar¢hought bysome researchers to bdistributed drawing on a large
scale cortical network that includdmth anterior and posterior brain aregs.g., Noonan,
et al., submitted. For example, patients with semantic aphasia (SA) show semantic control
deficits following both anterior and sterior lesions, yet their representations are largely
intact: they are sensitive to the effects afieingg suggesting that efficient access to
semantic representations is impairédefferies & Lambon Ralph, 2Q0®his is consistent
with a recent activation likelihood estamtion metaanalysis of neuroimaging studies of
semantic control, which revealed reliable activity in both LIFG and pMTG (Noonan et al.,

submitted).Furthermore, the control deficit in SA is amodal in nature, seen in a variety of
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modalities including envirmmental sounds, pictures, object use and verbal material
(Corbett, Jefferies, Ehsan, et al., 20Q9rbett, Jefferies, & Lambon Ralph, 2008rbett, et

al., 2011 Jefferies & Lambon Ralph, 2Q0®%his suggests that semantic confpobcesses

are (at least @rtially)amodal in nature; however there has been relatively little
investigation into semantic control in healthy populati@raploying norverbal stimuli

This chapter will focus on the distributed network of semantic control areas including left
inferior frontal gyrus (LIFG), right inferior frontal gyrus (RIFG), posterior middle temporal
gyrus (pMTG), and angular gyrus/intraparietal sulcus (AG/IPS), using fMRI, with particular
emphasis on exploring how the response of these regions does or does natitlary

modality.

Left inferior frontal gyrus (LIFG: BA 44, 45, 47) has long been shown to be involved
in varying aspects of language control. For example, LIFG has been implicated in
phonological, semantic and syntactic language processing, with theséofuadc
differences corresponding to a graded distinction along d&iGeviews sedinder, et al.,
2009 Bookheimer, 2002Price, 2010Vigneau, et al., 20Q6Posterior LIFG (BA 44) has
been widely implicated in phonological contfelg.,Demonet, et al., 1992Démonet, et
al., 1994 Gough, et al., 20QMixon, et al., 2004; see Chaptér But does also show
increased activation for challenging semantic decis{erns.,Badre, et al., 2003Noonan, et
al., submitted ThompsonrSchill, et al., 199%Vagner, et al., 2001 BA 45 has been
implicated in both syntactic processifg g.,Bookheimer, 2002Vigneau, et al., 2006
Xiang, et al., 200@&nd several aspects of semantic confi@ly., selection amongst
competing alternatives; e.gBadre, et al., 208 Whitney, Kirk, et al., 201WWhitney, et al.,
2012); and, the most anterior part of LIFG, BA 47, has been implicated in semantic
control/abstract semantic judgemen{Badre & D'Esposito, 200Devlin, et al., 2003
Gough, et al., 20Q53Noonan, et al., submittedPoldrack, et al., 199¥igneau, et al., 2006
The peak response reported in many semantic control tasks is in BA 45 and there is some
debate over the role of this site in semantic contifedr example, some argue that it plays
role in selection amongst competing alternati@®ompsonrSchill, et al., 1999others in
controlled semantic retrievdWagner, et al., 2001 while some argue for a hybrid of these
two accounts with more anterior areas (BA 47) recruitedsfEmanticretrieval andBA 45
for controlled selection of the retrieved iten{Badre, et al., 2005However, one study
shows thatthe two processes interact, with no such BA%/ distinction according to

selection and retrieval, witBA 4347 recruitmentin both instancegSnyder, et al., 20)1
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While many of these tasks focus on verbal aspects of control, there has been relatieely lit

investigation into theamodalnature of LIFG contribution to semantic control.

| 26 SOSNE UKSNB NP aiddzRASa GKFG Ay@SauaAaaras

semantic processing (with no manipulation of control) and they have often found activation
for both picture and word semantic tasks. Many studies have reported activation in
anterior LIFG (BA 45/47) for tasks using both picture and word judgements. For example,
Vandenberghe, Price, Wise, Josepira] Frackowial{1996) report a common semantic
network for pictures and words when participants were required to make associative or
semantic size judgements across both modalitiath aLIFG activity (BA 45/47/11) across

all task types and modalities. Similarly, Wagner ef18l97) showed repetitionpriming

effects for living/nonrliving and abstract/concrete semantic decisions in anterior LIFG (BA
45/47/46), for both verbal and picture modalities, however they do report that the picture
Gl al LINBPRdzOSR Y2NB WY2RSalQBrighOMdsgandyer G Ky GKS
(20043 report equal activation for both verbal and picture semantategorisation tasks in
anterior LIFG (BA 47). Other studies have used picture combinations to convey a
meaningful or nomeaningful message, revealing activation for meaningful picture
combinations in BA 48ylen, Wallentin, & Roepstor2009. There are also some studies
which report more posterior recruitment of LIFG (BA 44/45) for tasks across semantic
modalities. For example, Chee et@000 report a common network for semantic tasks
using Chinese characters, English words and pictures, including LIFG (BA 9/44/45). Another
study which investigated the amodal contribution of LIFG beyond pictures by assessing
activation for the subordinate meaning of words for both pictures and environmental
sounds, reported posterior recruitment of LIFG (BA 6/8/#&)ams & Janata, 20D2Nhile

these studies implicate a role for LIFG in amodal semantic processing, the relative
contribution of the subdivisions along LIFG is not clear, nor is the specific contribution to

semanticcontrol.

The contribution of right inferior frontal gyrusI@fG, i.e., right homologue of LIFG)
to semantic control is interesting to explore, given a recent raetalysis that showed
reliable RIFG activation for semantic con{fébonan, et al., submitted Many studies have
reported bilateral IFG activation for tasks involving various aspects of semantic control
(e.g.,Bright, et al., 2004&5hibata, Abe, Terao, & Miyamoto, 20&hyder, et al., 20)1
especially processing (novel) metaphfsirens et al., 20QEviatar & Just, 20061oenig &
Sheef, 2009Lee & Dapretto, 2006as well as studies reporting deficits in matching

l'

'dal
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metaphors to pictures following right hemisphere lesigidnner & Gardner, 19797

However, given the predominance of the left hemisphere in language, the role for RIFG in
semantic control for verbal metaphors is likely to be quite constrained. For example, right
hemisphere involvement may be necessitated by the relative saliencgigén stimulus;

for example, when a less conventional meaning of a word is req(@&xnta, 1997Giora,
Zaidel, Soroker, Batori, & Kasher, 2p@Imilarly JungBeeman(2005 suggests that right
hemisphere activation is required for distant semantic relationships. This suggests that
WLCD YlI& -l f2adW¥pIPANI I Y2NB RAFTAOAA ik dzy
relationship that the left hemisphere alone cannot resolve. Additionally, the right
hemisphere has been shown to be involved in processing picture semantic material
(Gazzaniga & Hillyard, 19Menke, Landis, & Markowitsch, 199as such RIFG may play a

role in amodal/picture semantic control, as well as unconventional/metaphorical language.

There is also strong evidence to suggest that the semantic control network extends
beyond IFG to posterior temporal and parietal areas. For example, patients with semantic
aphasia (SA) who have lesions to LIFG (BA 44, 45, 47) and temporoparietal Bres,
pPMTG) show similar deficits in semantic confidbonan, et al., 2010 but have largely
intact semantic representationdefferies & Lambon Ralph, 2Q08he deficit is
multimodal, extending to environmental sounds, action understanding, tool use, and
pictures(Corbett, Jefferies, Ehsan, et al., 20Q@rbett, Jefferies, & Lambon Ralph, 2009
Corbett, et al., 201)L This is paralleled by a recent TMS study showing equivalent
disruption of execuvely demanding semantic association judgements following TMS to
pMTG and LIF@Vhitney, Kirk, et al., 20)31There is also extensive evidence from
neuroimaging studies revealing pMTG involvement for tasks requiring varying aspects of
semantic control(Badre, et al., 20035dd, et al., 2006Noppeney, et al., 200Rodd,

Davis, & Johnsrude, 200bhompsonrSchill, etal., 1997 Whitney, Jefferies, et al., 2011
Zempleni, et al., 20Q7and also from TMS studi@#&/hitney, et al., submittegwWhitney,
Kirk, et al., 2011Whitney, et al., 201p

Furthermore, other postedr/parietal areas such as angular gyrus (AG, and
intraparietal sulcus/IPL) have been implicated in semantic and domain general control
(Noonan, et al., submittedseghier, et al., 2030For example in a TMS study manipulating
both semantic and nosemantic feature selection, TMS to pMTG disrupted the semantic
decisions only, while TMS to AG/IPS disrupted both semantic and domain genared feat

selection. Recent investigations indicate a functional specialisation along AG for domain
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general and semantic tasks: for example, while dorsal AG may contribute to domain
general and semantic control (as, indeed, our results from Chapter 3 confiomg,vantral
areas may be preferentially recruited specifically for the semantic domain, and possibly
activated irrespective of control demanBinder, et al., 200Noonan, et al., submitted
Seghier, et al., 2004however, our results in Chapter 3 suggest that there may be some
modulation of activity in this area with increased demands on control across linguistic

domain.

The current study uses verbal and pigiisemantic association judgements to
assess the contribution of the semantic control network across the cortex. For example,
while the graded distinction between phonology and semantics in LIFG has been widely
investigated, the functional organisation tbfis area across picture and word semantic
tasks is still relatively unknown. In line with the pattern of amodal semantic control deficits
seen in SA, as well as some neuroimaging studies reporting similar activation for verbal and
picture semantic tasksye predicted that: 1) LIFG would be involved in both verbal and
picture semantic control, with more anterior areas (BA 45/47) showing an amodal response
due to their specialised involvement in semantic control; 2) a right hemisphere preference
for picturestimuli, as well as for more unusual semantic judgeménis., Tylen, et al.,
2009; 3) equivalent contribution of pMTG to verbal and picture semantic judgements; and,
4) an amodal response to verbal and picture semantic materi&iG, given its role in both

semantic and domain general control.

Method

The participants (N = 23), scanning parameters, procedure, and data analysis are the same

as in Chapter 3.

Design
A within subject® x 2 factorial design was usédr the behawural tasks, withask

(semantic verbal, semantic picturahddifficulty (hard/easyjps factors
Tasks

The probes were presented either auditorally (verbal task) or visually in picture
format (picture task). Targets and distracters were presentedeeiis written words
(verbal task) or pictures (picture task). A three alternative forced choice (3AFC) format was

used. The semantic verbal and picture tasks both involved making associative judgements
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on thesamesemantic stimuli, where probes and targetither shared low (hard) or high
6SH&ae0 aSYIFYyGAaAO | aaz2 OA lake cysioddodg theldniB E Y LI S5 &

difference being the presentation modality of probes and answer choicasl¢4-1).

Condition Probe Target Distractor 1 Distractor 2
Picture y‘
Easy
Verbal _
Duck Lake Cigar Door
Easy
Picture ‘7 g
Sy
|
Verbal _
Duck Gun Cigar Door
Hard

Table4-1. Task details.
Stimuli

The auditory probes were the same as in Chapt@vi&thod, p.54). Picture stimuli
were coloured pictures all fitted to a standard 255 x 149 pixel size using GNU Image
Manipulation Programme (GIMRtp://www.gimp.org/), Adobe Photoshop 7.0
(www.adobe.compand ImageMagick 6.3.7(@ww.imagemagick.org/script/index.php
Stimuli were all concrete nouns acquired from the MRC psycholinguistic database
(concreteness and imageability > 5@yltheart, 1981Wilson, 1988 Targets and
distractors were developed using Edinburgh Association Thesauvs.€at.rl.ac.ukj.

The sme probe, distracters and associations were used across modalities (picture and

verbal).
Region of Interest (ROI) Analysis

The ROlIs for left inferior frontal gyrus, posterior middle temporal gyrus, dorsal
angular gyrus/intraparietal sulcus, and mid atag gyrus were the same as those used in

Chapter 3ethod, p54). An additional ROI of right inferior frontal gyrus (and the
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corresponding sub divisions, BA 48, 47) was used in order to investigate the laterality of
Y2RIfAGed ¢KSAaS whLa ¢6SNBE ONBIGSR dzaAy3d WTatasglhlL

hemisphere.

Results

Behavioural Results

The assignment of semantic associations to easy or hard conditionsasad on
SIOK LI NIAOALI yiQa NBIOGA2Y GAYS owe¢o | ONR&aa | ff
semantic and 90 picture semantic trials, and an RT was recorded for each trial. In order to
maximise the difference between easy and hard trials, the fastesttbird (of the total
accurate trials) were taken for each participant for the easy semantic condition; as well as
the slowest one third (of total accurate trials) were taken for the semantic hard condition
(the average number of trials selected per cdiwti was 24). This method ensured that the
effects we were modelling for easy and hard conditions were maximally distinct in terms of
difficulty and not overlapping. This analysis was used because our original assignment of
trials to easy and hard conditis revealed a large degree of overlap in R@jure4-1; see
Appendix 4.-and Appendix 4.Zor the original RT analysis and fMRI results). Moreover, we
noted that the assignment of items to difficulty conditions was potentialtyre
problematic for pictures than words since fragsociation norms were used and these
were based on verbal probes and responses. In contrast, the difficulty for picture trials
depends on the specific choice of picture. By basing our assignment tdioaadin RT we

were able to match verbal and picture tasks for difficulty.
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Figure4-1. RTs for the original designation of easy and hard trials, wpietare and verbal
semanticRTs were highly overlappingrfthe hard and easy conditionError barsndicate

minimum and maximum RTsircles (1.5 IQR) and stars (3 IQR) indicate outliers.
Analysis of R Used for the Event Related fM&Rialysis

A comparison of RTs, for correct pesises, across task modalities revealed no
overall difference between the two tasks (F(1, 21) = 2.p34,150), while the difficulty
manipulation, unsurprisingly, was highly significant across both tasks (F(1, 21) = 8p2.184,
< .001). Difficulty affectboth tasks to the same degree, since there was no significant
interaction of task by difficulty (F(2, 42) < 1). This suggests that the task and difficulty
manipulation were well matched at the behavioural level within our stimuli sulisgtite

4-2).
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Figure4-2. Behavioural reaction time for correct responsésor bars indicate standard

error of the mean.
Whole Brain Analysis

To investigate which areas were activated by tlve modalities(verbal and
picture semantic)whole brain analyses were used to reveal which areas were active
against rest for the hardersions of the taskdVe used a clustdrased inference in FSL,
with a cluster forming threshold af= 2.3, and corrected for multiple comparisongat
.05.This ensured that we were capturing activation for these tasks, without the risk of
cancellingout mutual activity using contrasts (i.e., activity seen in both the hard and easy
conditions, which would be cancelled out in a hard > easy contids.analysis revealed
common activity throughout LIFG (BA, 45 47), left and right angular gyrusilPFregions
right SMAand visual cortexThe verbal semantic task revealed activation of the temporal
lobe bilaterally, extending into the temporal pole in the left hemisphéiigire4-3).
Furthermore Figure4-4 and Figure4-5 reveal activations for each task separately to show

FNBF& 2F LISI] FOGAGIGA2Y a WK2(dalLkRaiaqQ Ay SI OK
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Figured-3. Whole brain analysis (cluster correctidd® 2.3,p < .05).Semantic hard tasks
over rest: verbal (red), picture (cyan) and overlapping activity (blue)left, R = right

hemisphere
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Figured-4. Cluster corrected whole brain analysds@.3,p <.05) of semantic verbal hard

over rest. L = left, R = right hemispheZealues are indicated by the colour scale bar.
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Figure4-5. Cluster corrected whole brain analys@.3,p < .05) of semanticipture hard

over rest. L = left, R = right hemispheZ@alues are indicated by the colour scale bar.

Contrasts were also used to investigate which areas show additional recruitment
when task demands increasethe contrast for the hard > eaggrbalsemantic task
revealed activation ipara and anterior cingulate gyrus, superior frontal gyrus, parietal
lobe (precuneus, superior parietal lobule (BA 7)), anterior temporal gyrus, inferior frontal
gyrus (BA 44, 45, 47), and superior and middle frontal gyri (BA 9, 10, 11). These contrasts
canbe found inTable4-2 and Figure4-6, and orly clusters showing significant activation
after cluster correction= 2.3) are reportedNames of brain areas reported are labelled
according to the Harvar@xford Cortical Structural Atlas, Talairach Deamon and the Juelich

Histological Atlas built intthe FSL view software librarjhe contrasts for the hard > easy
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picture semantic task revealed activation in paracingulate gyrus, middle frontal and
superior frontal gyri (BA 10), left inferior frontal gyrus (BA 44), left angular gyrus (BA 39),
left posterior middle temporal gyrus, posterior supramarginal gyrus (BA 40) and the

parietal lobe (precuneus). These contrasts can be foufébie4-3 and Figure4-6.
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Brain Area BA Voxels Z X y z

Cingulate Gyrus/ Medial Frontal Areas 4412

L Paracingulate Gyrus 32 46 -4 28 32

L Paracingulate Gyrus 32 459 -4 26 36

L Paracingulate Gyrus / Superior Front

Gyrus 4.5 18 50

R Superior Frontal Gyrus 8 443 4 24 52

R SuperioFrontal Gyrus 8 3.91 30 46

L Anterior Cingulate Gyrus 24 391 6 28 22
Parietal Lobe 1504

R Superior Parietal Lobule / Precuneus 349 2 -60 50

R Parietal Lobe / Precuneus ~31 349 16 -62 24

L Precuneus / Superior Parietal Lobule 7 344 -8 -68 34

L Precuneus / Superior Parietal Lobule 7 343 -4 -70 34

L Precuneus / Superior Parietal Lobule 7 342 -6 -64 50

L Precuneus / Superior Parietal Lobule 7 332 -6 -58 48
Temporal Gyri 957

L Inferior Frontal Gyrus / L Anterior

Temporal Gyrus 47/38 425 -34 22 -10

L Anterior Superior Temporal Gyrus/ L

Inferior Frontal Gyrus 38/47 346 -46 14 -10

L Pallidium 345 -14 O -4

L Anterior Superior Temporal Gyrus/ L

Inferior Frontal Gyrus 38/47 339 52 20 -12

L Inferior Frontal Gyrus 44/45 3.22 48 20 2

L Caudate/Putamen 302 -16 18 -6
Frontal Gyri 748

L Middle Frontal Gyrus 10 445 -32 48 6

L Superior Frontal Gyrus (Sub Gyral) 10 3.23 -22 48 4

Table4-2. Cluster corrected/>2.3) contrast of hard easy task difficulty for verbal

judgements.



L Superior Frontal Gyrus

L Superior Frontal Gyrus

L MiddleFrontal Gyrus

L Medial Frontal Gyrus
Frontal Gyri

R Insula

R Inferior Frontal Gyrus/ Insula

R Inferior Frontal Gyrus

R Inferior Frontal Gyrushsula

R Frontal Orbital Cortex

R Frontal Orbital Cortex
Frontal Gyri

R Inferior Frontal Gyrus

R Inferior Frontal Gyrus

R Middle Frontal Gyrus

R Inferior Frontal Gyrus

R Sub Gyral

10
10

11

47
47
47

44/45
44

~45

697

565

3.14
3.13
3.04
2.87

3.9
3.75
3.63
3.22
3.13
2.95

4.08
3.66
3.4
3.19
2.8

32
40
30
42
22
22

54
54
48
60
36

62
62
58
58

20
18
16
20

24
22
26
24
20

108

18
26
30
12
16

Table4-2. Cluster correctedZ>2.3) contrast of hard easy task difficulty for verbal

judgements.
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Contrast of semantic picture hard > easy judgements

Brain Area BA Voxels Z X 'y z
Cingulate Gyrus/ Medial Frontal Areas 13938
L Middle Frontal Gyrus (Sub Gyral) 10 514 -30 50 4
R Paracingulat&yrus/ Medial Frontal Gyrus 32 488 4 34 28
R Paracingulate Gyrus 32 4.86 34 32
R Paracingulate Gyrus/ Superior Frontal Gyrus 32/8 482 0 20 48
R Superior Frontal Gyrus (Sub Gyral) 10 478 32 50 8
L Inferior Frontal Gyrus 44 452 -52 14 10
Temporal Gyri 1976
L Angular Gyrus 39 447 -56 -60 26
L Posterior Middle Temporal Gyrus 3.77 -56 -44 6
Lateral Occipital Cortex 3.68 -34 -80 40
L Posterior Middle Temporal Gyrus 3.67 -62 40 -4
L Posterior Middle Temporal Gyrus 3.42 -58 -40 -8
L Posterior Supramarginal Gyrus 40 3.22 -62 -50 34
Parietal Lobe 925
L Cingulate Gyrus/ Precuneus 31 36 -4 -48 40
L Precuneus 349 6 -64 44
L Precuneus 343 -4 54 42
L Cingulate Gyrus/ Precuneus 31 34 -12 -50 34
L Precuneus 3.23 -12 64 26
L Precuneus 3.06 4 -68 38

judgements.

Table4-3. Cluster corrected4>2.3) contrast of hard > easy task difficulty for picture
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Figured-6. Whole brain analysis contrast of semantic hard > easy judgements (cluster
correction,Z>2.3,p < .05): Verbal (red), picture (cyan) and overlapping activity (blue). L =
left hemisphere, R = right hemispite.

Region of Interest Analyses (ROI)

Voxel correctedf< .05) ROI analyses were used to further establish the relative
contribution of brain areas that were the focus of our research questions to the verbal and
picture semantic material. Featquery téts were also used to investigate activation
patterns (percent change) for each R@&h. advantage of interrogating specific ROIs using
both techniques is that theoxel corrected mask allows functional specialisations within an
area to be revealed, whiline featquery method allows interactions between difficulty,

task (modality), and regions to be easily investigated.
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Left Inferior Frontal Gyrus (LIFG)

In order to explore the functional specialisation of LIFG for verbal and picture
semantic material, weised an ROI to show where our tasks produced activation for 1)
verbal hard > rest, and 2) picture hard > rest. There was a large degree of overlap in
posterior to mid LIFG for the two modalities. Additionally, the verbal semantic hard task
elicited more ativation throughout this ROI extending into the most anterior and ventral
parts of LIFG; however, the picture task activation was restricted to more posterior LIFG,

with two small clusters in aLIFGidure4-7).

Figure4-7. Voxel correctedn< .05) ROI analysis of LIFG: TheHaftd image shows the
extent of activity for each task (red: verbalacy picture; blue: overlap). The righand
images show the regions in which activation was strongest (A: picture; B: v&viadlies

are indicated by the colour scale).

This large ROl was furthiwestigatedusingthe featquerytool in FSL to
interrogateindividual demarked subdivisions of LIFG (BA 44, 45, 47).

A direct comparison of the semantic tasks revealed that BA 44 responded more to
the verbal than the picture modality (F(1, 21) = 18.5%6,.001). There was also a
signficant main effect of difficulty (F(1, 21) = 64.683; .001), with no interaction of task
by difficulty (F(1, 21) = 1.168~ .293). Overall, these results suggest that BA 44 is recruited
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for difficult tasks across modality, but shows additional actorafor tasks in the verbal

modality, in this case verbal semantic materkib(re4-8).

A comparison within BA 45 revealed no main effect of tagk @) < 1), but there
was a significant main effect of difficulty (F(1, 21) = 31.p38,001), with no interaction
(F(1, 21) < 1). In summary, BA 45 is equally recruited by both semantic tasks, and helps to

resolve difficulty across both modalitieSigure4-8).

For BA 47 there was a significant effect of task type (F(1, 21) = 2p.68001) and
a significant effect of difficulty (F(1, 21) =3B9,p < .001), but no interaction of the two
(F(1, 21) < 1). We can infer that BA 47 is significantly involved in accessing verbal and
picture semantic material when demands on semantic control are increased, while also

showing a preference for verbal samtic material overallRigure4-8).

These analyses suggest that LIFG is recruited for both modalities, with differential
recruitment in subdivisionsf LIFG (verbal > picture, except in BA 45 which responds
equally to both). These results provide some evidence towards a graded specialisation
along LIFG with picture semantic material activating posterior IFG, with minimal activation
in aLIFG, while theerbal semantic materialctivatesthe entire LIFG into the most anterior

parts of BA7; however the entire LIFG helped resolve difficulty for both tasks/modalities.
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Figured-8. Left Inferior Frontal Gus percent signal change results. Error bars indicate

standard error of the mean.

To further investigate any possible graded distinction across LIFG for semantic
modality, between sites ANOVAs were used to reveal any between sites differences in
responseo modality and difficulty: BA 44 and BA 47 may be comparatively selective for
verbal material, while BA 45 did not show modality specificity. A between sites ANOVA of
BA 44 and BA 45 confirmed this differentalfle4-4, Figure4-9), with a significant site by
task interaction f = .027). Morewer, a comparison between BA 45 and BAHab(e4-4,
Figure4-9) further confirms the amodal nature of BA 45 with a significant site by task
interaction p = .013). In contrast, a direct comparison of BA 44 and BAahig4-4)
revealed no significant site by task interactiops=(.361), but did reveal a significant site
by difficulty interaction | = .003), with the increase in activation for the difficulty
manipulation in BA 47 being ledsan that in BA 44Fjgure4-10). These between sites
ANOVAs confirm the functional distinctions, predicted by our within sites ANOVAs, along
LIFG: BA4 and BA 47 were more activate for verbal than picture semantic material, and

BA 45 responded in an amodal fashion to both verbal and picture semantic material.
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Between Sites Comparisons
BA 44 vsBA 45 BA 45 vsBA 47 BA 44 vsBA 47

df 1,21 1,21 1,21
Site x Task 5.68* 13.27* <1
Site x Difitulty 1.89 1.27 11.35*
Site x Task x Difulty <1 <1 <1

Notes: < .05, *p< .01, **p<.001
Table4-4. F values for betwee(LIFG site ANOVAS
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Figured-9. Interactions of site by task resulting from an investigation of percent signal

change in LIFG subgions. Error bars indicate standard error of the mean.
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Figure4-10. Interactions of site by difficulty resulting from an investigation of percent

signalchange in LIFG suwbgions. Error bars indicate standard error of the mean.

Right Inferior Frontal Gyrus (RIFG)

An ROI analysis of entireH revealed constrained activation for both modalities,

with the activation for the picture task in posterior LIFG (BA 44) and for the verbal task in
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anterior LIFG (BA 47)his large ROI was further interrogated using featquery of individual
demarked subivisions ofRFG (BA 44, 45, 4{f)e., homologues of LIFG BA 44, 45, 47)

Figured-11. Voxel correctedp<.05) ROI of RIFG: The rigfand image shows the extent
of activity for each task (red: verbal; cyan: picture). TheHafid images show the regions
in which activation was strongest (A: picture; B: verBakalues are indicated by the colour

scale).

Rght BA 44 revealed a significant main effect of task (F(1, 21) = 13:23702),
corresponding to higher activation for the picture task. There was also a significant main
effect of difficulty (F(1, 21) = 66.923< .001) but no interaction of task ffficulty (F(1,

21) < 1).

Interrogation of right BA 45 revealed a significant effect of modality, with a
stronger response, again, for the picture task (F(1, 21) = 4@28005), and stronger
activation for more difficult trials (F(1, 21) = 18.7p3;.001), with no interaction of task
and difficulty (F(1, 21) < 1).

A comparison of the semantic tasks in right BA 47 revealed a significant difference
between the two modalities (F(1, 21) = 8.508; .008) reflected by a higher response to
the verbal moality. There was a significant main effect of difficulty (F(1, 21) = 200466,
.001), with no interaction of task by difficulty (F(1, 21) < 1).
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The results show an increased response to picture stimuli in BA 44 and BA 45,

whereas BA 47 retained its vertmodality preference.
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Figure4-12. Right inferior frontal gyrus percent signal change analysis results. Error bars

indicate standard error of the mean.

To further investigate any possible functional Spéisation across RIFG for
modality, between sites ANOVAs were used to reveal any differences in response to
modality and difficulty between the subdivisions of RIFG. The within sites ANOVAs for right
BA 44 and BA 45 suggest that the two sites are simildreir contribution to the semantic
tasks, with a preference for the picture modality. A between sites ANOVA of the two sites
(BA 44, 45) confirmed this similarity, with no interactions (F(1, 21) < 1). Comparisons with
BA 47 confirmed that this site respded differently with significant site by task
interactions when compared with both BA 45 (F(1, 21) = $41.006;Figure4-13) and BA
44 (F(1, 21= 24.8% < .001;Figure4-13). There were no site by difficulty interactions (F(1,
21) < 1) and no threvay interactions (F1, 21) < 1) for any bétsite comparisons. These
between sites ANOVAs suggest functional distinctions along RIFG with BA 44 and BA 45
activated more by picture semantic material than verbal semantic material, and right BA 47

more responsive to verbal semantic material.



117

Site by Task

——

A

% Change
o
=]

BA 44 BA 47

% Change

0.4 -

0.35 A

0.3 A

0.25 A

0.2

0.1

0.05

Site by Task

~

——

= Picture

Verbal

BA 45

BA 47

Figure4-13. Interactions of site by difficulty in RIFG, resulting from interrogation of percent

signal change. Error bars indicate standard error of the mean.

Comparisons Betwedreft and Right Inferior Frontal Gyrus

The within sites ANOVAs for left and right BA 44 suggest that left BA 44 is more

responsive to verbal semantic material and right BA 44 shows a stronger response to

picture semantic material. This was confirmed watllirect comparison of left and right BA

44, which revealed a significant hemisphere by modality interaction (F(1, 21) = 38386,

.001;Figure4-15), and a hemisphere by difficulty interaction (F(1, 21) = 19.4%1001;

Figure4-14), due to a more modest increase in activity for the difficafignipulation in

right BA 44. This hemisphere by difficulty interaction was replicated in the comparisons of

left and right BA 45 (F(1, 21) = 6.402; .019;Figured-14) and left and right BA 47 (F(1, 21)

= 6.962p = .015;Figured-14). There was no significant site by modality interaction for the

comparison of left and right BA 45igure4-15). However, there was a significant site by
modality interaction for left and right BA 47 (F(1, 21) 9I8,p < .001;Figure4-15), due

to less dramatic difference between verbal and picture material in the right hemisphere.

These results suggest that posterior and anterior IFG show greatest selectivity for modality,

while BA 45 is activated equivalently by words and pictures across both hemispheres.
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Figure4-14. Hemisphere by difficulty interactions for BA 44, BA 45, BA 47, resulting from

percent signal change ANOVESstor bars indicate standard error of the mean.
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Figure4-15. Hemisphere by modality interactions for BA 44, BA 45, and BA 47, resulting

from a featquery interrogation of each ROI. Error bars indicate stahelaior of the mean.
Posterior Middle Temporal Gyrus (pMTG)

WeusedheO2 Yy N} a4 2F KAIK B t2¢ aSYFryadaAO O2y GNPt
(submitted) meta-analysis tadelineate a ROI in pMTG, allowing us to furtimmestigate
the amodal contribution of this site to semantic control. Only the verbalantic task
(hard > rest) revealed activation for this sitégure4-16). This was confirmed by a direct
comparison of the two semantic tasks using featquery which revealed a significant main
effect of taskon percent signal chand&(1, 21) = 33.159%,< .001).There was also a main
effect of difficulty (F(1,2 1) = 4.186= .054), and a significant interaction of task by
difficulty (F(1, 21) = 6.20B,= .021). These effects were due to a greater overall response
to the verbal semantic task, which showed naeeffof difficulty (t(21) < 1), and in contrast
an effect of difficulty for the picture semantic task (t(21:¥4=581,p < .001) was seen
(Figure4-17).
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Figured-16. Voxel corrected (p < .05) ROI analysis of pMTG: thbdefl image shows the
extent of activity for verbal semantic hard > easy task. There was no activity for the picture
hard task. The rigg-hand image shows where the verbal hard activation was the strongest

(Zvalues are indicated by the colour scale).
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Figure4-17. Percent signal change resulting from featquery interrogation of posterior

middle temporal gyrus. Error bars indicate standard error of the mean.
Left Angular Gyrus: Dorsal/Intraparietal Sulcus (dAG/IPS) and mid Angular Gyra&mid

We used ROIs of dorsal angular gyrus/intraparietal sulcus (dAG/IPS) and mid
angular gyrus (midG), resulting from a contrast of high > low semantic control in Noonan

S (submit2d meta-analysis, to assess the degree to which these areas are specialised
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by modality. ThdrOI ofdorsal angular gyrus/intraparietal sulcus (dAG/IPS) revealed

overlapping activation in thanterior part of the ROI for both modalitieBigure4-18).

Figure4-18. Voxel corrected (p < .05) Réhalysis of dorsal angular gyrus: The-hefhd
image shows the large degree of overlap for both modalities (blue). Thehdgttt images
show the extent of the activation (A: picture; B: verl@&lalues are indicated by the colour
bar).

Additionally,a direct comparison of the two modalities using featquery revealed no
significant main effect of task (F(1, 21) < 1), but there was a main effect of difficulty (F(1,
21) = 14.769p <.001) with no interaction of task and difficulty (F(1, 21) Rigjure4-20).

This suggests that a subregion in dAG shows greater activation for more difficult tasks, with

no preference for either modality.

An ROI of midragular gyrus (mid AG) showed overlapping activation in the most
dorsal part of the ROI, with no further activation seen for either task in more ventral parts

of the ROIKigure4-19).
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Figure4-19. Voxel corrected (p ©05) ROI analysis of dorsal angular gyrus: Théngeft
image shows the overlap of the two modalities in this site (blue). The-higihtl images
show the extent of the activation (A: picture; B: vert@&kalues are indicated by the colour
bar).

The featjuery interrogation of midAG also suggests that this site does not respond
preferentially to either semantic modality, with no main effect of task (F(1, 21) < 1). There
was a main effect of difficulty (F(1, 21) = 49.68%,.001), which did not interagtith
modality (F(1, 21) < Eigure4-20).

The analysis of AG (dorsal/IPS and mid) shows similar recruitment across
modalities, for both sites. Therwere no significant interactits between the two sites (site

by task, siteby difficulty, and siteby taskby difficulty: F(1, 21) < 2.4> .14).
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Figure4-20. Percent signal change values for doesad mid angular gyrus. Error bars

indicate standard error of the mean.

Discussion

This study aimed to address the relative contribution, across the cortex, of areas
involved inamodalsemantic control. Patients with semantic aphasia (SA) have semantic
control deficits which are amodal in nature as they extend across a variety of stimulus
types(e.g., words, pictures, sounds, objedBrbett, Jefferies, Ehsan, et al., 20Q@rbett,
Jefferies, & LamboRalph, 2009 However there is a relative paucity of neuroimaging
studies manipulatigp modality and semantic control demands simultaneously. While there
is evidence to suggest a similar distribution of picture (and other modalities) and verbal
semantic material across the cortéxg.,Adams & Janata, 200Bright, et al., 2004a
Vandenberghe, et al., 199@&/agner, et al., 1997the question still remains as to how
varying semantic control demands effects processing of semantic associations that are
matched for items sed (i.e., the same association for both verbal and picture tasks); given
that almost all studies of semantic control have employed verbal materials and there
appears to be only partial overlap between the network underpinning verbal semantic
control and he domaingeneral multimodal networkDuncan, 201 Our study reveals a

highly similar distribution of picture and word semantic control across the network, with
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discrete differences. Given the number of regions investigated, each region will be

discussed separately.
Left Inferior Frontal Gyrus

We used an ROI approach to investigate the graded distinctions often seen within
LIFG, in accordance with its subdivisions. This approach allowed us to investigate discrete
changes according to both modgland semantic control demands. Broadly, our findings
confirm previous literature showing involvement of LIFG in verbal semantic cgBadie,
et al., 2005 ThompsonrSchill, et al., 199&Vhitney, et al., 2009V hitney, Kirk, et al., 2031
while also revealing LIFG contrilmn to nonverbal (picture) semantic control (i.e., more
challenging association judgements). We found that both BA 44 and BA 47, while showing
increased activation for heightened difficulty across modalities, were preferentially
recruited forverbalsemartic material, while BA 45 responded to both modalities to an

equal extent.

The finding that BA 47 responds to both modalities, but shows a stronger
preference for the verbal semantic material is a novel finding, as some previous studies
have found a simdlr contribution to the two modalitiegBright, et al., 2004a
Vandenberghe, et al., 199@/agner, et al., 1997 even without any manipulation of
difficulty/semantic control. Our results are consistent with these studies as we saw
significant activation throughout IFG into aLIFG when the tasks were contrasted against
rest. However, our data highlight the discrete diffaces in the response seen in BA 47 to
the two modalities: 1) there is a preference for verbal semantic material, but 2) the
additional recruitment/activity for resolving difficult semantic associations is equivalent
across both modalities. The lessermgtment of BA 47 for picture semantic material may
be explained by previous research implicating this area in abstract semantic q@g#doé
& D'Esposito, 2009While the picture semantic judgements used the same associations (as
the verbal judgements), the items are more concrete, as therebeano ambiguity as to
which meaning of a word is to be associated. Not only this, but pictures also afford faster
access to semantic representations than woffdstter & Faulconer, 197%Vagner, et al.,
1997). The verbal domain provides fewer constraints on semantic activation, making it a
more abstract task, and BA 47 activity has previously been reported to be stronger for

abstract/concrete judgements (in comparison to living/Aanng) for both pictues and

words(Wagner, etal., 1997 &dz33aSadAy3a GGKIG GKAa arasS vl e

(
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(Badre & D'Esposito, 20p9raken together, BA 47 may be recruifedefficient access to
semantic material in both the picture and verbal modalities, and is more likely to be
recruited when the nature of the association is less concrete (i.e., when the demands on

semantic control are heightened).

Additionally, the equialent activation seen in BA 45 for the verbal and picture
AaSYIFLYGAO YFGSNAIE KAIKEAIKGA GKAE aAridsSQa | Y2RIf
has been implicated in a wide variety of semantic tasks including semantic priming
(Wagner.et al., 2000, word generatior(Peterson, et al., 1988ThompsonrSchill, et al.,

1997 ThompsonrSchill, et al., 1999selection(ThompsonrSchill, et al., 1997 heightened
response to novel over repeated semantic stinflihompsonSchill, et al., 1999resolving
semantic ambiguityRodd, et al., 2005and semantic knowledge violatio(tdagoort, Hald,
Bastiaansen, & Petersson, 200A role that often emerges for this site is that of selection
amongst competing alternativéBadre, et al., 2009Nagel, Schumacher, Goebel, &
D'Esposito, 2008ThompsonrSchill, et al., 1997 possibly because at the point at which
selection is necessary, therelgv@ WIF 60 A G N> OGQ NBLINBaSydlGAaz2y 2F |
established (possibly via BA 47), along with any words associated with this representation,
and thus selection of the relevant association becomes necessary. While there is still some
debate over theexact contribution of BA 45 to semantic control, it is clear that its
contribution is significant as well as amodal, as demonstrated by our results. Some studies
have also suggested that BA 45 may contribute to domain general executive control
(Duncan & Owen, 200@old, et al., 2005ThompsonrSchill, 2008 However, Nagel et al.

(2008 attempted to disambiguate semantic selection from response selection, and found
that both BA 45 and 47 responded exclusivelgémanticselection, while dorsolateral
prefrontal cortex (BA 9/46) was recruited fiasponseselection. Recent TMS studies also
support a specific role for BA 45 in semantic/linguistic control, where TMS to BA 45
disrupted semantic judgement tasks, but not executively demandingseomantic tasks
(Whitney, Kirk, et al., 203 Whitney, et al., 201 This is corroborated by other findings
showing that activation LIFGs driven by semantic selection, not competition alone, in

both implicit(Bilenko, Grindrod, Myers, & Blumstein, 20@indrod, Bilenko, Myers, &
Blumstein, 2008and explicit taskgKan & Thompsoschill, 20045220043 Thompson

Schill, et al., 1997ThompsonrSchill, et al., 1999rhompsonSchill et al., 200Zrhompsonr

Schill et al., 1998; as cited in, Gindrod et &08&. Whik our results do not elucidate the

role of this site beyond language control; they do show BA 45 recruitment for both
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phonological (Chapter 3) and amodal semantic control, suggesting that this site plays a

crucial role in amodal language control.

Our restts indicate that BA 44 shows greater recruitment for verbal semantic than
picture semantic tasks. However, this site does play a role in amodal control as shown by
the equivalent degree dddditionalrecruitment for the difficult semantic association
judgements across modality. While many studies have demonstrated domain general
executive processing in BA 44, many are exclusive to the verbal déemgiGold, et al.,

2005 Snyder, et al., 20Q70ne possible explanation for the verbal modality preference is
that BA 44 has stronger connections with STG via the Arcuate Fas¢&aulender, et al.,
2007 Petrides & Pandya, 202as such verbal material benefits from privileged access to
BA 44 for resolving task difficulty, with a more incidental role in picture semantic difficulty
due to connections to BA 4Petrides & Pandya 2002, as citedsaugh, et al., 2005

Hagoort, 2005lhara, et al., 200y

The current study reveals modality specific dissociations along LIFG for semantic
control. While LIFG responds to batbmantic modalities, there are subtle distinctions,
with the most anterior and posterior regions showing additional recruitment for verbal
material, while BA 45 recruitment is equivalent across modalities. In light of the previous
chapter, this dissociain can be further clarified highlighting further distinctions with
modality preference. BA 44 appears to be recruited for linguistic control, with a specific
preference for phonological material despite also being activated by tasks requiring amodal
semantc control. This site is functionally and anatomically strongly connected with pSTG
(Anwander, et al., 20QXiang, et al., 20)Qwhile also less strongly connected to areas
such as pMT@riederici, 2009Xiang, etal., 20)@% Kdza FF OAf AGF GAy 3 Al A
semantic control. Like BA 44, BA 45 has functional connections to pSTG, pMTG, and inferior
temporal cortex(Xiang, et al., 20)@&nd has thus been implicated in a wide range of tasks
as discussed above. Some anatomical connectivity studies have shown that BA 45 is more
strongly connected to senmtic areas (ATL, via the external/extreme capsule (EmC)) than
phonological areaé.g., pSTG; Anwander, et al., 2d¥vwever we did not see a clear
preference for semantic material, instead we saw a domain and modality invariant
response withan increase for difficulty across tasks. BA 47 is strongly connected to the ATL
(and inferior occipitofrontal and inferior longitudinal fascicle) via the EmC, with an
additional pathway along the uncinate fascicle (UF) into the(Afwander, et al., 2007

These connections are in limgth a role for BA 47 in semantic control, however our results

1)
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indicate that while this site did help resolve difficulty across both modalities there was a

preference for verbal semantic material.
Right Inferior Frontal Gyrus (RIFG)

Investigation of rigt IFG yielded a preference for the picture modality across both
BA 44 and BA 45, however BA 47 remained preferentially recruited for the verbal modality.
This confirms previous research reporting right hemisphere activation for semantic tasks
using pictue stimuli. For exampléselley et al(1998 required participantsd encode
words, pictures (line drawings of objects) or faces for a later memory test, and found RIFG
to be more activate for the two picture conditions than the one relying strictly on the
verbal modality alone. Similarly, Adams and Ja2@82) report an amodal response in
right BA 44/45 whe participants were required to match visually presented verbal
subordinate items to pictures or environmental sounds. RIFG has also been reported in a
variety of executive control tasks including auditory working menteny., pitch, Zatorre,
Evans, & Meyer, 1994visuaispatial working memonjWagner, 1999 and inhibition
across modalitiefAron, Robbins, & Poldrack, 20@hikazoe, Konishi, Asari, Jimura, &
Miyashita, 2007Hampshire, Chamberlain, Monti, Duncan, & Owen, 20@hile these
studies indicate more domain general contribution of posterior RIFG (BA 44/45) to picture
(and verbal) semantic control, R BA 47 appears to play a more specialised role in semantic
control. Snyder, et al(2011) report R BA 47 activation for tasks tapping selection and
retrieval of verbal semantic material, as wellgxgght, et al (20043 who report R BA 47
activation for picture semantic material. This is in line with our findings, wh&a &7
showed a clear preference for verbal material, but activation was still modulated by
difficulty for picture semantic material. This adds more data to the suggestion that IFG may
0S KASNINOKAOIFft& 2NBHIYAASR ¢ Aivafing theend® WE 64 G NI O ¢

anterior parts of IF@adre & D'Esposito, 2009n our case, bilaterally.

Additionally, the relative contribution of left and right IFG is of considerable
interest. We found a dissociation between left and right BA 44, with a clear leftward
asymmetry for the verbal material, aradright sided preference for the picture modality.
Meanwhile, left and right BA 45 did not differ greatly in response to modality. In contrast,
BA 47 showed a clear preference for verbal material across hemispienesits et al.

(1999 report a greater leftward asymmetry for left BA 44, but not 45, constsietih our

results, where BA 44 shows greater asymmetry with respect to modality than more
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anterior parts of IFG. Additionally, the left IFG shows a greater relative increase for
resolving difficulty than RIFG (across all three subdivisions). One pesgltdeation for

this finding is the relative contribution of left and right IFG to different aspects of
competition/difficulty. For example, RIFG has been implicated in inhibition of responses
across domains/modalitigg\ron, et al., 2004Chikazoe, et al., 200Hampshire, et al.,

2010. It may be the case that resolution of the difficult semantic associations in our tasks
does not require strong inhibition, but rather strategic retrieval or selection. For example,
our distractor items were not specifically designed teate increased demand for

inhibition (i.e., no distractor items/information needed to be inhibited in order to allow for
accurate target identification as in some tasks, where certain aspects of a semantic
item/association must be attended f@.qg., feature selectionhitney, et al., 201Q.
Additionally, damage to RIFG has not been shown to have serious consequences for
semantic contro(Thompson & Jefferies, in pre@nd thus suggests that RIFG is not a core
LI NI 2F GKS aSYlFydAO ySig2N] T odzi NI G§KSNJ
additional resourcege.g.,Giora,et al., 2000 JungBeeman, 200b For example, some
studies implicate RIFG in metaphor understandig.,Ahrens, et al., 20QEviatar & Just,
2006 Winner &Gardner, 197Y, and accessing unconventional mearsiod§words or
pictures(Tylen, et al., 2009 however Lee rad Dapretto(2006) suggest that this role is not
exclusive to RIFG as they report bilateral activation of IFG in their tasks which dse non
literal words. As is seen in our study, LIFG is more heavily recruited than RIFG in resolving
difficulty, but the dissociation between left and right IFG speaks to the widely distributed

nature of semantic control, suggesting that both have a role to play.
Posterior Middle Temporal Gyrus (pMTG)

Posterior middle temporal gyrus (pMTG) has been icapdid as a key part of the
semantic network across many disciplines. For example, patients with semantic aphasia
(SA) with temporoparietal infarcts have impairments on tasks requiring semantic control in
both the verbal and nowerbal domain, but have inth semantic representation&orbett,
Jefferies, Ehsan, et al., 2Q@orbett, Jefferies, & Lambon Ralph, 200&feries & Lambon
Ralph, 2005 Additionally, neuroimaging studies have consistently shown pMTG activation
for semantic retrieval/selectio(Badre, et al., 20038edny, etl., 2008 Copland et al.,

2003 Gold, et al., 2008\Noppeney, et al., 200Noppeney & Price, 200Raposo, Moss,
Stamatakis, & Tyler, 200Buff, Blumstein, Myers, & Hutchison, 2008ompsonrSchill, et
al., 1997 Wagner, et al., 200Jand semantic ambiguity resolutiqGennari, MacDonald,

‘A
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Postle, & Seidenberg, 200Rodd, et al., 2008V hitney, Jefferies, et al., 20LITherefore,

the results of the pMTG ROI analysis are both surprising and interestisty,the verbal
modality preference which emerged is interesting as patients with damage to this area
show multimodal deficit§Corbett, Jefferies, Ehsan, et al., 20C@rbett, Jefferies, &

Lambon Ralph, 200%however it should be noted that their lesions are large and thus
could incorporate areas, other than pMTG, involved in picture semantic cognition.
Secondly, the finding that pMTG was nutated by picture semantic difficulty, but not

verbal difficulty, is a surprising finding; it does, however, show that while the verbal
modality elicited significant activity overall with no modulation for difficulty, pMTG was
modulated by demands on piatel semantic control as shown by the increase in activation
for more challenging picture semantic associatioffhat might account for the lack of
increased activity for the difficult verbal semantic associations when many studies report
pMTG involvement imesolving competition? For example, TMS studies have shown pMTG
recruitment for semantic associations in both the verbal and-werbal modality

(Hoffman, Pobric, Drakesmith, & Lambon Ralph, 2041id have also shown disruption of

the difficult, but not easy, verbal semantic associations following TMS to M@ ey,

Kirk, et al., 2011 Perhaps most strikinglpMTG was the second biggest cluster reported in
a recent metaanalysis, comparing high and low semantic control (high >({§agnan, et

al., submitted, thereby providing clear support for this site in semantic control. Noonan et
al. (submitted) suggest that pMTG may have a specific role in capturing the context for
which a giveimeaning of a word must be extracted. In the current study, using associative
judgements, the demands on context may be constant across verbal difficulty
manipulations, where the meaning of a word is less readily apparent than for picture
semantic associans where there is less ambiguity as to the meaning of the word (as it is
revealed by the picture). Turken amdonkers(2011) report that five of the six major
language pathwaysonnect with MTG, connecting it with frontal (more specifically BA 47
along the IOFF), parietal (along the AF) and temporal areas (via the MdLF), as well as the
right hemisphere (via the tapetum). This strong interconnectivity strongly supports the idea
that pMTG plays a crucial role in the semantic control network, namely as {ballsd

Gy SdzNIF £ SLIAOSY(INBE 2N aO2ydSNEBSYOS T2yS¢ T2N 02y

Angular Gyrus/Intraparietal Sulcus

The comparison of picture and verbal semantic material in angular gyrus (AG),

revealed a very similar response profile across both dorsal AG/intraparietal sulcus (IPS) and
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mid AG regions for both modalities. Neither site showed a preference for eitherlityoda
and responded to the difficulty manipulation to an equal degree across modalities. This is
in line withBinder, et a) @009 suggestion that AG plays a role in high level amodal
integration, as it is well connected with various association areas, while receiving little/no
direct input from sensory cortices. Despite its equal contribution to the two semantic
modalities, AG is dikely to serve the semantic domain exclusively. For exam\agel, et

al. (2008 found LIFG (BA 45/47) to be specifically engaged by semantic selection, while AG
(BA 7/40) was engaged by response selection @ogain general selection). This is also
corroborated by the findings from the previous chapter, where AG was engaged by both
phonological and semantic tasks. More specifically, there is research to suggest a graded
distinction along AG, with dAG/IPS inxed in a variety of tasks such as perceptual,
semantic, and phonological decisigi@hapter 3; Noonan, et al., submitte8eghier, et al.,
2004 Whitney, et al., 201p and midAG implicated more specifically in semantic tasks
(Hoenig & Scheef, 200Bloonan, et al., submittedSeghier, et al., 2030although our

results from Chapter 3 indicate a more domain general interpretation for this site.
Furthermore, midAG may be the point at which the default and semantic networks
overlap, as it showdeactivationor meaningless stimuli, bctivationfor demanding
semantic tasks, word reading and nstimulus driven semantic associatiofMoonan, et

al., submitted Seghier, et al., 20Q4as is the case in our study where a signifitactease

is seen for difficult semantic association judgements across modalities.

Furthermore, when combined with the results of Chapter 3, our data are in line
with a role of dAG/IPS in feature selecti@ristescu, et al., 200®onner, et al., 2002
Whitney, et al., 2012Woolgar, et al., 201)] as shown by the significantly greater
contribution of this site to the phonological hard task (which required participants to
attend to specific phonemes, as well as matching to other incomplete words), while
LISNK | LJa A 6dalEembidid céntral ig'incidefital due to weak functional
connections wh BA 47(Xiang, et al., 20)0Mid AG showed equivalent activation for both
verbaldomains in Chapter 3 and across both semantic modalities here. Therefore, this site
may play a role in amodal integration across domains, as previously suggested by Binder et
al. (2009.
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Conclusions

This study sought to assess the contributions of the semantic control network to
verbal and picture semantic associative judgements. Our results are compatible with the
idea that semantic control is amodal and found consistent responses to both modalities
across the network. However, small differences did emerge with regard to specialisation.
Posterior and anterior LIFG may be recruited for verbal more than picture language tasks,
while continuing to resolve difficulty across modalities. Meanwhile BA 4shwhay act as
I w02y @S NH&oH, 2005IHag, tQl., 200Avas amodal and domaifiee
(Chaper 3) in nature. Additionally, a functional dissociation was found between left BA 44
and right BA 44, with left BA 44 predominance for verbal material and right for picture
material.In contrast, BA7 showed a preference for more abstract verbal semantic
judgements bilaterallyAdditionally, difficulty modulated activity in LIFG to a greater
RSINBS GKIYy wLCDT GKSaS FTAYRAYy3Ia INB Ay fAYS gAf
system for unusual/less salient semantic associations. The role of EMd@$3 clear, but
this site mayplay a role in contextualizing information, a requirement not always
necessitated by picture semantic tasks. Lastly, AG also shows graded distinctions across

domains (Chapter 3), but was amodal in its contributions tosgmnantic control tasks.
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Chapter 5: A Transcranial Magnetic Stimulation Investigation
of Phonological and Semantic Control in Left Inferior

Frontal Gyrus and Posterior Middle Temporal Gyrus

Introduction
In Chapters 3 and 4 we investigated the contribution of vexiparts of the
language network to domaifphonology vs. semanticgnodality(picture vs. verbalnd
control (ease with which the relevant target can be identifieelere, we focus the question
on three specific areas: posterior left inferior frontal gg(LIFG; BA 44), anterior LIFG (BA
47) and posterior middle temporal gyrus (pMTG) in an attempt to tease apart and confirm
FTdzy OGA2ylt &ALISOALfAAlIGAZ2Y dzaAy3a | G§SOKYAI dzS

transcranial magnetic stimulatiodTS).

TMS is a useful tool for investigating language, as it allows for focal stimulation of
brain areas purportedly involved in a certain cognitive function. This can be particularly
helpful because language tasks can create large swathes of actieatioss the cortex,
and as such TMS can go some way in helping to indicate which areas are necessary for a
given function; particularly when the role of an areaasmtentious For example, a majority
of studies report overlap of phonological and semantatenial in LIFG across a variety of
tasks in fMRI, with some degree of posterior to anterior functional specialisation by domain
(e.g.,Amunts et al., 200agoort, 2005Heim, Eickhoff, & Amunts, 200oonan, et &,
submitted Poldrack, et al., 199%Roskies, Fiez, Balota, Raichle, & Petersen,;200f@eau,
et al., 2006. Our results from Chapter 3 also support this assertion, as we found LIFG to be
activated across phonological and semantic tasks, but with some degree of functional
specialisation for ponology in posterior and semantics in anterior parts of LIFG. However,
the extent of overlap can sometimes be so great that no differences are found in LIFG for
phonological and semantic tasks, with the functional specialisation revealing itself via
differential coactivation with posterior brain areas specialised by domain. For example,
Gold and BuckngR002) report coactivation of LIFG with pMTG for semantic tasks and LIFG
with BA 6 and parietal cortex (40) for phonological tasks. Therefore, TMS can be a useful
technique for investigating fine graed functional distinctions as it allows focal stimulation
of areas purportedly involved in language contfaévlin, Matthewsand Rushworth(2003
used a combined fMRI and TMS approach, aimdwdated BA 47 to disrupt semantic, but

not phonological decisions, confirming the functional dissociation reported in their fMRI
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study. SimilarlyNixon, Lazarova, HodineHill, Goughand Passinghan2004) stimulated
posterior and anterior LIFG and disrupted phonological, butangsual control task for the
posterior site onlysimilar findirgs: AziZadeh, Cattaneo, Rochat, & Rizzolatti, 20@me
study directly contrasted stimulation of anterior and posterior LIFG with tasks in both
domains(Gough, et al., 2005and disrupted homophone judgements following stimulation
of BA 44, and semantic synonym judgement tasks following BA 47 stimulation,

demonstratinga functional dissociation within the same experimental paradigm.

While the functional dissociation in IBFor phonological and semantic material
has received some attentian the TMSliterature, no studies havesimultaneously
investigated the effecof LIFGstimulationon control/difficulty across domains and
modalities.There are two TMS literatures, ona domain across LIF&.g.,Devlin, et al.,
2003 Gough, et al., 200Wixon, et al., 200) and one @ control in BA 4%e.g.,Whitney, et
al., submitted Whitney, Kirk, et al., 203 Whitney, et al., 201R, therefore this study was
designed to integrate these investigations. TMS to LIFG (BA 45) has been shown to produce
disruption of demandingerbalsemantic association judgmentst not executively
demanding norsemantic judgements matched in task fornféthitney, Kirk, et al., 2011
Whitney, et al., 2012 TMS can also be a useful tool when combined with data from the
neuropsychological literature. For example, one study used TMS on healthy individuals to
confirm ther finding that patients with semantic aphasia who had damage encompassing
LIFG, were impaired on abstract, but not concrete semantic judgements. These results are
particularly powerful as they combine data from patients with brain lesions encompassing
LIFG YR RIFGlF FNRBY GKS W@A NI dzk f (Hoffrark Zeffefles, S K2R Ay K
Lambon Ralph, 20)00ne studyused picture stimuli and slowed naming of simple line
drawings when a TMS pulse to LIFG was applied 300 ms after picture presentation (but not
at 150, 225, 400, 525 ms)ytwith no requirement of semantic control to complete the
task(Schutmann, Schiller, Goebel, & Sack, 2089 { Sy (123SUGKSNJ 6AGK 2 KAGySe
(Whitney, et al., submittegWhitney, Kirk, et al., 2031 Whitney, et al., 201PTMS data, this
suggess that stimulation of LIFG may cause disruption of both verbal and picture tasks that
place demands on semantic contrdlhese studies highlight TMS as a useful tool for
confirming/disambiguating our fMRI data (Chapter 3 & 4) where BA 44 and 47 showed
preferential activation for the verbal modality (with subtle specialisation by dorgain
phonological/semantic), while still being modulated by difficulty across modaiity

domain.
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Our ROI of pMTG in Chapter 3 and 4 contradicted our ipitadictions abaut this
site@ contribution to language: we did not find an effect ¥@rbalsemantic controlpor
equivalentcontribution to the semanti@and phonologicaflomairs. Instead there was an
effect of both domain and modality, though pMTG did show a signifiezaponse to both
verbal semantic and phonological tasks, and a significant modulation of activity for picture
semantic controlThis site has, however, been implicated in semantic control across a
number of disciplinegneuropsychology, fMRI, TMSorbett, et al., 2011Jefferies &
Lambon Ralph, 2008loonan, et al., 20L(Noonan, et al., submittedVhitney, et al.,
submitted Whitney, Jefferies, et al., 201\Whitney, Kirk, et al., 2021Vhitney, et al.,
2012 Fa adzOK 2dzNJ dF&ata Yle y2i KI@S OF LJidz2NBR
semantic control(e.g., context integration; Noonan, et al., submitjeNonetheless, TMS is
a useful echnique for clarifying the functional role of pMTG in language processing. TMS
has previously been used to confirm the role of pMTG in verbal semantic control and
revealed equivalent TMS disruption of semantic association judgements following
stimulationof pMTG and LIF@Vhitney, Kirk, et al., 203 Whitney, et al., 201p There is a
paucity of TMS studies confirming the role of pMTG in amodal semantic control, but one
TMS study did slow both word and picture associative judgements following TMS to pMTG,
but without the explicit maniplation of control/difficulty(Hoffman, et al., 201)] providing
evidence for pMTG recruitment in both verbal and narbal semantic cagtion.
Therefore, stimulation of pMTG was of particular interest using our tasks, given our fMRI
datadid not strongly confirm the role of pMTG in semantic control across modalities, while
these previous TMS studies have confirmed the role of this s{@niodal) semantic

control.

The current study was designed to complement the fMRI findings in Chapters 3 and
4, therefore the same task manipulations were used for phonological, verbal and picture
semantic material. Stimulation of BA 44 was expectedisoupt difficult phonological
judgements, while TMS to BA 47 was expected to slow verbal semantic judggindims
with other studies showing this dissociation; e.g., Devlin, e2@D3 Gough, et al., 2005
Our fMRI results indicate that stimulation of LIFG may cause disruption of all demanding
tasks, as we saw significant modulation of all three LIFG sites with difficulty. However, we
also saw aerbal modality preference across BA 44 and BA 47 (Chapter 4), therefore
stimulation of these sites may result specifically in verbal semantic disrufgased on the

literature which indicates a domain specific contribution of pMTG to semantic control
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(Noonan, et al., submittedVhitney, Jefferies, et al., 201Whitney, et al., 2012ZZempleni,
et al., 2007, we predicted slwing of both verbal and picture semantic, but not
phonological, judgments following stimulation of this site; howeweir, predictions were
somewhat exploratory due to our unexpected main effect of domain (phonological >
semantic verbal) and modality (vexb> picture)n Chapters 3 and #/e also made use of a
control site (as irfChapter2), occipital pole, to confirm that any effects seen were site
specific, and not due to general na@pecific effects of TMS stimulation; as such no TMS

effects were predicted at this site.

Method

Design

A within subjects 2 x 3 x 2 x 4 factorial desigrs used, with TMS (no stimulation
vs. stimulation), task (phonological, verbal semantic, picture semantic), difficulty (hard vs.
easy) and site (BA 44, BA 47, pMTG, OP) as factors. This study used the rTMS virtual lesion
method, delivering a train of rTS!pulses offline; participants then performed the task
immediately after stimulation, allowing us to rule out the possibility that the loud clicks
associated with each pulse, jaw contractions, or eye blinks following peripheral nerve
stimulation disruptedperformance on the behavioural tasks. The order in which
participants performed the task was counterbalanced, such that half of the participants
performed the baseline (without TMS) behavioural task before TMS stimulation and the
other half performed the bseline 30 mins or more post TMS stimulation, by which time

the effects are believed to have washed @Rbbric, et al., 2007

The stimuli and tasks used in this experiment are the same as in Chapter 3

(Method, p.54) and 4 Method, p.98). Table5-1 provides an exanlp of each task.



135

Condition Probe Target Distractor 1 Distractor 2

Phonological oL _
a RdzO | truck cigar game
Easy

Phonological

& RdzO1 tru_ _gar ga_
Hard

Picture
Semantic

Easy

Verbal
Semantic duck lake cigar door

Easy

Picture
Semantic
Hard

Verbal
Semantic duck gun cigar door
Hard

Table5-1. Examples of phonological, verbal and picture semantic trial manipulations.

Participants

Twentytwo participants were examined in this study6(malesmean age = 23, SD
= 23). All participants were righhanded, native English speakers recruited from the
University of York student population and the general York population, and were
compensated £40 for their time (£10 per TMS session). All participaerts screened for
TMS and MRI safety and were thus free from any history of neurological disease or mental
illness and were not taking any prohibited medication.
Procedure

A PC running-Brime software was used to present the tasks and record accuracy
and RT. Responses were given with the right hand, using the first three fingers,
corresponding to the positions of the three response options on the screen. The tasks
started with a fixation screen for 400ms followed by the presentation of the auditory or
picture stimulus alongyith the target andwo distractor items, these remained on the

screen until the participant made a response, triggering the next trial.
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Participants performed practice trials before the experimental conditions began, in
order to refamiliarise participants with the tasks. There were 30 experimental trials per
task type and difficulty manipulation: phonological (hard/easy), semantic verbal
(hard/easy), semantic picture (hard/easy); with participants performing a total of 180 trials
per TMS condition (baseline, pe$MS). No trials were repeated within a session (the same
trials were used for the semantic verbal and semantic picture tasks, but they never
occurred in the same testing sessidor exampled 6 NJ RvAtér énight bepresenedas a
verbal trial in week one, and a picture trial in week two). The order in which the trials
occurred was randomised. Each task block was preceded by a screen which informed
participants of the new task type, and participants pressed the space lwantmue.The
majority of participants performed two baselines either before TMS or one before TMS and
one 30 minutegpost TMS stimulatioq only one baseline was used for data analysis and

we attempted to counterbalance this across trials.
Selection of MS Site

Structural Tiweighted MRI scans were used to identify sites for stimulation in each
participani® brain. For sixteen of the participants, the stimulation sites were identified
FNRBY SIFOK LI NIOAOALN yGQa A Y Rditedbfitledt (udidg I {1 | OG A BI G A
Brainsight 2): we used the functional peak for the phonological task that fell within
anatomically constrained area BA 44, and the semantic verbal tasks within BA 47 and
pMTG. The average coordinate across participants for each ageaw/follows: BA 442, -
42, 2; BA 4746, 25,-2; pMTG=45, 9, 13; and the occipital pole was measured as 20mm
superior and 10 mm left of the inion, as in previous TMS stydigs, Ishibashi, et al.,
2017). For the remaining six participants, the group average coordinate from the initial
sixteen participants was used to identify the stimulation ssi@cewe did not acquire

functional MRidata for these six participants

Brainsight 2 (Rogue Research, Montreal Canaday.rogueresearch.comy was
used to ceregister participant brains ani identify stimulation sites prior to rTMS
administration. Four landmarks were used forregistering the participants head to their

brain image (tip of the nose, bridge of the nose, left/right tragus).

Stimulation Parameters

Before TMS testing begaimdividual motor threshold was determined in each
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testing session. This was determined by the lowest stimulation intensity required to elicit
contraction of the first dorsal interosseous (FDI) muscle in the contralateral hand. Motor
thresholds ranged beteen40% and 65%, with an average of 58maximum stimulator
output. A 50 mm figure of eight coil, attached to a MagStim Rapid2 stimulator was used for
repetitive magnetic pulses. Repetitive trains of TMS were delivered at 1 Hz for 15 mins;
participants were stimulated at 120% of their motbréshold.
Data Analysis

We used a similar approach to data analysis as in Chapters 3 and 4, where
participant reaction time was used as a measure of difficulty. Here, we used baseline data
across all participants to create an average RT for each itednised this to creatsetsof
fastand slowsemantic trials. For the semantic tasks, all 60 trials were collapsed and the
fastest 25 items were assigned to the easy condition, the slowest 25 to the hard condition
and the middle 10 items were discardedr e phonological task, the fastest 25 rhyme
trials (of 30) were used for the easy phonological condition, and the fastest 25 (of 30)
phonological segment trials for the hard phonological t&8k. used the fastest trials for
the phonological segment coritin because this task was particularly challenging,
therefore the average RT for trials for this task was higher than that of the other hard tasks;
therefore in an attempt to match RT we selected the fastest trigtiés new assignment of
trials/items tohard and easy conditions was then applied to all of the baseline and post

TMS data for each participant.

TMS disruption was expected to manifest itself in delayed RT, rather than a decline
in accuracyWalsh & Cowey, 2000therefore,our primary dependent variable wa&T for
correct responsesiccuracy data can be found Appendix 5.1mean accuracy was lower
for the hard versions of all three tasks; TMS effects emerged at site BA 44 for the picture
and verbal hard tasks, and BA 47 tlee phonological easy task composite score analysis
that accounts for RT and accuracy can be fourippendix 5.3The data was screened for
anyRTs lying outside of 3 standard deviations of the participants mean for each task
(phonological, semantic verbal, semantic picture), difficulty (hard/easy) and TMS condition

(TMS/baseline), for that testing session.

Within subjects ANOVAs were used to lgza the effect of TMS on each condition,
for each individual site (e.g., to establish an interaction of Dyt&skby difficulty in BA
44). Additionally, effects emerging from ANOVAs wexglored usingpaired sample-t

tests We did not correct our-tests for multiple comparisons as the TMS effects were
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relatively weak and, in most cases, would not have survived the correction. As such, our
results can only be interpreted tentatively, but are nevertheless interesting in light of the
fMRI findings in Chaers 3 and 4.

Results

Posterior LIFG (BA 44)

Statistical tests for this site were used to test the functional specialisatio @B

for phonological material, and for verbal as opposed to picture semantic tasks.
Phonological and Verbal Semantic Comeuss

There was no significant effect of TMS (F(1, 21) < 1), and no interactions between
TMS and task (F(1, 21) < 1), or TMS and difficulty (F(1, 21) = 2=086). There was,
however, a significant threway interaction of TMS by task by difficulg(Z, 21) = 6.55§

.018). Pairedests revealedignificantdisruption ofthe easy verbal semantic conditiom (

.26), but no other significant TMS effectaple5-2). The significant thregvay

interactiontherefore appears to reflect an absence of TMS effects for the phonological

task, n the context of facilitationdr demanding semantic decisiofSigure5-1).

= BA 44
2750 -
@ 2250
E
E m Baseline
1750 - *
OTMS
- ﬁ ﬂ
750 -
Easy | Hard | Easy Hard |
Phonological | Semantic Verbal |

Figureb-1. Baseline and TMS RTs for phonological and semantic tasks following TMS to BA

44. Error bars indicate standard error of threean.
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Verbal and Picture Semantic Comparisons

There was a marginal effect of TMS (F(1, 21) = 3@82098), and a significant
interaction of TMS and difficulty (F(1, 21) = 15.3¥5,.001), but no interaction of TMS and
task (F(1, 21) < 1), and nade-way interaction of TMS by task by difficulty (F(1, 21) < 1).
Paired ttests for the picture semantic tasks revedkignificant facilitation for the hard
picture condition p = .021;Table5-2), that resembled the facilitation seen for the hard
verbal semantic conditianThe significanTMS by difficulty interaction therefore reflected
the increase in RT for the easy versions eftésks and the decrease in RT for the hard

versions of the tasks following TMEdure5-2).

" BA 44
2250 -
v
£ 1750
E m Baseline
oTMS
1250 - ﬂ
750 -
Easy Hard | Easy Hard |
Semantic Verbal Semantic Picture |

Figureb-2. Baseline and TMS RTs for verbal and picture semantic tasks following TMS to BA

44. Error bars indicate standard error of the mean.

Anterior LIFG (BA 47)

Statistical tests for this site examined the hypothesis that BA 47 showsonal
specialisation for semantic, over phonological, material. Additionally, we wanted to explore
whether this site is recruited when participants are required to identify semantic

associationgor pictures as well as words
Phonological and Verb&emantic Comparisons

There was no significant effect of TMS (F(1, 21) < 1), and no interactionsdmetw
TMS and task (F(1, 21) < lefie was a significant interaction of TMS and difficulty (F(1,
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21) = 13.574p = .001), but no threavay interaction ofTMS by task by difficulty (F(1, 21) <

1). Pairedtests revealed a significamthibitory effect of TMS for the easy verbal semantic
association judgementp € .QL6), and significant facilitation for the phonological hard task
(p=.048), but no other sigficant TMS effectslable5-2). The significant TMS by difficulty
interaction is likely to be the result of the facilitation seen for both hard téskswing

TMS. The significant slowing of the easy verbal semantic judgements shows some overlap

with our fMRI results where B4/ was preferentially involved in verbal semantic

judgements Eigure5-3).
0 BA 47
2750 -
@ 2250 -
E
o m Baseline
1750 - *
OTMS
- j_x—‘ ﬂ
750 -
Easy | Hard | Easy Hard |
Phonological Semantic Verbal |

Figure5-3. Baseline and TMS RTs for phonological and semantic tasks following TMS to BA

47. Error bars indicate standard error of the mea
Verbal and Picture Semantic Comparisons

There was no effect of TMS (F(1, 21) < 1), and no significant interaction of TMS by
task (F(1, 21) < 1), but there was a significant interaction of TMS and difficulty (F(1, 21) =
6.356,p = .020).Thethree-way irteraction of TMS by task by difficulyas not significant
(F(1, 21) < 1). Pairadsts revealed no significant TMS effects for the picture tabBablé
5-2). The significant TMS by difficulty interactiothierefore likely to be a result of the
facilitation seen for both hard tasks following TM)(ire5-4).
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Easy Hard | Easy Hard |
Semantic Verbal Semantic Picture |

Figureb-4. Baseline and TMS RTs for verbal and picture semantic tasks following TMS to BA

47. Error bars indicate standard error of the mean.
Posterior Middle Temporal Gyrus (pMTG)

Statistica tests for this site were used to explore the role of pMTG in both verbal

and nonverbal semantic control.
Phonological and Verbal Semantic Comparisons

There was no significant effect of TMS (F(1, 21) ant) there were no significant
interactionsinvolving TM$TMSby task, TM Dy difficulty, TMSby taskby difficulty: F(1,
21)<2.6,p>.12). As there were no significant effects, faather statistical tests were

performed(Figure5-5).
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Phonological Semantic Verbal |

Figure5-5. Baseline and TMS RTSs for phonological and semantic tasks following TMS to

pMTG. Error bars indicate standard error of the mean.
Verbal and Pictureggnantic Comparisons

There was no effect of TMS (F(1, 21) < 1), and no significant interaction of TMS by
task (F(1, 21) < 1), but there was a significant interaction of TMS and difficulty (F(1, 21) =
11.659,p =.003). The¢hree-way interaction of TMS by $& by difficultywas not significant
(F(1, 21) < 1). Pairddsts revealed significant slowing of the easy picture condifon (
.001),and the easy verbal judgements+£ .053) as well assignificant facilitation for the
hard picture taskf{= .021 Table5-2; Figure5-6). The significant TMS by difficulty
interaction is likely to be a resuiff the facilitation seen for both hard tasks, while there
was slowing for both easy semantic tasks, following TMS to this site. The finding that the
semantic picture associationgere slowed following TMS to pMTi&consistent with the
significant increasen pMTG activity fohard relative to easy picture judgements (despite

this tasknot producing significant activation over rest).
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Figureb-6. Baseline and TMS RTs for verbal and picture semantic takslsifigi TMS to

PMTG. Error bars indicate standard error of the mean.
Occipital Pole (OP)

OP was used as a control site; therefore statistical tests were used to capture any
non-specific effects of TM@ypically behavioural facilitatio;ambon Ralph, et al., 2009
Whitney, Kirk, et al., 2031

Phonological and Verbal Semantic Comparisons

There was no significant effect of TMS (F(1, 21) < 1), and no interactions between
TMS and task (F(1, 21) = 1.14¢, .302), and TMS and difficulty (F(1, 21),<but there
was a threeway interaction of TMS by task by difficulty (F(1, 21) = 7435014). This
three-way interaction was investigated using paitedts andtheserevealed no significant
TMS effectsTable5-2, Figure5-7). The interaction may have resulted from the facilitation

seenfor the verbal semantic hard task andt other tasks.
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1750 -
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1250 -m
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Easy | Hard | Easy Hard |
Phonological Semantic Verbal |

Figure5-7. Baseline and TMS RTs for phonological and semantic tasks following TMS to OP.

Error bars indicate standard error of the mean.
Verbal and Rture Semantic Comparisons

There was no significant effect of TMS (F(1, 21) = 1831190), and no sigficant
TMS interactions (TMS lgsk, TM®y difficulty, TMSoy taskby difficulty: F(1, 21) < 1). As

there were no significant effects, no furthetatistical tests wer@erformed (Figure5-8).

2750 - OP
2250 -
v
£ 1750
L m Baseline
OoTMS
1250 -
750 -
Easy Hard | Easy Hard |
Semantic Verbal | Semantic Picture |

Figureb-8. Baseline and TMS RTSs for verbal and picture semantic tasks following TMS to

OP. Error bars indicate standard error of the mean.
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Phonological Verbal Picture
Easy Hard Easy Hard Easy Hard
df 21 21 21 21 21 21
BA 44
t 0.13 -0.34 -2.07 1.99 -1.5 2.49
p 0.9 0.741 0.026**  0.059" 0.075 0.021"
BA 47
t -1.54 2.1 -2.32 0.87 -1.11 1.33
p 0.138 0.048" 0.016*° 0.395 0.28 0.2
pPMTG
t 0.76 .763 -1.69 1.06 -4.55 2.49
p 0.456 454 0.053* 0.3 .000*** 021"
OP
t 1.03 -0.5 -1.52 1.221 -1.19 -.306
p 0.316 0.62 0.144 0.236 0.247 762

Table5-2. Paired sample-tests Notes pMTG = posterior middle temporal gyrus, OF

Occipital Polg*p < .05, ***p < .001, all comparisons are tvt@iled; * denotes

AAIYATAON Y

Summary of Findings

R AighificHet SéchitatighTonetaited taesti Sa &

The hard versions of each task did not show significant slowing following TMS for

any of the sitesParticipant RTs may have been at ceiling performance and therefore

insensitive v the disruptive effects of TMS. Thus it may be the case that stimulation

produceseither no effect at all, or has alerting effecton performancgfor a graphical

representation, sedppendix 5.2 Therefor&
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each task have been plotted in order to help summarise the TMS disruption for each task at

each siteWe found that TMS significantly disrupted verbamantic judgements following

stimulation of BA 44 and BA 47, with perhaps some indication that picture semantic

judgments were slowed following TMS to BA 44 (sa@nificant) and that stimulation of

pMTG resulted in significant slowing of picture and eédemantic association judgments,

but not phonological tasks.
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Figureb-9. TMS effects. Difference in RT between TMS and baseline performance (TMS
no TMS) for each site. Positive values indicate a degliperformance following TMS.
Error bars indiate standard error of the meanjndicates a significant effect of TMS

relative to baselinep <.05.
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Figureb-10. TMS effects. Difference in RT between & baseline performance (TMS
no TMS) for each site. Positive values indicate a decline in performance following TMS.
Error bars indicate standard error of the medimdicates a significant effect of TMS

relative to baselinep <.05.

An additionalkanalysis using composite scores can be founbipendix 5.3



147

Discussion

This study sought to confirm the functional dissociations within the languag
control network seen in both the literature and our own data (Chapters 3 and 4) by using
TMS to disrupt performance in three test sites, BA 44, BA 47 and pMTG on tasks spanning
domain and modality. We attempted to manipulate difficulty, but this marapah proved
AyaSyariargdsS (2 c¢a{y olFlaStAyS LISNF2N¥YIyoOoS F2N
TMS effects were seen, they resulted in generic facilitatibnsTn order to answer
guestions as to 1) specialisation by domain and 2) modality, flieudiy manipulation was
discardedand we focused our interpretationan K S WS 2428 Q @SNARAA2Y 27F S|
the long RTs for the easy condition, these tasks may be better classbdlEnging
phonological rhyme, verbal and picture semamtecisions. h comparison to many other
a0 dzRAS&s 2 didkdy: HbBdxambleéGowgls et al(POBEReport RTs under 1,000
ms, even after TMS, across both their phonological and semantic tasldid:Devlin, et
al., 2003Nixon, etal., 200 ¢ KSNBI & 2dzNJ we & SSEaRSS Ri NSl HEndn  Sy@
gAGK2dzi ¢a{®d !'aAy3d (GKS wSlIaeqQ 2yte GNRIfa ¢S
judgements following stimulation of BA #4at exceeded the effects for the phonological
task 2) significant slowing of verbal semantic judgements fatg TMS to BA 4that
exceeded the effects for the picture task; 3) TMS to pMTG resulteldwing of semantic
not phonologicaljudgementsincluding a highly significant effect for picture semantic
judgementsandslowing of the erbal semantigudgments and 4) no effects of stimulation

for occipital pole (OP).

The disuption of the verbal semantiudgements following stimulation of BA 44
partially confirms our fMRI findings (Chapter 4), where a preferential response to verbal
semantic matedl was seenAdditionally, BA 44 showed significant activity for the picture
semantic judgments which was also modulated by difficulty, despite being preferentially
activated by verbal material overall (Chapter 4); similarly, stimulation of BA 44 showed
slight (marginally significant) slowing of picture semantic judgments in our TMS. study
However, the greatefMRIresponse in BA 44 to the phonological tasks (Chapter 3) was not
confirmedby our TMS results, possibly because gimnologicatasks were insesitive to
TMS (as we did not see disruption for either phonological task following stimulation of any
of our sites). However, significant disruption of phonological tasks following TMS to BA 44
has previously been showwith less than half our NGough, et al., 20Q%ixon, et al.,

2004): both of our phonological tasks had longer RTs than those in these studies which may
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have reduced the capacifgr TMS to lengthen RTs. The verbal semantic disruption is in line
with previous fMRI studies reporting BA 44 activation in tasks requiring selection from
amongst competing semantic alternativ@adre, et al., 2005ThompsonrSchill, et al.,

1997). Furthermore, many studies shovposterior LIFG activation for tasks requiring both
phonological and semantic contr@@abrieli, et al., 19985o0ld, et al., 2003Noonan, et al.,
submitted Snyder, et al., 20070ur TMS dat therefore add to the literature suggesting

that BA 44 may contribute to linguistic (and possibly4finguistic) control across

modalities/tasks.

TMS to anterior BA 47 disrupted verbal, but not picture semantic judgements
which is in line with our fidings in Chapter 4, where BA 47 showed preferential activation
for verbal semantic material. Our results are also in accordance with previous TMS studies
reporting disruption of semantic tasks in anterior L{B®&vlin, et al., 20035ough, et al.,

2005 Hoffman, et al., 201,0/hitney, Kirk, et al., 2031Whitney, et al., 201R while adding

that stimulation of BA 47 does not affect picture semantic judgements, which is contrary to
some fMRI studies reporting equivalent activation of verbal and picture semantic material
(Wagner, et al., 199&right, et al., 201} This provides more evidence to suggest that

alFG is reserved for more abstract semantic judgments, whereby LIFG shows a gradient of
specificity with tasks requiring use of atzstt information necessitating recruitment of BA

47 (Badre & D'Esposito, 20pRdditionally, the lack of TMS effect for the phonological task
agrees with both fMRIRoskies, et al., 200and TMS studie®evlin, et al., 2006350ough,

et al., 200% reporting anterior IFG to be specific to the semantic dom@he combined

fMRI and TMS study conducted by Devlin and collea(l883 speaks to our data: they

found activation throughout LIFG for phonologiaat semantic tasks, and used TMS to

show thatdespite the activation of anterior IFG areas for phonological tasks, stimulation of
this site only disrupted the semantic task (with no disruption of their phonological task).
This is similar to our data, as we found BA 47 to be attiffdRIfor both phanological and
semantic decisions (although upon further inspection, our ROI also highlighted a degree of
domain specificity from dorsal to ventral BA 4Barde & Thompsoschill, 2002Gold &
Buckner, 2008 butthere wasno effect of TM&t BA 47or the phonological tasks. It is

helpful to discuss our findings light of other studies, as we did not manage to disrupt the
phonological task at any of our stimulation sites, therefore the lack of effect cannot be

taken asstrong evidenceagainsta role forBA 47in phonology However, other studies
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have confirmedhis functional dissociation using TMS, and thus are helpful in drawing

conclusions with regard to our own data.

Interestingly, while our picture semantic tasks did not elicit significant activation in
PMTG, stimulation of pMTG was the only site whichvebo disruption of the picture
semantic task. This finding is in line with another TMS study which disrupted picture
semantic judgements following TMS to pMTG, while also disrupting verbal semantic tasks
(Hoffman, et al., 2011 Previous TMS studies have shown that TMS to thisieis
significantly affect RTs for verbal semantic tagksffman, et al., 201 IWhitney, Kirk, et al.,
2017, Whitney, et al., 201R in fact stimulation of pMTG has disrupted numerous semantic
task types involving both associative and feature selection judgenf@rigney, et al.,
2012. Our TMS results showirgignificant slowing for picture semantic judgemehts/e
parallelswith the neuropsycholoigalliterature where patients with semantic aphaswho
have lesions to temporoparietal regiarigave been shown to have deficitsamodal
semantic contro{Corbett, Jefferies, Ehsan, et al., 20@9rbett, Jefferies, & Lambon Ralph,
2009, and this demonstrates an advantage of conmty techniques (neuropsychology,
fMRI, TMS). We also found no disruption of the phonologasK following TMS to pMTG,
in line with other studies suggesting a specific role for this site in semantic c@dtohan,
et al., submitted, but our TMS results cannot confirm the involvement (or not) of this site
in phonological taskgsthere is no evidence our phonological tasks were sensitivedo th

effects of TMS

While our results show some similarities to both our fMRI data (Chapters 3
& 4) and previous findings in the literature, they also highlight some of the difficulties
associated with using TMS. For example, while we used functional freakthe fMRI
data for sixteen of our twentywo participants, the selection of TMS site was anatomically
constrained, and as such we may not have been stimulatsigeaf maximal functional
relevance Previous TMS studies have stimulated BA 45 for theestigations of semantic
control (Whitney, et al., submittepWhitney, Kirk, et al., 202 WWhitney, et al., 201
however our TMS sites were restricted to peaks falling within BA 44 and BA 47, and
therefore may have reduced the likelihood of producing large TMS effdatover, the
facilitation seen for the majority dhe hard conditionsAppendix 5.2Figure 1 & P
demonstrates the importance of creating tasks that are sensitive to the effects of TMS.
Other studies have also reported general arousal following TMS to both control tasks and

sites(Hoffman, et al., 20L;1Lambon Ralphet al., 2009Pobric, Jefferies, & Ralph, 2010
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Whitney, Kirk, et al., 201IVhitney, et al., 2012 and in some cases the experimental tasks

as well(Drager, Breitenstein, Helmke, Kamping, & Knecht, 200ile no strong

conclusions can be drawn based on our TMS data, they do align well with our fMRI findings,
and as such, are informative in that they:téptatively confirm BA 44 and BA 47

preferene for verbal over picture semantic materiahd 2) cautiously implicate a role for

pMTG in semantic associative judgemesatsoss modality (i.e., verbal and picture)
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Chapter 6: A Study of Retrieval and Selection Processes in
Left Inferior Frontal Gyrus and Posterior Middle Temporal

Gyrus Using Cyclical Picture Naming

Introduction

We have shown that a distributed network of brain areas contributes to amodal
semantic control (Chapters 4, 5), and in this chapter we turn to the contribution of, two
areas withinthis network, left inferior frontal gyrus (LIFG) and posterior middle temporal
gyrus (pPMTG) to different aspects of semantic contealtients withsemantic aphasieS@
who manifest deregulated semantic contfmovide an opportunity to investigate deficits
acrosghe semantic networkas they have lesions in both frontal (encompassing LIFG) and
temporoparietal (TP; encompassing pMTG) brain ar€asse patients have been shown to
have deficits in semantic contracross a wide variety of tasks and across modali¢igs,
environmental sounds, pictures, object use, verbal mate@akbett, Jefferies, Ehsan, et al.,
2009 Corbett, Jefferies, & Lambon Ralph, 2008rbett, et al., 2011Jefferies, et al., 2007
Noonan, et al., 2010 Additionally, a large body of neuroimaging and TMS literature
implicate the two areas in semantic contfelg.,Gold, et al., 2005G0ld & Buckner, 2002
Hoenig & Scheef, 200Bloffman, et al., 20L0Noonan, et al., submittedNoppeney, et al.,
2004 Price, 2010Whitney, et al., submittepWhitney, Jefferies, et al., 201Whitney, et
al., 2012.

The left inferior frontal gyrus (LIFG) has been extensively studied with regard to its
contribution to semantic control, with some debate over the exact mechanisms (selection
and retrieval) involved in recovering contegppropriate semantic information. Some
research has shown LIFG recruitment for semantic tasks in which competing
representations vie foselection Thompsor{f OKAf f = 5Q9aLJ2 (A2 = ! 3 dzA NN
found consistent increased activity in BA44/45 for selection from amongst competing
semantic alternatives, across three difént semantic tasks (generation, classification and
comparison). This is corroborated by other research which has also found activation
throughout LIFG (BA 47, 45, 46) when selection demands are incrigese, et al., 2005
Moss, et &, 2005. However, LIFG has also been shown to be recruited when automatic
processes are insufficient, so talown processes guide controlled retridwd task relevant
information (i.e., in tasks with increased difficulty or ambiguity; Wagner, et al., R@aik

example, a study whicmanipulated retrieval demands by requiring participants to make
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decisions on strong or weak associations, with either two or four possible targets,
demonstrated that even when selection demands were held constant, BA 47 showed
increased activation for heigened demands oretrieval (Wagner et al., 2001; see also,
Buckner, et al., 199®emb, et al., 199Fiez, 1997Gabrieli, et al., 199&apur, et al.,
1994 Peterson, et al., 1988Vagner, et al., 2000As such, retrieval guides semanti
activation when cugarget associations are weak, regardless of competition (i.e.,

selection)

Furthermore,Badre, Poldrack, Paiglagoev, Insler, and Wagn@005 suggest
dissociation between retrieval and selectjamithin the semanticontrol network They
demonstrated that manipulations @étrievaland selectionincreased activation in BA 45,
while only retrievalselectively activated BA 47. This shows, they argue, a graded distinction
within LIFG for different aspects of semantiotol, with aLIFGEA 47 recruited for
semantic retrieva(Bedny, et al., 2008Vagner, et al., 200 Whitney, et al., 2008and
pLIFGBA 45 for selection(Gold, et al., 2006 Despite the attempt to tease apart selection
and retrieval, it may be more accurate say that these tasks load these two comporgent
differently (i.e., load more heavily on selection or retriev@yder, et al., 203 Whitney,

Kirk, et al., 2011 Snyder, Banich andunakata(2011) suggest that aLIFG (BA 47) and
pLIFG (BA 45) play a rolébimth selection and retrieval. Using verb generation tasks, they
manipulated difficulty for etrieval and selection demands using competition (selection)
and associative strength (retrieval). They revealed very similar activation across the tasks

for both BA 45 and BA 47, suggesting that selection and retrieval interact in LIFG.

Similar to BA 4fMTG has often been implicated in retrieval, not selec({®adre,
et al., 2005 Gold, et al., 2008\Noppeney, et al., 2004For example, Badre et #2005
ascribe a role to pMTG in controlled semantic retrieval, showing increased activity for low
semantic associations and increased target number, but not for increases in selection
difficulty (.e., insensitive to manipulations of judgement specificity and congruency),
implicating a possibly exclusive role for this area in retrieval but not selection. However,
other studies have reported pMTG recruitment across a range of semantic control tasks
(i.e., not exclusive to retrieval; e.@@edny, et al., 20Q&viatar & Just, 200&ennari, et al.,
2007, ThompsonrSchill, et al., 199&Vhitney, et al., submittegdZempleni, et al., 2007 For
example, Whitneet al. (2012 used tasks that manipulated either retrieval (associative
strength) or selection (semantic feature selection) and disrupted performance on both

manipulations following TMS to LIB&dpMTG. Therefa, it is clear that pMTG is
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recruited for tasks that place increased demands on semantic control, but the exact

contribution of this site is unclear.

Therefore, developing tasks that manage to tease apart retrieval and selection
processes is crucial to darstanding the role of LIFG and pMTG in semantic control. A task
often used when assessing semantic control deficits in patients with SAdgdlieal
naming task (with versions across modalities, e.g., cyclical word to picture matching), which
these paients perform poorly onln cyclical naming/matchintasks, the same set of
semantically related items is presented repeatediycyclessuch that targts become
distractors on the next cycle. Performance on related items is compared to unraleted
of items which are made up of those presented in the related blocks (i.e., carrot from a
related set of vegetables occurs in the unrelated sets along with items such as car (from a
related set of cars), football (related balls set), shoe (related cloti@tjgand so on). This
repetition of semantically related items is thought to increase competition amongst related
items (possibly due to spreading activation, and the task requires selection of concepts that
have just been inhibited), making naming (or ctdhg) the appopriate item more
challengind(i.e., having to inhibit previously relevant semantic items of theesaategory;

Belke, Meyer, & Damian, 2006ampanella & Shallice, 2QXBardner, et al., 2012

Jefferies, et al., 2007An advantage of this task is that, in healthy participants, retrieval

and selection can be assessed separately. Participants are slow to identify the first cycle of
items (both related and unrelated), as each one mustdigevedfor the first time,

however, the sharp decrease in latencies from cycle one to two indicates that retrieval is no
longer challenging. It is from cycle two onwards that the selection demands are seen,
where semantically related sets of items are slower to be named/identifiad unrelated

items (as there is no within category competition).

Gotts and Plau2002 have provided a model to explain why repetition of
semantically related items increases control demands. They suggest that tlaere is
increase irpre-synaptic depression, which reduces the efficiency with which new stimuli
Oy 0SS RSt delacteryl JISNNSWERdRON e ofsDechrteordingtb this
model,the cyclical naming/matchintask offers a measure aeuromodulatory control
over intact semantic representationst semantically related setswhere more units are
shared, synaptic depression builds (lpgcause transmitter releasen® longersuppressed,
which allows synaptic depression to build up amstrelated items as they share the same

active unitstherefore more errors are madéhan for unrelated set$where synaptic
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depression is lowebecause items do not share active uhitlternatively, the blocking

STFFSOG YIe y2i0 NBperddy KADHNEKX 2VOEAORIAYY (KE8 D2GGa |
Y2RSt 03X o0dzi NFINRENI FINBN2 WREAIB NI KAOK GKS 02y OSLIia
interfering with subsequent tals (Campanella & Shallice, 2018s such, thdlocking

effect occurs when semantically related items are presented at a fast rate, and there is

little time for the activated items to dactivate causing the entire set of related items to be

col O0AQPSS NBadzZ GAy3a Ay &aGNRBy3I O2YLISGAGA2Y 0SGgSS)
FYR GKS Wil NHEORG AGA IR OWK 8PLIENGA & A& &dzLILIR2 NI SR o6
make more perseverations, suggesting that the previous item remainsratatly active

(Campanella & Shallice, 2010

Patients with SA show impaired performance for both nagrand matching
versions of these cyclicasks as competitbn amongst related items builds up across
cyclesg causing more errors/perseverations; while patients with SD do not show a-tyuild
of competitionwith item repetition across cyclddefferieset al., 2007 Warrington &
Shallice, 1984 Furthermore, not all patients with SA struggle on this task: patients with
temporoparietal infarct§TP; encompassing pMT&jow weakeblockingeffects than
patients with frontal lesias, on allversions of theecyclical semantitasks (Gardner, et al.,
2012 Jefferies, et al., 20QBchnur, Schwartz, Brecher, & Hodgson, 2@6inur et al.,
2009. A direct comparison of SA patients with frontal and TP lesions on comprehension
versions of the cyclical matching task, reveals ffatents with posterior lesions do not
aK2g Iy Wbcaingprie ) despite being similar to the left frontal @Aients on
other assessments of semantic and reemantic contro{Gardner, et al., 20)2This
dissociation has also been demonstrated using cyclical naming tasks, where a caoriislatio
seen between the size &lFG damage, but not left tempoddmage andthe size of the
blockingeffect (i.e., lesion size and location prieted the size of the blocking effect;
Schnur, et al., 2006

Furthermore, Schnur et 82009, using healthy participants, found thatFG was
significantly more active during semantically blocked naming compared to unrelated
naming as well aglicitingmore activitythan temporal cortex fo semanticallyelated
naming: this replicates, in healthy individuals, the trend seen in patients with
frontal/posterior lesionge.g.,Gardner, et al., 201, 2efferies, et al., 200Bchnur, et al.,

2006). More specifically, they found a relationship between the number of errors produced

and signal difference for LIFG, but not for left temporal cortex (left superior and middle
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temporal gyri). Thisuggestthat LIFG is sensitive to competitianisingin semantically
relatednaming (i.e., difficulty selecting the appropriate name, when several others of the
samesemantic categor?y 2 RS Q ) aNiBeasu@diby &®ction difficulty during
blocked namingTaken together, these results sugg#sat LIFG igecruited for the
resolution ofthe type ofcompetition(e.g., selection difficulty) that arises througtclical
naming of semantic itemssevidenced by this compleméary fMRI and patient data.
Additionally, a recent metanalysis of neuroimaging work $ialso found a difference
between LIFG and pMTG in their contribution to semantic control, namely a lesser
involvement of pMTG in tasks requiring productigach as those in the Schnur et al.
(2009) task in which pMTG activation is not seen; Noonan, et al., subinittakien
together, this suggests that there may be fine distinctions in the semanticalorgtwork

with regard to the specificontributionsof LIFG and pMTG.

The current study uses rTMS to modify performancehancyclical naming task
(picture naming), with related and unrelated set$ie 1 Hz paradigm is used to induce
G @A NI dzF il LIFG &rid pNATYG Z0aimis tofurther clarify the role of these regions in
semantic control, more specifically, using a task in which selection and retrieval demands
are manipulated using the same stimuli. This is the first study, to our knowledge, that
disrupts the cyclical naming task using TMS, exploring the relationship of selection and
retrieval. Repetitive trains of TMS were delivered to transiently disrupt the neural
processing of the underlying tissue, manifested in the concurrent behaviouraptn of
tasks reliant on this are&iven that LIFG and pMTG have been widely shown to be a
crucial part of the semantic control netwo(Badre, et al., 2003Nhitney, et al., submitted
Whitney, Jefferies, et al., 201Whitney, Kirk, et al., 203IVhitney, et al., 201 this study
uses rTMS to provide insight into how these two key areas may be differentially recruited in
semantic control. TMS is a useful tool for investigating this dissociation, as it can be used on
healthy subjects andwit Y dzOK 3INBF GSNJ O2y G NRf 2@SNJ GKS Wt
investigating deficits in SA have already provided useful information as to tasks in which
LIFG and pMTG are differentially recruited, namely the cyclical naming task. In line with
these fndings from temporoparietal S@&ardner, et al., 201 Jefferies, et al2007.
Schnur, et al., 20Q6stimulation of pMTG was not expectedatiect task performance
YE{AYy3 AG | dzaASTFdzZ WO2YyUGNRf Qed@oshioB> g KALT S &dA
behavioural disruption on subsequent namihdpre specifically, in line with the

behavioural blocking effect, in which healthy participants show a reaction time detriment
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in later cycles, rTMS disruption of LIFG may manifest itself as |ormyetian times on later
cycles of semantically related sets (where selection demands increase). AsT®dgh,
disruption is measured usinglated and unrelated sets in the cyclical naming paradigm
after stimulation of pMTG and LIFG.

Method

Design

A within subject® x 2 x 3 x 2 factorial design was used, with TMS (no stimulation
vs. stimulation)condition (related, unrelated, cycle (1+2, 3+4 or 5+éd site LIFG,
pPMTQ as factors. This study used the rTMS virtual lesion method, delivering a train of
rTMS pulses offlingarticipants then performed the task immediately after stimulation,
allowing us to rule out the possibility that the loud ciglaw contractions, or eye blinks
associated with each pulsksrupted perfamance on the behavioural taskl'he orderof
the baseline and TMi&skswas counterbalanced, such that half of the participant
behaviouraperformanceg A 1 K2 dzi ¢ a{ 6 A ®S & >wasmoeasurSdieforgy S LIS NF 2 NXY |
TMS stimulation and the other haifas measure@0 mins or more postMIS stimulation
by which time the effects have washed qBbbric, et al., 2007
Participants

Thirteenparticipants were examined in the stud9 females; mean age = 20.15, SD
= 1.72. One participant who showed blanket facilitation across both sites for both
conditions (related/unrelated) was excluded from the analysis, as well as one other
participant who spoke Singaporean English participantsexaminedwere right handed,
native British English speakers recruited from the University of York student population
and were compensated £38 for their timall participants werscreened for TMS and MRI
safety and were thufree from any history of neurological disease or mental ilinesk a
were not taking anyprohibited medication.

Stimuli

All stimuli were colour pictures, which appeared on a white screen in succession in
either related blocks or unrelated blocks. The categories for these sets were as follows:
balls, balls 2, baked goodsirds, boats, cars, cartoen@artoons 2, cereals, clothing,
computer goods, dogs, drinks, evening wear, flowers, fruits, garden teas,
herbs/spices, instrumenisnstruments2, jewellery, kitchen goods, kitchen goods 2,

kitchen goods 3, pastriepets, puddings, sea creatures, transpaobls, vegetables
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vegetable, wintergear, zoo animals, zoo animalsFar a full list of items in each of these

categories sedppendix 6.1
Tasks

Picture probes were presented individually on a computer screen and participants
named each picture as it appeared. The naming sets alternated between related and
unrelated sets. In each set, five items were nariredycles, with six cycles per set, with a
ready screen between sets, which was gelted. Therefore TMS effects are cycle specific,
and cannot be attributed to TMS effects being stronger or weaker at any cycle, given that
all cycles are presented forparticular set, after which the next set of items (and cycles)
begins thus the TMS effects cannot be stronger on cycle one or wear off for the last cycle,

because the last cycle occurs every six cycles (over a total of 72 cycles per condition).

Procedure
A PC running-Brime software allowed for presentation and recording of response
times. Responses were giveerbally into a microphone which was connected to a Serial
Response (SR) Box (Psychology Software Tools). Eastatted with a fixation scren for
50 s followed by the presentation of the prokie whichparticipants were required to
make averbalresponse(i.e., name the picture)The participant rggonse triggered a blank
AONBSY oppnYao F2NJ 0KS LI NI hithkhedheytiri@d OSND I f
0S3Alyd 910K o6f201 61 & LINSBOSRSR o0& I AGaNBIl Re&Ké

response, on the SR box, to move onto the next block Kspere6-1).
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Ready?

je—— Probe/ltem 1

‘«\7 Response

50ms |

o

Probe/Item 2

Response

Cycle 6

Figure6-1: Experimental task procedurEigure6-1A provides a schematic of the trial

structure; Figure6-1B shows the repetition of cyes (related sets example).

Participants were familiarized with the stimuli before the experiment: participants
were presented with each stimulus with its name on screen and could proceed at their own
pace. They went through the stimuli twice beforegiining the task. This familiarisation
ensured that participants knew all the items so that we could examine the effects of task

context (related/unrelated and cycle) on retrieval and selection.

We attempted to reduce/eliminate any task learning effectsa{ could potentially
interfere with behavioural TMS effects), by requiring participants to practice the
behavioural taslkhe day prior to each TMS experimental session. This practice session
required participants to practice the task two times (differé@eins in each practice task),
with a total of 12 related blocks and 12 unrelated blocks (6 per practice task). No practice

items were used for the experiment.
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The TMS experimental sessibegan with a practice bloclyhich included 6
related blocks and @nrelated blocksThere weres blocks per condition
(related/unrelated) with participants performing a total df2 blocks (360 trials)per
experimental condition (baseline, pe$tMS) Participants performed the baseline task once
before TMS and once po$MS, but only one baseline was used for data analysis per
participant, and this once counterbalanced across subjects and Bises. block contained
5 items repeated 6 times randomly, but with no item occurring twice in a row (@éish,
carrot, potato, onion, pepper, onion). Related and unrelated blocks were alternated, such
that participants performed a set of related items, followed by unrelated, followed by
related and so on (or vieeersa, with an unrelated block firstjlo trials were repeated
within a sessiongr across sessior(ge., one week later)The orderthat categories were
presented in was counterbalanced across participants (e.g., participant A: clathirgk
one, dogsn week twg and vice versa for parifijgant B dogs in week one, clothing in week
two), as was whether theaskstarted with a related or an unrelated sgt.g., participant A:
related-unrelated; participant B: unrelatecklated), as well as the order in which each site
was tested (i.e., LIFQMTG, pMTGAIFG).

Selection of TMS Site

Structural Tiweighted MRI scans were usedittentify sites for stimulation in each
LJ- NIi A O A LIFh¢sé €riulation\site were identified froma neuroimaging meta
analysis examining semantic control, by way of a semantic high > low control contrast, with
the two strongest clusters being LIFG and pMNI@onan, et al., submittedThe
coordinatesx, y, zfor the LIFG site we -45, 19, 18 (MNIjand for pMTG wereb4,-49, -2
(MNI).Brainsight ZRogue Research, Montreal Canagaw.rogueresearch.comy was
used to ceregister participanscalps to their MRI structural imaged to identify
stimulation sites prior to rTMS administratidfour landmarks were used for-cegistering
the participantshead to their brain image (tip of the nose, bridge of the nose, left/right

tragus).

Stimulation Parameters

Before TMS testing began, individual motor threshold was determined in each
testing sessin. This was determined by thewest stimulation intengy required to elicit
contractionof the first dorsal interosseoud-D) musclein the contralateral hand. Motor

thresholds ranged betweeB9% and55%, with an average @@%of maximum stimulator
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output. A 70 mm figure of eight coil, attached to a MagStim Rapid2 stimulator was used for
repetitive magnetic pulses. Repetitive trains of TMS were delivered at 1 Hz for 10 mins;
participants were stimulated at 120% of their motor threshold.
Data Analysis

TMSdisruption was expected to manifest itself in delayedction time (RT)
rather than a decline in accura@alsh & Cowey, 2000therefore, RTdatafor correct
responses onlyas used for all analyséthe accuracy data can be foundAppendix 6.2
The data was screened for any reaction times lying outside 2 standard deviations of the
LI NGHAOALI yiQa YSIyYy F2N) SIOK O0edfS 6mMX HI o0X nI
condition (TMS/baseline), for that testing session. We colldpke six cycles into three for
the purpose of analysid) cycles 1 and 2; 2ycles 3 and43)cycles 5 and .6An analysis

across all six cycles, yielding very similar results, can Ingl iofAppendix 6.3

Repeated measureSNOVAs were used to analyze the effect of TMS on each
condition, for each individual sitéto establish an interaction of TMS x condition x cycle in
LIFG)Additionally effects emerging from ANOVAs were confirmed using Bonferroni
correctedtwo-tailed paired sample-tests(to confirm at which cycles TMS affected naming
RT) Additionally, an omnibus ANOVA was used to compare effects across sites: The
behavioural effects merged as expected with a significant effect of condition (F(1, 12) =
54.768, p < .001), a significant effect of cycle (F(2, 24) = 98.158, p < .001) and an interaction
of the two (F(2, 24) = 90.613, p < .001). This is seen in other cyclical namingistudies
healthy populations, where there is a decrease in initial reaction time between the first two
cycles and a relative increase for the related sets compared to the unrelated sets as the

cycles progres@Belke, et al., 2005

Results

Left Inferior Frontal Gyrus

Statistical tests for this site examined the hypothesis that TMS to LIFG would
differentially disrupt retrieval of semantically related items and xamine if these effects
interact with cycle. A within participants (2 x 2 x 3) ANOVA revealed a significanintayee
interaction of TMS by condition by cycle (F(2, 24) = 4.98, p = .016). This interaction reflects,
in part, the difference in response todtrelated and unrelated sets. The unrelated sets

show priming after cycle one, so the RT decreases across cycles, whereas there is strong
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competition in the related sets therefore there is no facilitation of RTs in subsequent cycles.
Therefore, the TMS bgondition by cycle interaction is expected to be driven by a

significant TMS effect for the related items where competition is greater.

A further 2 X3 repeated measures ANOVA, investigating the effects of TMS and
cycle, for each condition (related, unaged) was used to investigate this threeay
interaction. The ANOVA for related sets revealed a significant interaction of TMS by cycle
(F(2, 24) = 3.85, p = .036). TMS to LIFG produced significant slowing at cycles 1+2, as
evidenced by Bonferonni corread paired ttests (adjusted alpha of .0125 per test (.05/4)).
There was a significant difference between cycle 1+2 and cycle 3+4 post TMS (t(12) = 3.15,
p < .05), but no difference between cycles 1+2 and 3+4 in the no TMS condition #(12) =
.14, p = .890)There were no significant differences between cycles 3+4 and 5+6 for TMS or
baseline (t(12) < 1). TMS did not produce slowing of later cycles, where selection demands
might be highest, but instead earlier cycles were differentially affected, when ratriev

demands were highesF{gure6-2).

I I
Zig F jﬁ l —&—Baseline

620 - T™MS

1+2 3+4 5+6
Cycle

Figure6-2: Left Inferior Frontal Gyrus: Related Sets. TMISR& significantly increased the
difference in RTs for cycles one and two of the semantically related sets but not the no TMS
baseline. Error bars represent standard error of the mean. Asterisk represents significant

change in RT (p < .05).
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The ANOVA fornurelated sets showed a trend towards an effect of TMS (F(1, 12) =
3.704, p = .078), but no significant interaction of TMS x cycle (F(2, 24) = 1.394, p = .267,
Figure6-3).

S 640 - T T —o—Baseline
(&)

S 620 - ™S
04

1+2 3+4 5+6
Cycle

Figure6-3: Left Inferior Frontal Gyrus: Unrelated Sets. TMS to LIFG did not slow RTs for
semantically unrelated sets relative to the MMS baseline. Error bars represent standard

error of the mean.

TMS to LIFG only slowed naming on early cycles of naming related sets, with no
such slowing for unrelated sets. If TMS were to disrupt retrieval, then this slowing should
have been seen farycle 1+2 of the unrelated sets, but this was not the case, suggesting
that LIFG plays a crucial role when retriesadi selection demands are high due to the

competition between related items.
Posterior Middle Temporal Gyrus (pMTG)

Statistical tests fothis site examined the hypothesis that TMS to pMTG may not
slow naming of the cyclical naming task. A within participants (2 x 2 x 3) ANOVA revealed
no significant effects of TMS at this site (F(1, 12) < 1) and no-timgenteraction between

these factas (F(2, 24) = 2.008, p = .15fgure6-4). Given that no TMS effects or



163

interactions emerged, no further analyses were conducted for this siteM&td pMTG

does not appear to affect behavioural performance of the cyclical naming task.
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React

Figure6-4: Posterior Middle Temporal Gyrus : TMS to pMTG had no effect on naming for
either semantically relatedraunrelated sets, relative to baseline. Error bars represent

standard error of the mean.
Between Sites

An omnibus ANOVA did not reveal a significaatn effect of sitebut there was a
site by condition interactionThere waslsoa significant interactin of TMS by condition by
cycle p=.008), pssilly driven by the significant slowing of haming for the LIFG site, but
there was no four way interaction of site by TMS by condition by cycle (F(2, 2&aklé4;
6-1). The data presented above suggests that the two sites show different patigitiis,
effects of TMS at early cycles of related naming for LIFG, but not for phdW@yer,the

omnibus ANOVAaes not provide conclusive evidence for this difference
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Between Sites df F p

Site 1,12 1.363 .266
T™MS 1,12 1.972 .186
Site x TMS 1,12 2.132 170
Site x Condition 1,12 5.626  .035*
TMS x Condition 1,12 <1 .396
Site x TMS x Condition 1,12 <1 486
Site x Cycle 2,24 <1 .853
TMS x Cycle 2,24 2.318 120
Site x TMS x Cycle 2,24 <1 530
Site x Condition x Cycle 2,24 2.49 104
TMS x Condition x Cycle 2,24 5.883  .008**
Site x TMS x Condition x Cyc 5, 60 <1 434

Table6-1. F and p Values for between sites omnibus ANG P . 001, *p < .05

Discussion

This study sought to confirm the role of LIFG and pMTG in semantic control, namely
retrieval and selection processes, using the cyclicaling task, with rTMS. Studies of
patients with semantic aphasia (SA) have previously indicated that there may be a
difference between LIFG and pMTG in their contribution to semantic cai@eaoidner, et
al., 2012 Jefferies, et al., 2005Bchnur, et al., 2006despite many studies showing similar
involvement of the two areas in many control demanding tadlappeney, et al., 2004
Whitney, Jefferies, et al., 201Whitney, Kirk, et al., 203WWhitney, et al., 2012Nright, et
al., 201). This study confirms that there is a dissociation, with TMS to LIFG causing
disruption of performance on a naming version of the catlimmingtask,but no such
disruption following TMS to pMTG. More specifically, this disruption manifests itself as a
significant and specific slowing of naming latencies, relative to baseline, in the first cycles of
repeatedcyclicalnaming of semantic8l related items. Meanwhile, TMS to pMTG caused
no change in naming latencies for either condition of thgk¢ confirming, in healthy
participants, the pattern seen in temporoparietal SA. This is in contrast to previous TMS
studies showing parallel TM&exts after stimulation of LIFG and pMTG for semantic
association task@Vhitney, Kirk, et al., 202WWhitney, et al., 201p and therefore helps to

elucidate the discrete specialisations within semantic control for these two sites.
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Lexical vs. Semantic Access

LIFG is associated with speech production/lexical selection, as well as semantic
selection, and our task involved both. Some studies propose that the effects seen in the
OO0t AOllIt yIFIYAy3a Glal 200dzNJ G GKS wWandYYI Q S
with healthy participantgBelke, et al., 2009Vaess, Friederici, Damian, Meyer, & Levelt,
2002 Schnur, etal., 2006, and therefore effects for cjical tasks would only be predicted
for tasks requiring production. However, Jefferies e{2007) directly compared
production and worebicture matchingversions othe cyclical semantitask and revealed
that patients withlesions encompassing-Gshoweda decline irperformance on both
tasks,suggestinghat the competition occurgrior to lexical selectiofsee also: Gardner, et
al., 2012. If theblockingS F ¥ SO0 200dzNE i Wi SYYlF &St SOliAz2yc¢
specific to picture naming and not generalize to other versions of the taskdthaot
require naming such as worepicture matching taskdHoweverthe effectis seen in such
tasks, thus theyclical naming/matchintask likely loads on some aspect of semantic
control. Similarly, Campanella and Shal{@@10 foundimpairedrecognition of items
across serial presentations on a word to picture matching task, for healthy participants. The
authors argue that the most compatible explanation with their findings is that competition
occurs within the semantic system (also formentpposed byl evelt, Roelofand Meyer
(1999, and compatible with findings froddahon, Costa, Peteos, Vargas, an@aramaza
(2007), as the competition can only occur after the concepts have been elicited by the

pictures (there is no need for activation of pesgmantic lexical representatigin

Additionally, there is some debate as to the cause of this blocking effect:
Campanella and Shalli¢g010 claim that their results are due to hypé#acilitation, as
participants made a greater number of perseveratigrsuggesting that the previous target
Aad AGAEE WHOY2NXNFEE28Q FOGADST 1IN/ diAARSYE B
where items become inhibited after their initial activation due to increhsgnaptic
depressior{Campanella & Shallice, 20XBotts & Plaut, 2002 Low frequency TMS is
thought to induce synaptic depressi@Reithler, Peters, & Sack, 2Q1Wvhich according to
Gotts and Plau2002), results in more errors (in patients). This could be one possible
explanation as to why we see TMS effects on early cycles, where TMSiweagdused a
decrease in post synaptic activifywhich would usually result from repetitions of the same

stimuli (Gotts & Plaut, 2002
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Left Inferior Frontal Gyrus

A recent study specifically investigated the role ofimtal and selection in LIFG
using verb generation tasks to manipulate the difficulty of retrieval (associative strength)
and selectior(increased competition; Snyder, et al., 201They found that when retrieval
demands were low, selection modulated activity in BA 45/47, whereas when retrieval
demands were high (more difilt/lower associative strength), there was no further
modulation of activity for selection (activation was constant for both low/high selection
within the high retrieval conditiond this suggests that it may be difficult to see an effect of
selection wha retrieval demands are high. Our study demonstrates an interaction of the
two processes in LIFG where on cycle one the demands on retrieval and selection are high:
cycle one requires a) initial retrieval of each item and b) selection from amongst comgpetin
semantically related items. In contrast, on the second cycle of semantically related naming,
the demands on retrieval are considerably reduced (duespetition and within category
facilitation), whereas the demands on selection remain, however TMBaditinpact
selection of the target item. Thus, stimulation of LIFG interfered with naming at the point
when the requirement for retrievadnd selection peaked, producing a cycle specific effect

of TMS for the related sets on initial cycles.

The TMS effestemerge in our study at the point at which the demands on
retrieval and selection are at their highest. This is in contrast to the pattern seen in SA,
where the effects of competition emerge on later cycles of cyclical naming (or indeed,
matching). It ipossible that TMS to LIFG increases the difficulty of retrieving/selecting
items at cycle one, but healthy participants manage to overcome this difficulty across
multiple presentations, as such the TMS effect only manifests itself on the first cycle of
ead semantic set. More difficult tasks are often thought of as more vulnerable to TMS
effects(Devlin & Watkins, 20Q7as such, disrupting LIFG using TMS could make the most
challenging parof the task more difficult which in this study would be the time at which
the demands on retrieval and selection are at their highest (cycle ¢ns)important to
note that this is not a result of the TMS effects wearing off across cycles, ases| angcl
presented for a particular set, after which the next set of items (and cycles) h#gissthe
TMS effects cannot wear off for the last cycle, because the last cycle occurs every six cycles

(over a total of 72 cycles per condition).
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Similarly, TM$&as previously been shown to disrupt selection and retrieval
processes in LIFG. For exampihitney et al.(2012) used semantic associative judgments
(to assess retrieval) and semantic feature selection tasks (to assess selection) and found
equal disruption of tasks following TMS to either LIFG or pMTG; this suggests that LIFG is
recruited for both executively demanding processes (retrieval and selection), as there was
no disruption for the easy conditions of either task. Furthermore, Hoffman, Jefferies, and
Lambon Ralpl2010 slowed abstract (synonym) judgments that were preceded by an
irrelevant contextual cue (making the executive demahigger), but not abstract word
judgments preceded by a relevant cue (lowering executive demands), following rTMS to
LIFG. This task places demands on selection and retrieval: it requires participants to
retrieve a word based on a cue, but to also seleatrif amongst three alternatives. The
current study complements these previous TMS findings with disruption of LIFG for tasks
that load on both selection and retrieval (i.e., early cycles of the naming tasks where
selection and retrieval are hard to teaseaat), while also demonstrating a dissociation

between LIFG and pMTG.
Posterior Middle Temporal Gyrus

Another key question motivating this study was the relative contribution of pMTG
and LIFG to semantic control. Previous studies have found the two sites to be very similar in
their contribution to tasks purportedly loading on selection and retriéMalppeney, et al.,
2004 Whitney, Jefferies, et al., 201Whitney,Kirk, et al., 2011Wright, et al., 2011 Some
studies report pMTG activation for tasks purportedly loading on semantic retrieval, while
LIFG activation has been reported for semantic sele¢Bamre, et al., 2003Bedny, ¢al.,

2008 Gold, et al., 2006 This framework would predict a double dissociation such that TMS
to pMTGshould slow naming for the first cycle of naming (for either the related or
unrelated set$ where the demands on retrieval are high, and in contrast, stimulation of
LIFG should leave the first cycle of naming unaffected, with disruption at later dyeles (
when retrieval demands are low, but selection peaks). However, we found no disruption of
naming following stimulation of pMTG, which suggests that the role of this site in semantic
control lies beyond retrieval. One possibility is that the items @nésd at cycle one were

no longer novel (i.e., no need for controlled retrieval), due to the familiarisation phase prior

to testing (in which participants were exposed to the witthsemantic category items over

?In fact, the demands on retrievat@highest for the first cycle of unrelated naming, where there is
no within category facilitation, but even here, stimulation of pMTG showed no disruption.



168

two cycles). Campanella and Shal(2@10 found that when participants were familiarised
with stimuli prior to testing, theyvere faster (and more accurate) at identifying items on

the first cyclethanin cycles twoand three However, this is unlikely to be the sole
explanation because although the participants in our study were familiarised with the items
prior to testing, which may have reduced the initial facilitation normally seen from cycle
one to two, they werestill slower on the initial cycle of naming than later cycles, indicating
that there was an initial retrieval stage. Therefore, the lack of TMS effect in pMTG is likely

to reflect the role of this site beyond retrieval in semantic control.

Indeed, our da from Chapters 3, 4, and 5 also indicate differential involvement of
LIFG and pMTG in semantic control, as well as other studies reporting differences for the
two sites(Gardner, et al., 203Zennari, et al., 200 Noonan, et al., subrtied; Price,
2010. Two recent metanalyses have noted that pMTG recruitment appears to be
confined to the receptive domajpredominantly activated for comprehension, but not
production, task§Noonan, et al., submittedPrice, 2010Turken & Dronkers, 20)1
However, this account may be too simplistic with regarth@cyclical namingask,
because temporoparietal patients do not show performance outside the normal range for
other versions of theyclical semantitask, suctas matchingnon-production; Gardner, et
al., 2013, suggesting that theyclical naming/matchintask mayrecruit other aspects of
semantic control (e.g., selection difficulty) not specifically engaged by pMTG. The
predominance of pMTG activation reported for receptive tasks may, however, reflect its
role in semantic control, which has been suggested to lie in the domain of centext
integration(Noonan, et al., submittedPrice, 201Pand therefore may not be recruited in
traditional production tasks. A fruitful avenue for further investigation would beauise
version of thecyclical matchingaskthat doesnot require overt production (i.e., word
picture matching), post TMS to LIFG and pMTG would be a good starting point to establish
whether the difference between these two sites is due to a production/comprehension
dichotomy, or whether it is something more integral to the type of semantic conthidtw

is recruited by this task.

Conclusions

The cyclical naming tasks provides a unique opportunity to separate retrieval (cycle
one, particularly unrelated sets) and selection (later cycles of related naming) processes, as

well as the interaction of théwo (cycle one of related naming). We show that neither
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pPMTG nor LIFG were recruited for retrieval or selection alone, but that LIFG was crucially
involved when the demands on selectiandretrieval peakedIn summarythis study

confirms, using rTMS, ¢hdissociation of LIFG and pMTG in cyclical naming tasks previously
seen in SA and neuroimaging studies. More specifically, we demonstrated that 1) LIFG is
recruited by executive demands on selectenmd retrieval and 2) that pMTG recruitment

may lie beyod the domain of semantic retrieval/selection.
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Chapter 7: Thesis Summary and Discussion

This thesis sought to investigate the neural basis of language processing. While
research has uncovered the broad organisation of language and semantic processing in the
brain, this thesis focused on using TMS and fMRI to explore controversial issues such as
overlap between different aspects of language processing (phonological/semantic; verbal
vs. nonverbal). The empirical work investigates which regions within distributed
language/semantic networks are critical for processing irrespective of context, and which
regions show a response profile consistent with a contribution to executive linguistic
and/or semantic processing. Moreover, the use of TMS allows us to explore hypethese
that have emerged from other methods (neuroimaging, neuropsychology) in a causal
manner. Therefore, we interrogated specialisations within language networks with regard

to three major themes:

Themes

i. Domain(phonological/semantic) anilodality (verbal/pidure)
We were interested in elucidating how particular parts of the language
network contribute to domain general and domain specific processing. A key
guestion was whether areas previously implicated in language processing were
specialised by domain: fexample, more responsive to making decisions on
the individual constituents of a word (i.e., phonology), than the meaning of the
word (i.e., semantics) and vieersa. This is an important distinction, for
several reasons: (1) Many studies have used plagjichl tasks to indicate an
essential role for motor areas in speech percepfieny.,Fadiga, et al., 2002
Meister, et al., 2007Wilson et al., 200% however, without the requirement
of access to meang these tasks cannot speak to other aspects of language
processing such as comprehension of auditory input, arguably the goal of
speech perception. By examining this distinction between speech perception
tasks requiring semantic judgements and explibibipological awareness, we
can test divergent theoretical accounts that alternatively suggest that (i)
articulatory representations within premotor cortex (PMC) are critical for
speech perception in general or (ii) that PMC is only required for phonological
tasks that require production and/or the harnessing of subvocal articulation for
challenging explicit phonological decisions (Chapter 2). (2) Within semantic

tasks, the issue of modality also remains controversial. An amodal semantic
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network, activated bygemantic decisions to both words and pictures, has been
revealed in bilateral anterior temporal lobé&TLPobric, et al., 20L10/isser,
Jefferies, & Lambon Ralph, 2089sser & Lambon Ralph, 2Q1eft inferior

frontal gyrus(LIK5;Bright, Moss, & Tyler, 20046hee, et al., 20Q0
Vandenberghe, et al., 199@/agner, et al., 1997and posterior middle

temporal gyrugpMTG;Chee, et al., 20Q@Hoffman, et al., 2011

Vandenberghe, et al., 199@However, these sites are hypothesised to differ in
terms of their contribution to semantic representation and executive control
processes, which bring tasklevant semantic features to the fore. ATL is
thought to form amodal semantic repsentations, while the anterior parts of
LIFG are thought to contribute specifically to semantic control (as opposed to
domain and modalityfree executive processes). The contribution of pMTG is
also unclear, with some accour{esg., Hickok &oeppel, 200yemphasising

its role in linguistic processing, for the mapping from words to meanings,
others suggesting it represents specific semantic features (e.g., action
knowledge) and a third literature primarily based on neuropsychological
studies suggesting it contributes to semantic control in conjunction with LIFG.
Chapters 4 report TMS and fMRI investigations designed to clarify the
contribution of LIFG and pMTG to semantic processing for semantic decisions
to words and pictures, and the mpjmg between meanings and words in the

context of picture naming.

ii. Control
We also investigated how domain specific and domain general areas
responded to increased demands on controlled use of language and semantic
knowledge (both pictures and wordsi. érder to do this, we manipulated the
difficulty with which the relevant target/information was accessible, for
example, in the phonological tasks we used in Chapters 3 and 5, rhyme
judgments were made quickly and with high accuracy, whereas judgments
basd on segmenting auditory stimuli for a matching task were slower and less
I OOdzNY G6S FYR GKSNBEF2NB NBIljdzA NER 3INBIF (S
semantic cognition, control refers to the executive processes that are engaged
to direct activation of the amantic store in a task relevant and time sensitive

manner (e.g., when semantic distance increases between two words, making
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the relationship less apparent). We wanted to investigate specific
contributions of language areas to control within and across @orm order

to assess whether there are functional dissociations by domain
(phonological/semantic) that interact with controlled use of language. The
literature to date has often focussed on one of these aspects (i.e., doonain
control), but given that geas such as LIFG have been shown to be specialised
by domain and also recruited when the demands on control incréase,

large swathes of activation throughout LIFG for increased semantic control;
Noonan, et al., submittegla factorial design that interrogates the interaction
between domain and control helps tie the two literatures together. We also
wanted to assess anyffirential contributions within the semantic control
network to modality (e.g., picture semantic control), as previous studies have
shown similar networks recruited for picture and verbal semantic material, but
not assessed their contribution to controlrass modality(e.g.,Bright, et al.,
20043 Wagner, et al., 1997 Therefore, while it has been shown that the ATL
store semantic knowledge amodal(ly.g., Visser, et al., 2009t may be the

case that the way in which the brain accesses this material may differ
according to modality. For example, while LIFG has often been shown to be
recruited when the demands on linguistic/verbal semantic control increase, do
areas within LFG play the same role in accessing picture semantic material
when automatic retrieval processes are insufficient to guide selection of
O2y OSLJia ad2NBR Ay ! ¢[K ! RRAGAZ2YIffes GKS
refer to any number of processes (e.giri@val, selection, context integration)
and some studies have previously attempted to disambiguate two of these
processes, namely retrieval and selection, and have reported differential
recruitment across the semantic control network for these two proesss
(Badre, et al., 2008Badre & Wagner, 200 ThompsonrSchill, et al.1997.

Wagner, et al., 2001In Chapter 6, we attempted to further separate retrieval
and selection within a cyclical picture naming task in order to assess the role of
brain areas within the semantic control merk (LIFG; pMTG) to these varying
aspects of semantic control, given previous suggestions that there may be
differential involvement across the network for the two procesé&adre, et

al., 2005 Gold, et al., 2008Noonan, et al., submittedNoppeney, et al., 2004
Wagner, et al.2007).
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iii. Distributed network

Language is a complex procesghva diverse network of brain areas

contributing to the apparent ease with which we use it. We were interested in
investigating the way in which this diverse network interacts with both
domain/modality (theme) and control (them), often by way of

dissociations along these dimensions. For example, the semantic control
network implicated in a recent metanalysis suggests a diverse number of

brain areas for semantic otrol ¢ such as LIFG, pMTG and divisions of AG,
however it is likely that these areas have differential contributions within the
network. We also investigated the partial overlap between networks of brain
regions specifically implicated in semantic conatotl those that contribute to
domaingeneral executive processifiguncan, 2010Spreng & Schacter, 2012
Spreng, et al., 2021Wincent, et al., 2008 LIFG has often emerged as a domain
general control region across many language stuemcan, 2010Duncan &
Owen, 2000Gold, et al., 2005G0ld & Buckner, 20QRajah, et al., 2008

Snyder, et al., 200 ThompsonrSchill, 2008 however, there is some evidence

to suggest that dissociable parts of LIFG may be less domain general: anterior
LIFG Bhs often been implicated exclusively in semantic cor{aldre, et al.,

2005 Noonan, et al., submittedPoldrack, et al., 1999Additionally other

areas such as pMTG have in some cases emerged as exclusive to the semantic
domain(Noonan, et al., submittegwhile other posterior areas within and
around AG are ofteactivated by a wide range of tasks, including phonological
and semantice.g.,Carréras, et al., 2009Seghier, et al., 201&harp, et al.,

2010. AG has been predominantly reported for semantic tasks, while SMG has
been widely implicated in the phonological dom#éng.,Sharp, et al., 2010
Vigneau, et al., 20Q06Furthermore, within AG there has been some suggestion
that there are specialisations such that dorsal AG may be domain general, and
mid AG may be more specific¢ontrol demanding semantic tasks.g.,

Noonan, et al., submittedSeghier, et al., 20300ur tasks were wiplaced to
assess contributions throughout the network across language domain,

modality and control processes (e.g., retrieval/selection).
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Main Findings

1. Chapter 2 used TMS to establish the contribution of premotor cortex (PMC) to
speech perception, usg a phonological task that required explicit phoneme
judgments and a semantic task requiring participants to identify the category
membership of the stimulus. We showed that this site is recruited formamral,
explicit phoneme judgments, but not mamyg sound to meaning (themg
Therefore, it is unlikely that PMC participates in general speech comprehension,
but rather its role is reserved for other aspects of speech perception, such as these
explicit phoneme judgment tasks.

2. Chapter 3 focussed on a larger network of braiges (themdii) in order to
understand the specialisation by domain (theipand control (themai) of areas
previously implicated in language processing. This study used phonolagitcal
semantic tasks, and we manipulated the demands on control by creating hard and
easy versions of each task type (phonology: rhyme (easy), segment (hard); verbal
semantic: high (easy), low (hard) semantic association strength). We were
particularly inteested in assessing the interaction of domain and control in areas
such as left inferior frontal gyrus (LIFG), posterior middle temporal gyrus (pMTG)
and inferior parietal cortex (i.e., dorsal angular gyrus/intraparietal sulcus (dAG/IPS)
and mid AG), becaasach of these regions has previously been implicated in
either domain specificity (e.g., pLIFG: phonological; aLIFG: semantic), control (e.qg.,
pMTG, LIFG) or a combination of the two (e.g., semantic control in pMTG), but a
direct comparisomf both doman and control (i.e., domain by control) has not
previously been made. Our key findings were that:

a. Although LIFG was activated by linguistic control across phonological and
semantic domains, there was some degree of graded specialisation along
the posteriorto anterior gradient: with posterior/dorsal recruitment of
LIFG for phonological judgements, and specific recruitment of the most
anterior/ventral parts of LIFG for verbal semantic judgemerghowing
that while there is a large degree of overlap acritss site for the two
R2YFAYy&as GKS SEGNBYS WSyRaQ akKz2g¢ azvY$s
i).

b. There was no effect of difficulty/control in pMTG for either the
phonological or the verbal semantic task (thei)edespite previous

indicationspredicting that this site would respond to our manipulation of
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semantic controle.g., itsemergence as the second largest cluster in an
analysis of high > low semantic control; Noonan, et al., subnjitiEaere
was, however, a significant main effect of domain with more activation for
phonological than semantic tasks (theme

c. Our investigation of parietal cortex (dAG/IPS and mid AG) showed that this
site was both modulated by our difficulty manipulation (themeand
showed specialisation by domain (themeWe found a greater response
of dAG/IPS to phonological than semantic material, with no such
specialisation by domain in mid AGvhile both sites were recruited for

increased demands on control (therigacross domain.

This chapter showed functional specialisations by domain along LIFG, with PMC and
posterior LIFG showing greater specialisation for phonology, while the most anterior
part of LIFG was more specialised for verbal semantic judgments. This finding is similar
to the specialisation previously reported in the literatyeeg.,Devlin, et al., 2003

Gough, et al., 2005but also demonstrates the subtle nature of this gradation, with

LIFG modiation for difficulty across domains. Furthermore, there was a gradient into
anterior LIFG such that the difficult phonological judgments activated dorsal aLIFG, but
only the verbal semantic associative judgments activated the most anterior part of
LIFG, ad this maps onto the rostr® | dzZRI € 3INF RASY (0 Lidzi F2NIK 08
(2009, where more complex and abstract information is processed along a gradient
into anterior IFG. That pMTG was not modulated by difficulty was unexpected, but the
significant activation of this site ag® both tasks provides further support for its role

in language processing, particularly as a cortical hub due to its rich connections with
other areas in the networkTurken &Dronkers, 201}l Furthermore, the greater
contribution of dAG/IPS to phonology, whilst still resolving difficulty across domains is
in line with previous suggestions that dAG/IPS plays a domain general function in
language contro{Seghier, et al., 20)0while the finding that micAG contributed
equivalently to the two domains is somewhat surprising given otheristuiehdicating
greater activation for the semantic than the phonological domain at thig(Biteder, et

al., 1999.

3. fMRI was used to investigate the network of areas previously shown tiovioéved
in semantic control (thema@i) in Chapter 4 in order to assess each regions

contribution to both modality (themé) and any interactions with control (theme
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ii). We used verdaand picture semantic tasks where the probe and target shared
either high (easy) or low (hard) association strength, allowing for manipulation of
the demands on semantic control. Previous studies indicate that there should be
some degree of overlap for ¢htwo modalitiege.g.,Bright, et al., 2004aCorbett,
Jefferies, Ehsan, et al., 20@%offman, et al., 201 2Wagner, et al., 1997 however
there has been a relative paucity of studies investigasimpdal semantic control
with healthy participants. We found:

a. More extensive and more significant recruitment of LIFG for verbal, than
picture semantic control, asell as specialisation by modality, such that
more anterior LIFG (i.e., BA 47) was recruited for verbal semantic
judgements, with minimal recruitment for picture semantic associations.

b. A dissociation between left and right IFG, with greater recruitment of
posterior right IFG for pictures than words, but anterior IFG was specialised
to the verbal domain across hemispheres.

c. Significant activation of pMTG for verbal, but not, picture semantic
material. However, interestingly, the picture semantic task wasotiilg
one where the difficulty manipulation significantly modulated activity for
this site.

d. Equivalent recruitment of dAG/IPS and mid AG across semantic modality

for resolving difficulty arising from increased need for semantic control.

These findings cortrate our assertion in Chapter 3 that the pattern of activation

seen in alFG may reflect its role in processing abstract semantic information: there was
bilateral activation for the verbal associations, and less recruitment for the picture
semantic assoative judgments, as they may be more concrete in nature (i.e., meaning
is constrained by the picture). Furthermore, the significant modulation of pMTG activity
for increased picture semantic difficulty is in line with the literature suggestive of a role
for this site in semantic contrgé.g.,Whitney, Jefferies, et al., 201Whitney, Kirk, et

al., 201). It has previously been suggested that pMTG may be recruited for context
integration(e.g.,Noonan, et al., submittedPrice, 201} as such we may not have seen
modulation by difficulty for our verbal semantic judgments because they did not
change in their requirement for context. Hard picture semantic tasks may have placed a
greater strain on context integration, than the easy pretassociations where the

context is readily available due to the constraints offered by presenting semantic
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material in picture format; however the verbal semantic task may have required
context across easy and hard trials, where context is not consttaasevords are
inherently more ambiguous than pictures. The equivalent recruitment of dAG/IPS and
mid AG to control demanding associative judgments for the two modalities is in line
with previous studies suggesting a role for these sites in semantic [@iagéBinder, et

al., 2009 Noonan, et al., submittedSeghier, et al., 201&harp, et al., 2030

4. We narrowed our investigation to focus on pLIFG (BA 44), aLIFG (BA 47) and pMTG

in the TMS study in Chapter 5, with the intention of confirming the involvement of
these areas in phonological, and amodal semantic (pictures and words) processing,
usingthe same tasks as in Chapters 3 and 4. . We found:

a. A disruption of verbal semantic judgements following stimulation of both
LIFG sites, but no effect of stimulation for the phonological or picture
semantic tasks.

b. Highly significant picture semantic disrupt, as well as some verbal
semantic disruption, but no TMS effects for phonological decisions,

following stimulation of pMTG.

These data helped to confirm the findings in Chapters 3 and 4 where both posterior
and anterior LIFG manifested a preferencetfa verbal semantic modality. Moreover,
the significant disruption of picture semantic judgments following stimulation of pMTG
is in line with a recent TMS study showing disruption of picture semantic judgments
following TMS to pMT@Hoffman, et al., 201)1 and the results are also useful in view

of our fMRI findings, where pMTG only showed modulation by difficulty for the picture

semantc tasks.

5. In Chapter 6 we conducted a TMS study that focussed specifically on semantic

control (themeii) using a cyclical naming paradigm. We reggliiparticipants to

name sets of semantically related or unrelated items across cycles, and this allowed

us to disambiguate retrieval and selection processes: early cycles of unrelated
naming place high demands on retrieval, while later cycles of relsednyg load
on selection. We found that:

a. TMS to LIFG disrupted performance on this task when the demands on

selection and retrieval were maximal.
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b. pMTG was not recruited to resolve competition over the course of the
cyclical naming task, even when the demarmuh selection and retrieval
were separated (i.e., no involvement of pMTG for retrieval, selection or an

interaction of the two).

These results add data to the debate over retrieval and selection, and are in line with a

recent paper suggesting that the twwwocesses interact in LIKGnyder, et al., 2001

Linking Data to Theory

Premotor Cortex

The motor theory of speech perception géged momentum with the discovery of
mirror neurons in monkeys as well as various fMRI and TMS studies reporting involvement
of this area in speech perception taglksg.,Meister, et al., 200/Rizzolatti, 2004Wilson,
et al., 2004. However, these tasks often require participants to make metalinguistic
judgments on the constituent sounds of a word, and not the word as a whole. Therefore,
we were interested in imestigating the specific contribution of this site and our data
suggest aevision of the motor theorywe found that PMC was recruited for tasks that
required phonological, but not semantic judgments (based on access to meaning), both in
fMRI using hardrad easy phonological and verbal semantic tasks (Chapter 3) and with TMS
through explicit phoneme and semantic judgments to the same stimuli (Chapter 2).
Therefore, the role of PMC as an essential part of the speech perception architecture falls
into questbn as it was not shown to be essential for accessing word meaning in either of
our studies (Chapter 2 & 3). Thus, in view of the previous literature and our findings, the
role for PMC is likely restricted to 1) nqmatural language taskg.g., identifying
individual phonemes, not whole words for meaniBgrton, et al., 2000Hickok & Poeppel,
2000 Rogalsky, et al., 201%ato, et al., 200%atorre, et al., 199 2) distorted/degraded
speechdo SOI s & | Wol O] dzJQ Y S OKDeylih & Aydetok Sy LIS ND S LI A
2009 Gow Jr & Segawa, 2000snes, et al., 201 5cott, et al., 200080r 3) for repetition of
and learning new wordg.g., Burton, et al., 200@emonet, et al., 1992and results

showing PMC recruitment for new/rare words: Kotz, et al., 2Ry, et al., 2003
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Inferior Frontal Gyrus

While the functional specialisation of LIFG by domain has received attention in
previous studiege.g.,Devlin, et al., 2003Gold & Buckner, 200Zough, et al., 2005
Nixon, et al., 2004 very fewstudies have manipulated domain (thereand difficulty
(themeii) simultaneously. While LIFG responded to the difficulty manipulation (thgme
for all of our tasks across domain anddality (themei), there was still a gradient such
that pLIFG was specialised to phonology, and also presented a verbal modality preference;
mid LIS (BA 45) was domain and modality invariant; and perhaps most strikingly, the most
anterior part of alFG was most significantly activated by the verbal semantic tasks
(bilaterally;Figure7-1); corroborated by TMS stimulation of aLIFG disrupting only the
verbal semantic judgments). These findings are consistent with the theory put forth by
Badre and D'Esposit@009), which suggests that IFG is hierarchically organised along a
rostro-caudal gradient, vth greater recruitment in anterior IFG for more abstract/complex
information. Controldemanding semantic tasks are likely to require abstract processing to
establish which possible semantic relationship is relevant: this may be especially true for
verbalas opposed to picture association tasks, as the presence of a picture may help to

highlight the relevant relationship being probed.

Furthermore, we demonstrated that LIFG recruitment is necessitated by high
demands orboth retrieval and selection, similao one other study demonstrating an
interaction between these two processes in aL{(B@yder, et al., 20)1We did not see
TMS disrption of naming when the demands on these factors occurred in isolation (e.g.,
only retrieval; only selection) over the course of the cyclical naming paradigm we used in
Chapter 6 (Findinga,b). More specifically, if LIFG recruitment were necessitated by
retrieval alone, then we should have seen a specific slowing of cycle one of the unrelated
sets, where the need for retrieval is high since there is no within category facilitation of
tems(S @3 d5 y2 OFGS3I2NE Wy2RSQ Oy 068 | OGAOHGSR
2005. Similarly, if LIFG recruitment occurmealy when the demands on selection peaked,
then we should have seen disruption of naming across later cycles: these have high
selection yet low retrieval requirements (owing to both within category facilitation and
familiarity with the items over repeatedycles). However, we saw a cycle specific slowing
when the demands on both processes were maximised, suggesting that while previous
studies have attempted to disambiguate the two procedseg.,Badre, et al., 2005
ThompsonrSchill, et al., 199&agner, et al., 2001it may be more accurate to say that the
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two processes interact and are resolved in LIFG (BA 45/47). As such, retrieval processes are

engaged to activate representations (which have strong and weak synaptic weigiats), a

aStSOGA2Y 62Nyl a (G2 AYyONBlFrasS adKS RAFTFSNBYOS Ay |
NELINBASY (Gl GdA2y yR Ada O2YLISGAG2NBRE GKNBAAK €4S
item to be selectedSnyder, et al., 2011, p. 3479

Posterior Simple (rhyme) Phonological Verbal
IFG/PMC Phonological Segment (hard) Semantic

(BA 44/PMC)

Posteri : ;
osterior Phonological Verbal Picture L: Verbal
IFG (BA 44) . . - .
Semantic Semantic R: Picture
Mid IFG Domain and L: Domain-free, amodal
(BA 45) modality general R: Picture 7

selection and

Dorsal Phonological _ | | retrieval
anterior IFG /| Segmentation / Verbal Picture J
(BA 47) (e.g., complex Semantic > Semantic
info) | L: Verbal
R: Verbal
Ventr;l Verbal semantic
anterior IFG (e.g., abstract)
(BA 47) ’ -

Figure7-1. This image is used to illustrate the gradient of specialisation in LIFG based on

our data (Chapters 3, 4 and 6) with regard to the suggestion put forth by Badre and

5 Q9 & LE@OaIA Gobured boxes/text are used to denote the domain of specialisation (as

in Chapters 3 and 4): red is used for verbal semagtéen for phonology, cyan for picture

semantic, and blue for domain/modality general contributions. The symbols are used as

F2ft26aY abé RSy20(5a LINBFTSNBYyOSa sAGKAY SFOK [LC
verbal semantic represents greater prefape for phonological than verbal semantic

YEGSNAEFES &8S0 adAtt arA3ayaAFTAOrydte I OGAQFGSR F2NJ
activation in specific ROIs (e.g., phonological segmentation / verbal semantic represents

2PSNI L) 2F (K Sgrapigfabniation (¥.¢., gloupingidar&Randiventral

anterior IFG to summarise its overall modality preference across hemispheres).
Posterior Middle Temporal Gyrus

The role of pMTG in language processing is less clear, and our results go some way

in heping to elucidate the role of this site. For example, we confirmed the finding from
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patients with semantic aphasia (SA) who have lesions in temporoparietal cortex and are
impaired on most tests of semantic control, but do not perform poorly on cyclicahisgm
tasks(Gardner, et al., 201 2efferies, et al., 20Q7suggesting that this site haspecific

role to play in semantic cognition that is not captured by cyclical tasks. While our results
from the cyclical naming study (Chapter 6) cannot confirm what the specific role is, they
can speak to prior ggestions that this site plays a specific role in semantic retrieval
(Badre, et al., 2005Nagner, et al., 2001 as our results suggest that the role for pMTG

may lie beyond retrieval. INMTG were involved in retrieval, we should have seen a specific
disruption of naming for the first cycle; particularly for the unrelated sets where retrieval is
most challenging due to the lack of within category facilitation afforded by related naming.
We also did not see any slowing of naming following TMS for cycles where selection
amongst semantically competing alternatives was necessary, therefore, the role of pMTG

may lie beyond both retrieval and selection processes.

Additionally, in Chapters 3 andwe saw that for verbal semantic tasks which were
designed to increase the need for semantic control (using RT to index difficulty), there was
no modulation of activity in pMTG, rather this site showed an equivalent response to our
hard and easy verbal semtic tasks. This further suggests that while pMTG is involved in
semantic contro(as shown by tasks that have found a necessary role for pMTG in semantic
control; e.g. Noppeney, et al., 2004Vhitney, et al., submittedWhitney, Jefferies, et al.,

2011, Whitney, Kirk, et al., 203 1lits exact role is still somewhat unclear. There is some
suggestion that this site may play a specific role in context integréiioonan, et al.,
submitted Price, 201)) therefore acivation of pMTG for the picture semantic associations
may not be expected/necessitated, because the need for context integration is greatly
reduced with the semantic relationship readily available as it has been constrained by the
pictures (e.g., words areften more ambiguous, therefore more context integration may

be needed). Further support comes from the significant modulation of pMTG activity for
the difficult picture semantic tasks, presumably because the need for context is greater
when the semanticelationship is less readily available. This hypothesis gains further
support from studies that used semantically plausible and implausible sentences and found
pPMTG activation for the plausible sentences gilgank & Devlin, 2030ashal, et al.,

2009, and another study in which pMTG activation was seen for context integration for
verbs rather than noungGennari, et al., 20Q70ther studies have found pMTG to be

active when participants combine information provided by spoken input amdl lg@stures
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in an attempt to extract meaninfPick, GoldifMeadow, Hasson, Skipper, & Small, 2009

Holle, Obleser, Rueschemeyer, & Gunter, 2&lifcher et al., 2009 making it a good

OF yRARIGS 1a I O2yGSEG AyGiSantidrzy wiz2yS$Sqo
8148 NBldANRYI FSIGdNB &St SOGA2Y YIFe Ffa2

be driven by the relevant feature to attend {oe., liquid consistency rather than

associatiorg, in order to match custard with oil; Whitney, et al., 2012

However, we also found significamttivation of the phonological tasks in pMTG,
contrary to a recent metanalysis which found this site to be semantic spe@¥monan, et
al., submitted. Hickok and Poepp€2000 2007) suggest that this site is an interface
between speech representations in STG and ATL, however, this interpretatioin is
compatible with our findings as we did see a significant modulation of difficulty for the
picture semantic tasks, and when taken in conjunction with other studies that have shown
involvement of pMTG for picture semantic tasks, this explanation, whidgdstricted to the
linguistic domain, is unlikely to be the case. Perhaps the most helpful framework within
which to assess the role of pMTG in language processing, given our findings, is that of a
cortical hub, as suggested by Turken and Dron{@f%1), due to the wealth of connections
this area has to other parts of the network. Therefore it may show some characteristics of
both representation and control because it may be esisémo the interaction of these two
networks, and thus pMTG would be crucial for contextualising information, as well as
possibly for integrating phonological and semantic information in order to comprehend

spoken input.
Angular Gyrus/Parietal Cortex

Angular gyrus has often been implicated in semantic cognition, and recent
evidence suggests that there are several functional specialisations within this large area.
dAG/IPS has been shown to be involved in tasks spanning several d¢enginseading,
visuospatial search and 'number line' tasks, left/right discriminati@exyreiras, et al., 2009
Gobel, et al., 20QHirnstein, et al., 2011 including semantic processi{g g.,Noonan, et
al., submitted Price, 2010Seghier, et al., 200&harp, et al., 2010/igneau, et al., 2006
We found a greater response to phonological than semantic material (thgrhewever,
this site on the boundary of IPS, AG and SMG was still significantly activated for resolving
difficulty across semantic modalities (thema&ndii) ¢ corroborating previous findings that

this site is involved in domain general cognitive control (thénéur finding that this site
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showed the strongest response to the phonological hard task may relate to its role in
feature selection and integratiofe.g.,Donner, et al., 200G~riedmanHill, Robertson, &
Treisman, 1996 A recent TMS study showed that stimulation of this site caused disruption
of feature selection tasks (across domain), but not verbal associative semantic judgments
(Whitney, et al., 201p we found a greater contribution of this site to the phonological
segmentation than the semantic association tasks, and ssiple that the phonological
segmentation task captured some aspect of feature selection and integration. One could
speculate that if our semantic tasks had required feature selection we might have seen an
equivalent response for phonological segmentationd semantic feature selection.

However, despite the greater response for the phonological tasks, dAG/IPS was significantly
activated by our semantic tasks, and showed a significant modulation of activity when
demands on semantic control increased, cowadting previous studies that have reported
activation at this site for tasks requiring some aspect of semantic cof@l,Bedny, etal.,

2008 Hirshorn & Thompsoischill, 2006Lee & Dapretto, 20Q6Noonan, et al., submitted

Additionally, our results align with other studies implicating mid AG as a part of the
semantic control networke.g.,Hoenig & Scheef, 2008loonan, et al., submittedseghier,
et al., 2004 Sharp, et al., 200)0we found an amodal response in this area to semantic
association judgements, that was modulated by difficulty. It is therefore unlikely that this
aAGS 1O0ha Fa I waSO2yRQ O2NIAOKFf Kdz F2N ai?2
significant modulation of activity for thalifficulty manipulation seen at this site for both
semantic modalities does not align with this suggestion. There has been some suggestion
that mid AG acts as a multimodal integration area for conceptual knowledge, and our
NBadz 6a O2dA R NBFt SO0 GKAa NREST gKSNB YAR !
the sensory representation of words and objects and the symbolic association that gives
0 KSY Y §Vighday, 8téal., 2006, p. 14R4eflected in the amodal response of this
area to our semantic judgements . Additionally, if mid AG were a semantic hub it should
respond exclusively to the semantic domain, and we would not predict a significant
response for our phonological tasks, howevmid AGvasalso significantly activated by
the phonological domain. The equivalent response to the phonological and semantic
domains may reflect previous findings that this site is involved in reddigg Carreiras, et
al., 2009 ¢ which requires access to phonolog@his indicates a slight revision of existing

theories that postulate a specific role of mid AG in semantic cognition, as it may be better
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conceptualised as an interface for language across domains, due to its connections to

various association aregBinder, et al., 2009
Distributed Network Eigure7-2)

We present a complex network of brain agethat are often both domain/modality
(themei) invariant and sensitive to changing demands on control (th&ln€Eombining the
data in this thesis with the literature suggests that while some areas may show
specialisation by domain, they often still help to resolve difficulty across othguémge
domains. Our data suggest that the control processes in frontal and posterior cortices may
be distinguishable such that frontal cortex may be more involved in retrieval/selection and
posterior cortex in integrating information. We found LIFG to bseatial to
retrieval/selection processes and suggest that the most anterior aspect of IFG is most likely
recruited for abstract semantic processing. The role for information integration in posterior
cortices may fall along the following gradient: featsedection in dAG/IPS (via the
allocation of attention to internal representations); domain general (language) integration
in mid AG, e.g., for reading which requires accessing both phonology and semantics; and
context integration in pMTG, due to its richrmections across the corté&ennari, et al.,

2007 Noonan, et al., submittedPrice, 2010Turken & Dronkers, 20)1Therefore, frontal

and posterior cortices interact in order to select and use language in a time sensitive and
appropriate manner. The anatomical and functional connections between frontal and
posterior brain areas suppothis assertior(Catani, et al., 20Q%arker, et al., 200%preng

& Schacter, 2012Turken & Dronkers, 201 Xiang, et al., 200)0as well as a recent

combined TMS and fMRI study demonstrating that pMTG and LIFG may work together via
reciprocal connections in order to disambiguate the given semantic context, as shown by
increased activation in pMTG folldwy 3 W@OA NI dzl f f SEe2y Q aGAYdAZ FGA2Y
compensatory activation; Whitney, et al., submitjeddditionally, the literature suggests

that BA 44 and PMC may work together in resolving phonological tasks, with a possible
modulation of PMC by BA 4Watkins & Paus, 2004for instance when motor articulatory
simulation is required, such as when rare/pseudowords are emtevad (Kotz, et al.,

2010.
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Figure7-2. Distributed network of areas investigated in this thesis. Areas found to be

preferential for phonology igreen, semantic in red, and domain general in blue.

Future Directions

This thesis provides evidence for a distributed network of brain areas contributing
to both domain general and domain specific control over language representations.
Naturally, thereare questions which remain to be answered in view of the findings
presented here. An important first step might be to replicate our findings from Chapter 2,
dzZaAy3d RAFTFSNByYy(d Glrajae C2N SEI YL S5 dzaAy3
perception, seh as hearing degraded speech with or without context to test whether PMC
is necessitated when phonetic ambiguity cannot be resolved based on context. Also, our
data go some way in clarifying the role of LIFG in language processing across domain and
modalty; but future studies may wish to clarify the degree to which alFG is activated by

abstract picture semantic associations, by specifically creating picture semantic associative

jdzSatAz2ya RSaA3aySR (2 GINE Ay RSd@NSSE 2T Wi

W 3320 A GAGBSySaaqQ G2 ONBIFGS GKS LIAOGHdzNB a
Wl OO0dzNIF 6SQ F2NJ 0KS LAOGIZNE Y2RIfAGET | Y2

0a
Y I

B



186

this sites role irmmodalabstract semantic processing. Theared, collecting independent
ratings of the semantic associative relationship for the picture trials would help to elucidate
the degree to which the picture semantic associative relationship accurately captures the
W 3adzYSRQ | aa2OAl (ediouyverhal rikiBog. Firtkerniie, & Pidure2 y
YSUGIFLIK2NI GFal YAIKG 06SGGSNI OF LJGdzNB Wk o0&
metaphors could be presented across verbal and picture domains in order to assess the
contribution across the network of verbaly R LJA OG dzNBE A S Y| y (and Wi
GAGK aLISOAFAO whLQ&a Ay |LCD O0AfIl GBNI e
Additionally, our verbal semantic tasks were not expressly designed to be abstract,
therefore a study which uses judgmis that have been specifically designed to vary in
RSANBS 2F WIHoalGNI OlGySaaQ oS d3d3cahsBadtknidLIa
using this as a regressor in the model) would help confirm the role of aldistiact

semantic control. We alsoonfirmed the role of mid LIFG (BA 45bath retrieval and

selection processes, and Snyder ef(2011) suggest that the response in anterior LIFG is
the same. Our result that alFG showed greater specialisation for verbal, and thus possibly
more abstract judgments, is in line with their finding where low association strength
showed the greatest response,gardless of added competition. Therefore, a worthwhile
advance would be to disambiguate the need for abstract semantic processing from
competition and retrieval. For example, a possible avenue for exploration could be using
tasks such as cyclicgloken wad-to-written word matching where retrieval and selection
processes can be separated across related and unrelated conditions andcdyatesith
abstract and concrete groupings.g., concrete: apple bananac pear- orange; abstract:
democracy freedomc politics¢ republic, but matched for frequency; Crutch, Ridha, &
Warrington, 2008 This could beahe using fMRI as a first step, in a factorial design (site:
BA 47/ BA 45/ pMTG; by condition: related/unrelated; by concreteness: abstract/concrete;
by cycle: one; three) where anterior IFG may show a greater response when retrieval and
selection interatfor abstract, but not concrete words; BA 45 when the demands on

retrieval and selection are maximal across both abstract and concrete words; and pMTG

LINJ
NI OG Q LJA

may show a maximal response across cycles for the abstract condition, as these words may

oftenrequire NB I § SNJ WO2y GSEGQ AYy(iSaANI A2y ®

One major line of investigation is the role of pMTG in language processing. The
results presented in this thesis suggest that the role of this sitelmsgonly been

partially captured by the tasks we used. For examplejreustudies could investigate the
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contribution of pMTG to context integration, a role previously suggested in the literature
(Gennari, et al., 200MNoonan, et al., submittedPrice, 201] our tasks were not designed

to assess context integration, and therefore may not have been well placed to identify the
specific role of this site. Therefore, designing tasks tequire context integration and
possibly comparing these with traditional tasks (e.g., semantic association judgments) may
be a good starting point. Additionally, a recent mat@alysis found that the majority of
studies reporting pMTG activation lay in thexeptive domair{Noonan, et al., submitted
andwe too did not find any involvement of pMTG for our production tasks (Chapter 6),
however these results cannot confirm a role for pMTG in comprehension, but not
production, because we did not have a comprehension task for comparison and it could
therefore be the task requirements, not the domain, that we failed to disrupt with TMS.
Future studies directly comparing pMTG involvement across speech modalities would be
invaluable in further elucidating the role of this site in semantic cognition. A natural
starting point may be a TMS study using comprehension versions of the cyclical semantic
task we used in Chapter 6 to confirm pMTG recruitment (or lack thereof) across cyclical
tasks types, and therefore helping to elucidate the role for this site in eithelv/liyt
production/comprehension and 2) control processes engaged by cyclical tasks.
Furthermore, tasks that required context integration across production and comprehension
domains would help to assess the contribution of pMTG to both context and
comprehensin/production; pMTG recruitment may thus far only have been seen for
comprehension tasks, because these have reaglsnere context integration than

production tasks. Additionally, the exact contribution of this site to phonological and
semantic processing is unclear given the tension between our results indicating a role for
this site in phonological processing and otkardies suggesting that this site is exclusive to
the semantic domaiifNoonan, et al., submitted Other models of language have included

a role for pMTG as an interface between the two domdktiskok & Poeppel, 200Q007);

it would, therefore, be interesting to clarify the role of this sitdanguage processing in

order to discover the specific role pMTG has to play: our ROI may have encompassed some
of pSTG as it was fairly large and not anatomically defined for each participant. Therefore,
studies using more precise functional and anatoniwedlisers may better elucidate the

role of pMTG in phonological and semantic processing. For example, it would be useful to
use a semantic task which has previously been shown to modulate activity in pMTG
according to the difficulty/control manipulatiomnd contrast this with a phonological task.

In this case, the data could reveal a functional dissociation, such that the phonological
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activation lies closer to/within STG, and semantic control within pMTG (e.g., ventral to
STG); particularly if a functiahlocaliser is used to identify these areas on a participant by

participant basis.

Further elucidating the role of angular gyrus would also be a beneficial avenue for
investigation, given that it has been implicated in a variety of task types. Wl fau
significantly greater response to the phonological than the semantic domain in dAG/IPS,
therefore it would be useful to investigate the specific role of this site in tasks requiring
phonological segmentation and feature selection across domainspfienological,
semantic, visual) to investigate whether the response is domain specific or due to a role for
this site in domairfree feature selection/conjunction tasks. Additionally, mid AG would
benefit from further study as the role of this site idlddrgely under debate and has been
reported as an area of overlap between default and semantic netw@#ghier, et b,

2010, with some studies reporting greater activation for semantic than phonological tasks
(Binder, et al., 200Binder, et al., 1999 but our results indicate a domain general

function for this site. Therefore, further clarification is needed using-lamguage tasks to
compare the response of this region directly with tasks such as ours which ilatedtig
controlled access to language representations (phonological, verbal, picture semantic), to
firstly establish if this site is indeed specific to language. Then, further studies could
investigate the role for this site as a language interface with tdekfgned to force

integration of language domains and asses mid AG activity in resolving these tasks.

Conclusions

This thesis sought to investigate the neural basis of linguistic and semantic
processing within established brain networks by usioagvergent methods of fMRI and
TMS. Much of the empirical work in this thesis takes inspiration from the
neuropsychological literature which has helped to form our hypothesis as to specialisations
by both domain/modality and control. We found that PMC was recruited for meaning
extraction, but rather for metdinguistic tasks, possibly due to its role in articulation.
Moreover, our data suggest a gradient of processing from PMC to anterior LIFG, such that
PMC and more posterior parts of LIFG (BA 44epeetially process phonological material,
with domain and modality free processing in mid LIFG (BA 45), and the most anterior
aspects of LIFG processing abstract semantic material. Furthermore, we confirmed the role
of aLIFG (BA 45/47) in semantic contaoid revealed that the retrieval and selection

processes required for controlled access to semantic representations interact in LIFG.
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Appendices

Appendix 3.1

Behavioural Results

Phonological vs. Verbal Semanti

Task
df 1,21
F 46.98
p <.001
Difficulty
F 590.53
p <.001
Task x Difficulty
F 330.25
p <.001
F and p values for within subject ANOVAs comparing phonological and verbal semantic
tasks.

3 *
2.8 - I
2.6 -
2.4 - *
2.2 - 1

2 Hm Easy
1.8 - Hard
1.6 -
1.4 -
1.2

1 - .

Phonological Verbal Semantic

Behavioural performance across the phonological and verbal semantic experimental tasks.
Error bars represent standard error of the mean. Asterisks represent significant differences

in RT for difficulty manipulationg &.001).

Phonological Verbal Semantic
df 1,21 1,21
t  -26.67** -9.47xxx
T-tests comparing RTs feasyandhard conditions for each task type.
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Appendix 3.2
fMRI Results

Whole brain analysis (cluster correctiat® 2.3,p < .05). Phonological hard (green), verbal

semantic hard (red) and mutual activity (blue). L = left, R = right hemisphere.
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Cluster correctedvhole brain analysiZ2.3,p < .05) of phonological hard over rest. L =

left, R = right hemispher&values are indicated on the colour scale.
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Cluster corrected whole brain analysfs>2.3,p < .05) of semantic verbal hard over rest. L

= left, R = right hemispher&values are indicated on the colour scale.
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Contrast of phonological hard > easy judgements

Voxel (MNI)

Brain Area BA Voxels Z X y z
R Parietal Lobe, Precuneu. 7 9375 5.75 28 -72 38
L Middle Frontal Gyrus ~6 8038 5.05 -30 2 46
R Fusiform Gyrus 37 1136 5.11 50 -62 -18
L Inferior Temporal Gyrus 525 4.72 -54 -62 -14
R Middle Frontal Gyrus 8 426 4.17 28 8 46
L Fusiform Gyrus 19 387 4.06 -24 -54 -12
R Fusiform Gyrus 37 364 3.6 32 -50 -12
L Brainstem 109 3.6 -2 -24 -28
R Fusiform Gyrus 36 98 3.1 42 -36 -26
R Anterior Cingulate 25 80 3.63 8 4 -4
L Inferior Temporal Gyrus 37 67 3 -52 -38 -20
R Middle Frontal Gyrus 11 48 3.03 22 40 -16
R Cerebellum 45 2.94 34 -68 -36
L Posterior Cingulate 29 44 2.79 -8 -42 6
L Posterior Cingulate 23 32 3.02 -6 -34 24
L Occipital Lobe 18 31 2.69 -16 -100 8
R Caudate 27 2.93 20 -24 26
L Occipital Lobe 17 19 3 -10 -100 -4
L Precentral Gyrus ~3 18 2.93 -38 -16 28
L Orbitofrontal ~47 16 2.62 -28 32 -26
R LingualGyrus 18 13 2.92 6 -94 -18
L Sub Gyral ~45 12 2.69 -20 32 6
R Posterior Cingulate 10 2.61 10 -34 22
L Rectal Gyrus 11 10 2.74 -4 16 -22

Cluster corrected4>2.3) contrast of hard > easy task difficulty for phonological

judgements.



Gontrast ofsemantic verbal hard > easy judgements

Voxel (MNI)
Brain Area BA Voxels Z X y z
L IPL 40 698 38 -38 -58 44
Sub peak 335 -42 -44 34
L/R Cingulate Gyrus 32 290 358 2 20 40
L IFG 45/46 384 3.43 -48 32 18
Sub peak; BA 9/44 3.28 -40 6 24
L MFG 8 150 3.25 -30 14 48
L MFG 10 146 3.16 -38 52 6
Posterior Inferior
L Temporal Gyrus 37 57 31 50 -62 -14
L MFG 11 29 277 -34 54 -10
L IFG 45 13 273 -48 38 2
L  Superior Frontal Gyrus 8 28 267 -8 20 56
L IFG 47 12 261 -30 20 -6
L Ventral Angular Gyrus 25 26 -24 -74 30
L Parietal Lobe 7 15 25 -18 -70 38
R Cerebellum 200 354 32 -70 -36
R Superior Parietal Lobule 7 113 339 28 -66 50
R IFG 44/9 62 314 46 8 26
R IFG 47 26 288 32 20 -4
R pITG 37 25 269 48 56 -12
R Cingulate Gyrus 2 14 269 26 -24 32
R IFG 45 15 256 44 24 18

Cluster correctedZ>2.3) contrast of hard > easy task difficulty for semantic dmaess
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Behavioural Results

Verbal vs. Picture Semantic

195

Task

df 1,21
F 251
p 0.13
Difficulty

F 109.97
p <.001
Task x Difficulty

F 1.06
p 0.32

F and p values for within subject ANOVAs comparing verbal and picture semantic tasks.

2.4 -

2.2 - *

N
1
——

=
oo
I

m Easy
Hard

Reaction Time (secs
=
o
1

=
N
1

=
N
I

Verbal Semantic Picture Semantic

Behavioural performance across the verbal and picture semantic experimental Easis.
bars represent standard error of the mean. Asterisks represent significant differences in RT

for difficulty manipulationsgg <.001).

Verbal Semantic Picture Semantic
df 1,21 1,21
t -9.47xk* -6.26***
T-tests comparing RTs feasyandhard conditions for each task type.
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Appendix 4.2
fMRI Results

Whole brain analysis (cluster correctiat®; 2.3,p < .05).Semantic hard tasks over rest:

verbal (red), picture (cyan) and overlapping activity (blue).left, R = right hemisphere
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Cluster corrected whole brain analysfs=(2.3,p < .05) of semantic picture hard over rest. L

= left, R = right hemisphergvalues are indicated by the colour scale bar.
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Contrast of semantic picture hard > easy judgements

Voxel
(MNI)
Brain Area BA Voxels Z X y z
L Mid Occipital Gyrus 18 361 34 -30 -94 -6
R Brainstem 74 3.18 10 22 24
R Mid Occipital Gyrus 19 33 3.09 46 -84 O
R Occipital Lobe 18 134 279 28 -100 -8
R Temporal Lobe 28/38 11 276 32 12 24
R Temporal Lobe 20 13 272 44 -18 24
R IFG 47 14 266 54 22 -6
R Posterior ITG/MTG 21 10 264 66 42 -14

Cluster corrected4= 2.3) contrast of hard > easy task difficulty for picture judgements.
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Appendix 5.1

Accuracy Data.

Phonological Semantic Picture Semanticverbal

Easy Hard Easy Hard Easy Hard

BA 44

Baseline 097 (0.01) 089 (0.02) 099 (0) 089 (0.01) 0.95 (0.01) 0.9 (0.02)
TMS o098 (0.01) 091 (0.02) 098 (0.01) 0.84* (0.02) 0.95 (0.01) 0.86* (0.02)

BA 47

Baseline 098 (0.01) 093 (0.01) 096 (0.01) 0.84 (0.02) 0.97 (0.01) 0.88 (0.02)
TMS 0.97+ (0.01) 0.87 (0.02) 0.97 (0.01) 0.85 (0.02) 0.96 (0.01) 0.89 (0.01)

pMTG

Baseline 097 (0.01) 09 (0.01) 098 (0.01) 086 (0.02) 0.97 (0.01) 0.87 (0.02)
T™S o098 (001) 09 (0.01) 098 (0.01) 0.87 (0.02) 0.97 (0.01) 0.89 (0.02)

oP

Baseline 098 (0.01) 092 (0.01) 098 (0.01) 084 (0.02) 095 (0.01) 0.89 (0.02)

TMS o098 (0.01) 093 (0.02) 098 (0.01) 0.83 (0.02) 0.95 (0.01) 0.87 (0.02)

Accuracy data for baseline and TMS data. pMTG = posterior middle temporal gyrus, OP =
occipital pole. Asterisks indicate any uncorrected, taited, paired planned comparisons
that were significant for the comparison between baseline and post TMBrpegance;

standard error in parentheses.
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Appendix 5.2

TMS effects to demonstrate facilitation for hard tasks.

200

100

o
|

m Phonological

-100
OVerbal

TMS effect (ms)

-200 E Picture

-300

-400
Easy| Hard| Easy| Hard| Easy| Hard| Easy| Hard|

BA 44 BA 47 pMTG OoP

TMS effects. Difference in RT between TMS and baseline performance (IAM3/S) for
each site. Positive values indicate a decline in perémce following TMS. Error bars

indicate standard error of the mean.
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200

100

W Phonological

TMS effect (ms)
AN
o
o

OVerbal
E Picture
-200
-300
-400

BA 44 BA 47 pMTG OoP

Hard only: TMS effects. Difference in RT between TMS and baseline performanaen@MS
TMS) for each site. Positive values indicate a decline in performance following TMS. Error

barsindicate standard error of the mean.
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Appendix 5.3

Composite Scores

Average RT

Phonological Semantic Picture Semantic Verbal

Easy Hard Easy Hard Easy Hard

BA 44

Baseline 1317 (56) 3267 (252) 1259 (45) 2404 (141) 1516 (44) 2479 (133)
TMS 1307 (69) 3156 (208) 1330 (63) 2432 (136) 1607 (68) 2489 (121)

BA 47

Baseline 1267 (51) 2837 (110) 1320 (44) 2386 (108) 1425 (44) 2423 (159)
TMS 1332 (59) 2995 (187) 1361 (49) 2340 (87) 1587 (65) 2273 (92)

PMTG

Baseline 1369 (73) 3113 (187) 1259 (48) 2509 (141) 1482 (47) 2616 (140)
TMS 1356 (76) 3090 (175) 1388 (53) 2313 (116) 1552 (69) 2468 (155)

oP

Baseline 1305 (59) 2894 (142) 1270 (51) 2436 (133) 1515 (46) 2472 (137)
TMS 1286 (57) 2959 (172) 1340 (75) 2580 (147) 1602 (58) 2475 (187)

Composié Score Average R3. Reaction time given in ms, standard error of the mean in

parentheses

TMS TMS x Task TMS x Diff TMS x Task x Dif

df 1,21 1,21 1,21 1,21
BA 44

F 0.013  1.483 1.146 0.015

p 0909 0.237 0.297 0.905
BA 47

F 0.802  1.249 1.925 3.14

p 0381 0.276 0.18 0.091
pPMTG

F 0434  0.055 1.921 1.244

p 0517 0.817 0.18 0.277
oP

F 0467 0.075 0 0.999

p 0502 0.787 0.999 0.329

F and p values for phonological vs semantic verbal task$G= Posterior Middle

Temporal Gyrus, OP = Occipital Pole



TMS TMS x Task TMS x Diff TMS x Task x Diff

df 1,21

F 0.798
p 0.382

F 0.001
p 0971

F 0.714
p 0.408

F 1.831
p 0.19

1,21

0
0.992

0.017
0.898

0.012
0.915

0.778
0.388

1,21

0.442
0.513

4.961
0.037*

10.814
.004**

0.003
0.958

1,21

0.083
0.776

2.854
0.106

0.824
0.374

0.763
0.392

203

F and p values for verbahd picture semantic taskpMTG = Posterior Middle Temporal

Gyrus, OP = Occipital Pole **pGB01, **p < .005 *p < .01

Phonological Verbal Picture
Easy Hard Easy Hard Easy Hard
df 21 21 21 21 21 21
BA 44
t 344 .890 -1.764 -.091 -1.88 -214
p 734 .384 .046*% .929 .037*% .833
BA 47
t -1.608 -.970 -2.668 1.28 -1.282 .509
p 123 .343 .007** 214 214 .616
pMTG
t 436 .165 -1.774 1.438 -4.021 2.370
p .667 .870 .046*% .165 .0005% 027"
OP
t .728 -.553 -2.512 -.024 -1.338 -1.226
p 475 .586 .020¢ .981 195 219

T-tests comparing RTs for baseline and post pelformance at each sitpMTG =

posterior middle temporal gyrus, OP = Occipital Pgle< .05, ***p < .001, all

comparisons are twaailed.

facilitation; ®one-tailed t-test

RSy2idSa
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Appendix 6.1
baked
balls balls 2 goods birds boats cars
boomerang rugby ball cookie dove speedboat taxi
Gingerbrea
shuttlecock basketball ball ' d pigeon submarine beetle / bug
tennis ball beachball croissant seagull rowboat smartcar
golf ball bowling ball muffin robin cruiseship mini
frisbee football ball waffles magpie sailboat limo
computer
cartoons cartoons 2 cereals clothing goods dogs
pinocchio snow white muesli jeans mouse chihuahua
dumbo homer cornflakes | leggings laptop dalmatian
eeyore cheshire cat porridge dungarees printer labrador
mickey
mouse bugs bunny shreddies skirt scanner terrier
piglet shrek weetabix shorts keyboard poodle
drinks evening wear  flowers fruits garden tools | hats
coffee ballgown rose apricot shears cowboyhat
coke bowtie poppy grapes shovel basebaHcap
water cufflinks daffodil kiwi fork hard-hat
orange juice = waistcoat tulip strawberry spade helmet
tea tuxedo dandelion plum trowel chefhat
instruments kitchen
herbs/spices | instruments 2 jewelry kitchen goods goods 2
coffee
garlic recorder violin locket jug machine
salt flute piano bracelet Kettle kettle
herbs saxophone cello Earrings bottle fridge
chillies bagpipes guitar necklace teapot microwave
pepper drums xylophone | ring mug toaster
kitchen
goods 3 pastries pets puddings sea creatures @ transport
christmas
grater cornish pasty  tortoise pudding jellyfish Bus
kitchenknife | pie goldfish trifle seahorse train
ladle sausage roll snake donut starfish tube
yorkshire
peeler pudding hamster cake octopus taxi
spatula quiche rabbit cheesecake stingray tram
vegetables
tools vegetables 2 wintergear zoo animals | zoo animals 2
axe cauliflower Radish gloves koala giraffe
screw driver | bean carrot coat camel rhinocerous
chainsaw broccoli potato hat kangaroo elephant
cordless drill ' cabbage onion scarf panda gorilla
saw peas pepper mittens monkey polar bear
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Appendix 6.2

Accuracy Data

LIFG pMTG
Baseline TMS Baseline T™S

Related

Cyclel 94.1 (1.776) 94.62 (1.336) 94.87 (1.628) 93.08 (1.622)
Cycle2 94.36 (1.328) 97.18 (0.913) 95.64 (1.528) 93.08 (1.867)
Cycle3 94.87 (1.628) 9359 (2.15) 94.1 (1.563) 94.36 (1.786)
Cycle4 94.1 (1.776) 96.15 (1.057) 93.59 (2.083) 92.56 (1.893)
Cycle5 94.1 (1.261) 9256 (1.93) 95.13 (1.755) 93.33 (1.688)
Cycle 6 93.08 (2.083) 94.36 (1.618) 93.59 (2.279) 94.36 (1.939)
Unrelated

Cyclel 92.56 (1.893) 93.85 (1.919) 94.36 (0.954) 94.62 (1.389)
Cycle2 94.36 (1.574) 96.41 (1.098) 96.92 (1.098) 94.87 (1.17)
Cycle3 97.18 (0.913) 96.15 (1.123) 98.21 (0.894) 96.15 (1.502)
Cycle4 97.44 (0.936) 959 (1.736) 97.95 (0.804) 98.21 (0.61)
Cycle5 97.44 (0.936) 95.9 (1.009) 95.13 (1.947) 97.18 (0.913)
Cycle6 95.13 (2.789) 97.95 (0.71) 97.95 (0.804) 97.18 (0.74)

Accuracy DatdlIFG = left inferior frontal gyrus, pMTG = posterior superior temporal gyrus.
Average Accuracy, standard error in parentheses. No paired comparisons (Bas®liag

reached significance.
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Appendix 6.3

Six Cycle Refractory Data

df F p
Condition 1,12 54,768 .000**
Cycle 5,60 55.712 .000**
Condition x Cycle 5,60 67.805 .000**
Site 1,12 1.266 .092
TMS 1,12 1.972 .186
TMS x Condition 1,12 5.626 .035*
TMS x Condition x Cycle 5, 60 3.363 .010*
Site x TMS x Condition x Cyc 5, 60 <1 .738

F and p Values fdretween sitesANOVA** p <. 001, p< .05

TMS x Condition x Cyc

df 5, 60
LIFG

F 2.416

p .046*
pMTG

F 1.45

p .220

F and p values for ANOVA at each site for to assess TMS by condition by cycle interaction;

*p<.05

Related Unrelated
TMS TMS x Cycltk TMS TMS x Cycle
df 1,12 5, 60 1,12 5, 60
1.677 2.172 3.704 2.416
p .220 .069 .078 <1

F and p values for LIFG ANOVAs of related and unrelated sets.

T™MS df t p Baseline df t p

Cycles 2 12 3.578 .004* Cycledl-2 12 2994 011
Cycles B 12 1.176  .263 Cycles B 12 -1.371 196
Cycles 34 12 -2.049 .063 Cycles 34 12 -0.503 .624
Cycles 45 12 0.593 .564 Cycles 45 12 -0.289 .778
Cycles 56 12 0.727 .481 Cycles 56 12 0.183 .858

Bonferronicorrected twotailed Ttests (adjusted alpha of .01 (.05/p&r test) for LIFG

comparing RTs between cycles, for TMS and baseline perforntgnee05s
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