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Abstract
The role of white matter pathways in language nétwbas received much attention in
recent years. This is largely due to advancesffogion imaging techniques, which have
enabled exploration of white matter propertresivo. The emergent model from such
work proposes that language processing is undezgdibg a dorsal and a ventral pathway
connecting anterior and posterior regions involwelhnguage. This thesis aimed to
explore whether consideration of white matter messtould aid understanding of
performance profiles in chronic stroke aphasiathi® end, a group of participants with
chronic stroke aphasia were recruited and thefopeance on a large battery of
language assessments was related to their neuroigndata. The neuroimaging data
comprisechigh resolution T1-weighted structural scans, foaal anisotropy (FA) maps,
and data generated using a tractography-baseddeehcalled Anatomical Connectivity
Mapping (ACM) which provides an index of long-rangenectivity that has not yet
been applied to chronic stroke aphasia.

Chapter 3 established, in a small series of case examplasconnectivity
information from ACM can help explain variationsparformance in chronic stroke
aphasiaChapter 4 extended this work to a larger group of particisabDifferences
between aphasic participants and controls, anddstwgroups with different aphasic
subtypes and controls, were calculated and comameds imaging methods. ACM
offered insights into connectivity differences thaagre complementary to information
from T1-weighted and FA data. In addition to rewgglareas where connectivity was
reduced relative to controls, ACM revealed an iaseein connectivity in the right
hemisphere dorsal route homologue of aphasic faatits.

Chapter 5 aimed to improve our ability to capture aphasidgrenance and to
relate it to neuroimaging data. Principal composamalysis (PCA) was used to derive
factors underlying performance on the languagesbatPhonological, semantic, and
cognitive factors emerged from the PCA and pardicip’ factor scores were used as
continuous regressors in a voxel-level analysiheir T1-weighted images. Regions that
emerged as significantly related to language &slidligned with those found using
other methodologie€hapter 6 brought together work from the previous chaptgrs b
relating PCA-derived factor scores to FA maps a@MAin order to assess the
relationship between behavioural performance aadtatus of key white matter
pathways. In line with recent characterisationthefdual route system, phonological
performance related to dorsal route measures andrge performance related to ventral
route measures. Better cognitive performance wasddo relate to increased
connectivity relative to controls in the right ftahlobe. Overall these results suggest that
consideration of white matter abnormalities, b@tiuctions and increases, can help
explain patterns of performance in chronic stroileasia and that ACM can be a useful
source of such information given its sensitivityctmnectivity remote from the lesion.
These findings both provide hypotheses for futesezarch and could be used to inform
therapeutic interventions.
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Thesis Overview

This thesis is presented in alternative format, mmeathat Chapters 3 - 6 are
written in the style of journal articles. As suelach of these self-contained chapters
provides details of the motivation for the work tained within it, a review of relevant
background literature, and an interim discussiothefresults obtained. Chapter 1
provides a broader review of the background liteeatelevant to the thesis as a whole
and identifies the key research questions theglasis to address. Chapter 2 describes
key methodological issues which have needed tmbsidered in the process of
conducting this research. The final chapter, Chapteonstitutes a general discussion of
the research findings, their implications, as vaslfuture directions.

This introductory chapter will begin by describicigssification systems that
have been developed to attempt to capture behaliparformance of individuals with
stroke aphasia, along with some of the issues mdedavith such systems. Ways in
which previous work has attempted to relate aphasiformance to underlying brain
bases will then be explored, alongside key findiolgiined using such methods. The
notion that considering the impact of stroke updntevmatter connectivity may aid
understanding of patterns of performance in aphasizhen be introduced. Previous
work examining the role of white matter pathwaysinguage and the abnormalities in
such pathways underlying aphasic performance gihtbe described. Finally, the aims

of the current thesis in the context of this prark will be outlined.

Stroke Aphasia: Classification of Behavioural Parfance

According to World Health Organisation criteriastaoke, or cerebrovascular
accident (CVA), is defined as “rapidly developenhicial signs of focal (or global)
disturbance of cerebral function, lasting more tRdrhours or leading to death, with no

apparent cause other than of vascular origin” (ahal., 1980, pp.114). Broadly

14



speaking, stroke arises from either the occlusidriand vessels supplying the brain, or
haemorrhage of such vessels, which results in maliceath and dysfunction (Lo,
Dalkara, & Moskowitz, 2003). Deficits following stke can impact upon motor, sensory,
affective, cognitive, and linguistic systems (AdamsBeswick, & Ebrahim, 2004;
LeBrasseur, Sayers, Ouellette, & Fielding, 2006)e ©f the most frequently occurring
and debilitating sequelae of stroke is aphasiandition which undermines the ability to
communicate verbally. Aphasia is a central lingaishpairment, independent of
articulation ability, which can affect speech coefpnsion as well as production. That
said, some individuals with aphasia have comorbittds in the motor production of
speech, such as dysarthria or apraxia of speethpbavhich can affect articulation
(Wade, Hewer, David, & Enderby, 1986).

Although the majority of individuals who presenthvaphasia will demonstrate
some improvement in language function in the aphtese following stroke, and even
into the chronic phase (Brust, Shafer, Richter, &, 1976; Heiss, Thiel, Kessler, &
Herholz, 2003), a significant proportion of indiuis will remain aphasic chronically
(Gresham et al., 1979; Matsumoto, Whisnant, Kurl&®kazaki, 1973; Pedersen,
Jargensen, Nakayama, Raaschou, & Olsen, 1995; Wade 1986). The magnitude and
course of improvement in language function posik&iis highly variable between
individuals and there has been considerable reseaterest in the mechanisms
underlying recovery from aphasia (e.g., Blank, Birdrkheimer, & Wise, 2003; Crinion
& Leff, 2007; Crinion & Price, 2005; Crosson et &007; Hillis & Heidler, 2002; Price
& Crinion, 2005; Saur et al., 2006; Warburton, ByiSwinburn, & Wise, 1999) and
factors affecting the rate and extent of such repp¥e.g., Brust et al., 1976; Crosson et
al., 2007; Kertesz & McCabe, 1977, Kertesz, 198&Hd?sen et al., 1995; Sarno,

Silverman, & Sands, 1970; Vignolo, 1964).
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Individuals with aphasia vary, not only in termstioé severity of their language

deficits, but also in terms of the character ofhsdeficits. Stroke aphasics constitute a

heterogeneous group, with language dysfunctioningrglong several dimensions.

Classification systems which have attempted towaghis variation and allow clinicians

to assign individuals to an aphasic subtype inctheéevidely used Boston Diagnostic

Aphasia Examination (BDAE) (Goodglass, Kaplan, &rBai, 2000; Goodglass &

Kaplan, 1983) and Western Aphasia Battery (WAB)r{&sz, 1982). Equivalent systems

in other languages include the Aachen Aphasia (Fagber, Poeck, & Willmes, 1984),

designed for German speakers. Figure 1.1 showdiffieeent aphasia classifications that

the BDAE allocates individuals to and the dimensiahich these classifications are

based upon.
Fluency Comprehension Repetition

+

+

+
+
Aphasia

+

+
+

Anomic aphasia

Conduction aphasia

Transcortical sensory
aphasia

Wernicke aphasia

Transcortical motor
aphasia

Broca aphasia

Mixed transcortical
aphasia

Global aphasia

Figure 1.1.lllustration of the dimensions along which diffet@phasic subtypes are classified in

systems such as the Boston Diagnostic Aphasia Ewdioin (Goodglass et al., 2000; Goodglass &

Kaplan, 1983). Taken from Saver (2002) (p.32).
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Classifications on the BDAE range from anomic aghas which the primary
deficit shown is word-finding difficulty, in the otext of fluent speech, and preserved
comprehension and repetition, through to globabaja) which is characterised by
deficits in all aspects of language, with minim&h6y) verbal output and severe deficits
in comprehension of words and sentences (Alexad®&7; Hillis, 2007). Between these
classifications lie aphasia types where certaieetspof language are impaired whilst
others are spared, such as Wernicke’s aphasiaichwhtput is fluent but relatively
devoid of meaning, and both repetition and comprsio® are impairedVhilst
classifications such as those derived from the B[pAdvide convenient labels for
clinicians and researchers, aphasic individuaksnofio not fit neatly into diagnostic
categories (e.g., Albert, Goodglass, Helm, Rub&mslexander, 1981; Ardila, 2010;
Basso, Lecours, Moraschini, & Vanier, 1985; Brustle 1976; Prins, Snow, &
Wagenaar, 1978). Dissociations between intact mapaired performance on different
language tasks are usually relative rather thaalates Individuals often do not fully
meet the criteria for one aphasia type, and breadtons in performance exist within
the same aphasia subtype (e.g., Brust et al., 1886} result, assigning an individual an
aphasia type derived from such a classification n@ybe the most precise or
informative way of describing their language peamiance Chapter 5 demonstrates an
alternative way of defining aphasic individualsreemance, using Principal
Components Analysis (PCA) to capture performanca tamge battery of language
assessments. An additional benefit of these PCA«ebmeasures is that they constitute
ideal regressors when attempting to relate vanatio language ability to underlying

brain measures (as demonstrateGlnapters5 and6).
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Stroke Aphasia: Identifying Underlying Brain Bases

Whilst this thesis addresses structural abnormaaliti the brain underlying
aphasic behaviour, changes at the functional lexasl mediate the structure-behaviour
relationship. Functional imaging studies have itigased issues such as the evolution of
aphasia from the acute to the chronic phase @ag; et al., 2006), predicting language
outcome after stroke (e.g., Saur et al., 2010) haeisms underpinning different aspects
of aphasic performance such as comprehension Gzigion & Price, 2005) and
production (e.g., Fridriksson, Richardson, Fillma&eCai, 2012), and functional
reorganisation supporting recovery from strokeluding that associated with treatment
(e.g., Crinion & Leff, 2007; Crosson et al., 206i&iss et al., 1997; Meinzer et al., 2008;
Warburton et al., 1999There are a number of challenges associated wntttiainal
imaging of individuals with stroke aphasia, fronsrdiptions to the BOLD response soon
after the stroke to more general issues concemrsegf a paradigm that can be
accurately performed by the participants in ordeavoid imaging activations associated
with erroneous respons@®rice & Friston, 1999; see also Crosson et aD/20Qee,
Kannan, & Hillis, 2006; Price, Crinion, & FristoBQ06; Price & Friston, 2002). Changes
in brain functionin stroke aphasia are likely to reflect underlystgictural brain
abnormalitiegesulting from stroke lesions. Such structural abradities are the focus of
this thesis and are investigated by attemptinglate structural imaging to the accuracy
of participants’ performance on different languéagks.

According to the lesion-symptom approach, if weklab individuals with a
certain behavioural deficit, they should have samregions of brain damage, and if we
look at individuals with lesions to a particulaabr region, they should demonstrate
equivalent performance on relevant behavioural oreas The lesion-symptom approach
has an intuitive appeal, and has contributed gréatbur understanding of language, and

other cognitive capacities of the human brain (Bateal., 2003; Rorden & Karnath,
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2004). Seminal findings using this approach incltideobservation made by Carl
Wernicke that damage to the left posterior supeenrporal cortex was associated with
deficits in language comprehension (Eggert, 19&&;adso Blunk, De Bleser, Willmes,
& Zeumer, 1981; Hillis, 2007; Naeser & Hayward, 89@nd Paul Broca’s work which
revealed a relationship between damage to the noarsteft inferior frontal gyrus (Broca,
1861; see also Hillis, 2007) and deficits in langgiaroduction. Lesion-symptom
methodology has continued to be widely used in oyggychology and has led to the
advancement of knowledge regarding brain-languelg¢ionships (Rorden & Karnath,
2004).

However, the consistency of mappings between spephasia types and
underlying lesion locations has been challengedXogptions to expected lesion-
symptom mappings. For example, authors have nbtdddsions to Broca’s area do not
always produce the symptom profile associated &tthica’s aphasia and, conversely,
that Broca’s aphasia can occur without concomitsibns involving Broca’s area itself
(Basso et al., 1985; Hillis, 2007; Mohr et al., 82AVillmes and Poeck (1993) found
that only 17 of 48 individuals with anterior damaggeild be classified as Broca’'s
aphasics, and 23 of 48 individuals with postersidns met the criteria for Wernicke’s
aphasia. Conversely, only 17 of the 29 Broca’s sjasdhad anterior lesions, and 23 of
the 26 Wernicke’s aphasics studied had posteriorag@. The authors concluded that
there was no evidence for an unequivocal assoniagtween aphasia type and lesion
location in their study (Willmes & Poeck, 1993 gs@so Basso et al., 1985; Vignolo,
Boccardi, & Caverni, 1986).

Given these inconsistencies in lesion-symptom nmappased on traditional
aphasiological classifications, in more recent géasion studies have tended to focus on
neural substrates of performance on specific lagpguasks. One method for relating

behavioural performance to imaging data is voxaskebdamorphometry (VBM), which
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involves conducting parametric statistical analyses voxel-by-voxel basis throughout
the entire brain, to identify group differencegigsue concentrations (Ashburner &
Friston, 2000; Rorden & Karnath, 2004). The oufghtiined from VBM is a statistical
parametric map, which illustrates regions of sigaifitly differing tissue concentrations
between groups (Ashburner & Friston, 2000). BecMBM is a whole-brain approach
there is no need fa priori specification of relevant structures, meaning isagvant
regions should emerge from analyses irrespectivkeoéxpectations of investigators
(Ashburner & Friston, 2000; Draganski & May, 2008nmann et al., 2009). However,
results of VBM analyses have been shown to beenfied by choices made during
processing of data (Jones, Symms, Cercignani, &afdy2005).

In traditional VBM the investigator is requiredritake a binary distinction
between normal and abnormal behavioural performaneaning that potentially
informative gradations in language performancda@ste(Borovsky, Saygin, Bates, &
Dronkers, 2007; Tyler, Marslen-Wilson, & Stamatalg805). A variant of VBM that
utilises continuous behavioural data is voxel-bdesmn-symptom mapping (VLSM)
(Bates et al., 2003). Unlike traditional VBM, whiobquires participants to be divided
into distinct groups, for example, based on noweasus impaired scores on a
behavioural test, with VLSM, participants’ scorgsacontinuous measure are compared
at a voxel level. As with VBM, the output is a sttal parametric map showing which
brain voxels are significantly related to perforroammn the given behavioural measure
(Baldo & Dronkers, 2007; Baldo, Schwartz, Wilki@&sPronkers, 2006; Bates et al.,
2003; Saygin, Wilson, Dronkers, & Bates, 2004).

A study of 64 chronic aphasic individuals which éoyed VLSM found that
comprehension performance was associated withadeéirhemisphere regions,
including posterior middle temporal gyrus (and utidg white matter), anterior superior

temporal gyrus and sulcus, angular gyrus, mid &locdrtex, and pars orbitalis in the

20



inferior frontal gyrus (Dronkers, Wilkins, Van ValiRedfern, & Jaeger, 2004). A VLSM
study of speech production conducted by Borovslat.g2007) found that deficits in
production were associated with anterior insulaagenn a sample of 50 aphasic
individuals. VLSM has also been used in conjunctagtn functional neuroimaging to
look at brain areas involved in language compreben®ick et al., 2007). Using
continuous measures of language performance telaterwith lesion data has clearly
been a useful development in the study of aphasm 4lso Baldo & Dronkers, 2007;
Baldo, Katseff, & Dronkers, 2011; Baldo et al., 80Piras & Marangolo, 2007; Saygin
et al., 2004; Schwartz et al., 2011; Schwartz, yitese Kim, & Coslett, 2012; Turken &
Dronkers, 2011; Wilson & Saygin, 2004).

Whilst VLSM employs continuous behavioural measuagsinary distinction is
made at the brain level between intact and damaggae. Some studies have combined
the benefits of continuous behavioural measuregsed in VLSM, with continuous
brain measures, as used in VBM (Geva, Baron, J&rex, & Warburton, 2012; Leff et
al., 2009; Tyler et al., 2005a). Tyler et al. (28PEefer to this approach as ‘voxel-based
correlational methodology’ (VBCM). Throughout thigesis the term ‘VBM’ will be
used to refer to voxel-wise lesion analyses usiagréte behavioural measures (with
continuous brain measures). Voxel-wise analyseagg0éBM techniques that incorporate
continuous behavioural data will be referred tovCM’, as per Tyler et al. (2005a).
Differences between these lesion-symptom mappictgnigues are discussed further in
Chapter 2.

It should be borne in mind that certain brain regionay emerge more frequently
in lesion-symptom analyses, whichever method isleyen, due to regional differences
in vasculature. Brain regions that are only supplig a particular cerebral artery, such as
the left mid cerebral artery (MCA) (Phan, Donnarrjght, & Reutens, 2005), are more

vulnerable to ischaemia (Hillis et al., 2004) tlagions such as the left anterior temporal
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cortex, which have a dual blood supply in manyvidiials (Borden, 2006; Conn, 2003).
Consequently, power to detect relationships withmalveur will be differentially
distributed throughout the brain when studyingdasiinduced by a particular type of
stroke.

Chapter 4 of the current thesis reports results obtainedguaiVBM approach,
whilst Chapters 5 and6 employ the VBCM methodChapter 5 describes a further
development of the use of continuous behaviourasuees in lesion-symptom mapping,
using PCA-derived measures of behaviour to coeelatth imaging data. In addition to
improving the ‘symptom’ side of the lesion-symptamapping relationship through
improved behavioural measures, improvements ofiedki@n’ side of the relationship, in
the form of more advanced consideration of braisedgactors, may help to further
explicate the brain bases of aphasic performanass®et al. (1985) argued that
“exceptions” in lesion-symptom mapping demonstthéeneed to consider factors
affecting brain-language relationships other thantical integrity (Basso et al., 1985).
The focus of this thesis is on a key factor potiytiaffecting brain-language

relationships in aphasia, that of white matter emtinity.

White Matter Pathways and Language

Although cortical damage clearly has an importaig to play in explaining
behavioural impairments seen in aphasia, variailmaphasic performance after stroke
may also reflect abnormalities in connectivity beén brain regions. Consideration of
abnormalities in long range white matter connedioray lead to improved success in
relating stroke lesions to aphasic symptoms. Whagter tracts in the human brain are
classified into three groups: association fibresiclv connect cortical regions within the
ipsilateral hemisphere; commissural fibres, whiok tortical regions in contralateral

hemispheres; and projection fibres, which connediaal regions to subcortical
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structures, such as the thalamus (Catani & ffyt2085; Schmahmann & Pandya, 2008;
Schmahmann, Smith, Eichler, & Filley, 2008). Asstioin fibres can be divided into
local association fibres (or U-shaped fibres), Wwhionnect adjacent gyri; neighbourhood
association fibres, which connect nearby cortieglans; and long-range association
fibres, which connect distant cortical regions (8ahmann & Pandya, 2008;
Schmahmann et al., 2007). Higher order cognitiveetions are the result of co-ordinated
activity over large-scale neural networks, ratihantthe operation of isolated cortical
modules (Catani & ffytche, 2005; Catani & Mesul&@08a; Mesulam, 1990;
Schmahmann et al., 2008; Thiebaut de Schotten, &0f8). Long-range association
fibres are therefore likely to be critical to laage functioning.

As stroke damage usually affects both grey andenhatter, taking into account
the effects of lesions that disrupt communicatietween different brain regions, i.e.,
those affecting long-range association fibres, elé & damage to cortical regions, may
improve lesion-symptom mapping in stroke aphasid,@her neurological disorders.
Doricchi, Thiebaut de Schotten, Tomaiuolo, and @arheo (2008) argue that disruption
of long-range white matter pathways could resuthore substantial behavioural deficits
than cortical damage alone. This claim was based tipe reasoning that damage to long
association fibres could result in quantitativelgrendisruption than damage to
equivalently sized cortical regions, because ofpibiential impact on larger cortical
areas (Bartolomeo, Thiebaut de Schotten, & Doric2®07). Furthermore, the authors
argued, alternative cortical regions may be abletopensate functionally for cortical
damage, whilst disruption to entire functional netké arising from white matter
damage may be more difficult to compensate forgdQia& Mesulam, 2008a; Doricchi et
al., 2008).

Developments in neuroimaging in recent years haabled the imaging of white

matter pathways in the human brairvivo. This is especially useful in the study of
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aphasia, as it means investigators can relatecpaatits’ white matter status to their
performance. Diffusion-weighted imaging (DWI) iman-invasive magnetic resonance
imaging (MRI)-based technique, which utilises diffan of water molecules to
characterise different brain tissues (Catani, HowBRgajevic, & Jones, 2002; Clayden,
Storkey, & Bastin, 2007; Jones, 2008; Le Bihan,2®arker, Wheeler-Kingshott, &
Barker, 2002). Several different measures can beatefrom DWI. The most
commonly used of these is fractional anisotropy)(F@dmeasure reflecting the
magnitude of anisotropy of the diffusion tensora &bxel level (Basser, Mattiello, &
LeBihan, 1994; Basser & Pierpaoli, 2011; Cataralgt2002; Ciccarelli, Catani,
Johansen-Berg, Clark, & Thompson, 2008; Jones, ;2@@8paoli & Basser, 1996).
Other DWI-derived measures include mean diffusjuiteg net movement of water
molecules, independent of tissue directionalitgiabdiffusivity, diffusivity across the
tract; and parallel diffusivity, diffusivity alontipe tract (Ciccarelli et al., 2008). Such
measures provide indirect information regardingdfganisation of brain tissue and the
orientation of diffusion tensors (Basser et al94;Basser & Pierpaoli, 1996; Catani et
al., 2002; Ciccarelli et al., 2003; Le Bihan, 198%erpaoli & Basser, 1996), which can
reveal white matter damage that may not be visihlstandard structural images (Breier,
Hasan, Zhang, Men, & Papanicolaou, 2008).

Information regarding how white matter tracts avareected between adjacent
voxels can be obtained using tractography (Catakie&ulam, 2008; Ciccarelli et al.,
2003; Clayden et al., 2007; Jones, 2008; Parkair,62002). Tractography is a diffusion-
based method which yields information regardingtthgctories of white matter tracts,
which is then used to algorithmically reconstrumtinuous three-dimensional (3D)
tracts(Catani & Mesulam, 2008a; Clayden et al., 2007e3p2008). Tractography
allows investigators to quantify and visualise whiatter tracts vivo, enabling

examination of the character and integrity of laagge association tracts in healthy and
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diseased brains (McDonald et al., 2008). The impanturological disorders, such as
stroke, on white matter connectivity can be evadan this way (Clayden et al., 2007).
Whilst diffusion MRI tractography-derived connedtyvis taken as reflecting ‘true’
anatomical connectivity, it is important to rememtigt the two are not equivalent.
Tractography results can be affected by issues asi¢alse positives, false negatives, and
distance effects (Johansen-Berg & Behrens, 200t%:s)@008; Morris, Embleton, &
Parker, 2008). Thus, in this thesis ‘connectivityfl be used as a shorthand for
information obtained using probabilistic tractodgrgpwhich is a proxy for true

anatomical connectivity.

An exciting recent extension of tractography teghes is anatomical
connectivity mapping (ACM) (Embleton, Morris, Hargd_ambon Ralph, & Parker,
2007; Parker & Alexander, 2005). ACM is conductgddunching multiple tractography
streamlines from every brain voxel. The resultaapsprovide information regarding
the relative anatomical connectivity of each greg hite matter voxel in the entire
brain (seeChapter 2 for more details). The current research has utiltkese whole-
brain connectivity maps, in concert with FA dataatd understanding of the brain
abnormalities underlying stroke aphasihapter 3 presents case studies where ACM is
used to assess whether changes in connectivitgxqalain variation in lesion-symptom
mapping. INChapter 4 ACM is employed in order to investigate abnornediin brain-
wide connectivity in stroke aphasics compared tttrods at a group level. Finally, in
Chapter 6 ACM is used to help identify relationships betweadmormalities in
connectivity and performance on different langualg#ities across a case-series.

Advances in neuroimaging, including diffusion imagi have been key in the
development of contemporary models of languagechvpropose the existence of dual
processing streams supporting language in the hionzam (e.g., Hickok & Poeppel,

2004, 2007; Parker et al., 2005; Saur et al., 200&}¥» dual route system is characterised
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as including a dorsal and a ventral route conng@irterior and posterior cortical

regions. The specific fasciculi that have beentified as constituting the dorsal and
ventral routes will be described below, as wellresroles that have been attributed to the
two routes.

A dorsal pathway connecting anterior and postdaieguage regions has long
been argued for, and the specific association bloredle traditionally attributed the role
of conveying information between Broca’s and Wekals regions is the arcuate
fasciculus (AF) (Anderson et al., 1999; Catani §i¢he, 2005; Catani & Mesulam,
2008; Dejerine, 1895). This white matter pathwagrexts temporal and inferior frontal
cortices (Ciccarelli et al., 2008; Glasser & Rifjjr2008). Originating in the caudal
portion of the superior temporal gyrus, the AF ashround the insula, and connects to
the posterior part of the ventrolateral frontalddBreier et al., 2008; Catani, Jones, &
ffytche, 2005; Frey, Campbell, Pike, & PetridesD20Nieuwenhuys, Voogd, & van
Huijzen, 1988; Petrides & Pandya, 1988). As shawhigure 1.2, tractography work
suggests that the AF actually consists of two iedeent paths, one connecting Broca’s
and Wernicke’s regions directly, which correspotalthe classical description of the
AF, and a second indirect path, which runs paraltel lateral to the AF and comprises
an anterior segment, connecting Broca’s area tmtkdor parietal lobe, and a posterior

segment, between the inferior parietal lobe andrigke’s area (Catani et al., 2005).
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Figure 1.2.A tractography-based reconstruction of the arcfesteiculus. Taken from Catani et al.

(2005) (p.11).

The AF is often considered to be a subdivision lairger dorsal white matter
tract, the superior longitudinal fasciculus (SLshown in Figure 1.3. The fibres of the
SLF can be traced in a posterior direction fromgtrefrontal and premotor gyri in the
lateral frontal cortex to parietal, occipital, aednporal regions, including Wernicke’s
area (Catani et al., 2002; Dejerine, 1895; Nieuwsgstet al., 1988; Parker, 2004;
Petrides & Pandya, 1988). Although some studieg tr@ated the AF and the SLF as
synonymous (e.g., Bates et al., 2003; Catani £2@02; Powell et al., 2006), others cite
evidence suggesting that the two represent indegpernichcts (Makris et al., 2005).
Whether the AF and SLF are independent or not doeaffect the interpretation of the
work presented in this thesis, wherein both traotstreated as constituents of the dorsal

language route.
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Figure 1.3.The superior longitudinal fasciculus, as depictgChtani et al. (2002) (p.83).

Traditionally, the AF has been associated with tigspa of spoken language,
with the repetition deficits seen in conduction @il classically being attributed to
lesions involving the AF and conduction aphasiageited as a paradigmatic example
of a ‘disconnection syndrome’ (Catani & ffytche 0B) Catani & Mesulam, 2008a;
Geschwind, 1965a, 1965b), although this view hagjaone unchallenged (Anderson et
al., 1999; Selnes, van Zijl, Barker, Hillis, & Mp&002). Breier et al. (2008) sought to
identify relationships between FA levels in regiafisnterest placed within specific
white matter pathways and performance on diffecentponents of the WAB (Kertesz,
1982) in individuals with stroke aphasia. They fduhat increased damage to the AF
and SLF, as indexed by decreased FA, related teepoepetition performance,
independent of cortical damage (Breier et al., 2008SM studies have shown that
lesions likely to include dorsal language pathwargsalso associated with reduced

fluency (Bates et al., 2003; Borovsky et al., 20@7) with phonological errors in
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naming performance (Schwartz et al., 201Bjtra-operative electrical stimulation of the
AF has been shown to result in production of phogickl paraphasias in individuals
undergoing surgery for glioma removal (Duffau, @atl, Moritz-Gasser, & Mandonnet,
2009). Decreased FA and increased mean diffusivitie AF of both hemispheres has
also been associated with poorer naming performandke Boston Naming Test
(Kaplan, Goodglass, & Weintraub, 1983), in a statl§7 individuals with temporal lobe
epilepsy and 17 matched controls (McDonald e28I08).

Work such as that described above has contribotétetcharacterisation of the
dorsal route as playing a key role in phonologprakcesses, such as those involved in
production of spoken language (Hickok & PoeppeQ£®007; Saur et al., 2008;
Schwartz et al., 2012). According to Saur et 0@, the primary function of the dorsal
pathway is the sensory-motor conversion of acoustiotor representations (see also
Weliller, Bormann, Saur, Musso, & Rijntjes, 2011hidnotion is supported by the
findings of a recent tractography study by Bermal Altman (2010), which suggested
that the AF (and SLF) terminates in premotor/moggiions in the majority of healthy
controls. Whilst Duffau (2008) treats the AF astpdithe SLF, he argues that the two
play different roles within the dorsal languagetepwvith the AF being responsible for
phonological processing, and the SLF being invoinespeech perception and
articulation.The dorsal route has also been implicated in stintpoocessing
(Bornkessel-Schlesewsky & Schlesewsky, 2013; Friegl@009, 2012; Wilson et al.,

2012).

1t is worth noting, however, that these VLSM fing@are not based on diffusion data,
but were obtained using standard structural imafyimg stroke aphasic participants,
with the likely involvement of white matter pathveawyferred from the position of
pathways in healthy individuals.

29



Figure 1.4.The uncinate fasciculus. From Catani and Thiebauchotten (2008) (p.1112).

A ventral route for language may have been conedipted as long ago as the late
19" Century (Weiller et al., 2011). However, it is pith recent years that evidence for
this route has begun to amass (e.g., Frey etQfl8;Zriederici, 2009; Leclercq et al.,
2010; Parker et al., 2005; Saur et al., 2008). ¢vehite matter pathways are likely to
contribute to the ventral language route, includimguncinate fasciculus (UF), shown in
Figure 1.4, which connects the anterior tempora¢ lwith the ventrolateral prefrontal
cortex (Wise, 2003). Recent work has also pointeithié involvement of the inferior
fronto-occipital fasciculus (IFOF) in the ventrahlguage route (Duffau et al., 2005,
2009; Mandonnet, Nouet, Gatignol, Capelle, & Duffad07). The IFOF, which it has
been claimed, may only exist in humans (Catani &baut de Schotten, 2008; Catani,
2007; Forkel, Thiebaut de Schotten, & Dell’Acqu@l@), connects the occipital lobe
with frontal and temporal cortices (Catani et 2002; Forkel et al., 2010; Gloor, 1997,
Martino, Brogna, Robles, Vergani, & Duffau, 2018)d can be seen in Figure 1.5. A
third ventral association tract that has been icapdid in language processing, which runs
in close proximity to the UF and IFOF, is the indedongitudinal fasciculus (ILF)
(Catani et al., 2002; Catani & Mesulam, 2008a; Bufét al., 2009; Frey et al., 2008),

which is shown in green in Figure 1.6. Studies halge suggested that the ventral
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language route connecting temporal and frontaldagg areas is likely to go via the
extreme capsule, as shown in Figure 1.7 (indeeglghtral route is occasionally referred
to as the extreme capsule fibre system) (Frey. e2@08; Glasser & Rilling, 2008; Parker

et al., 2005; Saur et al., 2008).

Figure 1.5.The inferior fronto-occipital fasciculus. TakentnaCatani and Thiebaut de Schotten

(2008) (p.1114).

Figure 1.6. The inferior longitudinal fasciculus (green),eribr fronto-occipital fasciculus (purple),
uncinate fasciculus (yellow), and arcuate fascihiue). This figure, from Duffau et al. (2009)
(p.387), shows tracts potentially involved in tlemtral language route (and their relationship € th

arcuate fasciculus, part of the dorsal route).
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Figure 1.7. Tractography image from Axer, Klingner, and Phesq2012) (p.11) showing two
branches of the inferior fronto-occipital fascicafied and green) passing through the extreme

capsule (black square). The arcuate fasciculusasshown (blue).

Neuroimaging evidence suggests that the ventraénolays a crucial role in
semantic processing, including language compreber{se., converting inputs such as
speech and writing to meaning) (Duffau et al., 2@%ffau, Gatignol, Mandonnet,
Capelle, & Taillandier, 2008; Duffau et al., 2009iederici, 2009; Saur et al., 2008;
Wise, 2003). This aligns with neurocognitive mod#l$anguage processing, such as that
proposed by Hickok and Poeppel (2004, 2007), irctviine ventral language system
allows access to semantic information, whilst tbesdl language system maps directly
between speech perception and production. A seocadligtrelated role for the ventral
route is indicated by the fact that its constityasthways are connected to the anterior
temporal lobe, a region which has frequently beeplicated in semantic processing
(Crinion, Warburton, Lambon Ralph, Howard, & Wi2806; Mummery et al., 1999;
Mummery et al., 2000; Pobric, Jefferies, & Lambad@R, 2007; Schwartz et al., 2009;
Visser, Jefferies, & Lambon Ralph, 2009). Semadhiicits have been demonstrated in
individuals with anterior temporal lobe damage asded with various aetiologies
including anterior temporal lobectomy for tempdadde epilepsy (Lu et al., 2002),
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herpes simplex virus encephalitis (Kensinger, Sidppa, & Corkin, 2003), and the
neurodegenerative condition semantic dementiagide$f & Lambon Ralph, 2006).

Turken and Dronkers (2011) used diffusion imagind eesting-state functional
imaging data in healthy participants to assesslwigite matter pathways were
associated with regions found previously to retatanguage comprehension deficits in
a VLSM study of individuals with stroke aphasia gDkers et al., 2004). They found
evidence of involvement of all of the aforementidventral pathways, the ILF, IFOF,
and UF, although they noted that the fact thatdlpeghs were connected to regions that
emerged in their VLSM analysis did not prove tlnmisie paths support language
comprehensioper se(Turken & Dronkers, 2011). Duffau and colleaguegeha
repeatedly shown that intra-operative subcortitedtacal stimulation of ventral white
matter pathways elicits semantic paraphasias inma(®uffau et al., 2005, 2008, 2009;
Leclercq et al., 2010; Mandonnet et al., 2007).iMtesults have led them to conclude
that whilst the ventral route may include multipiects, the IFOF constitutes the crucial
ventral tract underlying semantic aspects of lagguy®uffau et al., 2005, 2009;
Mandonnet et al., 2007). It should, however, baban mind that this conclusion is
based on performance on tasks involving visualtiiipeL, picture naming) (Duffau et al.,
2009).

The emerging picture from the aforementioned werthat of a language
network supported by the co-operation of dual patfsya dorsal route concerned with
phonological processing and a ventral route subsgisemantic processing (Saur et al.,
2008; Ueno, Saito, Rogers, & Lambon Ralph, 201 1il$¥the dorsal and ventral routes
have been attributed distinct language functidns,worth bearing in mind that the two
routes are unlikely to be entirely independenthwntact language processing likely
depending upon parallel processing in, and intemadtetween, the two routes

(Cloutman, 2012; Ueno et al., 2011; Weiller et2011; Wise, 2003). A very recent
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study has looked at the relationship between dantatiee dorsal and ventral route and
language deficits in acute stroke aphasia. Kimnedral. (2013) assessed voxel-level
relationships between performance on compreherasidirepetition subtests of the
Aachen Aphasia Test (Huber et al., 1984) and lelsication on structural MR images.
They then overlaid ‘lesion maps’ for comprehensaad repetition on dorsal and ventral
pathway templates derived from healthy individuala previous study (Saur et al.,
2008). Proportion of overlap with the pathways e calculated for the
comprehension and repetition lesion maps. The aufband that repetition deficits
were associated with damage in regions that priynaverlapped with the dorsal
language route, whilst comprehension deficits eeldab damage encompassing the
ventral language route (Kimmerer et al., 2013). fwestions arising from this work
are, firstly, does this relationship between doesal ventral route damage and specific
language deficits hold in chronic stroke aphast8dly, does it hold when language
measures are related to white matter measuresedativectly from stroke aphasic
participants?

Evidence from a recent study using FA as a measitract integrity suggests
that similar relationships are seen in chronick&raphasia with measures of white
matter integrity from these same participants. uslgtinvolving a case-series of 24
individuals with chronic stroke aphasia found tRatlevels in the dorsal route related to
phonological performance, whilst semantic perforosarelated to FA within the ventral
route (Rolheiser, Stamatakis, & Tyler, 2011)Clnapter 6 thePCA-derived behavioural
measures previously mentioned are related to wih@e FA maps and ACM, in order
to systematically investigate how variations irfetént abilities in chronic stroke aphasia
relate to variations in both local (FA) and, margbrtantly, global (ACM) connectivity

within the dorsal and ventral routes, and beyond.
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Using a brain-wide measure such as ACM, which efleat abnormalities in
connectivity to a voxel arising from changes di§tain that voxel, meant that changes
remote from the lesion could also be taken int@mantwhen assessing brain-behaviour
relationships. This could include long-range desesan connectivity, arising from
processes such as Wallerian degeneration, or paltgm@tdaptive increases in
connectivity reflecting neural plasticity. A studyamining the influence of melodic
intonation therapy, an intensive speech therapgpaech production and underlying
structural connectivity in six chronic stroke aphasdividuals claimed to identify
increases in right hemisphere AF tract volume amdlver of tracts post-therapy using
probabilistic tractography (Schlaug, Marchina, &, 2009). The authors argued that
improved spoken language performance shown by plaeticipants was related to the
structural changes in the right hemisphere AFhéngdresent work, potentially adaptive

changes in connectivity are identified in the asab/considered @hapters4 and6.

Research Aims

By combining detailed behavioural and neuroimaglata from a group of
individuals with chronic stroke aphasia in novelygiaghe work presented in this thesis
aims to aid better understanding of patterns @fcindnd spared performance in stroke
aphasia. The first specific aim of this thesis vamvestigate whether connectivity data
could help better understand lesion-symptom reiatiby employing ACM in a small
number of case examples of individuals with chratioke aphasiaChapter 3).
Following on from that work, the question of whet®&M could provide some useful
information at a group level was explored. Differes in connectivity between a group
of individuals with stroke aphasia and a groupaitmls were firstly explored, followed

by an examination of differences in connectivityvzEen controls and groups of
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participants with different aphasia subtypes. Tas achieved by conducting VBM
analyses on ACM data from stroke aphasic and copamticipants Chapter 4).

As outlined previously, aphasic categories, sucthase derived from
classification systems like the BDAE are limitedé@nms of their ability to describe
participants’ abilities and to localise language@enance to underlying lesion
locations. This work aimed to define more robustitmuous measures of behavioural
performance to more accurately describe aphasicipants’ language abilities, and to
use to relate to imaging data. To this end, PCAwgzsl to define continuous
behavioural measures, which were then used tgpplticipants’ position in ‘aphasic
space’ and to correlate with their lesion locatismg VBCM Chapter 5). Finally,
bringing together the work from previous chaptére,optimised behavioural measures
were used to relate participants’ language alsliitethe integrity of their white matter
pathways. By correlating the PCA-derived behavibomaasures with T1-weighted, FA,
and ACM measures using VBCM, this work aimed teasfiow abnormalities in the
dorsal and ventral language routes related to ansiin behavioural performance in

chronic stroke aphasi&€hapter 6).
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CHAPTER 2

KEY METHODOLOGICAL

CONSIDERATIONS RELEVANT TO THE

THESIS
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The purpose of this chapter is to provide an owswof some key
methodological issues that have been taken inteideration in the course of this
project, and how they have motivated decisionsripley specific approaches to data
collection and analyses. The specific acquisitequences employed will first be

described.

MRI Acquisition Sequences

All scans were acquired on a 3 tesla Philips Achissanner (Philips Healthcare,

Best, The Netherlands) using an 8-element SENS# ¢t@h

T1-Weighted Sequence

The sequence employed to obtain high resolutiarctral images was a T1-
weighted inversion recovery sequence with 3D adiuis with the following
parameters: TR (repetition time) = 9.0 ms, TE (etme) = 3.93 ms, flip angle = 8 °,
150 contiguous slices, slice thickness = 1 mm, medqwoxel size 1.0 mm x 1.0 mm X
1.0 mm, matrix size 256 x 256, FOV = 256 mm x 256, (inversion time) = 1150
ms, SENSE acceleration factor 2.5. This is a widelkd sequence which allows
acquisition of images that are of high enough rgsm to produce voxel sizes that allow
examination of detailed brain features. This predidetailed structural scans for relation

to behavioural data, using voxel-wise techniques.

Diffusion-Weighted Sequence

Diffusion-weighted images were acquired using a@dlgradient spin echo echo-
planar imaging sequence implemented with TE = 54Grs«= 62 mT/m, half scan
factor = 0.679, 112 x 112 image matrix reconstmi¢te128 x 128 using zero filling,

reconstructed resolution 1.875 mm x 1.875 mm, shakness 2.1 mm, 60 contiguous
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slices, 43 non-collinear diffusion sensitizationediions ab = 1200 s/mr(A = 29.8 ms,
6 =13.1 ms), 1 a = 0, SENSE acceleration factor = 2.5.

For each diffusion gradient direction, phase enugaias performed in right-left
and left-right directions, giving two sets of imageith the same diffusion gradient
directions but opposite polarikyspace traversagnd hence reversed phase and
frequency encode direction, allowing correctiondeometric distortion (Embleton,
Haroon, Morris, Lambon Ralph, & Parker, 2010). Alocalised T2-weighted turbo spin
echo scan with 0.94 mm x 0.94 mm in-plane resahugiod 2.1 mm slice thickness was
also obtained for use as a structural referenae iscdistortion correction (Embleton et
al., 2010). Reasons for using a distortion coroectechnique are detailed later in this
chapter.

A key decision in selection of the diffusion-welgt sequence was the number of
non-collinear gradient directions to acquire datat. Whilst data only need to be
acquired from six non-collinear directions to cledesise a diffusion tensor (Basser et al.,
1994; Conturo et al., 1999), it has been arguedusiag larger numbers of gradient
directions may be beneficial (Jones, 2004). Shpaljh in clinical settings diffusion data
are usually acquired using the minimum number dafions necessary, research studies
frequently acquire data from many more than dioedithan six, particularly when
tractography analyses are to be carried out. Homweean duration increases as data are
acquired from more directions, meaning that ther trade-off between number of
directions data are acquired from and reasonahle tsmes. A 43-direction sequence
was deemed appropriate for use in this work, alovacquisition of high quality
diffusion data for subsequent tractography-basadlyaas, within a scan time that was
tolerable for a clinical population.

Acquisition time for the diffusion MRI data wasmpximately 28 minutes,

although this varied slightly based on the partaifs heart rate due to the fact that

40



cardiac gating was employed. Cardiac gating wasrparated in the diffusion sequence
in order to ameliorate artefacts arising from ptillsdrain movements that can affect

tractography results (Jones & Pierpaoli, 2005).

Spatial Normalisation

In order to compare images from different partiofigausing any statistical
technique, the images need first to be aligneddoramon stereotactic space (Ashburner
& Friston, 2000; Brett, Leff, Rorden, & Ashburn@001; Rorden & Karnath, 2004). As
brain morphometry of individuals varies in termssi#e, overall shape, ventricular size,
and patterns of gyri and sulci, spatial normal@atlgorithms need to be applied to each
image, to produce data which are comparable inestsape and orientation (Lee et al.,
2006; Rademacher, Caviness, Steinmetz, & GalabUB8$8; Rorden & Karnath, 2004).
The presence of focal lesions, such as those séen in stroke, tends to interfere with
automated normalisation algorithms (Brett et Q2. Crinion et al., 2007; Lee et al.,
2006; Mori et al., 2008; Rorden & Karnath, 2004gl§er, Ramlackhansingh, Crinion,
Leff, & Price, 2008). When one attempts to subg@ttmage of a lesioned brain to a
standard spatial normalisation procedure, the nkisaten algorithm attempts to
minimise mismatch between a template image angdheipant’'s image, across the
entire brain, including the lesion site. This caault in significant distortion of the image
(Brett et al., 2001; Crinion et al., 2007).

One way of dealing with this issue is to use ‘doststion masking’ to exclude
the lesioned area from the normalisation processiéfsen, Rapcsak, & Beeson, 2010;
Brett et al., 2001). However, cost-function masksgme-consuming, operator-
dependent, and can result in distortion outsiddesiened area (Crinion et al., 2007;
Ripollés et al., 2012). Furthermore, unified segtagon-normalisation methods, such as

those implemented in SPM5 onwards (Ashburner &émis2005), have previously been
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shown to be superior to normalisation with costetion masking in individuals with
stroke lesions (Crinion et al., 2007; cf Andersealg 2010). Seghier et al. (2008) have
developed a modified version of unified segmentatiormalisation, specifically for use
in lesioned brains. Seghier et al.'s (2008) methodrporates an extra tissue class that
unexpected or abnormal voxels from within the lesian be assigned to during the
segmentation process. As well as addressing segtimnissues, the additional tissue
class can optimise normalisation by acting as @plicit’ mask (Andersen et al., 2010).

The work presented in this thesis uses the ungeggentation-normalisation
method of Seghier et al. (2008) for pre-processingl images. The method has
previously been used effectively in studies invadyindividuals with stroke lesions (e.qg.,
Leff et al., 2009; Price et al., 201@).recent study that evaluated the validity of diffiet
automated procedures for normalisation of lesidmatchs showed that different methods
performed best depending on which outcome measasauged to evaluate effectiveness
(Ripollés et al., 2012). Overall Seghier et ak8(08) method compared favourably to
other methods, particularly on measures refledgsgn volume changes and distortion
around lesions (Ripollés et al., 2012). It is wdstaring in mind that any differences
between methods are likely to be small in compartsahe size of smoothing kernels
applied to data (Crinion et al., 2007; Meinzerlet2013). When employed in
preliminary analyses of the current work, the ressabtained using Seghier et al.'s
(2008) method were visually inspected by a numbexperienced researchers and
deemed to be good, and all subsequent analysesngpexted for possible issues such
as lesion shrinkage, and results were always deéorael acceptable.

Diffusion data such as ACM and FA maps were geadrat native diffusion
space. In order to subject these images to growgd-smalyses, they too needed to be
normalised. Seghier et al.'s (2008) method wasiasd for normalisation of diffusion

data. Before normalising the diffusion data, cdrehecks were made to ensure that
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participants’ T1-weighted images and their diffusimages were accurately co-
registered. By using the same normalisation progedaross imaging types (T1-
weighted, FA, and ACM), a level of consistency wakieved allowing more valid

comparison across imaging types (which was pasdibutelevant in Chapter 6).

Lesion Identification

Accurate lesion identification was key to the gatien of lesion overlap maps in
the current work, and for deriving the lesion méb used in Chapters 3 and 5 (Crinion,
Holland, Copland, Thompson, & Hillis, 2013). Seglae¢al.'s (2008) aforementioned
method was used for automated lesion identificaai®mell as normalisation. In Seghier
et al.'s (2008) method a participant’s lesion el using the modified unified
segmentation-normalisation and a ‘fuzzy clusterprgcedure, which identifies outlier
voxels that are then grouped together. This autednsitethod was employed as it
represented a more replicable, less operator-depérahd less time-consuming
approach than manual lesion identification (Fieaniasio, & Grabowski, 2000; Seghier
et al., 2008; Wilke, de Haan, Juenger, & Karna€i,13. Furthermore, automated
approaches have been shown to be able to idemti&npally indirect lesion effects,
which may play a role in lesion-symptom relationsd aould potentially be overlooked
with manual lesion identification (Wilke et al., PD). Optimum specifications for
Seghier et al.'s (2008) toolbox with data from¢herent project were explored, with
different parameters being tested and the outcasesaed. The most accurate lesion
outlines were obtained by using the toolbox’s dikfsettings, with the exception of the
U-threshold, which was set to 0.5. The automatadradentification procedure was

employed with these settings throughout this thesis
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Lesion-Symptom Mapping

In Chapter 4 traditional VBM is used to identifyffdrences in ACM between
controls and stroke aphasic participants, and btwentrols and participants with
different subtypes of stroke aphasia. Whilst tiadal VBM is a useful method for
identifying statistical relationships between braimd behaviour, particularly in a
relatively novel measure such as ACM, more soglattd methods such as
incorporating continuous behavioural data intorttezlel, have been developed. As noted
in Chapter 1, such methods include VLSM (Bated.ef803) and VBCM (Tyler et al.,
2005a).The VBCM method (Tyler et al., 2005a) was usecktate participants’
behavioural performance to their lesion location€hapters 5 and 6. VBCM is similar
to VLSM but enables a more fine-grained analysiesibns by correlating continuous
behavioural measures to continuous intensity vakaiser than binary values, in every
brain voxel. The VBCM approach has recently beepleyed in a study relating stroke
aphasic individuals’ scores on language assessrteRs maps (Rolheiser et al., 2011).
It has also been used in studies of comprehemsidrproduction in stroke aphasia
(Geva et al., 2012; Leff et al., 2009) and of objecognition and inflectional
morphology in individuals with brain damage reswdtirom aetiologies such as stroke,
herpes simplex virus encephalitis, and aneurysmil¢FaStamatakis, & Tyler, 2009;
Tyler, Marslen-Wilson, & Stamatakis, 2005b).

Whilst VBCM and VLSM are both able to capture thetfthat behavioural
deficits may be graded in extent, VBCM is also dbleapture potential gradations in
brain damage. Using continuous behavioural anahbmeasures offers increased
sensitivity and statistical power in lesion anasy§€yler et al., 2005a), although the
binary brain measures used in VLSM may have ine@agnsitivity when relationships
between lesions and behaviour are non-linear (@ewa&, 2012). Whilst the focal lesions

in stroke aphasia may mean that most brain voxelgither lesioned or non-lesioned, as
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captured by the VLSM model, there may be some rmeobdle gradations in perilesional
areas. Functioning of perilesional tissue has lséemn to play an important role in
naming performance and in treatment-induced languagrovements in stroke aphasia
(e.q., Fridriksson, Bonilha, Baker, Moser, & Rord2010; Meinzer & Breitenstein,
2008; Meinzer et al., 2008). VBCM was thereforerded an appropriate technique for

relating participants’ continuous performance measto their imaging data.

Processing of Diffusion-Weighted Data

Diffusion-weighted data were submitted to a nunddgrocessing steps in order
to generate FA maps and ACMs. Firstly, all diffusaata were distortion-corrected
using the procedure described by Embleton et @L{R(see below for further details).
FA maps were then produced by fitting a singleugiibn tensor to each voxel in the
distortion-corrected diffusion-weighted data. Tladues in each voxel of the FA map
vary from zero to one and represent the magnitidaisotropy within each voxel. In
brain regions where diffusion is equal in all diregs, such as cerebrospinal fluid, FA
values will be closer to zero. In areas where ditin is more anisotropic, i.e., it occurs
preferentially in one direction, such as within tehinatter fibres (particularly those
which are parallel to one another), FA values balhigher (Basser & Pierpoali, 1996).

ACMs were generated by submitting the distortiom@tted diffusion-weighted
data to the model-based bootstrap of constrainkers@l deconvolution (Haroon,
Morris, Embleton, &, Parker, 2009) (see below father details). This process
produced probability density functions, which paeviestimates of fibre orientation(s)
within voxels, as well as quantifying the uncertgiwithin those estimates (Haroon et
al., 2009). These PDFs served as the input fopithleabilistic index of connectivity
(PICo) tractography algorithm (Parker, Haroon, & &gler-Kingshott, 2003), which was

used to generate ACMs. ACMs were produced by langden probabilistic
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tractography streamlines from every voxel in th@rorAs such, the seed region given to
the PICo algorithm from which to launch streamlir@msisted of a binary mask of the
entire brain. Having launched ten probabilistieainlines from every brain voxel, the
number of streamlines passing through each voxsltiaen recorded. The values in the
ACM therefore represent the relative connectivitgach brain voxel to every other
brain voxel, with higher values representing a gmeaumber of probabilistic streamlines

passing through a voxel.

Distortion Correction

A major disadvantage of commonly used diffusionghéed acquisition
sequences is that they can result in significantrgric distortion in the phase encode
direction in regions close to air-tissue boundaftgsbleton et al., 2010; Jezzard &
Balaban, 1995). Such distortions are typically nsmeere at 3 tesla than 1.5 tesla, as
they are proportional to the strength of the magretid employed (Alexander, Lee,
Lazar, & Field, 2007; Mori et al., 2008). Regionseseptible to such distortion include,
for example, anterior areas of the temporal lolesiaferior areas of the frontal lobes, in
which distortion can give rise to erroneous andtyawactography. For reliable
tractography results to be obtained this distortieads to be corrected (Alexander et al.,
2007; Embleton et al., 2010). In this thesis wafkudion-weighted acquisition
sequences were employed that allowed applicati@di$tortion correction procedure
described by Embleton et al. (2010). Embleton &t 2010) method also reduces the
effects of eddy currents, another source of distoithat can affect diffusion imaging

results.
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A General Introduction to Tractography

A brief introduction to tractography will now begwided, before further
discussion of issues relating specifically to thecpssing of diffusion data in the correct
work. Tractography is a diffusion-based method Whields information regarding the
trajectories of white matter tracts, which is thesed to algorithmically reconstruct
continuous three-dimensional (3D) tra@@atani & Mesulam, 2008a; Clayden, Storkey,
& Bastin, 2007; Jones, 2008). Tracts are recontsdugy firstly selecting initial ‘seed
points’ from which to begin tracking. The orientatiof the diffusion tensor is estimated
and the tracking algorithm then moves in the dioecof least hindrance to diffusion
(i.e., greatest diffusivity) into the next voxehi$ process is then repeated with the
algorithm moving along a continuous path, generbategiecing together voxel-by-voxel
tensor orientation estimates (Catani et al., 2@¥tturo et al., 1999; Jones, 2008; Mori,
Crain, Chacko, & van Zijl, 1999; Parker et al., 20Barker, Haroon, & Wheeler-
Kingshott, 2003; Poupon et al., 2000). The cruassumption underlying tractography is
that the principal direction of diffusion is equigat to the orientation of the WM tracts
in a voxel (Ciccarelli et al., 2003, 2008; LeBihatral., 2001). Two threshold values are
commonly applied to constrain the tractography esscan FA threshold and an angular
threshold. The tractography algorithm will continuil it reaches a region where
anisotropy falls below a given FA threshold (Catatral., 2002; Ciccarelli et al., 2008;
Jones, 2008). Thresholds are often selected whiiighvehtiate grey and white matter,
although the FA threshold is not employed withti@ttography algorithms (Jones,
2008). The second constraining parameter, the angjuleshold, specifies the maximum
angle a tract can turn between two voxels. Thisipater aims to eliminate generation of
implausible pathways, although there is no gersgedement as to what the angular

threshold should be (Ciccarelli et al., 2008; JpA668).
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Several different types of tractography algoritimse been developed, all of
which can be described as either deterministiaobabilistic (e.g., Batchelor et al.,
2001; Conturo et al., 1999; 2008; Mori et al., 1,998rker et al., 2002; Parker et al.,
2003; Poupon et al., 2000). Each of these methaslst$ own advantages and
disadvantages (Jones, 2008), for example detemmitrigctography has been argued to
be relatively simple and provide easily interprégaiesults (Bassett et al., 2011) but is
limited by the fact that it cannot represent bramgtasciuli and it provides no
information regarding the confidence that can ®eaisted with a reconstructed
pathway, unlike probabilistic tractography (Jor)8).There is currently no objective
way to compare the success of different algoritafrtsacking white matter in the human
brain, and consequently there is no agreement\akittih method yields optimum results
(Ciccarelli et al., 2008; Hubbard & Parker, 2009).

False positives, i.e., reconstruction of non-existeacts, and false negatives, i.e.,
failing to identify existing tracts, may occur mattography results. Issues such as
potential presence of multiply oriented fibre otagions within a voxel (as discussed
below) and the fact that results depend upon imergation of thresholds, such as those
for terminating tracking, on which there is no cemsus regarding optimum values, can
contribute to the occurrence of false positives aeghatives. Careful analysis of such
results is therefore required, taking into accastablished neuroanatomical knowledge,
to evaluate the validity of tractography findingddcarelli et al., 2003; Parker et al.,
2002).

A particular issue for tractography techniquesesiole of distance effects. There
is uncertainty, which is non-uniform throughout tirain, associated witbrientation
estimates conducted for each voxel (Jones, 20@®8B)2This uncertainty accumulates
with increasing distance from the seed region, nmggthat the frequency with which

voxels are visited by streamlines propagated iroaabilistic tractography algorithm
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decreases with increasing distance from the sepdrréJones, 2008; Morris et al.,
2008). For this reason, frequency of connectiayerserally higher for regions closer to
the seed region than for more remote regions, mgahat it is hard to define a threshold
of connection probability that indicates presencealsence of a tract (Morris et al.,

2008).

Crossing Fibres

The resolution of diffusion-weighted imaging istla¢ level of voxels, which are
far greater in size than the diameter of individaedns. This means that only bundles
rather than individual axons can be visualised ¢&ielli et al., 2008; Lee et al., 2006).
The tensor model that is commonly used to genelifftesion metrics such as FA and to
provide orientation data to tractography, estimétesorientation of diffusion tensors
based on averages across these axon bundles.oBssidt pose a problem if the axons
have the same orientation, i.e., they are organrspdrallel. However, in many brain
regions this is not the case and in such regiohsyevfibres may cross, touch, merge, or
diverge, tractography algorithms tend to performrpo(Catani et al., 2002; Ciccarelli et
al., 2008; Johansen-Berg & Behrens, 2006; Jon€8; Rierpaoli et al., 2001,
Schmahmann & Pandya, 2008).

More detailed orientation data, which afford impedtractography results in
regions of multiple, differentially oriented fibteacts, can be obtained using more
sophisticated models than the tensor model (Ba286&; Behrens, Berg, Jbabdi,
Rushworth, & Woolrich, 2007; Catani et al., 2002rk&r & Alexander, 2005; Tournier
et al., 2008; Tournier, Calamante, & Connelly, 20D3urnier, Calamante, Gadian, &
Connelly, 2004; Tuch, 2004; Tuch et al., 2002; Waedddagmann, Tseng, Reese, &
Weisskoff, 2005). Although these methods are moreputationally demanding and

require longer processing times (Ciccarelli et2008), all diffusion data in the current
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thesis were processed using such a technique. €tlethemployed was the model-
based bootstrap of constrained spherical deconwal{tiaroon et al., 2009), a method
based on the constrained spherical deconvoluti®@D{jGechnique devised by Tournier
et al. (2007, 2008). The CSD method has been showe able to resolve fibre
populations that are separated by smaller angéesttiat achievable with other methods
such ag}-ball imaging (Tuch, 2004) and to improve estimatkBbre orientations

present in each voxel (Haroon et al., 2009; Touretal., 2007, 2008).

Anatomical Connectivity Mapping

As noted in Chapter 1, this work employed ACM (Eetbh et al., 2007) to
investigate abnormalities in white matter tractoas the entire brain in individuals with
stroke aphasia. Unlike standard tractography, irthvktreamlines are launched from a
particular seed region defined by the researchekdM multiple probabilistic
streamlines are launched from every voxel in tle@biThe output in ACM is a whole-
brain connectivity map, in which each voxel vala#lects the number of streamlines that
have passed through that voxel. In this way ACMigalreflect how connected that
voxel is to every other grey and white matter vakebughout the brain (Embleton et al.,
2007). Whilst the ACM value within a voxel refledts relative level of connectivity, it
does not reflect the spatial distribution of thects from which that connectivity is
received (Bozzali et al., 2011). Thus, whilst ACkEhlefits from the ability to
demonstrate changes in connectivity that can dugeto distant changes in brain
structure, it is limited by the fact that it canmiatectly indicate the source of such
connectivity changes.

Figure 2.1 shows an example ACM from a healthy otd@trol participant and
Figure 2.2 shows an example of an ACM from a stiagheasic participant. ACM was

employed in this work because it offers brain-wed@nectivity information, with voxel
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values able to reflect abnormalities in connedtitlitat may arise due to local structural
brain changes or to changes remote from the vakes. information was deemed to be
potentially illuminating in the study of aphasiaheve language deficits could arise as a
result not only of damage to cortical areas andipral white matter pathways important
to language, but also as a result of reduced coriigdo such areas caused by damage
elsewhere in the brain.

Further, because ACM values are computed for evaxgl in the braina priori
regions of interest (ROISs) to seed tractographgnfobd not need to be defined. If
specific ROIs had been identified, it is proballattat least some participants would
have had lesions to the intended seed point, mgdhat tractography could not be
seeded from the specified region for all particisaRurthermore, seeding tractography
from the whole-brain rather than a smaller ROl mélaat abnormalities that arose
anywhere throughout the brain would be identifiadluding abnormalities in
connectivity to areas as remote as the contralasleemisphere, which could reflect
either decreased or in fact increased connectivitthe ensuing chapters ACM results
are compared to those from analysis of FA mapswB# chosen as a comparison metric
because it is a widely used measure, which provatss information regarding white
matter integrity to compare to the more global @mtivity information gained in ACM.
Whilst T1-weighted measures can reflect changesmtentration in grey and white
matter, FA offers increased sensitivity to variaon white matter microstructure
compared to T1l-weighted imaging (Klingberg et 2000; Stamatakis, Shafto, Williams,
Tam, & Tyler, 2011). FA is particularly suited tovestigations of white matter
properties because white matter is more anisotrbyic grey matter or cerebrospinal
fluid (Basser & Pierpaoli, 1996).

When used in concert with FA maps, ACM can reveairbregions where white

matter pathways may appear to be undamaged buéctivity has been affected due to
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damage elsewhere. Conversely, ACM can also corfiehstructural connectivity
through a particular pathway has been retained.g¥ew as noted previously, ACM
values do not convey any information regarding Wwhicain regions connectivity has
been derived from. As such, information obtainedrfran individual’'s ACM should be
interpreted within the context of their FA map (#ordl' 1-weighted scan). In this way, an
FA map can be used to identify regions of damagmitbcal pathways, whilst ACM can
provide additional information regarding the stateonnectivity within such pathways.

More detail regarding how the information obtaifiexn ACM is complementary to that

in FA is given in subsequent chapters.

Figure 2.1.Example of a control participant’s normalised Amaical Connectivity Map (top row)

and T1-weighted scan (bottom row).
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Figure 2.2.Example of a stroke aphasic participant’s normadli&natomical Connectivity Map (top

row) and T1-weighted scan (bottom row).

In summary, this work employed a normalisation pthae designed for use in
lesioned brains (Seghier et al., 2008), a distortiorrection technique that affords
improved visualisation of brain regions such asriigi anterior temporal regions
(Embleton et al., 2010), a bootstrapped CSD methaidenables resolution of multiple
intra-voxel fibre populations in diffusion data (téan et al., 2009), and a whole-brain
probabilistic tractography method (ACM) (Embletdrak, 2007). Combining
neuroimaging data acquired and processed using tmsoaches with detailed,
continuous behavioural data in chronic stroke ajplhr@nders this a novel and innovative

piece of research.
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Abstract

Objective: This study aimed to investigate whether a recatdleloped measure
reflecting structural connectivity of brain whiteatter could help to explain variations in
aphasic symptoms in individuals with chronic strakdasiaM ethod: Performance on a
battery of language assessments was related toati@gesonance imaging data
including data from a diffusion-weighted imaginghaique called Anatomical
Connectivity Mapping (ACM). Participants with a ety of left hemisphere lesions
were considered: two with similar anterior lesiamg) with similar posterior lesions, and
one with a more ventral lesioResults: Differences between participants on language
assessments were more understandable when informatiheir ACM was taken into
account. In both the anterior and posterior cas®grity of language impairment
appeared to relate to extent of disruption to cotivigy in the dorsal language route. The
fifth participant, whose language deficits were ensemantic in nature, appeared to
relate to disruption in ventral route connectivltyter pretation: This work illustrates
that information regarding white matter connecyiviéin help to improve the accuracy of
lesion-symptom mappings in individuals with chrosimke aphasia. Phonological
deficits related more to dorsal route connectigityiormalities, whilst semantic deficits
related more to ventral route connectivity abnoresl, in line with contemporary
models of language processing. ACM representsfalusédiole-brain tool for evaluating

disruptions in connectivity in chronic stroke aphas
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Introduction

Lesion-symptom mapping studies have played a kieyimdthe advancement of
knowledge regarding brain-language relationshipgadrtant insights achieved using
such an approach include seminal findings by Cain¢ke and Paul Broca (Blunk et
al., 1981; Broca, 1861; Eggert, 1977; Hillis, 200&eser & Hayward, 1978) and the
lesion-symptom mapping approach continues to belwieimployed in the study of
stroke aphasia today (Bates et al., 2003; Dronkedgjar, 2004; Geva et al., 2012; Leff
et al., 2009; Rorden & Karnath, 2004; Schwartd.ef@11; Tyler et al., 2005a).
However, classical associations founded on lesypmgsom mapping, between posterior
lesions and comprehension deficits and anteri@oigsand production deficits, have
been challenged by cases of aphasic individualsdehaot show the expected
concordance between lesions and deficits (Basab, dt985; Vignolo et al., 1986;
Willmes & Poeck, 1993). In addition, individualstiviseemingly similar cortical lesions
can demonstrate different behavioural profiles, @maversely, individuals with similar
performance on behavioural tasks can have lesi@iglb not appear to encompass
common cortical regions (Caplan, Hildebrandt, & Mak1996; Wilson & Saygin,
2004). One potential contributor to shortcomingkesion-symptom mapping is a failure
to appreciate the impact of damage to white magénways on the functioning of large-
scale neural networks subserving language proae§Blank, Scott, Murphy,
Warburton, & Wise, 2002; Catani & ffytche, 2005;t@a & Mesulam, 2008; Mesulam,
1990; Parker et al., 2005; Warburton et al., 1998 current work aimed to evaluate
whether taking white matter connectivity informatimto account could help improve
lesion-symptom mapping in individuals with chrostcoke aphasia.

The emerging picture from recent neuroimaging wsitkiat language function
relies upon at least two white matter pathways eoting temporal and inferior frontal

cortices, a dorsal route via the arcuate fascic{A&3 (Ciccarelli et al., 2008; Glasser &
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Rilling, 2008; Rilling et al., 2008) and a more w#ahroute (e.g., Parker et al., 2005; Saur
et al., 2008). Evidence for the existence of anaitdnguage route has emerged
primarily from tractography (e.g., Anwander, Titbgeyer, Von Cramon, Friederici, &
Knosche, 2007; Duffau, 2008; Frey, Campbell, P&®etrides, 2008; Parker et al.,
2005; Saur et al., 2008), and intra-operative sdestimulation studies (e.g., Diehl et al.,
2010; Duffau, Gatignol, Moritz-Gasser, & Mandonr2909; Duffau, 2008; Leclercq et
al., 2010). Various candidate fasciculi have bagggssted as constituting the ventral
language route, including the uncinate fascicullis) (McDonald et al., 2008; Wise,
2003), inferior fronto-occipital fasciculus (IFOf®uffau et al., 2005, 2009; Mandonnet
et al., 2007), and inferior longitudinal fascicullisF) (Catani & Mesulam, 20083;
Mummery et al., 1999), although these need not biiatly exclusive (Duffau et al.,
2009) and most accounts agree that the ventrad magses through the region of the
extreme capsule (EmC) (Frey et al., 2008; GlassRillghg, 2008; Parker et al., 2005).

In terms of roles of the two language routes, ewgesuggests that the dorsal
route is involved in phonological processing, pdivg a direct bi-directional route
between speech perception and production (Berm&t&an, 2010; Hickok & Poeppel,
2004, 2007; Leclercq et al., 2010; Saur et al. 3220@eiller et al., 2011). The dorsal route
has also been implicated in syntactic processimgrBessel-Schlesewsky &
Schlesewsky, 2013; Friederici, 2009). The venwate, meanwhile, has been associated
with semantic processing, providing a bi-directioaite between perception and
production that is mediated by meaning (FriedeB009; Hickok & Poeppel, 2004,

2007; Leclercq et al., 2010; Saur et al., 2008k (ite evidence for a degree of
specialisation, both routes are likely to work aradlel to achieve most language tasks in
healthy individuals (Cloutman, 2012; Ueno et ab12, Weiller et al., 2011; Wise,

2003).
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Dorsal and ventral white matter pathways appeargtbre, to be involved in
language processing in healthy individuals. Butwdra the implications of damage to
the dual route system? Can recent findings regaurthi@ intact language system help us
to better understand the impairments shown by iddails with stroke aphasia? Given
that white matter pathways play an important partormal language function, taking
into account the effect of stroke on white mat@hpvays important to language
processing may help to better explain individupkrformance on language tasks and,
consequently, some of the previously outlined eioap in expected lesion-symptom
mappings. Whilst the repetition deficits charastigeiof conduction aphasia have long
been associated with AF damage (Breier et al., 20@8ni & ffytche, 2005; Catani &
Mesulam, 2008; Geschwind, 1965a, 1965b; Schlaugcivi@a, & Norton, 2009; cf.
Anderson et al., 1999; Selnes, van Zijl, Barketli$]i& Mori, 2002), it is only very
recently that work has looked at the relationst@wieen damage to other white matter
pathways and aphasic symptoms. A recent studyarfya cohort with acute stroke
aphasia found that repetition deficits were assediavith damage in regions likely to
overlap with the dorsal language route, whilst coghpnsion deficits related to damage
encompassing the ventral language route (Kimmewdr,013). This study employed a
method wherein behavioural performance was rel@atéesion location in a voxel-level
analysis. Resulting lesion maps were then ovedaitemplates of white matter
pathways from healthy individuals, in order to inféhich pathways may have been
impacted upon by stroke damage. A similar approahemployed in a sample of
chronic stroke aphasics in which phonological errormaming were found to relate to
integrity of the dorsal language route (Schwartalt2012).

A study of chronic stroke aphasics in which behakabperformance was related
directly to white matter measures obtained frontigigants (rather than indirectly

inferred by reference to white matter effects pretl on the basis of the lesion on
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standard imaging), was conducted by Rolheiser, &tzkis, and Tyler (2011). Their
study looked at the relationship between fracti@masotropy (FA), a diffusion imaging
metric that is sensitive to alterations in localt@matter microstructure, and
performance on different behavioural assessmehtsdtogical task performance was
found to relate to dorsal route FA, whilst semapgcformance related to ventral route
FA (Rolheiser et al., 2011). Together these findiagcord with the notion of the dorsal
route underpinning phonological performance andvédral route subserving semantic
performance (e.g., Hickok & Poeppel, 2004, 200ur®a al., 2008; Weliller et al., 2011).
A similar relationship has also been observed énctbntext of primary progressive
aphasia, a focal form of neurodegenerative dememdiked by deterioration in language
function (Acosta-Cabronero et al., 2011; Agostalgt2010; Galantucci et al., 2011).
Advances in research into the structure and funaifpand effects of pathology
on, white matter have been enabled by developmeli§fusion-weighted imaging over
the past two decades. Imaging of white matter kiakved from the original diffusion
tensor model (Basser, Mattiello, & LeBihan, 199%jrtore complex models of the
diffusion process, based on techniques suahtadl imaging (e.g., Tuch, 2004) and
spherical deconvolution (e.g., Tournier et al.,200ournier, Calamante, & Connelly,
2007; Tournier, Calamante, Gadian, & Connelly, 20@#ich allow resolution of
multiple fibre populations within a single voxelifibsion metrics available to
researchers have diversified from FA and mean slifity (MD) to tractography-derived
measures of tract length and fibre number (Calaeadurnier, Jackson, & Connelly,
2010; Correia et al., 2008; Pannek et al., 201wang investigation of different
aspects of brain connectivity. The current work kExyged a recently developed technique
for investigating structural connectivity called &omical Connectivity Mapping (ACM)
(Embleton et al., 2007). ACM is a probabilisticai@graphy-based technique that allows

visualisation of whole-brain connectivity by laumaty multiple probabilistic trajectories
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from every voxel in the brafnACM has the potential to be particularly informatiin
investigations of white matter changes in chroticke aphasia, as one might expect to
see connectivity abnormalities in pathways thageatbeyond lesion boundaries.
Appreciation of the location and severity of subln@malities may, therefore, improve
lesion-symptom mappings, by providing a better ustd@ding of extent of damage.
The aim of the current study was to use ACM todrsathderstand how brain
damage relates to language performance in a griomgigiduals with chronic stroke
aphasia. Each participant’s scores on a rangengtilege tests were related to
connectivity information in their ACM, as well aseir high resolution T1-weighted
structural scan and FA map. Whilst diffusion metigscich as FA can provide insights
into the microstructural integrity of a particulaxel within a white matter tract, ACM
allows us to investigate how changes throughoubtha impact upon longer range
connectivity. To illustrate the utility of this apgyach, we first present the results of
“pseudoneurosurgery”, in which we establish thesgitity of ACM to focal damage
involving key language processing tracts. We thresgnt data from a case-series of five
chronic stroke aphasic participants. Two of thesehsimilar anterior lesions, two have
similar posterior lesions, and one has a ventsabfe Consideration of how these
particular lesions have affected connectivity @& ttorsal and ventral pathways explains

the striking differences in their behavioural pledi

?In this work ‘connectivity’ will be used as a shuand for the information extracted
using probabilistic tractography, which is a prdaytrue anatomical connectivity.
Tractography, like other neuroimaging methods,limaisations, and these include being
affected by issues such as false positives, fagatives, and distance effects (Johansen-
Berg & Behrens, 2006; Jones, 2008; Morris et &l08). Therefore, whilst diffusion

MRI tractography-derived connectivity and ‘true’aomical connectivity are strongly
linked, the two cannot be considered to be equitale
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Methods

Participants

Data from fivechronic stroke participants are presented heréicipants’
gender, age, education, time post-stroke, strokelagy, and diagnosis according to
assessment on the Boston Diagnostic Aphasia Exéionn@oodglass et al., 2000) are
given in Table 3.1. All were right handed, as assdsising the Edinburgh Handedness
Inventory (Oldfield, 1971), had English as thersfilanguage, and had no history of
neurological condition except a single left hemesnehstroke. Ethical approval for the
study was granted by the North West Multi-centredech Ethics Committee, UK.

Written informed consent was obtained from all jggoaints.

Table 3.1

Participant Information

Age Education Time Post- Stroke Aphasia

Initials Gender (years) (years) Stroke (months)  Aetiology Type

PE Female 73 16 22 I C/wW
EB Male 61 17 12 I Anomia
DS Male 72 11 105 I Anomia
KW Male 81 10 24 I Broca’s
KS Male 59 12 12 H TSA

Abbreviations: | = ischaemic, H = haemorrhagic, FSAanscortical sensory aphasia, C/W =

Conduction/Wernicke's
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Behavioural Assessments

In addition to the BDAE, participants were test@dadbattery of language
assessments, which are detailed in Table 3.2. &tterlp was designed to assess
participants’ phonological and semantic performadcemall battery of cognitive tests
was also conducted with participants, details oictlare given in Supplementary
Information. Testing was carried out in particigftomes over several sessions.
Participants’ performance was scored based onfilgiresponse for all assessments,
apart from sentence comprehension. For the sentameprehension tasks participants
were given two points for each prompt correct respoand one point for delayed correct
responses or self-corrections, as per the scoystgm for the Comprehensive Aphasia
Test (CAT) (Swinburn, Porter, & Howard, 2005). R&sges on haming assessments
needed to be produced within five seconds of ptatien to be marked as correct. Minor
dysfluencies in responses were accepted. Presentdtspoken stimuli was repeated if

requested by participants.

Magnetic Resonance Imaging (MRI) Data Acquisition

All images were acquired on a 3.0 tesla Philipsigea scanner (Philips

Healthcare, Best, The Netherlands) using an 8-ele®ENSE head coil.

Structural MRI Data Acquisition

High resolution structural scans were acquiredgiaifi 1-weighted inversion
recovery sequence with 3D acquisition, with théofelng parameters: TR (repetition
time) = 9.0 ms, TE (echo time) = 3.93 ms, flip &gl8 °, 150 contiguous slices, slice

thickness = 1 mm, acquired voxel size 1.0 x 1.00xinT, matrix size 256 x 256, FOV
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=256 mm, TI (inversion time) = 1150 ms, SENSE &sregion factor 2.5, total scan

acquisition time = 575 s.

Diffusion Data Acquisition

A pulsed gradient spin echo (PGSE) echo planarimgadPIl) sequence was
used to acquire diffusion-weighted data, implementgh TE = 54 mMsGnax= 62 mT/m,
half scan factor = 0.679, 112 x 112 image matroonstructed to 128 x 128 using zero
filling, reconstructed in-plane resolution 1.87%.875 mnj, slice thickness 2.1 mm, 60
contiguous slices, 43 non-collinear diffusion sénation directions ap = 1200 s/mrh
(A =29.8msp = 13.1ms), 1 a = 0, SENSE acceleration factor = 2.5 (because the
sequence was cardiac gated, the TR was dependém ardividual’'s heart rate). Each
diffusion-weighted volume was acquired entirelydsefstarting on the next diffusion
weighting, resulting in 44 temporally spaced volsmgth different direction diffusion
gradients. For each diffusion gradient directidmage encoding was performed in right-
left and left-right directions, giving two setsiofages with the same diffusion gradient
directions but opposite polarikyspace traversal, and hence reversed phase and
frequency encode direction (Embleton et al., 20Diffusion-weighted acquisitions
were cardiac-gated using a peripheral pulse unithemparticipant’s index finger, aimed
at reducing artefacts associated with pulsatilenbreovements (Jones & Pierpaoli,
2005). Cardiac gating meant that the duration efdiffusion-weighted scan was
dependent on the participant’s heart rate, butapgsoximately 28 minutes. Cardiac
gating was not used for participants DS and KStdwerhythmia. A co-localised T2-
weighted turbo spin echo scan with 0.94 x 0.94 miplane resolution and 2.1 mm slice
thickness was also obtained as a structural referscan for use in the distortion

correction procedure (Embleton, Haroon, Morris, bam Ralph, & Parker, 2010).
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MRI Data Analysis

Processing of Structural T1-Weighted Data

Structural T1-weighted scans were normalised agtheated using a modified
unified segmentation-normalisation procedure deyedidoy Seghier et al. (2008),
implemented in SPM8 (SPM8, Wellcome Trust CentréNleuroimaging,
http://www.fil.ion.ucl.ac.uk/spm/ Seghier et al.’s (2008) software was also ueed t
generate automated outlines of participants’ les{gee Supplementary Information).
Figures 3.2, 3.3, and 3.4 include normalised Tlgiweid scans from each stroke aphasic

participant, with their automated lesion outlineedaid.

Processing of Diffusion Data

Diffusion data were first subjected to a distortamrection procedure (Embleton
et al., 2010) implemented in MATLAB, which redu@esefacts arising from magnetic
field inhomogeneities in regions near air-tissuarimaries, such as the anterior temporal
lobes. This procedure also corrects for distorticanssed by eddy currents (Embleton et
al., 2010). FA maps were generated for each ppatntiby fitting a single diffusion
tensor to each voxel in the distortion-correctdtudion-weighted data. The distortion-
corrected diffusion-weighted images were also Bsed using the model-based
bootstrap of constrained spherical deconvolutioar@idn, Morris, Embleton, & Parker,
2009; see also Jeurissen, Leemans, Tournier, &ISijl2008), a method based on the
constrained spherical deconvolution (CSD) technidgmsed by Tournier et al. (2007,
2008). The application of model-based residual &toapping to CSD allowed
guantification of the uncertainty in the inferreldré orientation, producing probability
density functions (PDFs) suitable for use in prolsthc tractography (Haroon et al.,

2009). The PDFs yielded by the bootstrapped CSbgaowere used to produce ACMs
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(Embleton et al., 2007). ACMs were generated uiegorobabilistic index of
connectivity (PICo) tractography algorithm (Parkearoon, & Wheeler-Kingshott,
2003). Ten tractography streamlines were launctad every voxel in each
participant’s brain and the frequency of intersatiof each streamline with each brain
voxel recorded. The output from the ACM represémesrelative connectivity of each

brain voxel to every other white or grey matter @oix that brain.
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Results

Pseudoneurosurgery

“Pseudoneurosurgery” was carried out by applyinglsmasks to the ACM
tractography process, so that streamlines coulga&sd through or be launched from the
voxels within the mask. These masks were placeelected parts of the dual route
white matter language system of a control partitijseébrain. The aim was to ascertain
which regions demonstrated reduced connectivity Esult of damage to specific parts
of white matter pathways.

The control participant on whose brain pseudoneugesy was conducted was a
72 year old right-handed female, with 16 yearsdafoation and no neurological history.
Masks were drawn as regions of interest (ROIs) Ridvo
(http://www.cabiatl.com/mricro) and then includeslexplicit masks when generating
ACMs in PICo. Only one ROI mask was used per ACMas ACM was generated with
one mask included, then another ACM was generatédandifferent mask included, and
so on. The masks used are shown in Figure 3.1an@oe details of the masks see
Supplementary Information). The resulting ACMs weoenpared back to the control
participant’s original ACM, run without any maskings well as comparing the two
ACM outputs visually, in order to clearly demonstreegions in which connectivity was
reduced after ‘lesioning’, the ‘lesioned’ ACM wasb$racted from the ‘unlesioned’
ACM using the Imcalc function in SPM8 (SPM8, Welige Trust Centre for
Neuroimaging, http://www:.fil.ion.ucl.ac.uk/spm/)h& resultant subtraction maps are

shown as a composite in Figure 3.1b and indivigualFigures 3.1c to 3.1f.
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Figure 3.1.a) Location of masks used as ‘lesions’ in “psewdwosurgery”. The AF lesion (red), SLF
lesion (yellow), EmC lesion (blue), and the ILFid#s(green). b) Composite image showing results of
pseudoneurosurgery with the AF (red), SLF (golan(E(blue), and ILF (green) lesion masks.
Regions of reduced connectivity after applyingdh@&F lesion; d) SLF lesion; €) EmC lesion; f) ILF
lesion. Crosshairs indicate the location of thevaht simulated lesion. Subtractions are threskolde

from 100 — 2000.

Inclusion of the ‘AF lesion’ mask resulted in reddaconnectivity along the
dorsal pathway, particularly at the posterior efithe pathway, including the component
that arches around the posterior end of the Syfigsre into the temporal lobe, as can
be seen in Figure 3.1c. The ‘SLF lesion’ simulatieshto reduced connectivity in the
region of the mask itself, unsurprisingly, and tlaéong the dorsal route posterior to the
mask. As Figure 3.1d shows, reductions in the piostpart of the dorsal route were,

however, less extensive than those seen in thégsibn’ simulation. Inclusion of the

67



‘EmC lesion’ resulted in reduced connectivity i @rea of the EmC and, to a lesser
extent, the anterior part of the dorsal route avgtgrior part of the ventral route, as
shown in Figure 3.1e. Finally, presence of the ‘lesion’ led to reduced connectivity in
the region of the mask itself and along the infeaiod posterior component of the ventral
route, as is evident in Figure 3.1f. The ILF lestlxh not appear to impact on
connectivity along the dorsal route or the moresaat and superior aspect of the ventral
route in the region of the EmC.

These simulated and constrained lesions along khie watter pathways known
to be implicated in intact and impaired languagecpssing demonstrate the sensitivity of
ACM to disruption distal from the area of the lesid he simulations captured important
areas of the language network, with each simulairobing different parts of the dual
route system. ACM therefore has the potential tther our understanding of brain-
behaviour relationships in chronic stroke aphddauing established the sensitivity of
the method to constrained simulated lesions, we émeployed ACM to investigate

connectivity changes in individuals with real sedksions and chronic stroke aphasia.

Behavioural Assessment Results
Participants’ scores on the battery of languages s given in Table 3.2. For

participants’ scores on additional cognitive measusee Supplementary Information.
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Table 3.2

Participants’ Scores on Language Assessment Battery

Participant PE EB KW DS KS

Assessment

Minimal Pairs Nonwords (PALPA 1)/72) 56 68 54 57 68
Minimal Pairs Words (PALPA 2)(/72) 62 71 47 56 69
Repetition Nonword Immediate (PALPA 8)/30) 4 25 0 17 22
Repetition Nonword Delayed (PALPA 8}/30) 1 16 0 11 24
Repetition Word Immediate (PALPA 9J}/80) 36 80 3 70 75
Repetition Word Delayed (PALPA 9)/80) 33 80 0 74 76
Reading Aloud Nonword (PALPA 8)/30) 5 26 0 23 0
Reading Aloud Word (PALPA 3£)(/80) 41 78 2 78
Word-to-Picture Matching - Spokér(/64) 62 63 61 64 46
Word-to-Picture Matching - Writteh(/64) 64 64 59 64 43
Picture Naming (64-item namin@)/64) 13 52 1 57 20
Picture Naming (BNTY (/60) 7 40 0 49 8
Camel and Cactus Test - Writt(164) 57 59 56 57 -
Camel and Cactus Test - Pictut¢4) 54 58 57 58 44
Synonym Judgemefit(/96) 76 91 79 90 81
Sentence Comprehension — Spokéi32) 16 23 27 28 27
Sentence Comprehension — Writfe(i32) 12 20 23 27 -

Scores in bold indicate performance more than tandard deviations below the mean
performance of a group of 13 healthy control pgrtints, similar in age and education level to
the stroke aphasic participants. Assessment sousjeke Psycholinguistic Assessment of
Language Processing (PALPA) (Kay, Lesser, & Colthd®92); (b) the Cambridge Semantic
Battery (Bozeat, Lambon Ralph, Patterson, Gar&tdpdges, 2000);c) the Boston Naming

Test (Kaplan et al., 1983); (d) the 96-item synonydgement test (Jefferies, Patterson, Jones, &

Lambon Ralph, 2009); (e) the Comprehensive Aphbsgt (CAT) (Swinburn et al., 2005).
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Neuroimaging Results

Abnormalities in participants’ ACMs were interprétiey comparison between
their left hemisphere ACM and that of an individyalge- and education-matched
control participant. Whilst attempts were made &ieh controls and participants closely,
and visually the results would appear to be clossyched enough for a qualitative
comparison between participants and controls,stgraviously been shown that the
structure of white matter pathways can vary betwedividuals (Bassett, Brown,
Deshpande, Carlson, & Grafton, 2011; Johansen-B&1); Lawes et al., 2008; Scholz,
Klein, Behrens, & Johansen-Berg, 2009). Therefarealso compared participants’ left
hemisphere ACM and FA results with their own rigbtmisphere results and found the
same pattern of results. Whilst differences hase pleviously been observed between
left and right hemisphere pathways (Blichel et28104; Catani et al., 2007; lturria-
Medina et al., 2011; Parker et al., 2005), meattiag this comparison also has
limitations, the fact that the same results appmkasing both control left hemispheres
from healthy individuals, and participants’ own antaged hemispheres, suggests that

the results obtained were reliable.

Posterior Cases
Participant PE

On examination of participant PE’s T1-weighted sa@mich is shown in Figure
3.2, one might expect her to present with sevamepaired comprehension as well as
production deficits, given that her lesion includes classic Wernicke’s area. However,
this was not the case, her comprehension wasuellagpared (at least at a single word
level). This is in contrast to a significant impa@nt on any task requiring spoken output,
including repetition and reading aloud of words andwords, and picture naming. PE’s

language performance makes sense though, in thextai her ACM. Examination of
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her ACM shows that connectivity through her leftirigphere dorsal route has been
severely affected by her stroke lesion. Whilstlédsgon itself only impacts upon the
posterior end of the dorsal route (as shown orTheneighted scan and FA map),
connectivity along her dorsal route has been sgvdmninished. This closely resembles
the pattern of reduced connectivity observed wherAF lesion’ was applied in the
pseudoneurosurgery simulations (i.e., dorsal roataectivity remote from the area of
damage is reduced in both cases).

PE’s impaired performance on all tasks requiringkem responses makes sense
in the context of severely reduced dorsal routeneotivity, given that the dorsal route
has been associated with phonological processimadk¢K & Poeppel, 2004, 2007; Saur
et al., 2008; Weiller et al., 2011). The fact tR&'s performance on minimal pairs,
repetition, and reading tasks was markedly wors@adaword items than word items
would also be predicted from her reduced dorsdkroannectivity. Both dorsal and
ventral routes are likely to be involved in procegof real words in the intact language
system, but for nonwords the ventral route via nreais unlikely to offer much support
in this process, so processing of nonwords depemwie heavily upon the dorsal route.
PE’s sentence-level comprehension was also midpaired, consistent with previous
studies that have suggested a role for the davsét in syntactic processing
(Bornkessel-Schlesewsky & Schlesewsky, 2013; Fried@009). The ACM also shows
that PE’s ventral route is relatively spared (alitjo a little diminished at its posterior
extent), which would predict relatively intact siagvord comprehension, which PE

demonstrated.
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- PARTICIPANT PE PARTICIPANT EB

RIGHT LEFT RIGH

T1-Weighted
(Native)

T1-Weighted
(Normalised)

Control ACM

Figure 3.2.Imaging results for posterior cases PE (left) BBdright). T1-weighted scan (top row);
normalised T1-weighted scan with lesion outlineveian red (second row); FA map (third row);
ACM (fourth row); ACM from matched healthy contqmédrticipant (bottom row). Healthy control
participant for PE = female, 72 years old, 16 yedmrsducation. Healthy control participant for EB =
male, 63 years old, 17 years of education. All iesagre shown in native space apart from the
normalised T1-weighted images. Arrows indicateuees of interest referred to in text on FA and

ACM images.

Participant EB

As can be seen in Figure 3.2, EB’s lesion, althaugthidentical to PE’s, was
similar in location and extent. Yet, EB’s perforrsarfell within normal limits for the
majority of language assessments. EB showed amidyimpairment on delayed

nonword repetition and reading aloud words. He sitbavmoderate impairment on

72



naming tasks and slightly impaired spoken and gnigentence comprehension,
although for the sentence-level tasks he answergdatly on all but one spoken
sentence task and all but two written sentencesthskdropped points due to slow
responses. His performance on all other tests @lagvely spared. Examination of EB’s
ACM reveals diminished connectivity along the dbrsate and a very slight reduction
in ventral route connectivity. The fact that EB&rformance was mildly impaired on a
demanding phonological task, delayed nonword rapetiis likely to reflect the fact that
his dorsal route connectivity is diminished rattiem totally eliminated (i.e.,
disconnected). EB’s slightly impaired naming cordtlect both dorsal route effects and
the slight reduction in ventral route connectivithe fact that EB performed well on
most assessments reflects that fact that the magirhis dual stream language system
remains connected, even if this connectivity ighgly diminishedAs with participant
PE, the extent of EB’s reduction in dorsal routerectivity was more evident on

examination of his ACM than his T1-weighted scafArmap.

Comparison of participants PE and EB

Our posterior case examples, PE and EB, had laoyelstapping lesion locations
as seen on the T1-weighted scans. The consequeaintesr lesions also looked more
similar than different in the FA maps. Both of thieision locations would predict a
fluent, Wernicke-like aphasia. Whilst both are fiieneither presented with a significant
comprehension impairment. Furthermore, their paréorce on language tasks was very
different. Not only did EB perform better than P ail tasks that both fell outside
normal limits on, but PE also demonstrated sevemagpaired performance on tasks that
EB performed to within normal limits, including inediate word and nonword
repetition, delayed word repetition, and nonworadreg. This difference in language

impairment might be difficult to explain on the sasf T1-weighted scans alone, but is
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clearly understandable when differences eviderAGM are taken into account. Whilst
EB’s ACM shows evidence of slightly reduced conmtst along the dorsal route and
very slightly reduced ventral route connectivit{y' ® ACM shows connectivity that is
diminished, to zero at some points, along the docsde (as well as a small amount of
ventral route reduction in connectivity). In otlveords, PE’'s ACM reveals

disconnection, whilst EB’s shows a reduction inroegtivity.

Anterior Cases

Participant KW

Participant KW showed slightly impaired performaicethe receptive
phonology task, minimal pairs (for words and nond®)y although the severity of this
impairment was far less than his impairment onealks requiring spoken responses. He
was unable to repeat or read aloud words or norsyardto name pictured items.
However, his relatively spared semantic performas@vident from his scores on the
word-to-picture matching, camel and cactus, synojudgement, and sentence
comprehension tasks, which were either within ndtimats or only mildly impaired.
While damage to regions of the dorsal pathway idest in KW’s FA map, as seen in
Figure 3.3, its severity only becomes fully appaen examination of his ACM, which
shows dorsal route connectivity to have diministeethe point that it is non-existent
until the most anterior extent of the path. Ag&Ny’s performance reflects the white
matter connectivity changes evident on his ACM. Td& he was severely impaired on
all tasks requiring spoken responses fits withféioe that his dorsal route connectivity is
severely affected and his relatively good perforogaon semantic assessments, including
comprehension assessments, is to be expectedtpeéact that connectivity through his
ventral route is relatively high. KW’s lesion lomat encompassed the location of the

mask used for the ‘SLF lesion’, and as with thdipigant PE, similarities in regions of
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reduced connectivity between the simulation antigpant KW’s ACM can be seen.
Both the ‘SLF lesion’ simulation and participant KRMACM reveal reduced connectivity
along the dorsal route but, interestingly, in bodlses connectivity is retained at the most
anterior extent of the dorsal route, suggestingttiia region receives connectivity from

white matter pathways other than the remaindeh@tdorsal route.

PARTICIPANT KW PARTICIPANT DS

T1-Weighted
(Native)

T1-Weighted
(Normalised)

Control ACM

Figure 3.3.Imaging results for anterior cases KW (left) ard @ight). T1-weighted scan (top row);
normalised T1-weighted scan with lesion outlinevaiin red (second row); FA map (third row);
ACM (fourth row); ACM from matched healthy contqmérticipant (bottom row). Healthy control
participant for KW = male, 79 years old, 12 yedreducation. Healthy control participant for DS =
male, 77 years old, 10 years of education. All iesagre shown in native space apart from the
normalised T1-weighted images. Arrows indicateuess of interest referred to in text on FA and

ACM images.
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Participant DS

Participant DS demonstrated mildly impaired perfange on minimal pairs,
immediate word repetition, and one of the two napaesessments. He also showed very
mildly impaired word reading, and moderately impdirmmediate and delayed
repetition of nonwords. However, DS was able tdguer spoken and written word-to-
picture matching, both camel and cactus tests,rgynqudgement, and both sentence
comprehension tasks within normal limits. DS’ métiguage impairments, which are
most notable on the phonologically demanding tdskgyed nonword repetition, are
likely to reflect reduced connectivity and integrdf his dorsal route, which is evident on
his FA map and more strikingly on his ACM, as shawfigure 3.3. The connectivity of
the posterior part of DS’ dorsal route appearsetodbatively intact, which is in keeping
with the fact that his phonological deficits arlately mild. His good performance on

the semantic assessments is consistent with lgeljaintact ventral route connectivity.

Comparison of Participants KW and DS

Like the posterior case examples presented edtiese two anterior participants
have largely overlapping lesion locations, as seeml-weighted scans. However, their
language performance differs significantly. Notyowias KW impaired on tasks that DS
was not, but in all tasks on which both were imgaiiKW scored at or close to floor-
level, whilst DS’ scores were only mildly impairethese differences in language profile
can be understood more clearly by examining bottigi@ants’ ACMs. KW'’s dorsal
route connectivity has been effectively eliminatetiereas DS’ ACM shows a reduction
in connectivity at only the most anterior pointtloé dorsal route. This may explain why

KW showed such a severe phonological output defidiich was absent in DEW and
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DS scored similarly on semantic assessments, tieitethe fact that connectivity in most

of the ventral route is relatively intact in bothses.

Extrasylvian Case

Participant KS

The anterior and posterior participant pairs pressbabove illustrate how
differences in dorsal route connectivity relateaoiations in language performance in
chronic stroke aphasic individuals with similari¢eslocations. The final case to be
presented, participant KS, serves to illustratariygact of white matter connectivity

changes in an inferior posterior part of the vdrgeghway.

Recent work has provided evidence for the involvanoé several white matter
pathways in the ventral language route. This ineuanterior structures such as the UF
and extreme capsule fibre system (Anwander e2@07; Parker et al., 2005; Saur et al.,
2008; Schmahmann et al., 2007; Wise, 2003), asasgtlathways which extend from
posterior to anterior regions such as the IFOF f@uét al., 2005, 2009). An additional,
more posterior, tract that may contribute to thetrad language pathway is the ILF.
Although it has often been associated with visi@aténi, Jones, Donato, & ffytche,
2003), the role of the ILF has been said to beaard|Catani et al., 2003; Mandonnet et
al., 2007).There is increasing evidence, however, that theneghere the ILF
terminates anteriorly is more multimodal and semsantnature (Matsumoto et al., 2004;
Mummery et al., 1999; Sharp, Scott, & Wise, 200&s¥r & Lambon Ralph, 20113nd
that the ILF may therefore be part of the ventiabluage route (Saur et al., 2008; c.f.
Mandonnet et al., 2007). The ILF’s potential raldanguage may have previously been
underappreciated for two reasons, firstly thaalisfoutside of mid cerebral artery

(MCA) territory and is therefore damaged less ofteMCA stroke (Phan et al., 2005),
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and secondly, that it is subject to susceptibditiefacts which particularly affect the

anterior temporal lobe in MRI (Devlin et al., 20@mbleton et al., 2010).

RIGHT

- PARTICIPANT KS

T1-Weighted
(Native)

T1-Weighted
(Normalised)

Control ACM

Figure 3.4.Imaging results for extrasylvian case KS. T1-w&glscan (top row); normalised T1-
weighted scan with lesion outline shown in red ¢geglcrow); FA map (third row); ACM (fourth
row); ACM from matched healthy control participgbbttom row). Healthy control participant =
male, 59 years old, 11 years of education. All iesagre shown in native space apart from the
normalised T1-weighted images. Arrows indicateuess of interest referred to in text on FA and

ACM images.

Participant KS has a lesion that falls outsidedlassic perisylvian language area but

impacts upon the most inferior and posterior aspetite ventral route, including both
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the ILF and IFOF, as can be seen in Figure Bedpresented with transcortical sensory
aphasia (TSA), meaning his speech was fluent avdalseable to repeat, but his
comprehension was impaired. Hesion is located at the temporo-parieto-occipital
junction of the left hemisphere, a region ofteroasgted with TSAAlexander,
Hiltbrunner, & Fischer, 1989) and semantic impaintseollowing stroke (Noonan,
Jefferies, Corbett, & Lambon Ralph, 2010). KS permied well on phonological tasks
such as word and nonword repetition, and minimakpalowever, his performance was
impaired on spoken and written word-to-picture rhatg, spoken sentence
comprehension, the picture version of the camelcactus test, picture naming, and
reading aloud. KS’ good performance on phonologisiks would be predicted by the
location of his cortical lesion, and the fact tbathis FA map and ACM it can be seen
that connectivity through the dorsal route is lygmaffected. KS’ impaired
performance on tasks involving semantics is aldmetexpected when the results of his
FA map and ACM are considered. The connectivitgulgh the posterior part of his
ventral route has been seriously affected, whichldvpredict a semantic impairment.
The location of the diminished connectivity is riglh the posterior, inferior part of the
ventral route. As well as showing regions of dirsired connectivity, ACM can reveal
where connectivity is still intact. So in the exdenpf KS, if his FA map only was
considered, whilst one can see that the dorsat rappears to be structurally intact,
whether connectivity though that route has beegcédtl by stroke lesion cannot be
assessed. Based on assessment of his ACM, thildactormal connectivity seems to be
maintained through the dorsal route can be conirme

Areas of reduced connectivity on KS’ ACM are clgsalirrored by those resulting
from inclusion of the ‘ILF lesion’ in the “pseudam®surgery” simulations. In both cases
reduced connectivity can be seen along the infamalrposterior component of the

ventral route. Furthermore, in both cases conniégtiong the dorsal route and the more
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anterior and superior parts of the ventral routiheregion of the EmC appear to be

relatively intact.
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Discussion

Taking into account white matter connectivity abmalities can help us better
understand the language profiles of chronic stegk@asics, in terms of both spared and
impaired features. Here, we introduced the use@¥lfas a means to chart disruptions to
connectivity in this participant group for the fitsne. Initially, we used
“pseudoneurosurgery” to establish the consequerfoasnstrained lesions to key left
hemisphere dorsal and ventral language pathways lopg range connectivity as
measured by ACM. Having established the sensitnfitthis measure to these simulated
lesions, we then considered the effects of reaksttesions upon ACM in light of the

language processing of a small case-series of hstmoke aphasic participants.

We have presented aphasic individuals with posté&gions which largely
overlap, but whose behavioural performance is dmet. Participant PE was impaired on
all tasks requiring spoken output, whilst particip&B’s language deficits were
relatively mild, with notable deficits only emergion more demanding phonological
tasks. On examination of their ACM data, it is cldeat PE presents with much more
extensive dorsal route connectivity reductions tB&nwhich may help explain their
differing language profiles. Similarly, our anterases, KW and DS, both showed large
anterior lesions on their T1-weighted scans. Yet W& severely impaired on all tasks
involving spoken word (and nonword) production, iwhDS showed milder language
deficits which were most appreciable in the phogwlally demanding delayed nonword
repetition task. Again, the key difference on theM\would appear to be extent of
dorsal route connectivity changes, with KW showéngdence of far greater dorsal route
connectivity abnormalities than DS. Finally we gneted the case of KS, a participant
whose lesion falls largely outside the classicgdvian language network, yet who
presented with language impairment. Whilst KS’ perfance on tasks of input and

output phonology was within normal limits, his seri@ performance was not. On
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examination of his ACM it was clear that KS hadueed connectivity through the

ventral pathway.

What ACM has revealed regarding white matter cotiviecchanges and
language performance in this group is in line witiat would be expected from the
literature on the dual route language system iftimgarains. Reduced dorsal route
connectivity appeared to impact on phonologicatpssing, with smaller amounts of
change influencing higher level phonological tageticipants EB and DS), and more
substantial connectivity changes impacting onaaks requiring a spoken response
(participants KW and PE). The current findings réiere, support the involvement of the
dorsal route in phonological processing (Bernal &man, 2010; Hickok & Poeppel,
2004, 2007; Leclercq et al., 2010; Saur et al. 3220@eiller et al., 2011). There were only
two sentence-level assessments in the batteryr@wmsclaims regarding syntactic
processing cannot be made. However, the fact thaamicipants with dorsal route
damage showed some degree of impairment on sertengaehension tasks is
consistent with the idea that the dorsal route play a role in syntactic processing
(Bornkessel-Schlesewsky & Schlesewsky, 2013; Fried@009). Unlike the first four
participants described, participant KS showed iloicgon in dorsal route connectivity in
his left hemisphere. However, a marked reductiotoimnectivity in the posterior and
inferior component of his left hemisphere ventmlte was evident on his ACM. This
reduced connectivity was associated with impaidgpmance on assessments
involving semantics, which is in line with the idiwat the ventral route plays an
important role in semantic processing (Friede26i09; Hickok & Poeppel, 2004, 2007;
Leclercq et al., 2010; Saur et al., 2008). Whiist tlorsal and ventral routes have been
associated with phonological and semantic procgssaspectively, it is important to
note that both routes are likely to play a pariost language tasks in the intact language

system (Cloutman, 2012; Weiller et al., 2011). Tikigeflected by the fact that patterns
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of impaired and intact task performance in strgkieasia are usually relative rather than

absolute, which was evident in our participant grou

Understanding individuals’ white matter connectnghanges could potentially
influence the type of speech and language therafpyeded to them. If information was
available regarding regions where a participantreathining white matter connectivity,
therapy could be directed at utilising those intasburces. For example, in participants
PE and KW, whose dorsal route connectivity is selyareduced but who have good
ventral route connectivity, therapy could be dedisemake more use of the intact
ventral route, for example through enhanced reéamtsemantics to drive speech (Laine
& Martin, 2012; Nickels & Best, 1996; Raymer et @008; Stinear & Ward, 2013).

With individuals such as EB and DS, who have soeneaining dorsal route

connectivity, as well as relatively intact ventralite connectivity, both phonology and
semantics could be employed in therapy. For indiaigl such as KS, who have intact
dorsal route connectivity, but ventral route dedica more phonologically-based therapy
might be more appropriate. If both dorsal and \@mtutes are affected, for example in a
case of global aphasia, therapy that encouragassthef right hemisphere pathways
might potentially be employed. Melodic intonatidretapy, for example, which has been
argued to rely more on right hemisphere regions bdegn associated with increases in
the right hemisphere homologue of the dorsal routdronic stroke aphasia (Schlaug et
al., 2009).

The current work demonstrates that whole-brain eotinity mapping, ACM, can
be a useful tool in the study of chronic strokeasgi. ACM has previously been shown
to be sensitive to changes in white matter conwiggin other clinical conditions, such
as Alzheimer’s disease (Bozzali et al., 2011, 20A8)discussed above, the results we
have obtained using ACM have related well to thealveoural data from our

participants, as well as previous research. AClvadlunbiased tracking of the entire
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brain, without the need far priori hypotheses regarding the location of connectivity
changes. ACM offers different information regardwlite matter to that available in FA
maps. Whilst FA and related measures such as MDhaagken to reflect local
microstructure of white matter tracts (Basser & paeli, 1996), ACM reflects global
connectivity and can reveal connectivity reductitreg can arise from both damage to
close by or remote brain regions. This is partidulaseful information when we are
interested in syndromes such as different typegpbésia, where individuals’ language
performance may not only reflect local damage ttica and white matter areas, but
also distal changes in connectivity resulting frilms damage, as was particularly clear
for participant PE in the current work. In addititanrevealing areas that appear to be
intact on FA maps, but which are receiving reduo@uhectivity due to distal damage,
ACM is also able to offer confirmatory evidencetthathways have maintained normal
structural connectivity after damage. Consideriognectivity information from ACM,
alongside information regarding white and grey eratitegrity from T1-weighted scans
and FA maps, can improve the accuracy of lesiongggm mapping by accounting for

unexplained variance in participants’ performance.

Conclusions

Information regarding white matter connectivity camplement cortical lesion
site information when attempting to understanddifiering performance of chronic
stroke aphasic individuals on language tasks. Gismimgdifferent parts of the dual
pathway language system impact differently on lagguperformance of individuals
with stroke aphasia, with reduced connectivityhiea tlorsal route being associated
primarily with phonological impairment and reduasghnectivity in the ventral route
being linked to semantic deficits. Through usingM® explore whole-brain

connectivity, we were able to detect disruptiocdanectivity distal to both simulated
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and real lesion sites. This information allowedasxplain behavioural variation
between individual chronic stroke aphasic partietpathereby improving the accuracy
of lesion-symptom mapping and furthering our underding of the neural mechanisms
that support language processing. As a whole-lm@mmectivity mapping approach,
ACM would be ideally suited to investigating whetlieere is any evidence for
potentially positive changes in participants’ whitatter connectivity and, if so, how
these relate to behavioural performance. This cbealgarticularly illuminating if ACM
were combined with detailed behavioural assessmentongitudinal study charting

individuals with stroke aphasia from the acutehi® ¢hronic stage.
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Supplementary Information

Additional Cognitive Assessments

Participants completed a small battery of additi@ognitive assessments, which
included: the Brixton Spatial Rule Anticipation kKg8urgess & Shallice, 1997),
Raven’s Coloured Progressive Matrices — sets A, &8, B (Raven, 1962), Elevator
Counting — with and without distraction (Robertsé'ard, Ridgeway, & Nimmo-Smith,
1994), forward and backward digit span (Wechsl@887), and Corsi span (Milner,

1971).

Lesion Outlines

Participants’ lesion outlines were generated uSieghier et al.'s (2008)
automated lesion identification procedure, impletedmwith default settings apart from
theU threshold, which was set at 0.5. In addition ®g$troke aphasic participants’ data,
data from 21 control participants were includethia lesion identification procedure.
The control group included 11 males and 10 fem##svere right-handed and had no
history of neurological iliness. The control grosiphean age was 69.62 years (SD =

6.18) and mean number of years in education wa&02ars (SD = 2.73).

Pseudoneurosurgery Masks

The masks were drawn as ROIs on the control ppatntis native, ‘unlesioned’
ACM. The ‘AF lesion’, which was a volume of 810 &g was located at the posterior
end of the dorsal route in a superior temporo-parregion. The ‘SLF lesion’ was 800
voxels located over the anterior dorsal routehanftontal lobe. The ‘EmC lesion’ was
528 voxels, located in the anterior part of thetkadmoute, inferior and slightly anterior

to the SLF lesion, underlying the insula. Finalhg ‘ILF lesion’, which was 1080
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voxels, was placed in the posterior portion ofwbetral route. It was the most inferior

mask and was located in the posterior anterior teadpobe.

Table 3.3

Participants’ Scores on Additional Cognitive Asseents

Participant  PE EB KW DS KS

Assessment

Brixton Spatial Rule Anticipation Task (/55) 23 44 28 40 29
Raven’s Coloured Progressive Matrices (/36) 29 36 9 2 26 31
Elevator Counting - without distraction (/7) 5 6 2 6 5
Elevator Counting — with distraction (/10) 3 10 2 3 9
Forward Digit Span (/8) 2 6 4 4 8
Backward Digit Span (/7) 2 4 3 2 4
Corsi Span (/7) 6 6 4 5 6

Scores given in bold fall outside the normal rafgesed on published norms. Norms were

unavailable for the Raven’s Coloured Progressivérivts.
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Abstract

Aphasia is a common long-term consequence of beaians arising from stroke.
We used a recently introduced method called Anatah@onnectivity Mapping to go
beyond perilesional changes and increase our wadeiag of disruption and adaptation
in chronic stroke aphasia. Results revealed extertisturbance of key left hemisphere
language pathways, including the arcuate fascicplaslleled by an increase in the

strength of connections in the homologous trathéright hemisphere.
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Main Text

Aphasia, an impairment which can affect languagelpction and/or
comprehension, is often seen after a left hemigpsieoke. Unfortunately, many stroke
survivors experience some level of language dysioimechronically ranging from mild
word-finding difficulties to severe impairmentse{pressive and receptive language.
Brain changes supporting recovery of function matyanly take place in the cortex but
may also involve long-range white matter assoampathways. Recent advances in
diffusion imaging have allowed investigation of th@in’s white matter pathways
vivo. The emerging picture from this research is tloaunal language function is
subserved by at least two pathways connectingiantend posterior cortical left
hemisphere language areas, a dorsal and a vearitpldge pathway (e.g., Parker et al.,
2005; Saur et al., 2008). The goal of our study wwagpply a recently introduced
measure, Anatomical Connectivity Mapping (ACM)]dentify areas of disruption or
adaptation in a representative group of chronwkstiaphasic participants, with differing
levels and types of language impairments.

We considered differences between stroke aphadicipants and controls on
high resolution T1-weighted magnetic resonance intgMRI), and fractional
anisotropy (FA), a commonly used diffusion MRI niethat is sensitive to alterations in
local white matter microstructure. We contrastestits obtained using these more
commonly used measures with those obtained using ,AQrecently developed whole-
brain probabilistic tractography method that pregdnformation regarding how strongly
connected each grey and white matter voxel is éoyeather voxel in the brain
(Embleton, Morris, Haroon, Lambon Ralph, & Park07; see also Bozzali et al.,
2011, Cercignani, Embleton, Parker, & Bozzali, 2012 ACM the value in each voxel
represents connectivity by quantifying the numtdgsrobabilistic tractography

trajectories that reach that voxel. ACM offers eolehbrain method for investigating
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changes in white matter connectivity and this stisdye first time it has been employed
in a stroke aphasic group. We used these threecitypgs to assess whether ACM offers
any additional insights over and above those pexiody common measures of local grey
and white matter integrity, T1-weighted imaging &l

We recruited 31 individuals with chronic stroke agpia from a single left
hemisphere stroke (see Figure 4.1 for lesion oparlap) and a group of 19 control
participants of comparable age and education angpaced T1-weighted, FA, and ACM
data between groups using voxel-based morphoméBi). For each image type
statistical comparisons were conducted betweeRestaphasic participants and controls
in each brain voxel. Firstly we looked at whichibreegions showed reduced values in
stroke aphasic participants relative to controlgach image type. As Figure 4.2 shows,
tissue concentration was lower for the stroke aphzeticipants on T1-weighted
imaging in widespread left hemisphere regions, igaiavering middle cerebral artery
territory. Reduced white matter integrity, as iredex] by lower FA values, was seen in
the stroke aphasic participants in a region largelrlapping with the T1-weighted
cluster. The ACM results showed lower connectivajues in stroke aphasic participants
throughout the left hemisphere white matter languagtwork, including both dorsal and
ventral pathways, with more specific delineatiornha affected connecting structures

than in either the T1-weighted or FA results.
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Figure 4.1.Lesion overlap map showing the distribution obké& aphasic participants’ lesions €
31). Colour scale indicates number of participavith lesion in that voxel. All imaging data are
presented in neurological convention. Smaller nmapthe right show lesion overlap of subgroups

entered into VBM follow-up analyses: anomic< 9), Broca’s f = 8), and mixed nonfluent = 6).

Our stroke aphasic participants were a heterogengmup who varied in the
precise nature of their language impairments. Tigypes offered by standardised
measures like the Boston Diagnostic Aphasia ExatmimgGoodglass & Kaplan, 1983;
Goodglass, Kaplan, & Barresi, 2000) offer a wagdpture differences in behavioural
profiles. We therefore conducted VBM analyses for BDAE subgroups in our sample
with ann > 5 (Figure 4.2), these consisted of nine anomi@aics (with word-finding
difficulties but relatively fluent speech and intaomprehension), eight Broca’s aphasics
(with nonfluent speech but relatively intact confpgesion) and six mixed nonfluent

aphasics (with nonfluent speech and mildly impaceohprehension) (see Figure 4.1 for
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subgroup lesion overlap maps). The T1-weightedliteshowed a large overlap between
subgroups, particularly the two nonfluent subgrod® anomia subgroup showed
abnormally low values in T1-weighted, FA, and ACNB/ses in more posterior and
inferior regions than the nonfluent groups. Théedénces between the subgroups were
more pronounced in ACM, particularly with the anoraubgroup showing much smaller
regions of lower ACM. This was particularly appdareanthe degree of dorsal route
involvement in the anomic subgroup relative todtieer subgroups. The difference
between Broca’'s and mixed nonfluent aphasics wssrabst notable in the ACM
analyses, with the larger cluster for mixed nonfluggphasics aligning with the fact that
mixed nonfluent aphasics tend to have more exterlaiguage impairment than Broca’s

aphasics.
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Figure 4.2.Clusters of significantly higher values in consr¢i = 19) than all stroke aphasic participams(31) (top row), and participants with anomia=(9) (second
row), Broca’'s aphasianE& 8) (third row), and mixed nonfluent aphasia=(6) (bottom row). All results are shownpat .001 voxel-levelp < 0.05 FWE-corrected cluster-
level. Cluster sizes (voxels): control > stroke agh = 56444 (T1), 55663 (FA), 25186 (ACM); contradnomia = 25522 (T1), 18272 (FA), 7057 (ACM); toh> Broca
= 36716 (T1), 32566 (FA), 16571 (ACM); control >xmd nonfluent = 40998 and 291 (T1), 43857 (FA), 20801 (ACM). Image thresholt) .5 — 7.5.
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In order to explore potential positive adaptiverds, we also examined the
reverse contrasts, as represented by areas ofr Aigheeighted tissue concentration,
FA, and ACM in stroke aphasic participants thantcms. In the T1-weighted and FA
analyses no significant clusters emerged. Howenehe ACM analyses a cluster
showing higher connectivity in the stroke aphasaug than the control group was
found in the right hemisphere (see Figure 4.3). iMiie examined the same contrast
(stroke aphasic > control) within aphasic subgrowssfound no clusters showing
increased connectivity relative to controls in tleafluent subgroups. The anomia
subgroup showed a higher connectivity cluster ¢vatlapped with the location of the
cluster for the whole stroke aphasic group but svaaller (328 voxelg < .001 voxel-
level,p < .05 FWE-corrected cluster-level). The clustehigher connectivity was
largely located within the right hemisphere arcdaseiculus (see Figure 4.3), the
homologue of an important pathway in the left hgrhese language network (Parker et
al., 2005) that was almost universally damageatoesextent in our sample. Our results
contrast with the contralesional hemisphere chamgesnnectivity (as measured using
network analysis) in a group of nine individualgwehronic subcortical stroke lesions
(Crofts et al., 2011). The specificity of our rasuh terms of their location suggests that

they reflect genuine consistent increases in cdiviigc
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Figure 4.3.Cluster of higher anatomical connectivity in theanic stroke aphasic group than the control grdie. cluster is shown in the hot colour scale @awrbn the
right hemisphere arcuate fasciculus from Cataal.&t (2012) tractography-based atlas (http://wvathrainlab.com/) in cyan. Results are showp «€t001 voxel-levelp <

0.05 FWE-corrected cluster-level. Cluster size: 86%els. Image threshold) 2.5 — 7.5.
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This study is the first to identify increased coctingty in chronic stroke aphasia
in the right arcuate fasciculus, a homologue afeHemisphere white matter pathway
known to support language in healthy individualg.(eParker et al., 2005; Saur et al.,
2008). This effect appears to be driven by thosgggaants with a diagnosis of ‘anomic’
aphasia, the least severe subgroup within the toBosen the increased right
hemisphere connectivity we have identified in clic@troke aphasic participants was
most apparent in the mildest participants, thisedéihce may represent positive adaptive
changes contributing to language recovery. Thi®rsistent with a previous study that
found therapy-induced increases in the numbetboé firacking trajectories in chronic
stroke aphasia along the right arcuate using tadgeeactography (Schlaug et al., 2009).
The mechanisms supporting these changes are noeget but could potentially result
from dendritic branching, synaptogenesis, or dgualent of new white matter
connections (Crofts et al., 2011).

In the current study right hemisphere changes wehgfound using the recently
introduced technique of ACM and were not evidenvoxel-level analyses of T1-
weighted scans or FA maps. Our FA analyses yieddadilar pattern of results to the
T1-weighted analyses. Although the two metrics wagtlifferent things it is
unsurprising that the gross between-group diffezemneere similar, as our participants
had clear lesions and both measures reflect |beadtaral changes. We have shown that
ACM can be used to identify regions of both reduaed increased white matter
connectivity following stroke, and as such it regmets an exciting new way of
understanding language processing deficits. Gitgealility to reveal changes at a
network level, ACM may be particularly illuminating longitudinal studies of language

recovery.
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Online Methods

The study had ethical approval from the North Wéslti-centre Research Ethics

Committee, UK. Informed consent was obtained frdimparticipants.

Participants

Participants in the stroke aphasic group were deuf they had chronic aphasia,
that is that they had an enduring impairment irdpoong and/or understanding spoken
language and were at least 12 months post-strak@ebf scanning and assessmént (
= 31). All participants were recruited on the baket they reported one left hemisphere
stroke (ischaemic or haemorrhagic). Exclusion gatecluded: having any
contraindications for scanning, being pre-morbiély handed, having had more than
one full stroke, or having any other significanuraogical conditions. All participants’
first language was English. For details of stropbkasic participants, see Table 4.1 in
Supplementary Information. A lesion overlap mapickapg the lesion locations of the
cohort is provided. The control group consisted @healthy older adults (8 females, 11

males). The mean age and years of education aotieol group are given in Table 4.1.

Behavioural Testing

As part of a larger battery of language assessmiret8oston Diagnostic
Aphasia Examination (BDAE) (Goodglass & Kaplan, 398oodglass et al., 2000) was
completed with all stroke aphasic participants sTdliowed participants to be allocated
to subgroups (e.g., ‘Anomia’, ‘Broca’ etc). The BBEAs a widely used aphasia
assessment which enables classification of indalglinto aphasia subgroups based on
performance on tests assessing language capaxtitbsas fluency, comprehension, and

repetition.
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Neuroimaging Acquisition

All scans were acquired on a 3.0 tesla Philips é&ehiscanner (Philips
Healthcare, Best, The Netherlands) using an 8-ele@ENSE head coil. A T1-weighted
inversion recovery sequence with 3D acquisition a@ployed, with the following
parameters: TR (repetition time) = 9.0 ms, TE (etime) = 3.93 ms, flip angle = 8 °,
150 contiguous slices, slice thickness = 1 mm, medwoxel size 1.0 mm x 1.0 mm X
1.0 mm, matrix size 256 x 256, FOV = 256 mm x 258, (inversion time) = 1150
ms, SENSE acceleration factor 2.5, total scan aden time = 575 s.

Diffusion-weighted images were acquired using a@dligradient spin echo
(PGSE) echo planar imaging (EPI) sequence implesdenith TE = 54 m5max = 62
mT/m, half scan factor = 0.679, 112 x 112 imagermxagconstructed to 128 x 128 using
zero filling, reconstructed resolution 1.875 mm.&7b mm, slice thickness 2.1 mm, 60
contiguous slices, 43 non-collinear diffusion sémnation directions ab = 1200 s/mrh
(A =29.8 msp =13.1 ms), 1 av = 0, SENSE acceleration factor = 2.5. To minimise
artefacts associated with pulsatile brain movemgluses & Pierpaoli, 2005) the
sequence was cardiac gated using a peripheral paiseicquisition time for the
diffusion MRI data was approximately 28 minuteshailigh this varied slightly based on
the participant’s heart rate. Each diffusion-wegghtolume was acquired entirely before
starting on the next diffusion weighting, resultingd4 temporally spaced volumes with
different direction diffusion gradients. For eadfiusion gradient direction, phase
encoding was performed in right-left and left-rigintections, giving two sets of images
with the same diffusion gradient directions but afife polarityk-space traversal, and
hence reversed phase and frequency encode dir¢Enaioleton et al., 2010). A co-
localised T2-weighted turbo spin echo scan witOrén x 0.94 mm in-plane resolution
and 2.1 mm slice thickness was also obtained &sietisral reference scan for use in

distortion correction (Embleton et al., 2010).
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Neuroimaging Pre-processing

Participants’ T1-weighted scans were normalisedsaginented using a modified
unified segmentation-normalisation procedure (Sagi al., 2008) implemented in
SPM8 (SPM8, Wellcome Trust Centre for Neuroimaging,
http://www.fil.ion.ucl.ac.uk/spm/). Images were@ksmoothed with an 8 mm full-width-
at-half-maximum (FWHM) Gaussian kernel.

Diffusion data were corrected for susceptibilitpdeeddy current-induced
distortion using the distortion correction procezldescribed in (Embleton et al., 2010)
implemented in MATLAB. The distortion-corrected fdi$ion-weighted images were
subsequently processed using the model-based tamitdtconstrained spherical
deconvolution (Haroon et al., 2009), a method basedonstrained spherical
deconvolution (CSD) (Tournier et al., 2007) (Toemet al., 2008). Bootstrapped CSD
produced probability density functions (PDFs) tvate used as input to the tractography
process used to generate ACM (Embleton et al., 2aBi& probabilistic index of
connectivity (PICo) tractography algorithm (Parkéal., 2003) was used for
tractography, with ten probabilistic tractograptneamlines launched from every voxel
in each brain. FA maps were generated for eackcypamt by fitting a single diffusion
tensor to each voxel in the diffusion-weighted d&t&ach participant’s T1-weighted
image, ACM, and FA map were co-registered and nisethto MNI space using

Seghier et al.'s (2008) method.

Neuroimaging Analysis using Voxel-Based Morphom@&tBM)
VBM analyses were conducted in SPM8 (SPM8, Wellcdmest Centre for
Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm/)jttveach image type (T1-weighted,

FA, ACM) analysed separately. Statistical comparssbetween groups were conducted
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on every brain voxel of the smoothed and normalisejes. For the stroke aphasia-
control comparisons these groups were simply mdkstaphasic participants compared
with all controls. Analyses based on BDAE subtywese conducted for any subtype
with ann > 5. In these analyses the groups were the pkatiaphasic subgroup
compared with the whole control group. The resgltmages show clusters of voxels in
which one group showed significantly higher valtreen the other group. All results are
presented gt < .001 uncorrected at the voxel-leyek 0.05 family-wise error (FWE)
corrected at the cluster level. All results argldiged overlaid on the Ch2better template
in MRIcron (Rorden, Karnath, & Bonilha, 2007).

To ensure that the output of the ACM analyses wete result of stroke aphasic
participants having a different number of seed & controls owing to differences in
overall brain size, we calculated the number ofelexn each participant’s right
hemisphere (the contralesional hemisphere for staghasic participants). We then re-
ran the ACM VBM with number of right hemisphere etxas a covariate, but the

pattern of significant results did not change.
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Supplementary Information

Table 4.1

Participant Background Information

Participant | Age(years) | Gender | Yearsof Time post- BDAE Classification
Education | stroke (months)
1 62 M 11 110 Anomia
2 73 F 16 22 Wernicke/Conducti
3 81 M 10 56 Anomia
4 72 M 11 106 TMA
5 61 M 17 12 Anomia
6 81 M 10 24 Broca
7 59 M 12 12 TSA
8 59 M 11 103 Broca
9 49 M 17 42 Broca
10 63 M 11 13 Global
11 49 F 12 69 Anomia
12 69 M 11 39 Global
13 70 F 11 84 Anomia
14 73 M 11 190 Mixed Nonfluent
15 64 M 11 26 Mixed Nonfluent
16 68 M 11 142 Global
17 77 M 11 66 Mixed Nonfluent
18 60 M 12 23 Anomia
19 60 M 12 44 Wernicke
20 47 M 12 18 Broca
21 55 M 11 131 Broca
22 84 M 12 25 Anomia
23 48 M 12 33 Broca
24 55 M 13 31 Mixed Nonfluent

102



Participant | Age(years) | Gender | Yearsof Time post- BDAE Classification
Education | stroke (months)
25 64 F 14 181 Mixed Nonfluent
26 72 M 11 23 Anomia
27 45 F 12 12 Broca
28 78 M 12 76 Broca
29 65 M 11 81 Anomia
30 65 M 11 128 Mixed Nonfluent
31 66 M 12 59 Wernicke
Mean (SD) 64.30 N/A 11.97 63.90 (50.55) N/A
(10.50) (1.76)
Control Mean [ 68.21 (5.99)8 F11 M| 13.07 N/A N/A
(SD) (2.77)
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Summary

Stroke aphasia is a multidimensional disorder iictvithere is continuous
variation along multiple different underlying albigis, with the precise profile of
impairments differing from individual to individuaiVe present a novel approach to
teasing apart different aspects of aphasic perfoce#hat allows us to most effectively
isolate their neural bases. Principal componerayais (PCA) was used to extract core
factors underlying performance of 31 participanihwhronic stroke aphasia on a
detailed battery of behavioural assessments. ThherB@aled three key factors, with
phonology explaining the most variance, followedsbynantics, and then cognition. The
use of rotated PCA rendered participants’ scorethese three factors orthogonal and
therefore ideal for use as simultaneous continpoedictors in a voxel-based
correlational methodology (VBCM) analysis of higésolution structural scans.
Phonological processing ability related to left pemo-parietal regions including
Heschl’s gyrus, mid to posterior middle and supetemporal gyri and superior temporal
sulcus, as well as a region of white matter undaeglyhe primary auditory cortex
corresponding to part of the dorsal language pathiMae semantic factor related to left
anterior to mid middle temporal gyrus, inferior fgonal gyrus, and fusiform gyrus, as
well as a region of white matter overlapping witle tocation of the ventral language
pathway. Interestingly, the cognitive factor was cansistently correlated with the
structural integrity of any particular region, agjht be expected in light of the widely
distributed nature of the regions that support etee functions. The phonological and
semantic processing areas identified align welhwlhiose identified using other
methodologies such as functional neuroimaging eartstranial magnetic stimulation.
Our novel use of PCA allowed us to characterisé@pants’ behavioural performance

more robustly and accurately than if we had useds@ores on assessments or

105



diagnostic classifications. The rotation used mBCA allowed the resulting cognitive
factors to be considered simultaneously in our VBamlysis, hence the regions that
emerged are those relating uniquely to the alilitynterest. In addition to improving our
understanding of lesion-symptom mapping in strqieasia, our approach could also be

used to clarify brain-behaviour relationships ihestneurological disorders.
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Introduction

Although aphasia is a common consequence of maidkbral artery stroke,
individual patterns of preserved and impaired lagguabilities are highly variable,
meaning that these individuals form a very hetemeges clinical group. The major
determinant of individual performance profiles troke aphasia is the location and
extent of their lesion. In attempting to relatek& aphasic performance to underlying
neural damage, however, three challenges emergeagdping performance on
neuropsychological tests to underlying abilitiesgc@nsideration of co-occurring deficits
within individual participants; and 3) identificati of the neural regions that uniquely
support a given ability. The current study aimednipack the nature of the behavioural
impairments in stroke aphasia and to locate thairal substrates using a novel approach
to overcome these challenges. Our approach agfdiesreduction techniques to detailed
neuropsychological assessments to identify indegetnghderlying abilities that can then
be directly related to the neural regions that supfinem. Use of this technique allows
the multidimensional nature of stroke aphasia téaken into account in the imaging
analysis, which in turns permits us to identifyibrareas key for a given function more
accurately than analyses based upon individua tesdliagnostic classifications.

Previous behavioural research has identified diabteesemantic and
phonological aspects of aphasic performance. Lanikaph, Moriarty, and Sage (2002)
found that a large proportion of variance in namagguracy and error types could be
accounted for by the integrity of phonological asanantic representations in a case-
series of 21 individuals with aphasia. Using compiahal modelling, Schwartz, Dell,
Martin, Gahl, and Sobel (2006) demonstrated thrabdel in which lesions were either
applied to phonological or semantic componentsccaatount for a large proportion of
variance in behavioural performance of 94 participavith aphasia. In addition to

phonological and semantic factors, general cogndivility has been found to affect
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aphasic performance. A recent study found thastiveess of anomia therapy in a case-
series of 33 aphasic participants was reliably igted by two overarching factors, their
phonological ability and their cognitive abilitydmbon Ralph, Snell, Fillingham,
Conroy, & Sage, 2010).

At a neuroanatomical level, the distinction betwplonological and semantic
aspects of aphasic performance could reflect &réifices in extent of damage to dorsal
(phonological) versus ventral (semantic) white eratinguage pathways (e.g., Hickok &
Poeppel, 2004, 2007; Kimmerer et al., 2013; Saak.,€2008; Weiller, Bormann, Saur,
Musso, & Rijntjes, 2011) or b) integrity of perigidn (phonological) versus extrasylvian
(semantic) brain regions (Ardila, 2010; Henry, BeesStark, & Rapcsak, 2007; Price,
Moore, Humphreys, & Wise, 1997). In keeping witegh proposals, speech production
performance has been found to correlate with lesiorperisylvian grey and white matter
(Borovsky, Saygin, Bates, & Dronkers, 2007; Schwdfaseyitan, Kim, & Coslett,

2012) and semantic errors in naming performance baen associated with lesions to
the anterior to mid MTG and temporal pole (Schwattal., 2009) and electro-
stimulation of ventral white matter pathways (eluffau et al., 2005).

Here we present a novel approach to isolating r@iffecognitive abilities
underlying chronic aphasic performance and to ifieng) their neural substrates.
Detailed behavioural data from a case-series avimhgals with relatively heterogeneous
stroke aphasic profiles are entered into a Prih€oanponents Analysis (PCA). This
data reduction technique allows extraction of thdeulying factors which best explain
the variation in the set of data. PCA derived fastmres therefore reflect participants’
core abilities from their raw scores on a rangbeaidfavioural assessments. The type of
PCA used in the current study uses varimax rotatiweaning that the extracted factors
are more easily interpretable (in terms of theygh®logical meaning as indicated by

loadings of the underlying tests) and that theyoatieogonal to one another. This latter
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feature allows us to simultaneously enter partitipascores on each factor into a voxel-
wise analysis with their structural neuroimagingaddhis yields a set of statistical
parametric maps showing brain regions where tissneentration relates to core
language abilities, such as phonological or seroattility.

Using PCA factor scores as predictors of lesioa dffiers a number of important
advantages over analyses based upon individualdesliagnostic classifications. The
PCA approach capitalises on the additional religtaiffered by multiple tests, whilst at
the same time incorporating an assumption thapantycular test involves a variety of
underlying abilities. To take the example of pietmaming, a widely used
neuropsychological assessment, additional serngittan be obtained by using more than
one test as different versions vary in difficuleyd., the Boston Naming Test versus the
64-item Cambridge Naming Test). Both measures dahoavever, be entered as
predictors in an imaging analysis as they will beelated, introducing issues around
collinearity. Moreover, it is obvious that picturaming tests draw on both phonological
and semantic processing, hence the functionalofateural regions simply associated
with picture naming is not clear. By combining nipl behavioural assessments with
PCA, we obtain the additional sensitivity of mulépests, each of which can load onto
more than one underlying factor, thereby reflecthmgr multifaceted nature. By then
applying varimax rotation to our PCA, we achievetda scores that are orthogonal,
avoiding the problem of collinearity.

As the orthogonal factor scores generated by P@&beaentered simultaneously
as predictors in an imaging analysis, this perrdistification of the key neural regions
supporting a given function more accurately thaalyses based upon diagnostic
classifications. Aphasic subtypes derived fromsifastion systems such as the Boston
Diagonostic Aphasia Examination (BDAE) (Goodglasale 2000) or the Western

Aphasia Battery (Kertesz, 1982) are clearly usefinical tools for capturing an
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individual's performance profile. However, they éimeited in their capacity to identify
specific brain regions uniquely associated withredanguage abilities. Figure 5.1 shows
areas of significantly lower tissue concentratiosubsets of our participants with
different aphasia classifications compared to @stusing a standard voxel-based
morphometry (VBM) approach (see Supplementary médron for Details). It is clear
from Figure 5.1 that while the location of lesi@ssociated with different subtypes is
sensible and accords with what we know concerredunctional neuroanatomy of
language processing, there is nevertheless apaogertion of overlap between
subtypes. Through entering all the orthogonal fcigentified in a rotated PCA
simultaneously, this shared overlap is removedthadreas uniquely associated with a

particular underlying cognitive ability are revedle
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Mixed
Nonfluent

Anomia

Figure 5.1.Results of VBM analysis comparing tissue concéiotneof aphasic participants with anomic< 9), Broca'’s ff = 8), and mixed nonfluenh & 6) aphasia to
healthy older controlsn(= 19). Image threshold) (3.0 — 6.0. Results are presented €t0.001 voxel-levelp < 0.001 FWE-corrected cluster-level. Analyses were
conducted for aphasic subgroups witk 5 participants (global = 3, TMA = 1, TSA = 1, WiEke’s = 2, Wernicke’s/Conduction = 1). For ditaif the VBM procedure,

see Supplementary Information. All neuroimagingilissare shown overlaid on the Ch2better templatdRRIcron (Rorden, Karnath, & Bonilha, 2007).
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Our approach therefore marries two lines of ingasibn which have co-existed
in the aphasia literature, the aforementioned bielaal studies which have sought to
characterise the underlying factors determiningaaphperformance, and the lesion-
symptom mapping literature, which has provided &hla insights into the neurological
correlates of aphasic symptoms. Lesion-symptom mggpas, in recent years, primarily
advanced via the use of voxel-level statisticalym®s which compare the tissue integrity
of different individuals. The fact that analyses earried out over the whole-brain and
without the need foa priori hypotheses regarding regions of tissue differeneans that
voxel-wise methods are a relatively unbiased wagedérmining lesion-symptom
mappings (Ashburner & Friston, 2000; Draganski &M2008; although see Jones,
Symms, Cercignani, & Howard, 2005). Furthermore,\tary fact that analyses are
carried out at the voxel-level means a relativegjhtdegree of anatomical accuracy can
be achieved using such methods (Rorden & Karn@dg

Many studies employing the VBM methodology (asisgifl in generation of
Figure 5.1) split participants into subgroups,dgample into individuals who perform
within normal limits and those who perform outsidemal limits on a given assessment.
This produces a statistical parametric map illustgaregions of significantly differing
tissue concentrations between groups (Ashburnernsdn, 2000). A variation on the
VBM approach which has been widely used in studfegroke aphasia in recent years is
voxel-based lesion-symptom mapping (VLSM) (Bateal£t2003). In VLSM continuous
scores on a behavioural measure are compared eimdteiduals with and without
lesions to that particular voxel. The output of lES¥ analysis is a statistical parametric
map showing which brain voxels are significantliated to performance on the given
behavioural measure (Bates et al., 2003; Sayguh,2004). The VLSM approach,
therefore, affords a more graded measure of diiggaaints’ performance than the

dichotomy imposed by more traditional VBM. The noettemployed in the current study
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is voxel-based correlational methodology (VBCM) l@net al., 2005a). VBCM, like
VLSM, uses continuous behavioural measures to ledergiith lesion data. However,
VBCM also employs continuous measures of tissueaatmation rather than binary
values for each brain voxel. Rather than classif@ach brain voxel as lesioned or non-
lesioned, in VBCM the signal intensity value fockaoxel is used as the brain measure
to correlate with continuous behavioural measures.

In the current study participants were not recduda the basis of having specific
aphasia types or symptoms. Our aim was to obtegpresentative cohort of individuals
with chronic stroke aphasia, and as such, our sama$ necessarily heterogeneous in
terms of their behavioural profiles. Voxel-wise & methods require variance in both
the behavioural measures used as predictors anatéggity of brain tissue across
different regions. In this sense, the variabilityass individuals in terms of their
behavioural performance and their lesion locatramaases the power of the design, over
and above the additional power offered by the langenbers recruited via a general
rather than selective strategy. Through combinigig @dbtained from a detailed
neuropsychological assessment of each particigang wotated PCA, we aimed to
extract the key underlying dimensions of variatidfe then used these factors as
simultaneous predictors in a VBCM analysis to dffety isolate the neural regions

uniquely associated with each of these multiplendoge dimensions.
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Materials and Methods

Participants

Participants were recruited from the North WedsEngland via Speech and

Language Therapy services and presentations &esgroups. Participants were

included if they had chronic stroke aphasia, thdhat they had an enduring impairment

in producing and/or understanding spoken languadengere at least 12 months post-

stroke at time of scanning and assessmént 81). All participants were recruited on the

basis that they reported one left hemisphere stek@er ischaemic or haemorrhagic.

Participants were excluded if they had any contliaations for scanning, were pre-

morbidly left handed, had had more than one fudlkst, or had any other significant

neurological conditions. All participants had Esglias their first language. For

demographic details of participants, see TablelBfarmed consent was obtained from

all participants prior to participation under apgabfrom the North West Multi-centre

Research Ethics Committee, UK.

Table 5.1

Participant Background Information

DN

Initials| Age | Gender | Yearsof Time post- BDAE Classification
(years) Education | stroke (months)

1 JM 62 M 11 110 Anomia

2 PE 73 F 16 22 Wernicke/Conductig
3 HN 81 M 10 56 Anomia

4 DS 72 M 11 106 TMA

5 EB 61 M 17 12 Anomia

6 KW 81 M 10 24 Broca
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Initials| Age | Gender | Yearsof Time post- BDAE Classification
(years) Education | stroke (months)
7 KS 59 M 12 12 TSA
8 BS 59 M 11 103 Broca
9 DM 49 M 17 42 Broca
10 LM 63 M 11 13 Global
11 AL 49 F 12 69 Anomia
12 ES 69 M 11 39 Global
13 JMf 70 F 11 84 Anomia
14 JSa 73 M 11 190 Mixed Nonfluent
15 BH 64 M 11 26 Mixed Nonfluent
16 ESb 68 M 11 142 Global
17 | WM 77 M 11 66 Mixed Nonfluent
18 TJ 60 M 12 23 Anomia
19 DB 60 M 12 44 Wernicke
20 GL 47 M 12 18 Broca
21 AG 55 M 11 131 Broca
22 JJ 84 M 12 25 Anomia
23 KK 48 M 12 33 Broca
24 KL 55 M 13 31 Mixed Nonfluent
25 ER 64 F 14 181 Mixed Nonfluent
26 JSb 72 M 11 23 Anomia
27 | DCS 45 F 12 12 Broca
28 JSc 78 M 12 76 Broca
29 LH 65 M 11 81 Anomia
30 JA 65 M 11 128 Mixed Nonfluent
31 | DBb 66 M 12 59 Wernicke
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Neuropsychological Assessments

In addition to the BDAE (Goodglass et al., 2000p@glass & Kaplan, 1983), a
battery of language assessments was administees$éss participants’ input and
output phonological processing, semantic processing sentence comprehension, as
well as more general cognitive function. Assesssare conducted with participants
over several testing sessions, with the pace ambaudetermined by the participant.

The language assessments included a variety odsiglitom the PALPA (Kay et
al., 1992): same-different auditory discriminatising nonword minimal pairs (PALPA
1); same-different auditory discrimination usingrdioninimal pairs (PALPA 2);
immediate repetition of nonwords (PALPA 8); delayepetition of nonwords (PALPA
8); immediate repetition of words (PALPA 9); andaded repetition of words (PALPA
9). A number of tests from the Cambridge 64- it&§emantic Battery (Bozeat et al.,
2000) were also included: the spoken word-to-pectaatching task, the written word-to-
picture matching task; the picture version of tla@l and Cactus Test; and the picture
naming test. In order to increase sensitivity ttdmaming deficits, the 60-item Boston
Naming Test (BNT) (Kaplan et al., 1983) was alsedusSimilarly, to increase sensitivity
to subtle semantic deficits, a 96-trial synonymgesishent test with words presented in
spoken and written form (Jefferies, Patterson, Sofd. ambon Ralph, 2009) was also
used. In order to capture syntax level deficits, ghoken sentence comprehension task
from the Comprehensive Aphasia Test (CAT; Swinb&worter, & Howard, 2005) was
included. The additional cognitive tests includedmard and backward digit span
(Wechsler, 1987); the Brixton Spatial Rule Anticipa Task (Burgess & Shallice,

1997); and Raven’s Coloured Progressive Matrices’€R, 1962).
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Analysis of Neuropsychological Assessment Data

On language assessments, apart from the CAT sententprehension test
(Swinburn et al., 2005), participants were sconedheir first response. Within the CAT
two points are given for each prompt correct respand one point is given for delayed
correct responses or self-corrections. For thertamaing assessments participants’
responses were marked correct if they were givéninviive seconds of presentation.
Minor dysfluencies in responses were accepted meatoRepetition of auditory stimuli

was provided if requested by participants.

Principal Components Analysis

Participants’ scores on all assessments were entgcea Principal Components
Analysis (PCA) with varimax rotation. All participts’ scores on all tests were entered
into the PCA in SPSS 16.0. Factors with an eigerevaf 1.0 and above were extracted
and then rotated. Following rotation, considering factor loadings of each test in the
battery allows us to interpret what psychologiqalgess is represented by that factor.
Individual participants’ scores on each factor wiben used as behavioural covariates in

the neuroimaging analysis.

Acquisition of Neuroimaging Data

High resolution structural T1-weighted Magnetic &®snce Imaging (MRI)
scans were acquired on a 3.0 tesla Philips Actseaaner (Philips Healthcare, Best, The
Netherlands) using an 8-element SENSE head cdillAveighted inversion recovery
sequence with 3D acquisition was employed, withfatlewing parameters: TR
(repetition time) = 9.0 ms, TE (echo time) = 3.98, fitip angle = 8 °, 150 contiguous

slices, slice thickness = 1 mm, acquired voxel &ifex 1.0 x 1.0 mf matrix size 256 x
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256, FOV = 256 mm, TI (inversion time) = 1150 mENSE acceleration factor 2.5,

total scan acquisition time =575 s.

Analysis of Neuroimaging Data

Participants’ MRI scans were normalised and segegemsing a modified unified
segmentation-normalisation procedure optimisedesioned brains (Seghier et al.,
2008) implemented in SPM8 (SPM8, Wellcome Trusttégefor Neuroimaging,
http://www.fil.ion.ucl.ac.uk/spm/ Images were also smoothed with an 8mm full-wiakth
half-maximum (FWHM) Gaussian kernel. Smoothed amuinalised T1-weighted

images were used in the lesion analyses descrigded/b

Voxel-Based Correlational Methodology

Brain regions where tissue concentration correlata PCA factor scores were
assessed using VBCM (Tyler et al., 2005a). The VB&Mlysis, which was also
implemented in SPM8, involved regressing continueefsavioural measures against
tissue concentrations for each brain voxel in gaticipant. Aphasic participants’
scores on the orthogonal factors from the PCA wameiltaneously entered as the
continuous behavioural covariates. The output deEniot which voxels variation in tissue
concentration corresponds to the variance in angivnciple component, whilst
controlling for variation in the other factors.tims way, VBCM revealed areas of the

brain where tissue concentration covaried uniqu&tly a behavioural factor.
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Results

Neuropsychological Assessments

Participants’ scores on the behavioural assesshadiary are given in Table 5.2,
with participants ordered according to their parfance on the Boston Naming TeEBhe
heterogeneity of the cohort is evident from paptacits’ broad range of scores on the
assessment batterijhe diversity of both the severity and charactededicits shown by
this group can be appreciated from the fact thextetlare individuals who perform below
normal limits on all tests in the assessment ba{g., DBb) and those who only fall
below normal limits on the more difficult, senterleeel assessment (e.g., JMf). Between
these two extremes lie many participants whoseopednce on a subset of tests is

impaired, whilst other tests are performed withemmal limits.
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Table 5.2

Participants’ Scores on the Behavioural AssessiBattery

Spoken| Written Camel an¢ Brixton Raven's

Nonword | Nonword |  Word Word Boston| Nonword| Word | Word to| Word to| CAT Spoken 96 Cactus Spatial | Coloured| Forward PHON SEM| COG

Repetition|Repetition|Repetition|Repetition|64-ltemNaming Minimal [Minimal| Picture | Picture Sentence | Synonym| Test: |AnticipationProgressiv| Digit |Backward

Immediate Delayed |Immediatg Delayed [Naming Test Pairs | Pairs |MatchingMatchingComprehensiopJudgement Pictures Tesf Matrice$ | Spard |Digit Sparfl F1 F2 | F3
DBb| 0.00 0.00 37.50 0.00 0.00 | 0.00 | 2222 |52.78| 57.81 | 31.25 12.50 48.96 53.13 38.18 30.56 25.00 0.00 -0.33 -2.32 -2.0
ES| 0.00 0.00 0.00 0.00 469 | 0.00 | 48.61 |54.17| 78.13 | 90.63 25.00 72.92 73.44 40.00 66.67 0.00 0.00 -1.08 -0.70 -1.9
ESb| 0.00 0.00 0.00 0.00 0.00 | 0.00 | 54.17 |50.00| 87.50 | 60.94 34.38 52.08 43.75 23.64 38.89 0.00 0.00 -1.67 -0.2Y -0.3
KW| 0.00 0.00 3.75 0.00 156 | 0.00 | 75.00 |65.28| 9531 | 92.19 84.38 82.29 89.06 50.91 80.56| 50.00 42.86 | -1.21 -0.20 0.9
BS| 333 0.00 5.00 1.25 313 | 1.67 | 6528 | 75.00| 92.19 | 100.00 31.25 78.13 84.38 38.18 91.67 0.00 0.00 -1.94 0.2y 0.6
KL | 0.00 0.00 6.25 0.00 469 | 1.67 | 7500 |77.78| 9219 | 98.44 28.13 68.75 78.13 61.82 88.89 | 0.00 0.00 -1.81 -0.0y 0.9
LM | 1333 3.33 27.50 0.00 156 | 1.67 | 43.06 |54.17| 67.19 | 53.13 28.13 57.29 68.75 32.73 61.11 0.00 0.00 -0.87 -1.68 -0.7
DB | 70.00 | 30.00 85.00 83.75 | 781 | 833 | 87.50 | 58.33| 64.06 | 76.56 31.25 59.38 82.81 40.00 86.11 | 37.50 14.29 0.32 -2.30 0.5
PE | 13.33 3.33 45.00 4125 |2031|11.67| 77.78 |86.11| 96.88 | 100.00 50.00 79.17 84.38 41.82 80.56 | 25.00 28.57 | -1.01 0.36 0.4
KS| 73.33 80.00 93.75 95.00 31.25 | 13.33| 94.44 | 95.83 71.88 | 67.19 84.38 84.38 68.75 52.73 86.11 | 100.0d 57.14 1.73 -2.40 0.7
KK| 3333 3.33 56.25 26.25 | 4219 |15.00| 72.22 |95.83| 93.75 | 95.31 46.88 81.25 84.38 76.36 100.00| 0.00 0.00 -121 016 1.3
WM| 36.67 30.00 55.00 41.25 | 39.06 | 25.00 | 47.22 |63.89 | 9219 | 75.00 50.00 61.46 51.56 43.64 61.11 | 3750 28.57 | -0.04 -0.58 -1.3
GL | 93.33 63.33 100.00 8125 |68.75|3167| 98.61 | 97.22 96.88 | 95.31 65.63 75.00 73.44 58.18 91.67 | 3750 28.57 0.62 -0.36 0.5
DCS| 40.00 56.67 | 72.50 68.75 | 67.19 | 43.33 | 97.22 | 97.22 100.00| 98.44 93.75 91.67 95.31 81.82 100.00  62.5D 57.14 0.21 0.05 1.6
JSa| 30.00 3.33 75.00 65.00 | 62.50 | 46.67 | 75.00 |77.78 | 92.19 | 98.44 59.38 81.25 76.56 67.27 83.33 | 50.00 28.57 | -0.32 031 0.2
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Spoken| Written Camel an¢ Brixton Raven's

Nonword | Nonword |  Word Word Boston| Nonword| Word | Word to| Word to| CAT Spoken 96 Cactus Spatial | Coloured| Forward PHON SEM| COG

Repetition|Repetition|Repetition|Repetition|64-tem|Naming Minimal [Minimal| Picture | Picture Sentence | Synonym| Test: |AnticipationProgressiv| Digit |Backward

Immediate Delayed |Immediatg Delayed [Naming Test Pairs | Pairs [Matching MatchingComprehensiopdudgement Pictures Tesf Matrice$ | Spard |Digit Spari| F1 F2 | F3
JSc| 36.67 63.33 | 90.00 91.25 | 71.88 | 53.33 | 75.00 |86.11| 98.44 | 98.44 75.00 76.04 82.81 43.64 77.78 62.50 42.86| 0.42 0.36 -0.2
JA | 36.67 40.00 85.00 78.75 | 79.69 | 63.33 | 90.28 | 95.83 100.00| 98.44 78.13 63.54 87.50 61.82 80.56| 37.50 0.00 -0.12 0.59 0.3
JJ | 36.67 23.33 82.50 73.75 |85.94|63.33| 51.39 |80.56| 98.44 | 98.44 56.25 93.75 | 53.13 43.64 41.67 62.50 42.86| 0.24 148 -2.2
JM | 83.33 83.33 | 100.00 98.75 81.25 | 63.33 | 93.06 | 95.83 100.00| 100.0@ 100.00 | 82.29 81.25 76.36 94.44 | 50.00 57.14 0.99 -0.05 0.8
JSh| 63.33 | 36.67 86.25 81.25 | 75.00 | 63.33 | 76.39 |88.89| 93.75 | 90.63 84.38 75.00 78.13 60.00 86.11 62.50 28.57 0.47 0.0L 0.1
ER| 53.33 36.67 70.00 81.25 |71.88|65.00| 81.94 | 88.89 9531 | 93.75 56.25 84.38 90.63 41.82 38.89 | 25.00 0.00 -0.24 134 -1.0
HN | 36.67 23.33 83.75 80.00 |65.63|65.00| 77.78 |76.39 | 93.75 | 93.75 37.50 85.42 85.94 25.45 75.00 | 50.00 42.86 | -0.09 0.71 -0.6
BH | 86.67 80.00 | 100.00 96.25 95.886.67 | 93.06 | 94.44 98.44 | 93.75 78.13 83.33 73.44 67.27 66.67 62.50 57.14 1.20 0.22 -0.3
EB| 83.33 | 53.33 | 100.00 | 100.00| 81.25 | 66.67 | 94.44 | 98.61 98.44 | 100.00 71.88 94.79 90.63 80.00 100.00  75.0p 57.14 0.7 0.1y 1.1
DM | 60.00 10.00 73.75 68.75 | 75.00 | 71.67 | 80.56 | 93.06 98.44 | 98.44 56.25 95.83 98.44 50.91 91.67| 37.50 0.00 -0.61 1.2y 0.4
DS | 56.67 33.33 88.75 91.25 |84.38| 73.33 | 79.17 |77.78 | 100.00| 100.0@ 87.50 93.75 89.06 72.7 72.2250.00 28.57 0.13 1.05 0.0
AG| 73.33 83.33 | 7750 87.50 | 87.50 | 78.33| 100.00| 98.61 100.00| 100.0Q 87.50 89.58 75.00 56.36 75.00 | 100.00 100.0p 1.42 0.21 -0.0
LH | 56.67 50.00 82.50 88.75 | 81.25| 78.33| 95.83 | 97.22 96.88 | 100.00 90.63 92.71 87.50 76.3 88.89 87\50 .1457 0.70 0.35 0.8
JMf| 93.33 66.67 96.25 98.79 96.880.00| 90.28 | 95.83 100.00| 100.00 71.88 91.67 93.75 50.91 83.33 62.50 57.14 0.81 0.74 0.1
AL | 90.00 90.00 | 100.00 98.75 93.75 | 88.33| 91.67 | 100.00100.00| 100.09  84.38 93.75 | 79.69 60.00 91.67 87.50 85.71 1.45 0.26 0.2
TJ | 93.33 83.33 98.75 92.50 95.395.00| 87.50 | 98.61 98.44 | 100.00 68.75 88.54 70.31 52.73 50.00 75.00 28.57 1.14 1.08 -1.2

Scores are given as percentages. Scores in bblbfalv the cut-off for normal performance. The-offtwas calculated as 2 standard deviations béfmamean

performance of a group of 13 control participasee(Supplementary Information for details). a. @tibased on published norms. b. No cut-off avddalPHON
= phonological factor; SEM = semantic factor; CO@ognitive factor.
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Principal Components Analysis

Identifying Underlying AbilitiesThe rotated PCA produced a three factor solutibithv
accounted for 82% of variance in participants’ parfance (F1=61%; F2 = 14%, F3 =
7%). The factor loadings of each of the differeslhdévioural assessmeite given in
Table 5.3, with individual participants’ scores@ach factor provided in Table 5.2.
Tasks which tapped input and/or output phonology.(elelayed nonword repetition)
loaded heavily on Factor 1, hence we refer tofdator as ‘Phonology’. Factor 2 was
interpreted as ‘Semantics’ as the assessmentodudd heavily on it were those
involving processing of word meanings (e.g., spokend-to-picture matching). The two
naming assessments loaded heavily on both of faetw®s, as they clearly require intact
phonological and semantic processing to be perfdrsnecessfully. Raven’s Coloured
Progressive Matrices (Raven, 1962), a test of ndnav@easoning, loaded very heavily
on Factor 3. The other assessments that loadedyhea\Factor 3 all recruit general
cognitive processing abilities, involving modalibhdependent choice, discrimination or

reasoning, hence it was interpreted as the ‘Camnifactor.

Capturing Global Severitylt is worth noting that when the behavioural datxev
entered into an unrotated PCA, all tests in théebatoaded heavily on the first
unrotated factor, a factor that can be interpretedeflecting each participant’s overall
level of impairment. This unrotated factor does cegiture anything regarding which
aspects of language processing a participant iainegh on, but just gives an overall
measure of their aphasic severity. This unrotatestérity’ factor correlated highly with
the phonological factor from the rotated PGA=(0.766), and to a lesser extent with the

semantic and cognitive factors< 0.500 and = 0.405, respectively). This suggests that
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in this group of individuals with stroke aphasiayerity maps quite closely onto the level

of phonological processing impairment.

Table 5.3

Loadings of Behavioural Assessments on FactorsaEted from the Rotated PCA

Factor 1 | Factor 2 | Factor 3
Phonology| Semanticq Cognition
Minimal Pairs - Nonwords 0.581 0.302 0.642
Minimal Pairs - Words 0.600 0.498 0.472
Immediate Repetition - Nonwords 0.868 0.189 0.188
Delayed Repetition - Nonwords 0.917 0.116 0.142
Immediate Repetition - Words 0.872 0.247 0.122
Delayed Repetition - Words 0.868 0.336 0.162
64-ltem Naming 0.725 0.646 0.051
Boston Naming Test 0.688 0.649 -0.094
Spoken Word to Picture Matching 0.206| 0.865 0.259
Written Word to Picture Matching 0.129| 0.799 0.488
96 Synonym Judgement 0.414| 0.665 0.364
Camel and Cactus Test: Pictures 0.011 0.419 0.731
CAT Spoken Sentence Comprehension 0.681 0.339 0.413
Brixton Spatial Anticipation Test 0.357 0.241] 0.6%4
Raven's Coloured Progressive Matriceés 0.090 0.057 0.938
Forward Digit Span 0.882 0.139 0.132
Backward Digit Span 0.764 0.132 0.219

Note: Factor loadings over 0.500given in bold.

Relationship to SubtypeE&ach participant’s relative abilities across diéf@ domains

can be determined by examining their scores otthitee factors provided in Table 5.2,
with their relationship to BDAE classifications (Gaglass et al., 2000; Goodglass &
Kaplan, 1983) provided in Figure 5.2. Figure 5.2pidts performance for those
participants with a score below the median on tignitive factor, while Figure 5.2B
shows those with a score equal to or higher thamrtbdian. The majority of participants
sit in the multidimensional space in the areaswmaild be predicted based on their
BDAE aphasia subtype, which determines the colbtimeir datapoint. For example, all

of the individuals classified as having global aghare plotted in the lower left

123



guadrant of Figure 5.2A, suggesting relatively img@ phonological, semantic, and
cognitive performance. Similarly, the only partiait in the cohort who was classified as
having transcortical sensory aphasia (TSA) is etbth the lower right quadrant of
Figure 5.2B. This participant’s factor scores maaatly on to the prototypical
behavioural profiles expected from a participarthWliSA, in that his performance on

phonological tests is relatively spared, whilstpesformance on semantic tasks is

impaired.
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Figure 5.2.Scores of participants on phonological and semdatitors, split by performance on the
cognitive factor with participants with lower cotjmé scores in (A) and participants with higher
cognitive scores in (B). Colour coding reflectstiggwants’ aphasia classifications. Which participa

is denoted by which data point is detailed in Sepntary Information.
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Whilst there is some consistency between the BDétiypes and the
individuals’ performance on the PCA factors, thisreevertheless considerable variation
within these subtypes, which is evident in FiguseA and 5.2B. For example, the
participants classified as having Broca’s aphdsmswidely varying phonological
performance and little variation in their semamtgeformance. This illustrates the fact
that phonological ability can vary widely withinglBroca’'s aphasia profile, and this
difference in severity of phonological impairmestciearly relevant when it comes to
considering neural bases. It would seem that ladggihdividuals with aphasia subtypes
cannot capture this variance, whereas if partidglantated factor scores are examined,
their relative pattern of impaired and spared absdican be better appreciated in the
context of the overall group.

By plotting participants according to their factmores it is evident that in
addition to variation within aphasia subtypes, ¢hisrblurring of the boundaries between
subtypesFor example, there is considerable overlap betwlsespace occupied by
individuals with Broca’s aphasia and those with @bxonfluent aphasia, demonstrating
the fact that these aphasic categories are notaiyigxclusive in terms of the deficits in
the underlying abilities that produce them. Fumienre, for certain subtypes, such as
mixed nonfluent aphasia, there does not appeas todonsistent pattern of performance.
This demonstrates the heterogeneity of individudde may receive the same diagnostic
classification from systems such as the BDAE (erWestern Aphasia Battery, Kertesz
[1982]), which of course limits conclusions thahdze drawn about the neural bases of

language processing from lesion-symptom mappingsréty on such subtypes.
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Voxel-Based Correlational Methodology

Lesion OverlapA lesion overlap map for stroke aphasic participas provided in

Figure 5.3, and covers the large left hemispheza aupplied by the middle cerebral
artery (Phan et al., 2005). The maximum numbelgigpants who had a lesion in any
one voxel was 26, hence there is no area in wiishié concentration was at floor across

the cohort.

Figure 5.3.Lesion overlap map showing the distribution oftjggyants’ lesionsN = 31). Lesions
were identified using Seghier et al.’s (2008) awted software (see Supplementary Information for
details). Colour scale indicates number of paréiotg with lesion in that voxel. Sagittal view x490;

axial slices (left to right) z = -30, -10, 0, 3@.5
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Factor-Lesion MappingTo ascertain which brain regions supported eaclenying
ability, participants’ factor scores were entergdutaneously into a VBCM analysis
(Tyler et al., 2005a) with their structural T1-weigd scanslThe resulting maps, given in
Figure 5.4, show voxels in which tissue concerdratbvaries uniquely with factor
score. Results are givenmak 0.001 voxel-levelp < 0.001 family-wise error (FWE) -
corrected cluster-level.

Performance on the phonological factor was coreélatith voxels across a
number of left hemisphere regions, principally mmnauditory cortex (BA41 and 42).
The cluster included the mid to posterior medial anperior temporal gyri (MTG and
STG) and superior temporal sulcus (STS). It alstusted posterior portions of the
insula, Heschl’s gyrus and the planum temporale. @itonological cluster also
overlapped with white matter regions, the locatdnch appears to encompass part of
the arcuate fasciculus, a key aspect of the dasglage pathway (e.g., Catani &
ffytche, 2005; Catani, Jones, & ffytche, 2005; Ruifeet al., 2005; Parker et al., 2005;
Saur et al., 2008; Wise, 2003).

Performance on the semantic factor was signifigaethated to tissue
concentration in a cluster of voxels in the leftiigphere anterior temporal lobe (ATL).
The cluster overlapped with the anterior to midtiporof the MTG, the inferior temporal
gyrus (ITG) and part of the fusiform gyrus. Witlgaeds to white matter, the cluster
included an area corresponding to part of the aél@nguage route, overlapping parts of
the inferior longitudinal fasciculus, inferior fritmoccipital fasciculus, and uncinate
fasciculus (e.g., Catani & Mesulam, 2008; DuffaatiGnol, Moritz-Gasser, &
Mandonnet, 2009; Mummery et al., 1999; Parker.e@05; Saur et al., 2008;
Schmahmann, Smith, Eichler, & Filley, 2008; Wis@03).

In contrast, for correlations involving the cogmétifactor, there were no clusters

which survived correction for multiple comparisons.
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Lesion Sizeln order to ensure that our results were not mpeatfibutable to the size of
participants’ lesions, each participant’s lesiotunee was calculateth MATLAB 2009a
(Mathworks Inc., Natick, MA, USA). When lesion vohe alone was regressed against
participants’ T1-weighted scans a large voxel eust left hemisphere MCA territory
emerged as significant (see Figure 5.6 in Suppléanginformation). The correlation
between lesion volume and unrotated PCA factoresanroverall ‘severity’, was -0.545.
Lesion volume correlated relatively weakly with plotogy ¢ = -0.325), semantics € -
0.260) and cognitiorr (= -0.411) factor scores. Including lesion volumé¢he VBCM
model with factor scores did not markedly alter plagtern of results obtained (see

Supplementary Information for results includingdesvolume).
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20 i p <0.001 voXeHlevel S p<0.01 voxeievel

Figure 5.4.Regions found to relate significantly to phonotagi(A) and semanticg) performance in VBCM analyses. Hot overlays austers significant g < 0.001
voxel-level,p < 0.001 FWE-corrected cluster-level and which waterpreted in the text. Cluster sizes 2622 (A) 8b6l (B) voxels. Image thresholtj 2.0 — 6.0. ACTC

(blue/green) overlays are clusters significarg €t0.01 voxel-levelp < 0.001 FWE-corrected. Image threshd)dl(0 — 5.9.
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Individual CasesTo facilitate interpretation of the behaviourattf@s and their neural
correlates, four exemplar participants are preseint&igure 5.5. The exemplar
participants were selected to provide contrastaigspvho score above (‘high’) or below
(‘low’) the median for the group for that facton the first case example pair, one
participant scored ‘high’ on both phonology and aatits (participant AL) and the other
scored ‘low’ on both factors (participant LM), piding an illustration of general aphasia
severity In Figure 5.2 AL is represented by datapoint ‘a6d LM is ‘G2’. As is
immediately apparent on inspection of Figure 5.6'sAesion falls outside the key areas
we have identified as supporting phonological aantic processing, while in contrast,
LM’s lesion largely encompasses both areas, reguiti severe impairments.

In the second case example pair, one participamedclow’ on phonology but
‘high’ on semantics (participant DM) and the otkeored ‘low’ semantics but ‘high’ on
phonology (participant KS), providing an illustiati of thespecificityof impairments. In
Figure 5.2 DM is denoted by ‘B3’ and KS by ‘TSA’MDs lesion encompasses brain
regions identified as correlating with phonologythathose areas shown as correlating
with semantics falling largely outside the boundaiis lesion. Conversely, participant
KS’ lesion involves almost all of the area showrdorelate with semantics but does not
significantly encroach on regions shown to coreslaith phonology. Hence, when we
consider individual cases, the extent to whichréigpant’s lesion encompasses the
unique areas we have identified as supporting plogieal and semantic processing

maps closely onto their performance on specifiabilural tests of these abilities.
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Figure 5.5. Behawoural scores and IeS|on data from exampiescAL and LM Q), and DM and KSE). Brain images show outllnes of part|C|pant sdesi (green)

overlaid on phonological (hot) and semantic (cablfsters from the VBCM analysis. Lesion outlinegaevgenerated using Seghier et al.'s (2008) autahsatieware (see

Supplementary Information for details). Bar chaveg individuals’ scores on the behavioural assesstmattery, line denotes control cut-off.
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Discussion

Stroke aphasia is characterised by impairments owdtiple different
dimensions, with considerable variation betweeividdals in terms of their behavioural
profile. In this study, we adopted a novel appro@canpacking this variation at both the
behavioural and neural level to reveal underlyibijtees and their lesion correlates. We
tested a representative cohort of 31 individuatk wiroke aphasia on a detailed battery
of cognitive tests, then used PCA to distil measwifgoerformance that captured the key
dimensions of variation. Our rotated PCA analysierled three factors, which
corresponded to phonology, semantics, and cognifibese rotated scores have the
virtue of being orthogonal to one another, allowursgto enter them simultaneously in a
VBCM analysis, thereby controlling for co-occurridgficits and allowing us to identify
the neural regions uniquely associated with eadhyali he phonological factor, which
explained the largest proportion of behaviouralarare, correlated with tissue
concentration in left mid to posterior STG, MTGda®TS, Heschl's gyrus, as well as the
white matter underlying the primary auditory cortegnsistent with the location of the
dorsal language route. The semantic factor waseckla left anterior STG and MTG,
parts of ITG and fusiform gyrus, and the white miattnderlying those areas, which
broadly corresponded with the location of eatral language route. The third factor,
cognition, which explained the least variance, bt reliably covary with any brain
regions in our VBCM analysis.

The fact that the varimax rotated PCA mapped peréoice on a battery of
neuropsychological tests onto the underlying indéepat factors of phonology,
semantics, and cognition agrees with previous sases studies of aphasic behaviour
that have used this technique (Lambon Ralph e2@02, 2010). Phonological
processing ability accounted for the largest proporof variance in performance in this

representative group of participants with chromiolsee aphasia. This factor was also the
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most strongly correlated with the single factor egimgy from an unrotated PCA that all
tests loaded highly on and which provided a meastugeneral aphasia severity. Hence
in this sample, phonological processing abilityhis primary factor in determining

overall severity of aphasia, with semantic and dognability playing an additional role

in determining the character of an individual's &e@lural profile. A typical chronic
stroke aphasic profile is therefore someone witlegree of phonological impairment,
with or without additional semantic and/or cogretivnpairment. This aligns with the
clinical impression that individuals with good plodegical and poor semantic processing
are relatively rare in the context of stroke.

Although classifications of aphasia subtypes sassaseful clinical shorthand to
describe individual performance profiles, it wasaslthat the current approach, based
upon multiple continuous underlying dimensions afiation, offered a more refined
picture of aphasic performance. Aphasia classiboatsuch as those obtained from the
BDAE (Goodglass et al., 2000; Goodglass & Kapl&83) and the WAB (Kertesz,
1982) act as labels to describe prototypical pmsdtin the multidimensional aphasic
space. As was illustrated in Figure 5.2, not oy there be broad variation in the
performance of participants within aphasic subtyjgeg also Marshall, 2010), there can
also be overlap of the boundaries between aphabtgEes. Given these limitations of
categorical aphasia types, it is unsurprising thaty individuals do not fall neatly into a
particular aphasia subtype (Caramazza & McClosk888; Marshall, 2010), meaning
they may be underrepresented in previous rese@hehmethod we have demonstrated
for capturing participants’ language abilities alfoextraction of key factors which
describe an individual’s performance profile withthe need for diagnostic labels. If the
underlying dimensions in our aphasic space areiderel analogous to the primary

colours of the RGB space, then our approach allsi® capture all shades of
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performance rather than merely the prototypicabe at the extremes of the space
represented by traditional aphasic classifications.

The PCA scores also offer significant advantages oategorical classifications
or individual assessment scores when attemptiagdess lesion-performance
relationships. As Figure 5.1 demonstrates, coirgaphasic subtypes with lesion
locations produces plausible yet heavily overlagpggions, which are not particularly
enlightening if one is interested in using neurabsjogical data to isolate the neural
regions necessary for supporting a particular lagguunction. While it is possible to
correlate scores on individual tests with lesiotagddnese are susceptible to measurement
noise and may often tap more than just the prookesgerest. Even if a group of tests
aiming to capture a particular ability of interestised, these cannot be entered into a
lesion analysis simultaneously as they will be higiorrelated, and this shared variance
will be discarded. The use of rotated PCA to deteenmdependent dimensions of
variation allows us to take advantage of the rdltgof multiple assessments whilst at
the same time producing predictors ideal for isotabf brain regions supporting these
key abilities.

Performance on the phonological factor was maielgted to tissue
concentration in left hemisphere primary auditaoytex including Hechl’'s gyrus, mid to
posterior MTG, STG, and STS, and posterior institeese align with the areas found to
be activated during phonological processing tasksnecent review of functional
neuroimaging studies (Price, 2010). Studies whchuded nonwords, as was the case
for a number of the assessments used here, adtiMatgchl’s gyrus and STG. STG was
also found to be activated in sentence comprehernagks, another task used here that
loaded highly on the phonological factor. Tasklming articulation were found to
commonly activate STG and the temporo-parietali@est consistent with our results

given the high loadings of repetition and namirgksaon the phonological factor.
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The primary auditory and posterior temporo-parieggions shown to relate to
phonological performance in the current study algerlap with areas where peak
activations were found for phonological tasks meta-analysis by Vigneau et al.
(2006). Functional neuroimaging using positron amis tomography (PET) has also
shown posterior left STS to be involved in phonatagprocessing (Wise et al., 2001).
Applying repetitive transcranial magnetic stimuwati(rTMS) to posterior STG has been
shown to increase error rates in language produetnal verbal working memory tasks
(Acheson, Hamidi, Binder, & Postle, 2011).

Although the cluster we reported at a high levedtatistical significance did not
include inferior frontal gyrus (IFG), which has pi@usly been implicated in studies of
phonology using fMRI (e.g., Price, 2010; Vigneawalket2006) and rTMS (Gough,
Nobre, & Devlin, 2005), when the statistical threlshis lowered our cluster does include
IFG, specifically pars triangularis, as shown igufe 5.4. The supramarginal and
angular gyri have also been implicated in phon@algprocessing in fMRI studies
(Vigneau et al., 2006), and again these regiorsnderge as significantly related to
phonology at lower statistical thresholds in ourGM analysis. One reason for the
weaker results for these areas may be that thesesua variety of functions, and hence
would not be uniquely associated with phonologprakcessing. This may also hold true
for the absence of the anterior insula from ouultesas although this area is often
implicated in articulation (Dronkers, 1996; Prie@10), it is also involved in a number
of other functions (Ardila, 1999; Augustine, 1996).

Performance on the phonological factor was alseifstgntly related to white
matter underlying primary auditory cortex. Thisdtion corresponds to part of the
arcuate fasciculus, believed to constitute at Ipadtof the dorsal language route (e.qg.,
Catani & ffytche, 2005; Catani et al., 2005; Dufttal., 2005; Parker et al., 2005; Saur

et al., 2008). This is consistent with the assamabf the dorsal route with phonological
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processing in studies using a variety of methodebguch as intra-operative subcortical
electrical stimulation (e.g., Duffau et al., 200@clercq et al., 2010), diffusion-weighted
imaging and tractography (e.g., Glasser & Rillia§08; McDonald et al., 2008) and
VLSM (Bates et al., 2003).

Semantic performance was found to relate to laftigphere ATL regions
focused mainly on anterior to mid MTG, but alsoegexting to include part of inferior
temporal gyrus and fusiform gyrus. The semantistelualso overlapped with white
matter underlying these areas, sitting directlyrdkie temporal stem which coincides
with the ventral language route, likely to inclyakats of the inferior longitudinal,
inferior fronto-occipital, and uncinate fasciculis with the findings for the phonological
factor, our semantic cluster overlaps consideralily MTG regions found to be
involved in semantics in large-scale reviews of iMRidies (e.g., Price, 2010; Vigneau
et al., 2006). Left anterior MTG semantic activaidiave also been shown using PET
imaging (Vandenberghe, Price, Wise, Josephs, &deraiak, 1996). Performance on the
same synonym judgement task which loaded heavilhersemantic factor in the current
study has been shown to be affected by applicatiohMS to the left ATL (Lambon
Ralph, Pobric, & Jefferies, 2009; Pobric, LamborpRa& Jefferies, 2009). Semantic
effects in picture naming have also been elicitedlMS to the same region (Woollams,
2012). With regards to results in the white mattes, ventral language pathway has been
shown to play a role in semantic processing inistudsing a variety of methodologies.
For example, Leclercq et al. (2010) found that station of the ventral language route
produced semantic paraphasias (see also Duffaign@gtMandonnet, Capelle, &
Taillandier, 2008; Saur et al., 2008).

Some regions which have previously been implicatesemantic processing
using other methodologies did not emerge as saamfiin our results. For example,

inferior frontal regions, such as pars orbitalibieia have previously been implicated in
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semantics in studies using fMRI (e.qg., Price, 204i@neau et al., 2006) and rTMS
(Gough et al., 2005), did not emerge as relateddsemantic factor here unless we
lower our statistical threshold consideralpy=0.04 voxel-levelp = 0.003 FWE-
corrected at cluster level). It is possible thad thscrepancy arises because, whilst such
areas may be involved in the semantic network, yeiod) functional activations and
slowing in performance after application of rTMBey may not be necessary to support
accurate performance on semantic tasks. In termathef areas previously associated
with semantic processing such as the superior addlenfrontal gyri (e.qg., Price, 2010),
the fact that these did not emerge in our ressiltet surprising as these areas lie largely
outside MCA territory and therefore were not comigdesioned in our cohort.

The fact that the third PCA factor, cognition, diot significantly relate to any
lesion locations in the VBCM analysis may be intlieaof the distribution of cognitive
processes in the brain. Whilst linguistic proceggphonological and semantic) clearly
relies on distributed neural networks (Mesulam,@9¢he kind of cognitive capacity
captured by Factor 3, which can be broadly chanzei® as modality independent
choice/control, may be even more diffusely distidalthroughout the brain (Ham &
Sharp, 2012; Sharp et al., 2011; Siegel, Engelofrigr, 2011). For this reason, poor
performance on tests contributing to the cognitactor in our study may be associated
with a variety of different lesion locations acrgesticipants, and hence no one location
emerged as significant.

The distribution of the areas shown to significactbrrelate with phonological
and semantic performance is consistent with thenahat phonological deficits arise
from perisylvian lesions, whilst semantic defi@are more likely to result from lesions
involving extrasylvian areas (either in isolatianim addition to perisylvian damage)
(Price et al., 1997; Schwartz et al., 2009). Indheent cohort, participants with both

phonological and semantic deficits had large lesigrhich tended to involve both peri-
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and extrasylvian cortex (for example, participda®and DBb). One of our exemplar
cases who had a phonological impairment in theexarf good semantic processing
(DM) evidenced a predominantly perisylvian lesiajle another exemplar case with a
semantic impairment in the context of relativelpisgal phonology (KS), was
characterised by an extrasylvian lesion. The ctimesults are also consistent with a
framework within which phonological deficits relggamarily to dorsal white matter
damage, whilst semantic impairments are assocvatedsentral white matter damage
(e.g., Duffau et al., 2008; Hickok & Poeppel, 202@07; Kimmerer et al., 2013; Saur et
al., 2008; Schwartz et al., 2012; Wise, 2003).

To conclude, the present study clearly demonstthaeestility of principle
components analysis as a means to determine thabkiéies underlying participants’
performance and relate these to the integrity afadestructures. Our approach allows us
to overcome the challenges inherent in lesion-spmphapping with a heterogeneous
population as typified here by chronic stroke apha&’/hen applied to data from
multiple neuropsychological tests used to obtdiialoke estimates of performance across
a variety of domains, PCA allows derivation of factcores that more accurately capture
individual participants’ performance than tradi@aphasia classifications. In line with
previous case-series studies of chronic strokesaghae identified the three key factors
of phonology, semantics and cognition. SimultanBoesstering these independent
factors as predictors of neural damage takes rtoumt an individual’s profile across all
component abilities and also means that the neegadns identified are uniquely
associated with a given ability. Although we hapeleed this method in chronic stroke
aphasia, it can also be utilised in the acute pfeage Kimmerer et al., 2013), and would
be ideally suited to mapping brain changes undeglpatterns of recovery from the
acute to chronic phase longitudinally. We identifeeseries of regions along the dorsal

pathways as associated with phonological procesdiliy and areas along the ventral
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pathway as associated with semantic processingré3ults therefore complement
evidence of involvement from functional imagingdsmonstrating the necessity of these
peri- and extrasylvian regions to support effecpvacessing of sound and meaning. Our
general approach to lesion-symptom mapping coulgtibeed to understand other

multifaceted neurological disorders, such as Alaiegis disease, in future.
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Supplementary Information

Voxel-Based Morphometry of Aphasia Subtypes

The VBM analyses of BDAE subtypes, results of whach given in Figure 5.1,
were conducted iBPM8 (SPM8, Wellcome Trust Centre for Neuroimaging
http://www.fil.ion.ucl.ac.uk/spm/). Participants meedivided into groups based on their
BDAE classifications (for example, all participamtgh a diagnosis of ‘anomia’ were
grouped together). Only groups with»> 5 were included in VBM analyses. Smoothed
and normalised T1-weighted images from each ppéittiin an aphasic subgroup and
from a group of 19 healthy older control particifsafsee below for details) were entered
together into the analysis in SPM8. Statistical parisons were then carried out for
every brain voxel, between the aphasic subgrougtadontrol group. The resulting
images show clusters of voxels in which the corgroup had a significantly higher

concentration of tissue than the aphasic subgroup.

Control Groups
Neuroimaging Healthy Controls

The healthy control group which was used in theteglentification procedure
and in the VBM analyses to compare to participantis different BDAE classifications
consisted of 19 right-handed healthy older ad@te(nales, 11 males). Mean age =
68.21 years (SD =5.99), range = 59 — 80 yearsnMears of education = 13.06 years

(SD =2.77), range = 10 — 18 years.
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Behavioural Data Healthy Controls

Normative data on language assessments was cdlliecte a subset of 13 of the
healthy control participants (3 females, 10 malb®an age = 68.69 years (SD = 6.55),
range = 59 — 80 years. Mean years of education351&D = 2.38), range = 10 — 17

years.

Table 5.4

Codes Allocated to Participants in Figure 5.2

Participant Participant Code Assigned in
Number Initials Figure5.2
1 JM A7
2 PE W/C
3 HN A3
4 DS TMA
5 EB A8
6 KW B5
7 KS TSA
8 BS B4
9 DM B3
10 LM G2
11 AL A6
12 ES G3
13 JMf A5
14 JSa NF4
15 BH NF3
16 ESb G1
17 WM NF1
18 TJ A2
19 DB W1
20 GL B2
21 AG Bl
22 JJ Al
23 KK B6
24 KL NF5
25 ER NF2
26 JSb A4
27 DCS B7
28 JSc B8
29 LH A9
30 JA NF6
31 DBb W2
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Figure 5.6.T-map showing regions found to relate significamdl lesion volume gb < 0.001 voxel-level, < 0.001 FWE-corrected cludéeel, cluster size 21918 voxels.
Image thresholdt) 2.0 — 6.0.
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20 5.0 I
L = 0,005 voxel-level

Figure 5.7.Regions found to relate significantly to phonotagi(A) and semantid) performance in VBCM analyses with lesion volumeliided as a covariate. Hot
overlays are clusters significantpag 0.005 voxel-levelp < 0.01 FWE-corrected cluster-level. Cluster siz@40 (A) and 1261 (B) voxels. Image thresha)®(0 — 6.0.

ACTC (blue/green) overlays are clusters significmt < 0.02 voxel-levelp < 0.03 FWE-corrected. Image threshdhdl(0 — 5.9.
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Automated Lesion Identification Procedure

Automated outlines of participants’ lesions weraayated using Seghier et al.'s
(2008) modified segmentation-normalisation procedata from all participants with
stroke aphasiaN = 31) and all of our healthy control group (seelgl(N = 19) were
entered into the segmentation-normalisation. Setgdeémages were smoothed with an
8mm FWHM Gaussian kernel and submitted to the aatediroutine’s lesion
identification and definition modules using thealdt parameters apart from the lesion
definition ‘U-threshold’, which was set to 0.5. Timeages generated were used to create

the lesion overlap map in Figure 5.3 and the lesiatfines in Figure 5.5.
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Abstract

Deficits in language processing seen in chronmkstiaphasia vary both
guantitatively and qualitatively along a numbedohensions. The current study aimed
to assess how performance of individuals with cliretroke aphasia related to changes
in cortical areas and underlying white matter patysvTo do this we related
participants’ performance on continuous measurgohology, semantics, and
cognition, to measures of grey and white matteceatration (T1-weighted imaging),
local white matter structure (fractional anisotrppy) and more global white matter
connectivity (anatomical connectivity mapping, ACNPhonological performance was
found to relate to all imaging measures in the @ai@ute and adjacent cortex. Semantic
abilities correlated with local grey and white neatineasures (T1-weighted and FA) and
average ACM in the ventral language route and sadimg cortex in the anterior
temporal lobe. Finally, cognitive performance dat show any relationship to local
tissue measures but it did relate to our brain-wim@nectivity measure, with good
performance found to relate to increased ACM reatd controls in a right frontal area.
The pattern of results obtained across the compi@angeimaging measures suggests that
the degree to which a particular function is nenedamically distributed is determined
by the nature of the input-output mappings involMddreover, our, results shed light on
patterns of impaired and spared performance inntbigiroke aphasia, including

potential compensatory changes in connectivity.
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Introduction

Contemporary models propose that language processsubserved by two
major pathways connecting left hemisphere tempareetal and frontal brain regions, a
dorsal route and a ventral route (e.g., Hickok &Bmel, 2004, 2007; Parker et al., 2005;
Saur et al., 2008; Weiller, Bormann, Saur, Muss®ifatjes, 2011; Wise, 2003).
Evidence for such a framework has emerged from wenkg a variety of methodologies
including functional and diffusion-weighted imagimghealthy individuals (e.g., Catani,
Jones, & Ffytche, 2005; Parker et al., 2005; Poetedll., 2006; Saur et al., 2008) and
lesion-symptom mapping in stroke aphasic individuading both standard structural
magnetic resonance imaging and diffusion-weighteaiging(e.g., Breier, Hasan, Zhang,
Men, & Papanicolaou, 2008; Kimmerer et al., 201dhBiser, Stamatakis, & Tyler,
2011; Schwartz, Faseyitan, Kim, & Coslett, 201 2)port for the “dual route” model of
spoken language has also emerged from studies imsiagpperative electro-stimulation
in individuals undergoing surgery for tumour remipvehich have found results
consistent with tractography work (Duffau, Gatigndbritz-Gasser, & Mandonnet,
2009; Duffau, 2008; Leclercq et al., 2010; ManddnNeuet, Gatignol, Capelle, &
Duffau, 2007), and also from connectionist compatetl modelling work (Ueno et al.,
2011).

The specific white matter pathways that have bestribed as constituting the
dorsal route are the arcuate fasciculus (spedyitla¢ parieto-frontal aspect) and the
superior longitudinal fasciculus (e.g., Catanilet2005; Duffau, 2008; Glasser &
Rilling, 2008; Makris et al., 2005; Parker et 2005). Evidence suggests that the ventral
route is composed of several pathways, includiegrferior fronto-occipital, inferior
longitudinal, and uncinate fasciculi, all of whiokay pass through the extreme capsule
(Catani & Mesulam, 2008; Duffau et al., 2009; Pasdeal., 2005; Saur et al., 2008;

Shinoura et al., 2010; Weliller et al., 2011; Wia@03). Whilst most language functions
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are likely to be accomplished by the parallel wogkof both routes in healthy
individuals, studies have found evidence to supgifiering specialisations for the two
routes. The dorsal route has been attributed igalrible in phonological processing,
whilst the ventral route has been associated veithastic processing (Duffau et al.,
2009; Glasser & Rilling, 2008; Hickok & Poeppel 020 Kimmerer et al., 2013;
Leclercq et al., 2010; Mandonnet et al., 2007; Rigkér et al., 2011; Saur et al., 2008;
Schwartz et al., 2012). It has been argued thadldhgal route is particularly key in the
processing of complex syntax, although evidencebkas found to suggest that
successful syntactic processing requires both sqfieederici, 2009; Griffiths, Marslen-
Wilson, Stamatakis, & Tyler, 2012; Papoutsi, Staakist Griffiths, Marslen-Wilson, &
Tyler, 2011; Rolheiser et al., 2011).

Language deficits shown by individuals with chrosimke aphasia vary both in
terms of degree and character, with the partiquiafile of deficits and preserved
functions varying from person to person. Theseepast of relatively impaired and spared
abilities may reflect differences in damage notydnlcortical areas involved in language
such as the inferior frontal gyrus (IFG) and tenapparietal cortex, but also variable
involvement of the white matter pathways that suppormal language function.
Damage to aspects of these pathways may also Haeeseon neural structures quite
distal to the lesion, which could influence perfamue in either negative or positive
ways.

We have previously used principal components ars(iZ&ZCA) to derive
behavioural factor scores from raw scores on alaaijtery of language assessments
with chronic stroke aphasic participants (see Girdpit In that study, we found that
participants’ performance on our battery was exygdiby their phonological, semantic
and general cognitive abilities. Participants’ &soon those behavioural factors were

then used as regressors in imaging analyses ughwggeighted structural magnetic
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resonance images. Phonological and semantic abilitere shown to correlate with
brain regions previously identified as involvediimonology and semantics using other
methods. These areas included both cortical arehsegions of white matter likely to
correspond to parts of the dorsal and ventral lagguoutes. However, PCA-derived
factor scores are yet to be related directly tosuess of white matter connectivity in
individuals with chronic stroke aphasia.

There is increasing evidence that variations ingvinatter measures can index
differences in behavioural performance, in boththgaand brain-damaged individuals.
A commonly used white matter measure is fractiamedotropy (FA), a metric derived
from diffusion-weighted imaginghich reflects local microstructuré/ong,
Chandrasekaran, Garibaldi, and Wong (2011) fouatitihnen healthy participants were
trained on a sound-to-word learning task, FA intefmporo-parietal white matter
correlated with task performance. Differences igrstive processing speed have also
been shown to relate to FA levels (Tuch et al. 220rrken et al., 2009) and semantic
memory has been found to correlate with FA in varénguage pathways in healthy
older adults (de Zubicaray, Rose, & McMahon, 20Hbwever, Jones, Kndsche, and
Turner (2012) advise caution in interpretation Af\Fariability in healthy individuals,
noting that FA is naturally low in areas of croggfibres. The deficits shown by
individuals with the semantic variant of primarygressive aphasia, a
neurodegenerative condition, have been found &te¢bd reductions in FA (and other
related metrics such as mean diffusivity) in thaetva route (Acosta-Cabronero et al.,
2011; Agosta et al., 2010; Galantucci et al., 20l $troke aphasia, FA within language
pathways has been found to correlate with perfoomam measures of phonology,
semantics and syntax (Breier et al., 2008; Grifgh al., 2012; Papoutsi et al., 2011;

Rolheiser et al., 2011).

149



Measures such as FA and mean diffusivity can refleanges in microstructure
within a particular voxel. However, another impottéactor to consider is changes in
connectivity to a voxel that may occur as a regbiihore distant damagé. method that
offers a greater degree of sensitivity to remoteat$, which provides complementary
information to that available from FA, is anatomicannectivity mapping (ACM)
(Embleton, Morris, Haroon, Lambon Ralph, & Park07; see also Cercignani,
Embleton, Parker, & Bozzali, 20123CM is a whole-brain tractography method,
involving launching multiple streamlines from evédmgain voxel. It does not provide
information on specific point-to-point connectidng provides a scalar index of the
degree of anatomical connectivity passing througtheroxel. In addition to providing
information on the degree of connectivity, ACM, ikl FA, does not show low values in
voxels with multiple pathways (Jones et al., 20I2)e bootstrapped constrained
spherical deconvolution (Haroon et al., 2009) pdoutce we use to process our diffusion
data allows resolution of more than one fibre papah per voxel. Within voxels with
more than one fibre population ACM values will teandoe high, reflecting increased
connectivity, via multiple pathways, via that vox€his is in contrast to FA, values of
which would be low in such voxelCM has previously been used to demonstrate white
matter connectivity changes in Alzheimer’s dise@®zzali et al., 2011, 2012) and to
investigate relations between cognitive dysfuncidad connectivity changes in multiple
sclerosis (Spano et al., 2012). We have previasisbyvn that ACM can be used to
identify connectivity changes in participants with chrortrolke aphasia compared to
controls and to investigate connectivity differembetween participants with different
subtypes of stroke aphasia (see Chapter 4).

In the current study we combine d€A-derived continuous behavioural
measures, which have previously been shown toletere/ith anatomical variation on

T1-weighted imaging, with complementary quantitativhite matter measures, one local
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(FA) and one more global (ACM). By combining theseasures we aimed to provide
evidence from chronic stroke aphasia for the ingolent of different cortical areas and
white matter pathways in phonological, semantic @pgnitive processing. In this way
we aimed to gain a clearer understanding of thereaif the networks underlying
healthy language processing and the relative patigrimpairment, sparing, and
potentially enhancement, seen in cases of damage.

Expanding on the results of Chapter 5, in whichrquhagy was related to
temporo-parietal regions primarily focused on thenpry auditory cortex and
underlying white matter in T1-weighted imaging, predicted that phonological
processing ability would be related to FA and ACMigbility related to the dorsal
language pathway. In line with work suggestingla for the ventral route in semantics,
and the results of Chapter 5, in which semantilegeé to anatomical variations on T1-
weighted imaging in anterior temporal regions, wedcted that semantic performance
would correlate with FA and ACM changes in the vaintoute. Finally, for general
cognitive processing we did not find any signifitalusters in T1-weighted data in
Chapter 5. It was suggested that this reflectedhidpely distributed nature of cognitive
control processes, both cortically and at a neti@vrkl. Therefore, we were interested to
explore whether variability in cognitive performanoould be related to any changes in

the white matter measures, FA and ACM.
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Methods

Participants

Chronic stroke aphasic participanté<£ 31) were recruited from the North West
of England through presentations at stroke gronpsreferrals from Speech and
Language Therapy services. All participants weleadt 12 months post-stroke at time
of scanning and assessment. Participants weretextan the basis that they had
sustained one left hemisphere stroke and had aichropairment of production and/or
comprehension of spoken language. Exclusion aitedre: pre-morbid left-handedness,
having more than one full stroke or any other gigant neurological conditions, and
having any contraindications for magnetic resonamaging (MRI). Informed consent
was obtained from all participants prior to pagation under North West Multi-centre
Research Ethics Committee approval. Participaritdracind information is given in
Table 6.1 and a lesion overlap map showing themedistribution of the participants is

shown in Figure 6.1.

Table 6.1

Participant Information

Initialg Age |Gender| Yearsof | Time BDAE |PhonologylSemantidCognition
(years) Education| Post- |Classification| Score Score | Score

Stroke

(months)
1| IM 62 M 11 110 An 0.99 -0.05 0.86
2| PE 73 F 16 22 w/C -1.07 0.34 0.44
3| HN 81 M 10 56 An -0.09 0.71 -0.69
4| DS 72 M 11 106 TMA 0.13 1.05 0.04
5| EB 61 M 17 12 An 0.76 0.17 1.15
6 KW 81 M 10 24 Br -1.21 -0.20 0.97
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Initialy Age |Gender| Yearsof [ Time BDAE |PhonologylSemantigCognition
(years) Education| Post- |Classification| Score Score | Score
Stroke
(months)

7| KS 59 M 12 12 TSA 1.73 -2.40 0.72
8| BS 59 M 11 103 Br -1.94 0.27 0.68
9| DM 49 M 17 42 Br -0.61 1.27 0.42
14 LM 63 M 11 13 Gl -0.87 -1.68 -0.77
11 AL 49 F 12 69 An 1.45 0.26 0.23
12 ES 69 M 11 39 Gl -1.08 -0.70 -1.91
13 JMf 70 F 11 84 An 0.81 0.74 0.11
14 JSa 73 M 11 190 MNF -0.32 0.31 0.23
13 BH 64 M 11 26 MNF 1.20 0.22 -0.30
14 ESb 68 M 11 142 Gl -1.67 -0.271 -0.33
117 WM 77 M 11 66 MNF -0.04 -0.53 -1.34
1§ TJ 60 M 12 23 An 1.14 1.03 -1.29
19 DB 60 M 12 44 We 0.32 -2.30 0.59
20 GL 47 M 12 18 Br 0.62 -0.36 0.58
21 AG 55 M 11 131 Br 1.42 0.21 -0.06
22 JJ 84 M 12 25 An 0.24 1.43 -2.2(
23 KK 48 M 12 33 Br -1.21 0.16 1.32
24 KL 55 M 13 31 MNF -1.81 -0.07 0.97
29 ER 64 14 181 MNF -0.24 1.34 -1.0¢4
26 JSb 72 M 11 23 An 0.47 0.01 0.12
271 DCS| 45 F 12 12 Br 0.21 0.05 1.68
28 JSc 78 M 12 76 Br 0.42 0.36 -0.26
29 LH 65 M 11 81 An 0.70 0.35 0.81
30 JA 65 M 11 128 MNF -0.12 0.59 0.31
31 DBb 66 M 12 59 We -0.33 -2.32 -2.02

Abbreviations: An = Anomia, Br = Broca, Gl = GlobMNF = Mixed Nonfluent, TMA =
Transcortical Motor Aphasia, TSA = TranscorticahSery Aphasia, We = Wernicke, W/C =
Wernicke/Conduction.
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Behavioural Assessments

Over several testing sessions participants conpketeattery of language
assessments designed to assess input and outpui@iioal processing, semantic
processing, and spoken sentence comprehensiorelleessva small battery of more
general cognitive tests. The assessments condcateble seen in Table 6.2, with further
details of the specific assessment sources andhgaoiteria given in Supplementary
Information. For descriptive purposes participamese also classified using the Boston
Diagnostic Aphasia Examination (Goodglass et 8002 Goodglass & Kaplan, 1983).
Our cohort was made up of nine individuals withramaphasia, eight with Broca’s
aphasia, six with mixed nonfluent aphasia, threé giobal aphasia, two with
Wernicke’s aphasia, one with Wernicke’'s/Conductphasia, one with transcortical
sensory aphasia and one with transcortical moteasip. Individual participants’

classifications are given in Table 6.1.
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Figure 6.1.Lesion overlap map for stroke aphasic particip@dts 31). All imaging data are
displayed using neurological convention. Axial stichown at y = -30, -10, 0, 30, 50. Details of how

the map was generated are given in Supplementtonmiation.

Principal Components Analysis

Participants’ scores on all assessments in theryattere entered into a PCA
with varimax rotation, for full details see ChapfefThe rotated solution produced three
orthogonal factors: ‘Phonology’, ‘Semantics’, ail@bgnition’. These three factors
accounted for 82% of variance in participants’ parfance on the assessment battery,
with phonology accounting for the most varianceg1followed by semantics (14%),
and then cognition (7%lractorloadings of assessments are given in Table 6.2.
Participants’ scores on the three orthogonal faotmre used as behavioural covariates

for lesion analyses.
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Table 6.2

Factor Loadings of Behavioural Assessments

Phonology] Semantic| Cognition

Factor Factor Factor
Minimal Pairs - Nonwords 0.581 0.302 0.642
Minimal Pairs - Words 0.600 0.498 0.472
Immediate Repetition - Nonwords 0.868 0.189 0.188
Delayed Repetition - Nonwords 0.917 0.116 0.142
Immediate Repetition - Words 0.872 0.247 0.122
Delayed Repetition - Words 0.868 0.336 0.162
64-ltem Naming 0.725 0.646 0.051
Boston Naming Test 0.688 0.649 -0.094
Spoken Word to Picture Matching 0.206| 0.865 0.259
Written Word to Picture Matching 0.129| 0.799 0.488
96 Synonym Judgement 0.414| 0.665 0.364
Camel and Cactus Test: Pictures 0.01 0.419 0.731
CAT Spoken Sentence Comprehens|on 0.681 0.339 0.413
Brixton Spatial Anticipation Test 0.357 0.241] 0.654
Raven's Coloured Progressive Matriges 0.090 0.0p7 0.938
Forward Digit Span 0.882 0.139 0.132
Backward Digit Span 0.764 0.132 0.219

loadings over 0.500 are given in bold.

Neuroimaging

Acquisition of Imaging Data

Note:
Factor

All scans were acquired on a 3 tesla Philips Achigsanner (Philips Healthcare,

Best, The Netherlands) using an 8-element SENS# ¢@h High resolution structural

MRI scans were acquired using a T1-weighted ineersecovery sequence with 3D

acquisition, with the following parameters: TR (@&pon time) = 9.0 ms, TE (echo time)

= 3.93 ms, flip angle = 8 °, 150 contiguous slic#ee thickness =1 mm, acquired voxel

size 1.0 mm x 1.0 mm x 1.0 mm, matrix size 256 & 20OV = 256 mm x 256 mm, TI

(inversion time) = 1150 ms, SENSE accelerationoia2ts.
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Distortion-corrected diffusion-weighted images waoguired using a pulsed
gradient spin echo echo-planar imaging sequenceemented with TE = 54 m&nax=
62 mT/m, half scan factor = 0.679, 112 x 112 imiagerix reconstructed to 128 x 128
using zero filling, reconstructed resolution 1.8@& x 1.875 mm, slice thickness 2.1
mm, 60 contiguous slices, 43 non-collinear diffassensitization directions bt= 1200
s/imnf (A = 29.8 msp = 13.1 ms), 1 db = 0, SENSE acceleration factor = 2.5. Artefacts
arising from pulsatile brain movements (Jones &pieli, 2005) were minimised by
cardiac gating the diffusion sequence using a pergd pulse unit placed on the
participant’s finger. Acquisition time for the di§ion MRI data was approximately 28
minutes, although this varied slightly based ongasicipant’s heart rate. For each
diffusion gradient direction, phase encoding wasgomed in right-left and left-right
directions, giving two sets of images with the satifieision gradient directions but
opposite polaritk-space traversadnd hence reversed phase and frequency encode
direction, allowing correction for geometric digton (Embleton, Haroon, Morris,
Lambon Ralph, & Parker, 2010). A co-localised T2gied turbo spin echo scan with
0.94 mm x 0.94 mm in-plane resolution and 2.1 moeghickness was also obtained for

use as a structural reference scan in distortiorecbon (Embleton et al., 2010).

Pre-Processing of Imaging Data

Pre-processing of T1-weighted data was conduct&PM8 (SPM8, Wellcome
Trust Centre for Neuroimaging, http://www.fil.iorlwac.uk/spm/). Participants’ T1-
weighted scans were normalised and segmentedhtgeith 19 age- and education-
matched healthy control participants’ brains (sepgfementary Information), using a
modified unified segmentation-normalisation proaediSeghier et al., 2008). The
normalised images were then smoothed using an 8uthmnidth-at-half-maximum

(FWHM) Gaussian kernel.
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Susceptibility- and eddy current-induced distorsiom diffusion data were
corrected using Embleton et al.'s (2010) distortiorrection method implemented in
MATLAB. Distortion-corrected diffusion-weighted irgas were then processed using
the model-based bootstrap (Haroon et al., 2009)jexpto constrained spherical
deconvolution (CSD) (Tournier et al., 2008, 200/#)e bootstrapped CSD was used to
derive probability density functions (PDFs) thatrgvased to produce ACMs, which are
whole-brain probabilistic tractography-derived ceation maps (Embleton et al., 2007).
ACMs quantify the total number of probabilistic psitrecorded passing through each
voxel of the brain, thereby providing a measuréefdegree of tractography-derived
anatomical connectivity passing to, from and thtoagch voxel. ACMs were generated
using the probabilistic index of connectivity (P)GQoactography algorithm (Parker et al.,
2003), with ten tractography streamlines launchmethfevery brain voxel. FA maps for
each participant were generated by fitting a sinigffeision tensor to each voxel within
the diffusion-weighted data. Each participant’'swdighted image, FA map, and ACM
were co-registered using a rigid-body transformmatiod normalised to Montreal

Neurological Institute (MNI) space for group-le\alalyses in SPM8.

Relating Behavioural and Neuroimaging Data

Voxel-Based Correlational Methodology (VBCM) (Tyletral., 2005a) was used
to identify brain regions where language abilisemificantly related to brain measures.
The VBCM analysis was conducted in SPM8 and invblyging participants’ PCA
factor scores as regressors in a voxel-wise aalgeiparate analyses were carried out
for each image type. Scores on each of the thteegonal factors were entered
simultaneously, and then statistical tests werelgoted in each voxel to see whether
scores on a particular factor significantly cortethwith that voxel value. Including

participants’ scores on all three factors conculyen the regression model allowed us
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to identify regions where brain measures covari@duely with each behavioural factor.
Lesion volume was also included as a covariatberrégression model. This
conservative approach was intended to reduce tbslplity of areas consistently
associated with larger lesions being incidentadigrelated with poor behavioural

performance.

159



Results

Behavioural Assessments

Participants’ scores on the PCA-derived factorgyaren in Table 6.1. Each
participant’s overall performance on the behavibbgdtery, in the context of the group,
is characterised by their distribution of scora®ss the factors. Participants’ scores vary
from factor to factor and for each orthogonal fatch®re is a range of scores across
participants (phonology = -1.67 to 1.73, semantie2.40 to 1.43, and cognition = -2.20
to 1.68). For participants’ raw scores on behadabassessments see Supplementary

Information.

Voxel-Based Correlational Methodology
Phonology

As is evident from Figure 6.2, scores on the phogickl factor were found to
relate to highly overlapping clusters in all thremging types, T1-weighted, FA, and
ACM. As reported in Chapter 5, in the T1-weightethge analyses, phonology related to
tissue concentration in the primary auditory co8& 41 and 42) including Heschl's
gyrus, the middle to posterior portions of the nied@mporal gyrus (MTG), superior
temporal gyrus (STG) and superior temporal sul&isS{ BA 21 and 22), and a small
part of the posterior insula. The cluster also laer with underlying temporo-parietal
white matter.

In the analysis of the FA maps, correlations witlepological performance were
found in areas that largely overlapped with thettmn of the T1-weighted cluster. This
included primary auditory cortex including Heschld\gus, MTG, STG, STS, and

temporo-parietal white matter including part of Hreuate fasciculus.
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PHONOLOGY

y=-12

-

Figure 6.2.Phonological clusters from VBCM analysis. T1-weaeghcluster (top) = 1940 voxels < .005 voxel-levelp < .001 family-wise error (FWE) -corrected cluster-
level. FA cluster (middle) = 1748 voxe[s< .005 voxel-levelp < .001 FWE-corrected cluster-level. ACM cluster {bot) = 873 voxelsp < .005 voxel-levelp < .05

FWE-corrected cluster-level.
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Areas found to correlate with phonological perfont&in ACM coincidedvith
those found in the FA analysis but appeared to tiehocalised to white matter. ACM
values in STG, MTG, part of STS, primary auditooytex and underlying white matter

including the arcuate fasciculus correlated witbrpdlogical performance.

Semantics

Semantic performance was found to correlate sicamfly with overlapping
clusters in the anterior temporal lobe in both Tdighted image and FA analyses, as
shown in Figure 6.3. The ACM analysis did not réagy significant clusters that
survived correction for multiple comparisons, n@revthere any significant clusters at
voxel-levelp <.005 even without correction. Possible reasonghis unexpected
difference between measures are discussed below.

The T1-weighted image results for semantics (aponted in Chapter 5) include
correlations with tissue in inferior temporal gyiiBG; BA 20), fusiform gyrus (BA 36),
and left anterior to middle MTG (BA 21). The clustédso encompassed significant
amounts of anterior temporal white matter.

The VBCM analysis of FA and semantics revealedaiscant cluster
encompassing ITG (including the mid temporal pdigdiform gyrus, MTG,
parahippocampal gyrus (BA 36), hippocampus, andenhatter occupying large parts of
the temporal stem. This would appear to includerge section of the ventral language
route, including parts of the inferior longitudinaiferior fronto-occipital and uncinate

fasciculi.
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Figure 6.3.Semantic clusters from VBCM analysis. T1-weightldster (top) = 1261 voxelp,< .005 voxel-levelp < .001 FWE-corrected cluster-level. FA cluster

(bottom) = 2134 voxelg < .005 voxel-levelp < .001 FWE-corrected cluster-level.
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Cognition

As reported in Chapter 5 scores on the cognitigeofadid not significantly relate
to any regions in the T1-weighted image analydss Was replicated in the FA analysis,
with no significant clusters surviving correctiar inultiple comparisons. However, a
significant correlation was identified between cibtige performance and ACM values in
a cluster in the right hemisphere. The clusterywshim Figure 6.4, overlapped with the
very anterior extent of the arcuate fasciculusaftontal lobe and surrounding cortical
areas including mid to posterior insula, premotmtex (BA 6), rolandic operculum (BA
48), and anterior/mid portions of the STG (with imal extent into MTG).

The result for cognition in ACM was located in tentralesional hemisphere,
outside the area where our participants’ lesiongwsxated on the T1-weighted images.
Therefore we conducted comparisons between ounithstroke aphasic participants
and a group of age- and education-matched heatitiyats f = 19) to ascertain whether
this cluster represented an area where perfornrateted to connectivity because of
increased or decreased connectivity in some ofpbasic participants. Details of the

control group are given in Supplementary Informatio
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Figure 6.4.Cognitive cluster from VBCM analysis. ACM cluster1930 voxelsp < .005 voxel-levelp < .001 FWE-corrected cluster-level
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This comparison was conducted by splitting the agh@articipant group based
on their scores on the cognitive factor, and labglthe top half of the group “High’h(=
16) and the bottom half of the group “Lowi € 15). We then conductedvaxel-based
morphometry (VBM) analysis (Ashburner & Friston 0B) comparing voxel-level ACM
values between the “High” group and the controlugrawithin the right hemisphere
cluster identified as relating to cognition in MBCM. A separate VBM analysis then
compared the “Low” group and control grodfhe VBM analysis showed that the
“High” group on average had higher ACM within thght hemisphere cluster than
healthy controls, as shown in Figure 6.5. The “Lasdup did not show any significant
differences from controls in ACM within the righémmisphere cluster. Therefore, the
cognitive cluster in the ACM VBCM analysis appetrseflect the fact that aphasic
participants who performed well on cognitive taskewed increased connectivity in this

region of the right hemisphere (relative to corsbl

3 Similar follow-up analyses for all of the left hiphere correlations were conducted
and all revealed diminished connectivity relatiwecontrols.
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w=-9

COGNITION

Figure 6.5.Clusters where “high” cognition aphasic particiizamad significantly higher ACM values than conpatticipants in a follow-up VBM analysis. (Thrdesters
were identified: 649 voxels at< .005 voxel-levelp < .05 FWE-corrected cluster-level; 87 voxelp at.005 voxel-levelp < .05 FWE-corrected cluster-level; 40 voxels at

p < .005 voxel-levelp < .05 FWE-corrected cluster-level). MNI co-ordiemshown: x = 45,y =-9, z = -1.
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Comparison Across Imaging Methods and Language trame

The results obtained for phonological performaneeasighly consistent over
image types (T1l-weighted, FA, and ACM). Howeveis thas not the case for semantics.
Whilst the semantic T1-weighted and FA clustersiapped heavily, no semantic ACM
clusters were identified in the VBCM analysis. Véhilne interpretation of this result is
that damage to the ventral pathway results in nom&ised disruption than damage to
the dorsal pathway, explorations of the impactasfstrained simulated lesions on ACM
values along both pathways show a similar amoutdrgf-range disruption (see Chapter
3).

Another interpretation of the divergence acrosssuess for the semantic factor
focuses on the differing neural distribution of #ehmatter pathways along the dorsal and
ventral routes. Areas found to correlate with pHogical performance in both local grey
and white matter measures (T1-weighted imagingFa#doverlapped with one major
language pathway, the arcuate fasciculus (shovangure 6.6). In contrast, semantic
performance related to local measures in a clugterh overlapped with a number of
different ventral white matter pathways, likelyitelude at least the inferior longitudinal,
inferior-fronto-occipital, and uncinate fascicydathways which have disparate origins
and terminations (see Figure 6.6). As a resultptibeability of the regression analysis
employed in the VBCM finding a reliable clustenaixels in the ACM values in this
region was likely to be lower because of wider \dgeel variability in ACM values
within and between participants. Indeed, the stahdaviations across participants of
ACM values in semantic cluster voxels were sigaffitty higher than ACM values in

phonological cluster voxelg £ 0.012).
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Phonology + AF

Semantics + ILF

Semantics + IFOF

Semantics + UF

Figure 6.6.Phonological and semantic fractional anisotropd)(Elusters (hot) overlaid on white
matter language pathways they overlap with (greEmg. phonological cluster overlaps with the
arcuate fasciculus (top row) and the semantic etusterlaps with the inferior longitudinal fascicsl

(second row), inferior fronto-occipital fascicul(ibird row), and uncinate fasciculus (bottom row).

To test our hypothesis that the regression didindtsignificant clusters for
semantics because of potentially large variana®xel-wise ACM values in anterior
temporal regions, we investigated whether semaatiftormance would correlate with
averageACM across the area shown to correlate with seicaimt the FA analysisThis
would suggest that semantic performance did indeectlate with anatomical

connectivity in these regions, but that a conststlrster of voxels was not identified
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across individuals owing to voxel-level variability ACM in this area. We conducted
‘averaged analyses’ for phonology and semanticis ifkiolved taking the significant
FA cluster locations for each factor, and thenuaking each participant’'s average ACM
value across all of the voxels within that clust#e then regressed participants’ average
ACM values within the cluster against their scarethat factor. For example, for the
semantic analysis each participant’s average ACMevacross the semantic FA cluster
was regressed against their score on the semantar f

As we would expect, phonological performance sigaiftly predicted average
ACM value in the phonological FA clustdy £ .690,p < .001), consistent with the
results of the voxel-wise analysis. Participangshantic performance was also found to
significantly predict their average ACM value ireteemantic FA cluster area£ .424,
p =.017),an effect which did not emerge in the original ewxese semantic analysis.
This significant relationship with average ACM atsmntrasts with a voxel-level analysis
conducted within the same region of interest (#raantic FA cluster), which revealed
absolutely no significant results (at voxel-lepet.005). This suggests that the failure to
identify a significant relationship between the satic factor and voxel-level ACM is
the consequence of the greater diversity of lomgieavhite matter tracts found in this
region, meaning that damage to any given tractageraariable for the ventral than

dorsal pathways.
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Discussion

In this study we investigated changes in corticaha and white matter
connectivity that underlie patterns of behavioyeiformance in participants with
chronic stroke aphasia. In our voxel-level analypésnological processing was
associated with overlapping brain regions in akéhbrain measures, with significant
clusters emerging in regions including the primauditory cortex and underlying dorsal
route white matter in the T1-weighted, FA, and A@Nalyses. Participants’ semantic
performance was shown to relate to a differenepatbf changes in the imaging
measures, with significant clusters emerging invitietral language route and adjacent
cortex in analyses of the local measures, T1-we@jithaging and FA, but not in the
voxel-wise ACM analysis. Finally, cognitive perfoanmce did not correlate with any
specific regions in the analyses of the local bragasures, T1-weighted imaging and
FA. However, significant results did emerge in dmalysis of the more global
connectivity measure, ACM, with a region in thentifrontal lobe being found to
correlate with cognitive performance. Further intigegion revealed that this was likely
to reflect compensatory changes, with participarite scored highly on the cognitive
tasks showing increased connectivity relative toticds in that region.

The different patterns of results across imagipgsyfor different language tasks
suggests that these different processes are ligegBly on brain networks that differ in
the nature of their neuroanatomical distributiontie case of phonology, the
systematicity of inputs and outputs permits a dipa¢hway linking frontal to temporo-
parietal language cortices (Plaut & Kello, 1999n0et al., 2011). Semantic language
processessuch as comprehension of spoken or written stimedjuire input from a
variety of brain regions to be transmitted to amhf the semantic hub in the anterior
temporal lobe (Patterson, Nestor, & Rogers, 208udgh a view is consistent with

research demonstrating disruption to ventral wimggter pathways as a result of anterior

171



temporal damage in semantic dementia (Acosta-Caboaet al., 2011). Cognitive

control is likely to require even more diverse maitand connectivity network mappings
than semantics. Domain-general cognitive contrstesys have been characterised as
more highly distributed than the “processors” tihaty have control over, and have been
associated with widely distributed bilateral breagions (Power & Petersen, 2013).
Hence, the different functions we have investigatepear to make use of different types
of white matter networks. These networks appeaetgraded in their distributed-ness,
from the relatively direct bi-directional mappingphonology, through the convergence
of multiple information sources in and out of attehhub in semantics, to the highly
distributed workings of the cognitive network. Taewtworks are depicted

schematically in Figure 6.7.

DIRECT M
(PHONOLOGY)

HUB 4—®
(SEMANTICS) © / \@

DISTRIBUTED C‘%\
(COGNITION) I
|

d—l—b

Figure 6.7.Schematic depicting different grades of distribatin the brain networks utilised by
different behavioural functions. Phonological pssiag is subserved by a single bi-directional
pathway (top), semantics depends upon a numbaestobdted inputs and outputs to and from a

central hub (middle), and cognition is a functidradighly distributed bilateral network (bottom).
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Considering the neural correlates of phonologicatessing, the cortical areas
we identified accord with those found to be invalwve phonological processing in
functional neuroimaging. Left STG has previouslgméound to be more activated in
repetition of pseudowords than real words in hgahdividuals (Saur et al., 2008).
Large-scale meta-analyses of functional neurointagindies of language have
identified the left STG and STS as playing a ral@honological processing, particularly
auditory processing of speech sounds (Price, 22A1Z; Vigneau et al., 2006). The same
region has also been implicated in speech produgbiotentially playing a role in
feedback processes which occur during speech (R0d®, 2012; Pulvermdiller &
Fadiga, 2010). Price, Crinion, and Macsweeney (RPidposed a generative model of
speech production in which it is suggested thapthsterior STS is involved in
prediction of speech output post-articulation. Tdoacurs with evidence suggesting that
both speech production and speech perception eegontinuous feedback from auditory
and or motor and somatosensory systems (Pulvemnd&ifiadiga, 2010).

Bi-directional communication between auditory crréad frontal language
regions is likely to be subserved by the dorsajleye pathway (Pulvermuller & Fadiga,
2010). Given its potential role in both phonologjicgout and output processing it is
unsurprising that the arcuate fasciculus (a carestitof the dorsal pathway) was
included in our phonological cluster. Deficits gpetition, a task involving phonological
input and output, have previously been found tateslo arcuate fasciculus damage in
acute and chronic stroke aphasic individuals (Breiel., 2008; Kimmerer et al., 2013),
but our study is the first to confirm this usindieect measure of white matter
connectivity.Work using tractography and functional neuroimagmgealthy
individuals, found that cortical regions shown todztive during repetition, particularly

of pseudowords, were connected via the arcuatectdss (Saur et al., 2008). Electro-
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stimulation of the arcuate fasciculus has also lbeend to result in production of
phonological paraphasias in picture naming (Duétal., 2002, 2008). Such evidence
points towardphonological processing being supported by a @etional network
linking temporo-parietal to inferior-frontal corés via the arcuate fasciculus.
Phonological deficits in our group of participamtsh chronic stroke aphasia localised to
the posterior part of this network.

Although there is much evidence to suggest thatRfzecontributes to
phonological processes (e.g., Gough, Nobre, & De@D05; Price, 2010; Vigneau et al.,
2006), it did not appear in our phonological clusthis is likely to be due to the
involvement of IFG in other elements of the langubgttery and the focus of our
analysis on brain areas thatiquelycorrelate with a particular function. IFG is likely
play a role in semantic and cognitive processing. (8inder, Desai, Graves, & Conant,
2009; Binney, Embleton, Jefferies, Parker, & Rag®l0; De Baene, Albers, & Brass,
2012; Gough et al., 2005; Prabhakaran, Smith, Dadn@lover, & Gabrieli, 1997,

Price, 2010, 2012), and as such it would not b@dmed any unique variance in our
regression model. This of course does not meartibdEG does not support
phonological processing, merely that this is n@ekiclusive role. Although different
functions can be localised to different regionshiwithe IFG (e.g., Gough et al., 2005), it
is unlikely that the stroke lesions of the curreatnple would impinge upon one small
functional subregion of the IFG selectively.

Our patrticipants’ semantic performance correlatétl & large cluster in the
anterior temporal lobe, much of which overlaps wigmtral white matter, in both the T1-
weighted and FA analyses. This is in line with fimg$ from structural and functional
imaging studies in healthy individuals and patigmaups. Cortical areas included in our
semantic cluster, such as anterior middle temponf@rior temporal and fusiform gyri,

have been shown to be activated during tasks wieighire semantic processing in
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healthy individuals (Binder, Desai, Graves, & Can&009; Gesierich et al., 2012; Price,
2012; Vigneau et al., 2006; Visser, Jefferies, &nlbemn Ralph, 2010; Visser, Jefferies,
Embleton, & Lambon Ralph, 2012). Rates of semaartiors produced by individuals
with stroke aphasia in picture naming tasks hawmldeund to relate to integrity of the
anterior temporal lobe, particularly the antermntid MTG (Schwartz et al., 2009).
Reductions in the rate of such errors have beemdféai relate to changes in temporal
lobe activations following therapeutic intervensaffrridriksson, Richardson, et al.,
2012).

The fact that our semantic cluster overlaps wittnways of the ventral language
route is in keeping with previous findings implicef the ventral route in tasks involving
semantics such as spoken word comprehension. Bar@g, a recent study of acute
stroke aphasics found that the lesions of indiMgluwath comprehension deficits
overlapped with the location of the ventral langaipgthway in healthy individuals
(Kimmerer et al., 2013). Comprehension performdycehronic stroke aphasics has
also been found to relate to ventral route intggnitith decreased FA in ventral white
matter relating to poorer comprehension performgRogheiser et al., 2011). Semantic
paraphasias have been induced by intra-operatmalstion of the inferior fronto-
occipital fasciculus, which has been claimed tostitute at least part of the ventral
language route (Duffau et al., 2009; Duffau, 20d&ndonnet et al., 2007). Other
potential constituents of the ventral pathway treate been implicated in language
comprehension include the inferior longitudinal amtinate fasciculi (Turken &
Dronkers, 2011).

The ventral route’s role in processing meaning s&itates bi-directional
connections between multiple, widely distributedtical areas and the semantic hub in
the anterior temporal lobe (Patterson et al., 200f@ctography in healthy individuals

has shown that there is convergence of white mp#itways in a caudo-rostral direction
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along the anterior temporal lobe (Binney, Parket,a8nbon Ralph, 2012). In order to
carry out its role as an amodal semantic hub, tiberiar temporal lobe requires bi-
directional connections to areas such as the pyiaaditory cortex, visual areas, and
frontal areas, such that it can process (and caliifferent kinds of input information
and also produce output in a range of modalitientkal route pathways such as the
inferior fronto-occipital fasciculus, inferior lortgdinal fasciculus, and uncinate
fasciculus, all constitute ideal anatomical corglfotr such interactions.

Frank semantic representational impairments aatively rare in stroke aphasia,
partly due to the vasculature of the ATL, which hadual blood supply in most
individuals (Borden, 2006; Conn, 2003), but alsoduse semantic knowledge tends to
be bilaterally distributed (Coccia, Bartolini, LuzProvinciali, & Lambon Ralph, 2004;
Jefferies & Lambon Ralph, 2006; Lambon Ralph, Mdl@tel, Patterson, Galton, &
Hodges, 2001). Semantic representational defiogsheowever, a key feature of semantic
dementia. The bilateral temporal lobe atrophy seesemantic dementia is likely to, at
least in more advanced stages, impact upon albwhétter pathways of the ventral route
as they pass through the inferior anterior templots# (Acosta-Cabronero et al., 2011;
Agosta et al., 2010; Galantucci et al., 2011; Scilvet al., 2011)in contrast, in stroke
aphasia lesions are more likely to impact uponifipeomponents of the ventral route.
Of course more than one pathway may be damagekesaphasia, but usually this
will result in deficits in accessing semantics frome or more modalities, rather than a
core representational semantic deficit. So whighdge to ventral route paths
connecting to primary auditory cortex may resulinipairments in spoken language
comprehension (Robson, Sage, & Lambon Ralph, 2ifL&)r example, connections
with occipital areas are affected, alexia is allilmitcome (Epelbaum et al., 2008).

The convergence of distributed pathways in the Adtentially explains why we

found significant relationships between semantiégomance in the ACM analysis when
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it was averaged over a wider cluster but not inariginal voxel-level analysigsiven

that a number of different ventral white matterpedys are involved in semantic
processing, and that stroke lesions are likelyrpinge on different pathways across
individuals, the variability of the ACM values witheach voxel in the ventral route is
likely to be high. As a result, the fact that tegnession did not identify a significant
semantic ACM cluster is perhaps not surprisloglike FA, ACM values within a voxel
reflect connectivity to that voxel from the resttbé brain, rather than integrity of that
voxel. As such, the results in ACM reveal areasr@lwennectivity levels have changed
as a result of both local and more distant braanges, including lesions. By combining
these two complementary white matter metrics, weladter understand the patterns of
performance shown by individuals with stroke aphaas we can take account of direct
and more indirect changes that can occur in langpagcessing networks.

The fact that ACM reflects different types of chaagn brain networks to those
seen on more local brain measures, is evidencélaemesults seen for our cognitive
factor. The lack of a relationship between eitlher T1-weighted images or FA maps and
cognitive performance is likely to reflect the féloat this domain-general function is
highly distributed in terms of cortical areas ant& matter connectivity (Dosenbach et
al., 2007; Ham & Sharp, 2012; Power & Petersen328iegel et al., 2011However,
because ACM is a more global measure it can ditegtrange changes in connectivity
that arise as a result of focal damage. In this tas ACM changes were located as far
away as the contralesional hemisphere, and it ifwmting that such changes would be
missed if whole-brain tractography was not employ@dr ACM analysis revealed an
area of right hemisphere where better performanceognition related to increased
ACM. These changes appeared to be compensatoaturenas individuals with higher
scores on the cognitive factor showed higher ACMiesi in this region than control

participants. Cognitive status has previously &eswn to be a key predictor of anomia
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therapy outcome (Lambon Ralph et al., 2010), tloeeshny compensatory changes
underpinning improved cognitive performance couéty@ significant role in recovery
processes.

The lack of relationship between left hemisphengralemeasures and cognitive
performance in this group of participants is like@yreflect the fact that cognition relies
on a widely distributed network, which involves itmple left (and right) hemisphere
structures. Damage to any part of the network reaylt in disruption to performance on
general cognitive measures. The location of dan@agfge network and extent of
cognitive impairment is variable within our parpant group, who were selected on the
basis of problems with language rather than gemegition. Given this level of
variability, it is therefore unsurprising that ldcmain measures did not reliably correlate
with cognitive performance in this group. Howeviewyould appear that no matter which
left hemisphere component of the cognitive netwsritamaged, there is related
upregulation in a consistent component of the rigimhisphere cognitive network, which
was identifiable using ACM.

The right hemisphere cognitive cluster overlappéd the anterior termination
of the arcuate fasciculus in the frontal lobe, andounding cortex included mainly
premotor cortex, mid to posterior insula, and tlamdic operculum (BA 48). Catani et
al. (2012) state that the anterior segment of theade fasciculus corresponds to the third
branch of the superior longitudinal fasciculus, #mat dysfunction of this white matter
path in the frontal lobe is related to cognitivgosarments such as deficits in memory,
inhibition and abstract thinking. Cortical areasludled in the cluster have previously
been implicated in relational integration, a keynponent of Raven’s Coloured
Progressive Matrices (Prabhakaran et al., 1997o8®a[icens, Clithero, Dobbins, &
Huettel, 2011; Raven, 1962), a task which loadexviheon the cognitive factor. Mental

arithmetic, particularly difficult arithmetic, argerformance on executive function tasks
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such as the Stroop task have also been associdgtedush areas (Alexander, Stuss,
Picton, Shallice, & Gillingham, 2007; Keller & Menp2009; Wu et al., 2009). Our
results suggest that connectivity to areas subsgsuach functions may be enhanced in
those chronic stroke aphasic participants withebetbgnitive processing. Functional
imaging data would be needed to verify whetherigpgnts with higher structural
connectivity values in this region are actuallyisitag this region more than controls in
order to perform cognitive tasks

Crofts et al. (2011) have previously demonstraturalesional hemisphere
increases in a structural measure called ‘commbnigain individuals with chronic
focal subcortical stroke lesions. Although Croftsle (2011) did not relate their brain
network changes to behavioural performance of @pénts, they suggested that
potentially adaptive brain changes may arise &sualtrof dendritic branching,
synaptogenesis, or development of new white mattenections (Crofts et al., 2011).
Similar processes could potentially be involvedhia ACM increases seen to relate to
improved cognitive performance in this study, altylo further work involving

longitudinal imaging is clearly needed to expldrege possibilities.

Conclusions

In this study, we have related PCA-derived scofe®ie language abilities to
direct measures of white matter connectivity ambogesonic stroke aphasic participants
for the first time Acquiring and comparing results across the compftang imaging
measures of T1-weighted imaging, FA, and ACM, addwis to consider the structural
impact of left hemisphere stroke on the languageard& as a whole (Crinion et al.,
2013). This included negative changes, indicatimgage to different components of the
dual route language system that corresponded tairetbperformance on tasks tapping

phonological and semantic processing. We also iiteshpositive changes in
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connectivity associated with higher performanceeneral cognitive measures,
potentially reflecting post-stroke reorganisati®his has implications for conceptions of
recovery and rehabilitation, as future work mapwalexploitation of the plasticity which
we have found evidence of in the adult brain tdoéanore effective recovery from

aphasia.
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Supplementary Information

Behavioural Assessments

The language assessments that all stroke aphasmpents completed were:
nonword minimal pairs (Psycholinguistic Assessnadritanguage Processing [PALPA]
1; Kay, Lesser, & Coltheart, 1992), word minimairpgdPALPA 2; Kay et al., 1992),
nonword immediate repetition (PALPA 8; Kay et 4B92), word immediate repetition
(PALPA 9; Kay et al., 1992), nonword delayed rejpmti (PALPA 8; Kay et al., 1992),
word delayed repetition (PALPA 9; Kay et al., 199)oken word-to-picture matching
(Category Comprehension Test in Cambridge SemBatiery), written word-to-picture
matching (Category Comprehension Test in Cambr&kgeantic Battery), the 64-item
picture naming test (Cambridge Semantic Battehg Boston Naming Test (Goodglass,
Kaplan, & Barresi, 2000), the Camel and Cactus séimassociation test — picture
version (Cambridge Semantic Battery), 96-item synojudgement (Jefferies, Patterson,
Jones, & Lambon Ralph, 2009), and spoken senteamoprehension (Comprehensive
Aphasia Test; Swinburn, Porter, & Howard, 2005).

The additional cognitive tasks were: the Brixtoratsd Rule Anticipation Task
(Hayling & Brixton Tests; Burgess & Shallice, 199Raven’s Coloured Progressive
Matrices — Sets A, AB, and B (Raven, 1962), Forviigit Span (Wechsler Memory
Scale-Revised; Wechsler, 1987), and Backward Bigdn (Wechsler Memory Scale-
Revised; Wechsler, 1987).

On all of the language assessments, apart fror@ Afesentence comprehension
test (Swinburn et al., 2005), participants weregadmn their first response. For sentence
comprehension two points were given for each practoptect response and one point
was given for delayed correct responses or setkecbons, as per the scoring system for

the CAT. On naming assessments responses were deemect if they were produced
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within five seconds of presentation. Minor dysflams in responses were marked

correct. Repetition of spoken stimuli was providle@quested by participants.

Lesion Overlap Map

The lesion overlap map, shown in Figure 6.1, wasegeed using Seghier et al.’s
(2008) automated lesion identification procedumglemented with default settings apart
from theU threshold, which was set at 0.5. Data from 19thgalontrol participants (see

below) were included in the procedure to identibparmal tissue.

Healthy Control Participants

A group of healthy control participants was usethim unified segmentation-
normalisation and lesion identification proceduedhier et al., 2008). The same group
was also used in the VBM analysis comparing paicis who scored ‘High’ and those
who scored ‘Low’ on Factor 3 to healthy controleTcontrol group included 8 females
and 11 males. All were right-handed and had n@hisif neurological illness. The
control group’s mean age was 68.21 years (SD 5 288 mean number of years in

education was 13.06 years (SD = 2.77).
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Table 6.3

Participants’ Scores on the Behavioural AssessiBattery

Spoken| Written Camel an¢ Brixton Raven's

Nonword | Nonword | Word Word Boston| Nonword| Word | Word to| Word to| CAT Spoken 96 Cactus Spatial | Coloured| Forward

Repetition|Repetition|Repetition|Repetition|644tem|Naming Minimal Minimal| Picture | Picture Sentence | Synonym| Test: |AnticipationProgressiv| Digit |Backward

Immediatg Delayed |Immediatg Delayed |[Naming Test Pairs | Pairs [Matching Matching ComprehensiopJudgement Pictures Tesf Matrice® | Spafd |Digit Spard|
DBb| 0.00 0.00 37.50 0.00 0.00 | 0.00 | 2222 |52.78| 57.81 | 31.25 12.50 48.96 53.13 38.18 30.56 25.00 0.00
ES| 0.00 0.00 0.00 0.00 469 | 0.00 | 48.61 |54.17| 78.13 | 90.63 25.00 72.92 73.44 40.00 66.67 0.00 0.00
ESb| 0.00 0.00 0.00 0.00 0.00 | 0.00 | 54.17 |50.00| 87.50 | 60.94 34.38 52.08 43.75 23.64 38.89 0.00 0.00
Kw| 0.00 0.00 3.75 0.00 156 | 0.00 | 75.00 |65.28| 9531 | 92.19 84.38 82.29 89.06 50.91 80.56| 50.00 42.86
BS| 333 0.00 5.00 1.25 313 | 1.67 | 65.28 | 75.00 | 92.19 | 100.00 31.25 78.13 84.38 38.18 91.67 0.00 0.00
KL | 0.00 0.00 6.25 0.00 469 | 1.67 | 75.00 | 77.78| 92.19 | 98.44 28.13 68.75 78.13 61.82 88.89 | 0.00 0.00
LM | 1333 3.33 27.50 0.00 156 | 1.67 | 43.06 |54.17| 67.19 | 53.13 28.13 57.29 68.75 32.73 61.11 0.00 0.00
DB | 70.00 | 30.00 85.00 8375 | 7.81 | 833 | 87.50 |58.33| 64.06 | 76.56 31.25 59.38 82.81 40.00 86.11 | 37.50 14.29
PE | 13.33 3.33 45.00 4125 |20.31|11.67| 77.78 | 86.11| 96.88 | 100.00 50.00 79.17 84.38 41.82 80.56 | 25.00 28.57
KS| 73.33 80.00 93.75 95.00 31.25 | 13.33 | 94.44 | 95.83 71.88 | 67.19 84.38 84.38 68.75 52.73 86.11 | 100.04 57.14
KK| 3333 3.33 56.25 26.25 |4219|15.00| 72.22 |95.83| 93.75 | 9531 46.88 81.25 84.38 76.36 100.00| 0.00 0.00
WM| 36.67 30.00 55.00 4125 |39.06 | 25.00 | 47.22 |63.89| 9219 | 75.00 50.00 61.46 51.56 43.64 61.11 | 37.50 28.57
GL | 93.33 63.33 | 100.00 81.25 |68.75|31.67| 98.61 | 97.22 96.88 | 95.31 65.63 75.00 73.44 58.18 91.67 | 37.50 28.57
DCS| 40.00 56.67 | 72.50 68.75 | 67.19 | 43.33 | 97.22 | 97.22 100.00| 98.44 93.75 91.67 95.31 81.82 100.00  62.50 57.1
JSa| 30.00 3.33 75.00 65.00 | 6250 |46.67 | 75.00 |77.78| 92.19 | 98.44 59.38 81.25 76.56 67.27 83.33 | 50.00 28.57
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Spoken| Written Camel an¢ Brixton Raven's

Nonword | Nonword | Word Word Boston| Nonword| Word | Word to| Word to| CAT Spoken 96 Cactus Spatial | Coloured| Forward

Repetition|Repetition|Repetition|Repetition|64-4tem|Naming Minimal Minimal| Picture | Picture Sentence | Synonym| Test: |AnticipationProgressiv| Digit |Backward

Immediatg Delayed |Immediatg Delayed |[Naming Test Pairs | Pairs [Matching Matching Comprehensiopdudgement Pictures Test Matrice$ | Spad |Digit Spar|
JSc| 36.67 63.33 | 90.00 91.25 |71.88|53.33| 75.00 | 86.11| 98.44 | 98.44 75.00 76.04 82.81 43.64 77.78 62.50 42.86
JA | 36.67 40.00 85.00 78.75 | 79.69 | 63.33 | 90.28 | 95.83 100.00| 98.44 78.13 63.54 87.50 61.82 80.56| 37.50 0.00
JJ | 36.67 23.33 82.50 73.75 |85.94|63.33| 51.39 |80.56| 98.44 | 98.44 56.25 93.75 | 53.13 43.64 41.67 62.50 42.86
JM | 83.33 83.33| 100.00 98.75 81.25 | 63.33 | 93.06 | 95.83 100.00| 100.0@ 100.00 | 82.29 81.25 76.36 94.44 | 50.00 57.14
JSb| 63.33 | 36.67 86.25 81.25 |75.00|63.33| 76.39 |88.89| 93.75 | 90.63 84.38 75.00 78.13 60.00 86.11 62.50 28.57
ER| 53.33 36.67 70.00 81.25 |71.88|65.00| 81.94 | 88.89 9531 | 93.75 56.25 84.38 90.63 41.82 38.89 | 25.00 0.00
HN| 36.67 23.33 83.75 80.00 |65.63|65.00| 77.78 | 76.39| 93.75 | 93.75 37.50 85.42 85.94 25.45 75.00 | 50.00 | 42.86
BH | 86.67 80.00 | 100.00 96.25 95.886.67 | 93.06 | 94.44 98.44 | 93.75 78.13 83.33 73.44 67.27 66.67 62.50 57.14
EB| 83.33 | 53.33 | 100.00 | 100.00| 81.25 | 66.67 | 94.44 | 98.6]] 98.44 | 100.00 71.88 94.79 90.63 80.00 100.00  75.00 57.14
DM | 60.00 10.00 73.75 68.75 | 75.00 | 71.67 | 80.56 | 93.06 98.44 | 98.44 56.25 95.83 98.44 50.91 91.67] 37.50 0.00
DS | 56.67 33.33 88.75 91.25 |84.38|73.33| 79.17 | 77.78| 100.00| 100.0Q 87.50 93.75 89.06 72.73 72.2250.00 28.57
AG| 73.33 83.33| 77.50 87.50 | 87.50 | 78.33| 100.00| 98.61 100.00| 100.00 87.50 89.58 75.00 56.36 75.00 | 100.00 100.0p
LH | 56.67 50.00 82.50 88.75 | 81.25| 78.33| 95.83 | 97.22 96.88 | 100.00 90.63 92.71 87.50 76.3p 88.89 87/50 .1457
JMf| 93.33 66.67 96.25 98.79 96.880.00| 90.28 | 95.83 100.00f 100.00 71.88 91.67 93.75 50.91 83.33 62.50 57.14
AL | 90.00 90.00 | 100.00 98.75 93.75 | 88.33| 91.67 | 100.00100.00| 100.00  84.38 93.75 | 79.69 60.00 91.67 87.50 85.71
TJ| 93.33 83.33 98.75 92.50 95.8395.00| 87.50 | 98.61 98.44 | 100.00 68.75 88.54 70.31 52.73 50.00 75.00 28.57

Scores are given as percentages. Scores in boldam® which fall below the cut-off for normal parhance. The cut-off was calculated as 2 standavdhtions
below the mean performance of the healthy connalijg. a. Cut-off based on published norms. b. Neoffuavailable.
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CHAPTER 7

GENERAL DISCUSSION
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The overarching goal of this thesis was to explbesextent to which variation in
white matter connectivity could allow us to undarst behaviour in chronic stroke
aphasia. This issue was explored across four stuidwolving a case-series of chronic
stroke aphasic participants, a detailed neuropsggloal testing battery and advanced
structural neuroimaging. The findings of these psypelated to issues around classifying
performance of individuals with chronic stroke agiharelating that performance to
structural neuroimaging data, and the ability dfedent white matter measures,
including both local and more global measureslp bxplain patterns of impairment
and sparing of abilities in chronic stroke aphaiavhat follows, the results of Chapters
3 to 6 will be summarised briefly before considgrihe broader theoretical implications
of these results. The potential clinical applicati@f these results will then be explored.
Finally, the potential directions for future wonkggested by this work as a whole will be

considered.

Summary of Thesis Findings

Chapter 3 explored whether information regarding white mat@nnectivity,
particularly in the dorsal and ventral languagee@sucould aid understanding of the
behavioural performance of individuals with chrosimke aphasia. The impact on
ACMs of constrained ‘lesion’ masks placed withiry kmponents of the dual route
system was first assessed, before ACMs were employease examples of participants
with real stroke lesions and aphasia. Structutal€ighted scans, FA maps, and ACMs
were presented from two individuals with postestroke lesions and differing language
profiles and two individuals with anterior strolesions and differing language profiles.
By taking into account the connectivity informationthe ACMs, the language
differences between the two participants with postéesions and those with anterior

lesions could be better explained.
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Turning first to the posterior pair, the fact tpatticipant PE presented with more
extensive dorsal route connectivity reductions tharticipant EB, despite their largely
overlapping lesions, helped to explain the fact Bta demonstrated impaired
performance on all tasks requiring spoken outpbtlsiyEB showed impairments only
for more demanding phonological tasks. Dorsal raotenectivity also appeared to be a
key distinguishing factor in the anterior pair. f@pant KW showed evidence of greater
abnormalities in dorsal route connectivity than pladticipant DS, which may partly
explain why KW'’s performance on all tasks involvisigoken responses was severely
impaired, whilst DS was only mildly impaired on nagnand some phonological tasks.
These contrasting participant pairs demonstratedattt that extent of dorsal route
connectivity abnormality appeared to be an impartieterminant of severity of
phonological language deficit.

A fifth participant whose stroke lesion fell outsithe perisylvian language area
but who demonstrated impaired language performasmsealso presented. Participant
KS’ performance on tasks of input and output phogglwas within normal limits, but
was impaired on comprehension of single spokenaaiiten words and other semantic
tasks. Examination of KS’ ACM revealed reduced @mtivity within the ventral
language route. This result supported the notiahttie ventral path plays a role in
semantic processes, including those involved igdage comprehension.

Together the case examples presenté&hiapter 3 demonstrate that taking white
matter connectivity into account can aid in lesggmaptom mapping, with the character
and severity of language deficits reflecting theakton and extent of connectivity
abnormalities. The results also support the natfcendual route framework, with
phonological processing occurring primarily via ttesal route and semantic processing

via the ventral route. Finallfzhapter 3 also demonstrated, for the first time, the utility
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of ACM in chronic stroke aphasia, and the fact theén provide whole-brain
connectivity information that is complementaryhatin FA maps.

In Chapter 4 the use of ACM in chronic stroke aphasia was engaldurther, this
time at a group level. Rather than the qualitativeaparisons between case examples
employed in Chapter 3, quantitative differencesannectivity between a group of
individuals with chronic stroke aphasia and comstigére evaluated. This was followed
by identification of connectivity differences betvegroups of individuals with different
aphasic subtypes and controls. VBM analyses airmgteatifying abnormalities in the
aphasic group compared to the control group retusimailar results in T1-weighted
imaging and FA. Both showed extensively overlappwmiglespread, left hemisphere
reductions. In the ACM results there was more d$jgedelineation of affected
connecting structures, with evidence of reductionsonnectivity in both the dorsal and
ventral language routes relative to controls. Bdhalyses of aphasic subtypes the T1-
weighted results showed extensive overlap betwaktyges in the brain areas where
tissue concentration was reduced relative to ctmtiidis was particularly the case for
the Broca’s and mixed nonfluent groupstferences between subtypes were most
pronounced in the ACM analyses. The anomic subgrmoparticular showed a much
smaller area of reduced connectivity compared tdrots, relative to the other
subgroups.

Analyses were also carried out to identify whethere were any regions where
aphasic participants showed higher brain meashegsdontrols. In the T1-weighted and
FA VBM analyses no such areas were identified. H@ren the ACM VBM analysis a
cluster of higher connectivity in aphasic particifgarelative to controls was identified in
the right hemisphere arcuate fasciculus. The resifilthe subtype analyses suggested
that this effect was driven by the anomic partioigaThe fact that the area of higher

connectivity was found in the homologue of a keylaage pathway, in the least severe
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subgroup of a heterogeneous chronic stroke apbesip, was interpreted as suggesting
that these increases may potentially representip@sidaptive change€hapter 4
therefore further established the utility of ACMunderstanding language performance
in chronic stroke aphasia, allowing identificatmigroup-level reductions and increases
in connectivity.

In Chapter 5 a data reduction method designed to capture \@riat aphasic
behaviour in a way that is optimal to relate toentgng brain structure was described.
This method involved using rotated PCA to distihdeoural factors that reflected
participants’ performance across a battery of lagguassessments. These orthogonal
factors were then used as continuous regressosxgl-level analyses of T1-weighted
imaging data. The PCA generated three factorsait@iunted for participants’
performance: phonology, semantics, and cognititve. fhonological factor, which
correlated strongly with an unrotated general ‘séydactor, explained the most
variance in participant performance, followed by semantic factor, with the cognitive
factor explaining least variance. This suggestsiththis heterogeneous chronic stroke
aphasic cohort phonological ability is the mainedetinant of language impairments.
When participants’ PCA factor scores were plottgaist their BDAE classifications,
although there was some consistency between thsumes it was evident that there was
considerable variation within aphasic subtypesladading of boundaries between
subtypes, in terms of language performance. Itavgsed that the more refined and
graded information regarding participants’ langualgities offered by their PCA factor
scores is likely to be more pertinent than aphsisidype if one is interested in
identifying neural bases of different languageitaed.

The fact that the rotated factors were orthogomzdnt that they could be entered
simultaneously into a voxel-wise lesion analysigveang identification of brain regions

uniquely associated with each factor. Areas founcbtrelate with the PCA-derived
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behavioural factors in structural T1-weighted dagaverged with evidence from
functional neuroimaging. Phonological performan@syiound to correlate with left
hemisphere mid to posterior MTG, STG, and STS, Rlesgyrus, and white matter
underlying the primary auditory cortex, likely torcespond to part of the dorsal
language route. Semantic performance correlatdutiggue concentration in left anterior
temporal lobe regions including anterior MTG, STGG, and fusiform gyrus, and
underlying white matter likely to correspond totpafrthe ventral language route.
Cognitive performance did not correlate with angibregions in the T1-weighted
analysis, which was interpreted as potentiallyatfhg the highly distributedature of
modality-independent cognitive processes. The fligsliofChapter 5 therefore support
the characterisation of the dorsal route and pletayregions as subserving
phonological processing, and of the ventral rouie extrasylvian regions as subserving
semantic processing.

Chapter 6 unified work from the previous chapters by cottiakathe PCA-
derived behavioural predictors described in Chapteith participants’ T1-weighted
scans, FA maps, and ACMs. This approach enablaiigation of abnormalities in
global and local white matter measures, as watbaiscal abnormalities, underlying
patterns of impaired and intact performance in olarstroke aphasia. Participants’
phonological performance was found to correlaté witerlapping clusters in the T1-
weighted, FA, and ACM analyses, focused mainlyhengrimary auditory cortex and
underlying dorsal route white matter. Semanticqranince correlated with clusters in
the anterior temporal lobe, including the ventasduage route, in the T1-weighted and
FA analyses. No significant clusters emerged invtheel-wise ACM analysis of
semantics, although semantics did correlate sgamtly with anterior temporal regions
in a subsequent analysis of “average ACM” valuegyritive performance did not

significantly relate to any regions in the T1-wedgghor FA analyses, but strikingly it did
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significantly relate to a cluster on the more glalmnnectivity measure, ACM. Higher
ACM values in a right hemisphere frontal lobe ctustere found to correlate with better
cognitive performance. Follow-up analyses compastngke aphasic participants to
controls revealed that this cluster representeakea where those aphasic participants
who performed well on cognitive tasks showed inseglaconnectivity relative to
controls. This result was therefore interpreteg@sentially reflecting compensatory
changes in connectivity in the contralesional hehmese, in participants who
demonstrated better cognitive performance.

The different patterns of results obtained for eaictine behavioural factors
across the three imaging measures was interprstedggesting that different
behavioural abilities make use of different kindsvbite matter networks. These
networks appear to be graded in degree of neuroane! distribution, from the direct
bi-directional dorsal route mappings computed iaraiogy, to the convergence of
multiple distinct ventral route pathways in and ofian anterior temporal lobe hub in
semantic processing, through to the highly distedubilateral network supporting
cognitive processing. Hence, not only did the Us&@M allow identification of
negative and positive changes in connectivity whethted meaningfully to behavioural
performance in individuals with stroke aphasia, dab, through comparison with
measures of local integrity, it offered new insgghhd hypotheses concerning the
underlying structure of neural networks supportiiféerent functions. Employing
complementary imaging measures revealed differeincd® organisation of the
structural connectivity networks underlying diffatéanguage processes, and the

abnormalities in such networks that underpin vemmet in aphasic behaviour.
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Theoretical Implications

Stroke Aphasia: Classification of Behavioural Perfiance

As noted previously, although classification systesuch as the BDAE
(Goodglass et al., 2000; Goodglass & Kaplan, 1988) WAB (Kertesz, 1982) may
provide broad descriptive information regardingaphasic individual's language profile,
they suffer from a number of limitations. Such kations include the fact that
individuals do not always fit neatly into a parteusubtype (Brust et al., 1976), as there
can be variation in performance within aphasic wods and overlap in performance
between aphasic subtypes (Brust et al., 1976; Gaaan& McCloskey, 1988; Marshall,
2010). This point was demonstrated by participdhirPthe current thesisvhose
language performance overlapped viatth conduction and Wernicke’s aphasia profiles.
This issue was highlighted in Chapter 5 when piadiats’ BDAE profiles were plotted
according to their performance on different behasababilities.An alternative method
for capturing aphasic behaviour is described inpfdreb, using PCA to capture
individuals’ abilities. The PCA output showed tipatticipants’ performance on a large
battery of neuropsychological assessments was plyndatermined by their
phonological ability, followed by their semanticilely, with a smaller contribution to
performance being made by more general cognitigyab

The output of a PCA is influenced by both the assesnts and participants
included in the analysis. The results reportedhagier 5 represent findings from an
unselected, representative sample of chronic s&pkasic individuals. The separation
between phonological and semantic performance appede relatively stable even
across different aphasic groupgscase-series study using PCA in a group of sulbeacu
and chronic aphasic individuals found that namieggrmance was explained by

phonological and semantic factors (Lambon Ralpdd.e2002). A recent study of
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individuals with acute stroke aphasia by Kimmetex.(2013) found that repetition and
comprehension performance separated onto two éifféactors when PCA was
employed. This may reflect the fact that repetiti@pends heavily on phonology, whilst
comprehension also requires semantic processistudy involving 15 participants with
primary progressive aphasia found that performatcess a battery of language
assessments was explained by two behavioural faghonology and semantics (Henry,
Beeson, Alexander, & Rapcsak, 201Phus, whilst the results presented in Chapters 5
and 6 are dependent upon the individuals’ whose ciatstitute the input for the PCA,
this seems to be a reliable approach to captuneadey salient underlying dimensions

that determine performance in acquired language aiss.

Stroke Aphasia: Identifying Underlying Brain Bases

In Chapter 1 it was noted that the lesion-sympamproach has provided
valuable insights into the neuroanatomical substraf different language processes and
how damage to such substrates underpins diffeaagulge deficits. However, it was
also noted that exceptions to expected mappingseet sites of damage and aphasia
types have been found (e.g., Basso, Lecours, Moirasé: Vanier, 1985; Vignolo,
Boccardi, & Caverni, 1986; Willmes & Poeck, 1993uch exceptions could occur due
to shortcomings in lesion-symptom mappings at la¢hbrain (lesion) and behaviour
(symptom) level. The contribution of the currentriwto improving mappings at a brain
level will be discussed in subsequent sectionsh@tbehaviour level, the fact that the
previously described PCA-derived factors captuteasaje performance in a more precise
way than labels such as aphasia classificationanmthat they also constitute more
effective correlates for voxel-wise lesion-symptanalysesin Chapter 5 & BM
analysis comparing the lesion profiles of differaphasic subtypes on T1-weighted

images was shown to provide little information meljag the neuroanatomical bases of
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specific language abilities, with a high degreewdrlap between subtypes. PCA-derived
factor scores were shown to be more appropriatede®rrelates for a number of
reasons. Firstly, as has been noted elsewheranaouns behavioural correlates offer
more graded, more sensitive, regressors for lematysis than categorical lesion
correlates such as BDAE subtypes or impaired actrgerformance on a given language
task(Bates et al., 2003; Borovsky et al., 2007; Tykeale 2005a).

The brain areas found to correlate with participaphonological and semantic
performance in Chapter 5 largely correspond witldifigs using other methodologies
such as functional neuroimaging and rTMS. Congredigtween results obtained using
these different methodologies is reassuring, als approach inevitably has its own
limitations. Cross-method validation strengtheresdbnfidence with which conclusions
can be drawn regarding the involvement of partichfain regions in particular cognitive
processes. However some cross-method differeneds e expected, for example
results found using functional imaging are likedydiffer in some respects to those found
using lesion analysis. One reason to anticipatk difterences is that functional imaging
will reveal all areagvolvedin carrying out a task, whilst lesion analysislwaveal the
areas that aneecessaryo carry out that task, and the two may not nerdgde
equivalent (D’Esposito & Wills, 2000; Price & Frast, 2005; Rorden & Karnath, 2004,
Sarter, Berntson, & Cacioppo, 1996).

Even results of rTMS studies, which can be seqradsally bridging the gap
between functional neuroimaging and lesion studiasnot be expected to be identical to
those from lesion studies. An rTMS study may, fcaraple, report slowed reaction times
following stimulation to a brain region. Howevdnetsame brain region would not
necessarily be expected to emerge in an analysislating performance on the same
task with lesion location. Whilst that brain regioray contribute to faster, more efficient

responses in a healthy brain, hence the slowirggedf rTMS, it may not be critical to
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accurate performance of the task and as such wmtldmerge in a lesion analysis if
accuracy was used as a behavioural predictor.

As noted in Chapter 5, some brain regions fourtgktactivated during
phonological or semantic tasks in studies emplogiigr methodologies did not emerge
in our lesion analyses. Areas that did emergearcthrent work can be presumed to be
critical to the behavioural process in questionwideer, brain areas that did not emerge
cannot be presumed to be non-essential for the bathrvioural process. Just as the
results of the PCA depend upon the behaviourabpmdnce of the participants’ whose
data is entered into the analysis, the resultke@MBCM analysis also depend upon the
lesion distribution of the individuals’ whose scame entered into the analysis.
Therefore, some regions founding other methodologies may not have emergdukein t
current work owing to low frequency of lesion iretparticipant group in certain brain
regions. For this reason the results of the learmalysis must be interpreted in the
context of the lesion overlap map for the cohort.

In the current work there was good lesion coverdghe left perisylvian cortex,
however there are voxels where no participantdésidns in extrasylvian cortex and of
course the contralesional hemisphere. A furthesaedor potential absence of certain
brain region in results is that the approach enmgioy.e., entering all PCA factors into
the lesion analysis concurrently, reveals aredscthaary uniquely with each behavioural
factor. Therefore areas that contribute to mora thae behavioural factor would not
have emerged as significantly related to any obéteavioural factors. This could be the
reason that, for example the IFG did not emergelasing to phonological or semantic
processing. Additionally, it is also possible tbdterent functional subregions of the
IFG (Gough et al., 2005) were not selectively dasakbig our sample. So, whilst methods

such as functional neuroimaging are better sugezhpturing all cortical regions
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recruited by a given task, the current approachbeaemployed to identify which grey
and white matter regions are necessary for spdmiavioural abilities.

The results reported in the current thesis illustthe fact that PCA factor scores
represent effective behavioural regressors whematiing to locate the brain bases of
variations in language performance using voxelllstatistical analyses. Work presented
in this thesis also aimed to improve lesion-symptoapping by providing insights on
the brain side of the brain-behaviour relationshgsion-symptom analyses have
previously tended to focus on integrity of grey teatireas underpinning language
performance. In the current thesis attempts haga bede to go beyond that grey matter
bias and to take white matter information into actovhen assessing neural substrates

of language performance.

White Matter Pathways and Language

In Chapter 3 the fact that taking white matter infation into account can help
explain patterns of performance in stroke aphasis Mustrated in a small group of case
examples. Both the local information regarding wimtatter microstructure in the FA
maps, and the more global information regardingcstiral connectivity in the ACMs,
proved useful in understanding participants’ largguperformance. In Chapter 3 and
subsequent chapters, whilst FA provided complenngim&rmation to that available in
the other image types, it was ACM that yieldedipalarly novel information. This is
unsurprising as FA, like T1-weighted imaging, reffelocal tissue microstructurgs a
more global measure, ACM was able to provide insigito wider abnormalities in the
networks underlying language performance seerraketaphasia. These abnormalities
even included potential increases in connectivitgtarlying better performance amongst
our aphasic participants. Chapter 3 demonstratgcetialuating long-range connectivity

information as well as FA can provide useful inssght the individual level. For
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example, when reviewing the T1-weighted scan, FA,aad ACM of participant PE,

one can see that whilst damage is only eviderttedgosterior end of the dorsal language
route on the T1-weighted image and the FA mapA® reveals abnormal

connectivity further along the dorsal route. Thisrenextensive disruption of the dorsal
language route sheds light on the fact that PE'®paance was impaired on any
assessment regarding a spoken response, partyadpdtition, in line with the
phonological role of the dorsal route. Results saslthis demonstrate the fact that stroke
lesions can cause disruptions in language netwbetsextend beyond the lesion
boundaries and that consideration of this widemughton is likely to aid understanding

of language deficits and prognosis.

In Chapter 4 white matter measures were abletterbdifferentiate aphasic
subtypes at the group-level than T1-weighted imggilone, demonstrating that white
matter connectivity (both local and global) is #ical determinant of aphasia profile.
This would align with Doricchi et al.'s (2008) ctathat long-range white matter
pathway disruption may have substantially greagdraioural implications than cortical
damage, due to its potentially more widespreacctffin Chapter 6 variation in
performance on different core behavioural abiljitesindexed by PCA factor scores,
was found to relate to white matter measures ingemalyses. For phonology,
semantics, and cognition, either one or both winiédter measures were found to
significantly relate to performance levels. Thestéu found to relate to semantics in
particular appeared to be largely located in aoregif ventral white matter, whilst the
result for cognition only emerged in the ACM analysThe results presented in Chapters
3, 4, and 6 collectively demonstrate that long-eampite matter connectivity
information, as well as local information regardingal white matter microstructure, can
help to further understanding of the neural undenpigs of aphasic performance and the

operation of the normal language processing system.
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Dorsal and Ventral Language Routes

Recent cognitive and neuroanatomical models ofuagg suppose the existence
of a dual route framework in which the dorsal patkws involved in phonological
processing, such as the mapping of sound to aationlinvolved in spoken word
production, and the ventral route is the path bictvisound is mapped onto meaning in
processes such as comprehension (Bornkessel-Sekles& Schlesewsky, 2013;
Hickok & Poeppel, 2004, 2007; Saur et al., 2008 dJet al., 2011). All of the results
reported across Chapters 3 to 6 are in keepingsmith a dual route framework. The
validity of the phonology-semantics distinction,ialhwas established at a behavioural
level using PCA, is evident at the brain levelha turrent neuroimaging results. At both
the individual case and larger case-series letelstrrent results suggest that the
character and severity of aphasic deficits depepds the location and extent of
disruption within the dual route system. Extenabhormality in the dorsal language
route and surrounding cortex consistently relatgsionological performance, whilst
abnormalities affecting the ventral language rauté adjacent cortex, are repeatedly
shown to relate to semantic processing abilitis ftoteworthy that the current results
provide evidence that this relationship betweendibrsal route and phonology and the
ventral route and semantics, which has been reportie acute stage following stroke
(Kimmerer et al., 2013), persists even into thewmilarstage, where opportunities for
reorganisation may have occurred (in accordande Ratheiser et al., 2011).

Previous research involving stroke aphasic paditip has tended to focus on
effects of disruption teither the dorsal route (e.g., Breier, Hasan, Zhiten, &
Papanicolaou, 2008; Schwartz, Faseyitan, Kim, &€92012) or the ventral route
(e.g., Turken & Dronkers, 2011). Very few studiesd looked at how language

performance relates to both dorsal and ventrakrabhormalities in heterogeneous
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stroke aphasic samples, two recent exceptiongd@th studies by Kiimmerer et al.
(2013) and Rolheiser et al. (2011). Kimmerer ef24113) showed that in a group of 100
acute aphasic participants repetition performaetzed to dorsal route integrity, whilst
comprehension performance related to ventral nodegrity. However, the method
employed in this study, and several others (echw@rtz et al., 2012; Turken &
Dronkers, 2011) does not involve directly relataghasic participants’ performance to
measures of white matter integrity or connectiviigtead the methodology employed in
this case involved correlating participants’ pemfi@ance with high resolution T1-
weighted scans to obtain lesion maps associatédeatth language task. The likely
impact on dorsal and ventral paths is then infelnethe amount of overlap between
these lesion overlap maps and the location thapati®vays are assumed to be in based
on previous imaging in healthy individuals. Whastch an approach offers benefits such
as obviating the need to acquire and process @fiugata for aphasic participants, it
cannot be used to identify any effects beyond thev&ighted image lesion boundaries.

Rolheiser et al., (2011) considered dorsal andrakohanges and their
relationship to language performance in 24 casetmiic aphasia, and directly related
performance to participants’ own white matter measas measured by FA. Their
results showed that phonological production andpretmension tasks related to dorsal
route FA, while semantic comprehension and prodadtsks related to FA in the
ventral route. Syntax, meanwhile, was found toteefa FA in both the dorsal and ventral
route.

The current work expands upon Rolheiser et al0412findings in chronic
stroke aphasia in a number of ways. Firstly, rathan using individual language
assessments to relate to imaging data, PCA factoes have been employed. This
means that the underlying abilities that languagessments tap are correlated with

brain measures, rather than the analyses depeaditige particular demands of an
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individual test. Another way in which the curremnk extends that of Rolheiser et al.
(2011) is the use of the complementary measureCifl An addition to FA. Overall the
results of the current work concur with those frRolheiser et al. (2011), with
phonology relating to dorsal route measures andsgos relating to ventral route
measures. Only one sentence-level task was empioybd current work, spoken
sentence comprehension. Therefore it unsurprisiagro ‘syntax’ factor emerged in the
PCA for correlation with imaging data. Whilst therent results do not provide any
information to support Rolheiser et al.'s (201 Duanent that syntax is processed across
both pathways, they are certainly not at odds Wighnotion of a synergistic system.
However, functional neuroimaging data are needddrtber investigate the extent of
interaction between the dorsal and ventral routanguage tasks (Cloutman, 2012), and
to potentially resolve some of the debate surraumptiow syntax is processed in the dual
route system (Bornkessel-Schlesewsky & SchlesewKy3; Friederici, 2009, 2012;
Griffiths et al., 2012; Papoutsi et al., 2011; Radler et al., 2011).

As well as being consistent with a framework whegonology is processed
primarily via a dorsal route and semantics via iatna route, the current results accord
with the notion that phonology is primarily a resol perisylvian activity and semantics
extrasylvian activity (Price et al., 1997). Thes®e frameworks could represent
complementary mechanisms underpinning languagespsoty, with phonological
processing occurring primarily in perisylvian codi regions connected via the dorsal
route, and semantic processing involving more sytvéan cortical regions, such as the
anterior temporal lobe, which are connected toratlk&asylvian regions and perisylvian
language regions via the ventral route. That s pibri-extrasylvian distinction may be
key when considering cortical components of thgueage network, with dorsal-ventral

distinctions being key in the white matter pathwegsnecting the cortical components.
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Evidence of Potential Post-Stroke Adaptation

In addition torelationships between impaired performance andrdgned T1-
weighted concentration, FA, and ACM, the curremesth found exciting evidence of
increased ACM, potentially reflecting positive cgas. Turning first to the results
reported in Chapter 4, which showed that aphasiicpgzants had higher ACM relative
to controls in a cluster in the right hemispheriate fasciculus. Follow-up analyses
revealed that this increased connectivity was @aerly evident in the anomic subgroup,
the least severe subgroup of the heterogeneousiamdort. Of course longitudinal
neuroimaging and behavioural data would be requoedake definite claims regarding
whether this higher connectivity played a roleanduage recovery post-stroke.
However, the fact that the region of higher conivégtwas located on the right
hemisphere homologue of the dorsal language raatkthat it was found amongst
participants with the least severe language impantnpoints to the possibility that these
connectivity changes could have potentially plagedle in supporting language
recovery.

Potentially positive changes in the right hemisplecuate fasciculus have
previously been reported in chronic stroke aph&sthalaug et al. (2009) found positive
changes in the right hemisphere arcuate fascidallesving a therapeutic intervention,
in a small group of chronic stroke aphasic paréinig. Following an intensive
programme of melodic intonation therapy, Schlaugl gt (2009) participants showed
increased number and volume of fibres in the raghtiate fasciculus and improved
language performance, relative to pre-therapy. ilttieresting to note that the current
work also reports potentially positive changesm tight hemisphere dorsal route
homologue in a chronic aphasic sample. The mecmsnismderlying the right
hemisphere changes observed in the current workrenlear at present, but future work

could explore the potential role of processes ssctiendritic branching, synaptogenesis,
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and development of new white matter pathways (€retfal., 2011; see also Zatorre,
Fields, & Johansen-Berg, 2012).

In Chapter 6, rather than comparing aphasic ppatnts and controls on a voxel-
by-voxel basis, participants’ continuous scoreslifierent abilities where regressed
against their imaging data. In addition to revagbeveral regions in the ipsilesional
hemisphere where brain measures covaried with megiace, these analyses also
revealed a single cluster in the contralesionaliehere. This right hemisphere cluster,
which emerged in the ACM analyses, significanthated to performance on the
cognitive factor. Follow-up analyses revealed faaticipants who scored ‘high’ on the
cognitive factor had increased ACM relative to colstwithin this right hemisphere
cluster, in contrast to follow-up analyses condddte all other results. These increased
ACM values relative to controls were seen as patyntreflecting positive adaptive
changes in connectivity in those chronic strokeagphparticipants with higher cognitive
functioning.

The cluster where ACM related significantly to ndiye ability overlapped with
the anterior endf the arcuate fasciculus and surrounding fromtaélcortex including
premotor cortex, the mid to posterior insula, @mrolandic operculum. Damage to this
portion of arcuate fasciculus has previously besoaated with impairments in
cognitive processes such as memory, inhibition,abwdract thought (Catani et al.,
2012). The cortical regions encompassed by theerlhsve also been previously found
to be involved in cognitive processes, such agioslal integration, mental arithmetic,
and executive functioning (Alexander et al., 20Q&ller & Menon, 2009; Prabhakaran
et al., 1997; Raposo et al., 2011; Wu et al., 2008pse participants who had higher
cognitive factor scores appear to have higher odiviy to these regions important for
cognitive processes. Whilst the possibility thast participants could have had higher

connectivity than average pre-morbidly cannot bedwut, it seems more likely that
202



some kind of reorganisation processes post-strageanplain this increased ACM
relative to controls. Of course whether this inseghstructural connectivity relates to
increases in function in this area, and if so had when, would require further
exploration with functional imaging.

If these right hemisphere connectivity increasesdeed reflect some kind of
reorganisation, what functional purpose could thenwe? Whilst the cohort in the current
study were recruited on the basis of having chrapitasia, rather than cognitive
impairments, meaning that their lesions were moceged on brain regions key to
language than being distributed throughout the itwgmetwork, in many cases
participants’ lesions would have been likely to @awerfered with the functioning of at
least the left hemisphere component of the cognitietwork. For example, regions
including the anterior inferior parietal lobule aagterior insula have been identified as
being involved in fronto-parietal control networf&ncent, Kahn, Snyder, Raichle, &
Buckner, 2008), and are likely to have been immhaf®on in many cases. This could be
the result of direct or indirect lesion effectsamtical components or connections
between cortical components of the network. Assalteindividuals may have come to
rely more heavily upon components of the cognitieéwvork in their unlesioned
hemispherePost-stroke cognitive ability has been found toactpupon wider
functioning, for example ability to complete acties of daily living (Mok, 2004; Zinn et
al., 2004). Evidence also suggests that cognitinetfoning may affect response to
rehabilitative interventions, with cognitive penfioance previously being found to predict
outcomes in anomia therapy (Lambon Ralph, Snedll.e010)Improving general
cognitive performance, for example by increasing afsthe contralesional hemisphere,
could therefore potentially benefit the recoveringjvidual in a number of ways, beyond

simply improving performance on cognitive assesggien
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The fact that the potentially adaptive connegtiabnormalities found in Chapter
4 and Chapter 6 are in different locations is t@kgected based upon the different
behavioural correlates in each case. The Chapightthemisphere ACM cluster was
located over the posterior part of the arcuateidaties, whilst the Chapter 6 cluster was
located much more anteriorly, in the frontal lobhis reflects the fact that the Chapter 4
cluster represented an area where higher conngatilated to a better language
performance, whilst the Chapter 6 cluster repre&skean area where higher connectivity
related to better general cognitive performances &hgns with previous work in which
the posterior extent of the dorsal route has besoaaated more with language, whilst
the anterior tip in the frontal lobe has been szldab cognitive processes (Catani et al.,
2012). The anatomical separation of the two ressiltiserefore entirely reasonable,
particularly when one takes into account the faat only four of the 16 individuals with
‘high’ cognitive scores were classified as anorai@ only four of the nine individuals
with anomia had *high’ cognitive scores. Althougk might have expected the posterior
arcuate result seen in the VBM group comparisaago obtain in the VBCM case, it is
possible that the relationship between the rigistgroor arcuate ACM and behavioural
performance is non-linear and hence did not emesgey the linear approach adopted in
VBCM.

Within the aphasia literature there has been naetiate regarding the role of the
contralesional hemisphere in language recoveryldMiasults of some studies have
suggested that right hemisphere regions, partigutemologues of lesioned language
cortices, may contribute to recovery of languagefion (e.g., Basso et al., 1985; Blank,
Bird, Turkheimer, & Wise, 2003; Crinion & Price, @8 Heiss, Thiel, Kessler, &
Herholz, 2003; Leff et al., 2002; Weliller et al99b), others suggest that it is perilesional
tissue that is key to recovery, including recoveduced by therapeutic interventions

(e.g., Baker, Rorden, & Fridriksson, 2010; Fridsés et al., 2012; Spironelli & Angrilli,
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2009). The picture that has emerged from studiels as these, is that both hemispheres
may potentially contribute to language recoveryhwhe extent to which each is
involved depending on factors such as lesion sigkasia severity, the particular
language function, and time post-stroke (Criniohe&f, 2007; Crosson et al., 2007;
Heiss et al., 1997; Mimura et al., 1998; Price &@m, 2005; Saur et al., 2006, 2010).
Themajority of the aforementioned studies report fior@l changes supporting
language recovery. However, the relationship betvMeerctional and structural plasticity
is not clear at present (Draganski & May, 2008) aagliires further investigation.

The potentiallyadaptive abnormalities found in Chapters 4 and & waly
apparent using ACM. This clearly illustrates théueaof this novel method in the study
of stroke aphasia. The fact that ACM is a wholarbraethod, which can reflect changes
in connectivity to and from any brain voxel, me#mat it was ideally suited to

identifying potential increases in connectivityeawhose remote from the lesion itself.

Neuroanatomical Networks Underlying Different Babaval Abilities

Employing complementary imaging measures in Chaptdlowed visualisation
of structural abnormalities throughout the entineguage network. This included both
local changes in grey and white matter, reflecte@li-weighted and FA images, but also
changes in connectivity arising due to more disédomormalities, reflected in ACM
values. The fact that these complementary measeifiest different properties of brain
tissue meant that the pattern of results obtaiceaka the different measures could be
examined for each behavioural process of intefdst.pattern of results obtained in
Chapter 6 suggests that the three behavioural ggesgphonology, semantics, and
cognition, are all subserved by structural netwavkgch differ in their level of
distribution. Whilst all higher-level processes Bkely to come about as a result of the

workings of networks, rather than individual breégions (Mesulam, 1990; Price &
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Friston, 2005), the networks supporting some preeEesvould appear to be more widely
distributed than others, in terms of both cortm@inponents and connectivity between
those components.

Previous work has highlighted the involvement & lsft hemisphere posterior
superior temporal gyrus and sulcus in phonologicatessing. This includes both input
and output phonology, with the region being impgkchin both auditory processing of
incoming speech sounds and in speech productidenpally as a result of involvement
in feedback or prediction processes (e.g., Pricejd), & Macsweeney, 2011; Price,
2010, 2012; Pulvermuller & Fadiga, 2010; Vigneaalet2006). The inferior frontal
gyrus, particularly posteriorly, is also often ingaited in phonological processes,
including those involved in receptive and expressasks (Gough et al., 2005; Price,
2010; Vigneau et al., 2006). Given that both okthareas have been implicated in
phonological processing, and that they are broedihnected via the dorsal language
route (Catani & ffytche, 2005; Catani et al., 20@%&tani & Mesulam, 2008a; Glasser &
Rilling, 2008; Parker et al., 2005), it seems reasbe that interactions between temporo-
parietal and inferior frontal regions via the dérsaite map between phonological inputs
and outputs (Dick & Tremblay, 2012; Pulvermulleiradiga, 2010; Rauschecker &
Scott, 2009). Indeed, interaction between tempanieal and frontal language regions
via the dorsal route during repetition tasks hanl@emonstrated using functional and
diffusion-weighted imaging (Saur et al., 2008), aatdnage or disruption to the dorsal
route has been associated with production of plogicdl errors in naming tasks and
impaired repetition performance (Berthier, LambaigR, Pujol, & Green, 2012; Breier
et al., 2008; Duffau et al., 2002, 2008; Kimmetaalg 2013; Schwartz et al., 2012;
Ueno et al., 2011). Results obtained in Chapterréss all three imaging measures, T1-
weighted, FA, and ACM, revealed associations withrplogical performance in

posterior left superior temporal gyrus and sulau$ the dorsal language route. The
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findings of the current thesis, together with poes work, therefore suggest that
phonological processing depends upon a relativiebctinetwork with cortical nodes in
temporo-parietal and inferior frontal cortices, ainteract via a bi-directional dorsal
route connection (see Figure 6.7).

The pattern of results found across the differsrd@ging measures for semantics
suggests that computing meaning involves a morelwiistributed network than
phonological processing. The current findings arkdeping with a *hub-and-spoke’
conceptualisation of semantics, in which semamfcesentations are generated in a
central hub, through bi-directional interactionhwnultiple modality-specific, distributed
brain regions (spokes) (Patterson et al., 2007ri€akefferies, & Lambon Ralph, 2010).
Previous work using functional neuroimaging, conational modelling, rTMS and
patient data has provided evidence for a semanbarhthe anterior temporal lobe
(Binney, Embleton, Jefferies, Parker, & Ralph, 2(H06ffman, Jones, & Lambon Ralph,
2012; Hoffman & Lambon Ralph, 2011; Lambon Ralphg& Jones, & Mayberry, 2010;
Pobric et al., 2010; Rogers et al., 2004, Visselfedies, & Lambon Ralph, 2009)hilst
probabilistic tractography results have demondtrateonvergence of white matter
connectivity from distributed brain regions (spokisvards the anterior temporal lobe
hub (Binney et al., 2012).

Damage to different components of the ‘hub-and-spsistem has been noted to
result in very different neuropsychological deficiEor example, individuals with
damage to the anterior temporal lobe hub arising r@sult of semantic dementia, have
been shown to present with cross-modality, coreasgimdeficits (Bozeat et al., 2000;
Jefferies & Lambon Ralph, 2006; Mayberry, Sage,axbon Ralph, 2011). Individuals
with damage further from the anterior temporal lbbb, affecting the spokes of the
semantic system, have been found to present wittahtp-specific impairments, such as

pure word deafness (Poeppel, 2001), pure alexiallf@pm et al., 2008), and visual
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agnosia (Karnath, Ruter, Mandler, & Himmelbach, 20 the current work analyses
relating semantic performance to T1-weighted imggevealed a significant cluster in
the anterior temporal lobe, which encompassedgbdhis semantic network. The FA
findings overlap with those found in T1-weightedaiging, with values in the anterior
temporal lobe relating significantly to semanticfpenance. However the FA cluster
spread more superiorly and posteriorly up the tealgobe, along the MTG and
underlying white matter. As shown in Figure 6.& BA cluster encroached on different
ventral route pathways, including the ILF, IFOFddhe UF. In this group of individuals
with chronic stroke aphasia, impaired semanticquarnce appears to relate to partial
damage to the semantic hub and, in any given saseg subset of the pathways
connecting the hub to its spokes. Unlike semargroehtia, in which pervasive damage
covering the entire semantic hub bilaterally redatesevere, frank semantic deficits, in
this group of individuals partial damage to the {amdl-spoke system relates to partial
semantic deficits. Differences in the nature ofgbmantic deficits demonstrated by
individuals with stroke aphasia and those demotestray individuals with semantic
dementia have been described previously (Jeff@riesmbon Ralph, 2006; Noonan et
al., 2010; Tsapkini, Frangakis, & Hillis, 2011).

Other conceptualisations of semantics exist bedtie hub-and-spoke model,
although the results of the current work are nataslily compatible with such accounts.
One alternative model suggests that informatiotapeng to different concepts is
distributed throughout the relevant sensory prangsareas in the brain and that rather
than such information converging in a central hubere semantic representations are
computed, concepts emerge as a result of activatiorss the different sensory areas
alone (Martin, 2007; Simmons & Martin, 2009). Therent results do not appear to
support such a framework, as within such an ‘atikgs-no-hub’ model, it would be hard

to explain the T1-weighted and FA clusters founthmanterior temporal lob&immons
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and Martin (2009) argue that the anterior temploia¢ may play a role in processing
information regarding unique entities or social @gpts, such as familiar or famous
faces, rather than multi-modal semantic informat®iven that the assessments that
loaded on the semantic factor did not involve damacepts or familiar or famous faces,
the current results do not appear to support Sinsraod Martin's (2009) claim.

The fact that the angular gyrus has consistemtnlshown to be activated during
different semantic tasks, its proximity to braigigns known to be involved in different
kinds of sensory processing, and evidence implfigats involvement in various
neuropsychological disorders (Binder et al., 200D&eza, Ciaramelli, & Moscovitch,
2012; Price, 2010; Seghier, Fagan, & Price, 2080gHead some authors to argue that
the angular gyrus constitutes a semantic hub (Biatlal., 2009). Although the current
results do not explicitly support such a modelhwib evidence of a relationship between
the angular gyrus and semantics emerging, thega@rmcompatible with the existence
of such a hub. It is possible that a relationsk@pveen semantic ability and the angular
gyrus may exist but was not found due to a laggavfer in that brain region. However,
this seems unlikely as lesion overlap in the angy§aus ranged from four to 19
participants. Alternatively, the angular gyrus abhbve failed to emerge due to an
absence of unique variance associated with sersg@abeza, Ciaramelli, &
Moscovitch, 2012), as previously outlined in redatto the absence of the IFG.

It has been noted that ‘angular gyrus’ refers large region with heterogeneous
anatomical and functional subdivisions (Seghieal €22010). This, rather than the fact
that the area serves as a ‘semantic hub’, coulhexihe fact that it has been seen to be
activated in many different types of tasks and thla&s been implicated in a variety of
neuropsychological deficits. Indeed, if this is tase, then the absence of the angular
gyrus in our results is not surprising, given @sus on identifying areas uniquely

associated with a given ability identified in theadysis. The current results clearly
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highlight the anterior temporal lobe hub, as T1ghétd image concentration and FA in
the anterior temporal lobe significantly relatecgs&mantic performance. On a
methodological note, the fact that the current weads able to identify effects in the
anterior temporal lobe, which has not always béercase in previous imaging work, is
in part due to the use of distortion correctiorhteques (Embleton, Haroon, Morris,
Lambon Ralph, & Parker, 2010; see also Binney.eP@ll2; Visser, Embleton, Jefferies,
Parker, & Lambon Ralph, 2010).

The fact that a significant correlation betweserageACM in the anterior
temporal lobe and semantic performance was idedtifi Chapter 6, whilst no such
relationship occurred in the original voxel-levabdysis was interpreted as reflecting the
nature of the semantic network. As noted previqubly FA cluster for semantics
encompassed a number of ventral white matter pathwethe anterior temporal lobe.
Whilst average anatomical connectivity in this cegrelated to semantic performance, a
relationship at the voxel level may not have belemiified because across the sample in
this study, there is likely to be variability inrtes of which of the number of tracts
making up the ventral pathways is damaged, whi¢hnm means that there is no
consistent long-range connection associated witlaséic processing.

The cognitive factor, which was interpreted agespnting domain-general
cognitive control processes, showed a very diffepeofile of results across imaging
measures. As previously noted, whilst no resulterged in the analyses of T1-weighted
or FA data, cognition related to a right frontalster in the ACM analysis. Cognition not
relating to any regions in the more local measuyasto a region in the more global
measure, was interpreted as reflecting the fattctbhgnition is even more highly
distributed than semantic processing. This is ipkeg with previous studies which have
shown that cognitive control is subserved by high$tributed bilateral networks (e.g.,

Dosenbach et al., 2007; Ham & Sharp, 2012; PowBe&rsen, 2013; Seeley et al.,
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2007). Authors have previously distinguished betwie working of ‘processors’ which
operate on particular types on information and toaters’ which influence how the
processors operate and ensure that they meeteéaskndls (Norman & Shallice, 1986;
Power & Petersen, 2013). The demands of the taskddad on the cognitive factor in
the current study, which include executive funcsiench as set shifting, relational
integration, non-verbal reasoning, decision-makargl working memory, suggest that
the cognitive factor captures the working of sucboatroller’. It has been suggested that
controllers are likely to be more widely distribdfen terms of underlying
neuroanatomy, than the processors that they opematewving to the range of areas they
are required to interact with (Power & Peterserd,30lhe fact that the current results
implicate a widely distributed network underpinnithg cognitive factor is therefore in
accord with previous work. It should be borne imdhthat the pattern of results obtained
across the three imaging measures emerged in thext®f stroke aphasia, in a cohort
with individual, focal lesions. A different patteaf results might be expected to emerge
in a group of individuals with more diffuse damag#h aetiologies such as traumatic
brain injury (e.g., Kinnunen et al., 2011).

In summary, the current results suggest that plogreal processing depends on
a network in which frontal and temporo-parietaltmal areas interact via a bi-directional
dorsal route connection. Semantic processing, mieidgnwwould appear to be subserved
by a hub-and-spoke arrangement, with informatiomfdistributed cortical areas being
transferred to and from an anterior temporal loble, lvia ventral route pathways.
Finally, cognition is likely to be underpinned byaage-scale, widely distributed bilateral
network.The cortical nodes and white matter pathways desdras comprising these
phonological, semantic, and cognitive networkslitedy to be involved in more than
just the processes described in the current woskndted by previous authors, it is

unlikely that there is a one-to-one mapping betwsteucture and function in the brain,
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and the function carried out by an area is likelyp¢& determined by the areas with which

it is interacting and the current task demandscéP&i Friston, 2005).

Clinical Applications

What sort of impact can neuroimaging findings,hsas those reported in the
current thesis, have in terms of improving outcomoesndividuals affected by stroke
aphasia in future? In recent years neuroimagindbasa increasingly widely employed
for diagnosis of stroke and prognosis of its betvaral consequences such as aphasia.
For example, CT scanning, and increasingly MRI sgay is now routinely used to
identify the aetiology and location of damage whgratient presents acutely. Imaging
can also be used to help identify tissue that neagdivaged by clinical interventions
such as reperfusion (Hillis, 2005; Merino & Wara2h10; Olivot & Albers, 2011,
Stinear & Ward, 2013). Until very recently neuromgirvgy information has only allowed
clinicians to provide very broad predictions widgards to prognosis for recovery from
aphasia (and other behavioural impairments). TYlpicdetailed predictions regarding
how much recovery an individual is likely to makelahe kind of language profile they
may exhibit chronically are not provided to affettedividuals and their families.
However, more sophisticated ways of employing newaging data and combining these
data with other relevant information, such as demolgic data, to provide more detailed
predictions regarding recovery are emerging, am@kéed by the PLORAS system
(Price, Seghier, & Leff, 2010). The PLORAS systamatdes a clinician to enter an
individual's acute scan into a database and toigrdzhsed on scans and outcomes from
many previous individuals, their likely languagganme in terms of speech production
and comprehension ability. Outcome is predicte@tas both lesion-based factors and
other important variables that may affect recovargh as the individual’'s age and

handedness, and even speech therapy input (Piate 2010; see Stinear, Barber, Petoe,
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Anwar, & Byblow [2012] for a similar system for mleting motor outcome following
stroke). The work presented in this thesis sugdbatsaddition of information such as
local and global white matter measures (for exanptae form of FA maps and ACM)
may further increase the ability of such systemacimurately predict chronic language
outcomes.

Neuroimaging, including diffusion-weighted imagjragso has great potential for
determining the type of therapy strategy that @&speand language therapist may choose
to employ with an individual (Stinear & Ward, 2013is area has, however, been
relatively underexplored as yet. The current warggests that global connectivity
information such as that available in ACM woulduseful in this regard. Whilst both
T1-weighted scans and FA maps could provide inftionaegarding the integrity of
components of a particular white matter pathwagy ttannot show whether connectivity
related to that pathway is intact. Thus, by usif@VAin concert with such local
measures, a fuller picture would be gained reggrthe neuroanatomical resources an
individual had available to utilise during therapeinterventions. Based on such
information, speech and language therapists magsehto employ interventions that
optimise use of pathways with more intact connégti\-or example, a therapist may
employ more semantic interventions to maximiseaigbe ventral route in cases of
dorsal route damage or reductions in connectitbtyploying more bespoke
interventions, taking into account factors incluglthe neuroanatomical resources of
individuals, may potentially improve outcomes fodividuals with stroke aphasia.

Neuroimaging has also been used in more recegiestin an attempt to elucidate
the mechanisms by which therapeutic gains are aethi@Vhilst much of this work has
been done using functional neuroimaging (e.g.,iGni& Leff, 2007; Crosson et al.,
2007, 2010; Fridriksson et al., 2012; Meinzer & iBnestein, 2008; Meinzer et al., 2008,

2013; Rapp, Caplan, Edwards, Visch-Brink, & Thomps2013), recent studies have
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shown that structural connectivity information npotentially help to identify
mechanisms underlying successful therapeutic iatgrons (e.g., Schlaug et al., 2009).
Information regarding the functional and structuredchanisms underlying successful
therapy, such as functional recruitment of perdeal tissue, or increases in structural
connectivity in the contralesional hemisphere, dguide therapeutic interventions.
Whilst the current results illustrate the fact thath local and global white matter
information could potentially aid in prognosis athelzelopment of therapeutic strategies
in stroke aphasia, further work is clearly requifedsuch information to be employed

routinely in the clinical context.

Conclusions and Directions

The work reported in this thesis demonstratesRIGzA can be employed to
capture core abilities of individuals with chrositoke aphasia and that such PCA-
derived measures constitute effective regressorafalyses of lesion data. A similar
approach has recently been employed in acute sagtkasia (Kimmerer et al., 2013)
and in primary progressive aphasia (Henry et 8122 The current results show, for the
first time, that such PCA-derived scores relatemmegully to white matter measures in
the brains of individuals with chronic stroke aphaButure investigations of other
multifaceted disorders, such as Alzheimer’s diseasald potentially relate PCA-derived
measures of behaviour to neuroimaging data, to élelpdate relationships between
behaviour and underlying brain pathology. This raayparticularly informative if white
matter measures were employed, in addition to rradktional neuroimaging data.

The current work illustrates that both local anobgll white matter information
can be used, together with more traditional neuagimg techniques, to provide
information that can aid understanding of the behaal performance of individuals

with chronic stroke aphasia. Moreover, differentgras of results obtained by
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combining complementary imaging measures can peawisights into the
neuroanatomical bases of different behaviouraltadsl Whilst such an approach could
also be utilised in acute stroke aphasia, it hagttiential to be particularly illuminating
in longitudinal designs, charting participants frdme acute to chronic phase. A
longitudinal study, which combined PCA-derived babaral measures with
complementary imaging data that included local glntal white matter measures, could
potentially relate changes occurring post-strokeocsih the behavioural and
neuroanatomical level.

The kinds of neuroanatomical changes that sucpproach could reveal include
potentially compensatory changes such as thosetegpio Chapters 4 and 6.
Longitudinal evidence of such changes could patégtstrengthen claims regarding the
role of structural connectivity changes in behav@buvecovery. To more fully understand
such changes and their relationship with behaviamutcomes, a longitudinal design
could also incorporate functional neuroimagingthiis way, the relationship between
changes at the structural, functional, and behaaidevels could be better understood.

Functional imaging work could include investigasasf changes in activation in
cortical regions during language tasks (as showgitodinally by Saur et al. 2006) or
changes in functional connectivity between cortreglions either during tasks or at-rest.
Functional connectivity between left and right aiatesuperior temporal regions has
been shown to be reduced in chronic stroke aplradimduals relative to controls when
engaging in speech comprehension tasks (Warrenio@riLambon Ralph, & Wise,
2009). Stronger functional connectivity (measursithg psycho-physiological
interactions) between frontal and temporal regiansl, higher integrity of both the dorsal
and ventral route (measured using FA and MD), leaen shown to relate to better

syntactic performance in chronic stroke aphasia¢Btsi et al., 2011). Employing a
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longitudinal design, measuring and relating chamgeasructure, function, and behaviour,
has the potential to reveal factors determiningaunes in stroke aphasia.

As noted previously, the results of the currentkname consistent with a dual
route model of language processing, in which thsalaoute is critically involved in
phonological processing and the ventral route se@ated with semantic processing
(Bornkessel-Schlesewsky & Schlesewsky, 2013; Hickdkoeppel, 2004, 2007; Saur et
al., 2008; Ueno et al., 2011). Of course, inteoacbetween the two routes is likely to
occur during healthy language processing (Cloutrg@h2; Ueno et al., 2011; Wise,
2003) and recent studies have shown that comphgubge processes such as syntactic
processing rely upon both routes (Bornkessel-Sehlsky & Schlesewsky, 2013;
Griffiths et al., 2012; Papoutsi et al., 2011; Radler et al., 2011). Yet the form of this
interaction is still poorly understood, and sevelroanatomical and temporal
opportunities for interaction between dorsal anatrad routes have been identified, with
top-down feedback potentially involved in synthagishe processing that occurs in the
two routes (Cloutman, 2012). Clearly, more workégded to understand the manner in
which interaction between the two routes occurswaHl as explicating how such
interactions occur in the healthy brain, future kvoould investigate how it is disrupted
after damage, and how these changes relate teespitasic deficits.

Finally, local and global white matter informatitivat has been shown to be
predictive of behavioural performance in this grafighronic stroke aphasic individuals
could be incorporated into future therapy studgagch studies could tailor interventions
to individuals based on their structural connettiprofile, particularly the status of their
dorsal and ventral language routes. Post-therafppmes for individuals who received
tailored interventions could then be compared ts¢hwho received standard
interventions, to assess whether tailoring theramyuch a manner proved beneficial.

Clearly other neuroimaging data, such as functidagh or perfusion data, could also be
216



used to help guide interventions. The major contrdn of the current work is, however,
the demonstration that local and global connegtivieasures relate to language ability
in chronic stroke aphasia, and as such it highgigiat taking such information into
account when delivering interventions could potdhtilead to improved language

outcomes for individuals affected by stroke.
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