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ABSTRACT 

The brain structure-function relationship has been one of the most fundamental issues 

in neuroscience and the precise underpinnings of such a link has remained elusive. To 

address this, investigations have discovered associations between cortical structure or white 

matter architecture and function in the forms of brain activation, task performance, and/or 

cognitive dysfunctions. However, limited attention has been given to the search for a more 

direct link between task-related regions of cortical activation and how they are wired 

together. The overarching goal of this thesis is to gain a further understanding of this 

relationship by directly assessing functionally coupled regions and the underlying white 

matter architecture.  

The first study used diffusion tensor imaging (DTI) and tractography to provide a 

global outlook of structural asymmetries of white matter in the major lobes, and the extent to 

which they relate to known functional asymmetries. With the inclusion of the individual 

diffusion measures (mean diffusion [MD], parallel diffusion and perpendicular diffusion) in 

combination with fractional anisotropy (FA), the microstructure of the pathways generated 

from each lobe was closely examined. Structurally, asymmetries did indeed follow expected 

patterns of functional laterality in terms of language and visuospatial function. In order to 

validate this anatomo-functional relationship, studies two and three combined the 

methodologies of functional magnetic resonance imaging (fMRI) with DTI and tractography. 

In each individual, the regions that were shown to be functionally connected during particular 

cognitive tasks were identified. These sites were then used to track white matter pathways 

using tractography. As expected, study two showed a leftward functional network for 

language production and comprehension. A significant correlation between functional and 

structural measures was found for the fronto-motor pathway recruited during the generation 
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of verbs. It is theorised that this pathway may be specific to verb generation, given previous 

reports of a possible motor component in the processing of verbs, while the longer-range 

connection to temporal regions may be involved in a more diverse range of functions than 

language alone. Interestingly, tractography between the regions involved in comprehension 

revealed a ventral as well as a dorsal white matter pathway, which is in accord with the 

previously proposed dual route theory of reading. Using the same approach, study three 

explored the more widely and bilaterally distributed circuitry of working memory to 

investigate whether a structure-function relationship could be established in more complex 

networks. To further extend the work on cerebral asymmetries, spatial and verbal elements 

were also included. Functionally, a typical fronto-parietal network was identified for both 

spatial and verbal working memory. In terms of functional and structural connectivity 

however, subtle yet significant differences were revealed within both networks that may 

reflect distinct cognitive processes required for each task. Functional connectivity showed a 

leftward pattern for the spatial task and rightward connectivity for verbal, contrary to early 

studies. Measures of white matter integrity on the other hand, were much more symmetrical 

across the tasks, though variations in the individual diffusion measures revealed possible 

differences in underlying axonal properties. However, the spatial working memory network 

almost exclusively yielded significant correlations between structural and functional 

measures in the parietal-premotor pathways, which may reflect the specificity of the 

pathways for spatial working memory. Furthermore, comparisons between the two tasks 

revealed increased activity in the left precentral gyrus during verbal working memory, 

consistent with the idea that spatial working memory involves a generic system for working 

memory, while verbal working memory requires additional recruitment of left hemispheric 

regions for processing linguistic stimuli.  
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To extend the initial findings of global white matter asymmetries, the combination of 

fMRI and DTI made it possible to directly assess structure-function relationships in the living 

brain. Furthermore, the inclusion of individual diffusion measures provided valuable 

information, particularly in the interpretation and closer inspection of FA values. It is 

proposed that the use of a direct and individual subject-based approach in future research 

could offer considerable contributions towards the understanding and development of the 

“human connectome.” 
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CHAPTER 1: INTRODUCTION 

One of the most fundamental issues in neuroscience is the relationship between 

structure and function. Since the pioneering works of Broca and Wernicke, lesion studies 

have enabled the localisation of various cognitive functions to specific cortical regions. 

However, there are obvious constraints to what can be learned from lesion data due to the 

inherent confounds that accompany the use of patients. Fortunately, recent advances in 

neuroimaging have allowed the in vivo exploration of function and structure in healthy 

participants. To date, numerous studies have unveiled variations in cortical structure with 

reference to known function. Most commonly, these differences have been shown as 

asymmetries in cortical structure that are likely related to language lateralisation, for instance, 

in the planum temporale (e.g. Chance et al., 2006; Geschwind & Levitsky, 1968). However, 

the presence of asymmetries throughout the rest of the brain remains uncertain. Therefore, a 

systematic investigation of gross asymmetries in white matter microstructure within each of 

the major lobes was undertaken with the use of diffusion tensor imaging (DTI), to see if they 

reflect known function in general. Upon identifying gross anatomical asymmetries, this work 

was extended by directly assessing the relationship between the degree of functional 

connectivity and the underlying white matter microstructure of the neural networks that are 

recruited during specific cognitive processes. 

 

1.1 Combining fMRI and DTI 

In recent years, advances in neuroimaging research have provided a rich dataset of the 

human brain, with a focus on localising specific areas of cortical activation during a 

particular cognitive task. However, one must not neglect that the brain operates as a 
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collection of subsystems that interact to form behaviour. What is more, these subsystems are 

intricately connected by complex white matter circuitry that can vary in structural properties 

based on the functional regions they connect. Simply put, if a cognitive process calls for 

efficient communication between two cortical regions within a given network, the structure 

of the white matter connection will be organised in such a way to enable this. Over the past 

several years, the magnetic resonance (MR) techniques of DTI and functional magnetic 

resonance imaging (fMRI) have made it possible to identify functional networks, and 

additionally survey their anatomical connections. More recently, the combination of these 

techniques have allowed for more direct analyses of structure-function relationships, 

particularly in regard to large-scale networks (for a review, see Rykhlevskaia et al., 2008). 

 To date, studies combining these methods have ranged from the investigation of 

visual pathways (Toosy et al., 2004), to parcellation of the frontal cortex based on 

connectivity profiles (Johansen-Berg et al., 2004), to segmentation of cortico-subcortical 

pathways (Behrens et al., 2003a), and to establishing an anatomo-functional relationship in 

the lateralisation of language functions (Powell et al., 2006). Numerous studies have also 

extended this methodology by incorporating behavioural measures, showing relevant changes 

in connectivity based on performance (e.g. Burzynska et al., 2011; Palacios et al., 2012). 

Based on these studies, it seems reasonable to claim that regions that are co-activated are 

likely to be structurally connected as well. Moreover, the strength of connections should be 

mirrored in both structure and function. This has in part been validated by a simulation study 

indicating a relationship, albeit non-linear, between the strength of an anatomical connection 

and its corresponding functional connection in a fronto-temporal pathway (Horwitz et al., 

2005). However, as Rykhlevskaia et al. (2008) point out, a direct underlying structural 

connection may not be required for two areas to be functionally connected. Furthermore, two 

regions with correlating activity may not necessarily transfer information between them, but 



CHAPTER 1: INTRODUCTION 

3 

instead may be mediated by a third region. Although these assumptions are valid, it is 

reasoned that by locating regions that synchronously activate during a specific task, and 

finding anatomical connections between these sites, any pathways successfully generated are 

likely to be related to the same cognitive process. Testing such a hypothesis is indeed one of 

the objectives of the current studies. 

Generally, the use of functionally derived regions of interest (ROI) as seed points for 

tractography provides a powerful method, since only the pathways that connect functionally 

relevant regions are reconstructed (Rykhlevskaia et al., 2008). These seed loci are often 

derived from group mean data or in some cases, structural atlases. Functional connectivity 

analyses also utilise similar means to locate seed regions. However, it has been demonstrated 

recently that arbitrary or inaccurate placement of ROIs can lead to erroneous estimations of 

functional networks (Smith et al., 2011). Therefore, to minimise these errors, seed ROIs were 

extracted from each participant’s local maxima to establish individual networks. While 

computationally much more demanding, it is possible to make more direct inferences 

regarding structure-function relationships. 

The majority of studies combining fMRI and DTI correlate measures of blood 

oxygenation level dependent (BOLD) response with fractional anisotropy (FA) values of 

white matter tracts. However, a rarely reported measure in DTI studies are the individual 

diffusivity measures, which may offer more detail regarding the microstructure of a pathway 

than FA values alone. Although the exact influences that cause molecules to diffuse with 

directionality in the brain are still not certain, parallel and perpendicular diffusion may 

provide some insight into the specific microstructural properties, such as axonal spacing, 

axonal density, myelination, and axon calibre. Therefore, these measures were explored in the 
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following studies in order to determine the subtle differences within a circuitry, and in 

addition, investigate how these measures might relate to functional connectivity. 

 

1.2 Diffusion Tensor Imaging and Tractography 

An area that has gathered increasing interest over the years is the magnetic resonance 

imaging (MRI) method of DTI and tractography. This technique has enabled in vivo 

explorations to survey white matter architecture in both healthy and patient populations. 

White matter pathways are estimated based on the displacement of water molecules in the 

brain. When molecules encounter various tissue structures, there is a change in the trajectory 

of diffusion. By recording the degree of this displacement, it becomes possible to calculate 

the three eigenvectors: primary, secondary, and tertiary. These values can then be used to 

calculated FA, the most commonly used measure in the DTI literature. FA provides a 

measure of white matter directionality where reductions can result from poorer alignment of 

fibres or pathological states such as demyelination. Since water molecules will preferentially 

diffuse in parallel to fibre bundles, the presence of any barriers such as cell membranes, 

myelin, and damaged axons can consequently lead to a reduction in diffusion in certain 

directions relative to the primary diffusion direction, and thus result in changes in FA.  

Although it is known that changes in both micro- and macrostructural properties (e.g. 

axon calibre, myelination, packing density, fibre coherence) can give rise to alterations in FA 

(Beaulieu, 2002, 2009; Pierpaoli & Basser, 1996), the precise mechanisms underlying FA is 

yet to be fully understood. Even so, FA is often the sole measure reported in the vast majority 

of DTI studies. This can be problematic when interpreting changes or differences in FA of 

white matter. Beaulieu (2009) draws attention to a hypothetical case where very little or even 

no change in FA values are reported, when in fact, significant changes in individual 
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diffusivities are present. For example a reduction in FA may be the result of a decrease in 

parallel diffusivity, elevated perpendicular diffusion, or a combination of the two. This was 

demonstrated in a study investigating microstructural degradation of the corpus callosum 

post-callosotomy (Concha et al., 2006). After the procedure, FA values remained relatively 

unchanged at both one week and two months post-surgery. However, parallel diffusion 

reduced dramatically at one week due to axonal fragmentation before returning to baseline, 

while perpendicular diffusion showed the greatest increase at 2 months which was reflective 

of myelin degradation known to occur during Wallerian degeneration. Identifying the precise 

microstructure that influences diffusivity and ultimately FA has been fraught with difficulty. 

Nevertheless, histological studies have determined a primary role of axonal membranes in 

anisotropic diffusion, while myelin may modulate the degree of anisotropy within a tract. 

Specifically, perpendicular diffusion has been shown to positively correlate with axonal 

spacing, while negatively correlating with axonal count and degree of myelination, 

suggesting that diffusion can occur rapidly with lower packing density, but is also hindered 

with the presence of myelin (Schwartz et al., 2005). In contrast, parallel diffusion appears to 

occur faster in axons possessing a larger diameter (Harsan et al., 2007; Schwartz et al., 2005). 

Isolating the exact contributions of each element of axonal architecture however, has been a 

challenge. Nonetheless, taken together, this illustrates the value of considering all diffusion 

measures when interpreting FA values, particularly when making inferences regarding the 

possible underlying microstructure. 

Currently there are two major tractography algorithms in wide use: probabilistic 

(Behrens et al., 2007) and deterministic (Mori et al., 1999) tractography. Deterministic 

tractography is based on the fibre assignment by continuous tracking (FACT) algorithm, 

where tracking occurs along the direction of the primary eigenvector. Once a voxel reaches a 

specific FA or local curvature threshold, tracking terminates. On the other hand, probabilistic 
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tractography uses uncertainty of fibre direction to track white matter. In areas where fibre 

direction is uncertain, the probabilistic algorithm tracks in many directions, rather than in a 

single direction (as in the deterministic tracking method) with high confidence. Because of 

this, probabilistic tractography enables tracking into areas of low anisotropy such as grey 

matter, which makes it an application that is both valuable and suitable for our investigations. 

Recently, to improve accuracy of fibre tracking by minimising false positive connections 

such as those that cross gyri, the method of cortical surface tracking has been developed 

(http://www.fmrib.ox.ac.uk/fsl/fdt/fdt_surface.html). This involves the projection of seed 

masks onto a cortical surface so that tracking is performed from surface vertices (rather than 

voxels) towards the brain. Given the exploratory approach of the following studies, the use of 

this method will enable accurate and reliable tracking of white matter pathways. 

 

1.3 Functional Connectivity and Psychophysiological Interactions (PPI) 

While localising function to a specific cortical region is an important component of 

neuroscience, understanding the functioning of a network and its interconnections is also of 

great value. The last several years have brought about an explosive interest in functional 

connectivity, with the proposal of a comprehensive description of the structural and 

functional networks known as the “human connectome”  (Bullmore & Sporns, 2009; Sporns 

et al., 2005). This has led to numerous investigations to identify large-scale cortical networks 

and network hubs (e.g. Honey et al., 2007; Sporns et al., 2007). Although still in its early 

stages, the development of the “human connectome” is currently underway (see 

http://www.humanconnectome.org). With this in mind, the approach taken in the current 

work was to determine how structural connections might emerge from two regions that are 

functionally connected. Structural connections can be established using DTI, however 
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determining functional connectivity is much more contentious owing to the diversity in 

methodology. 

Some commonly used approaches for mapping functional networks include dynamic 

causal modelling (DCM; Friston et al., 2003), structural equation modelling (SEM; McIntosh 

& Gonzales-Lima, 1994), partial least squares (PLS; McIntosh et al., 1996; McIntosh & 

Lobaugh, 2004), and psychophysiological interactions (PPI; Friston et al., 1997). Given the 

simplicity of the initial tasks in study two (see chapter three), and the exploratory and data-

driven nature of the investigations, it was deemed most appropriate to use PPI to measure 

functional connectivity.  

 PPI detects regions across the brain that show correlating activity with a given seed 

region that is dependent on a cognitive task. Once a seed region is located using the 

functional activation results, a time-course of the data is extracted. This time-course must 

then be deconvolved to estimate the neuronal time-course and multiplied with the task 

regressor (psychological variable) to create an interaction term or PPI regressor (Gitelman et 

al., 2003). This can then be entered into a general linear model analysis to identify regions 

that show significant changes in correlation between regions that are specific to the cognitive 

task. Interpretation of a PPI analysis can be made in two ways: the connectivity between the 

seed and target region depends on the cognitive task; or the response of the target region to 

the task is modulated by the activity in the seed region. While simplistic, this method does 

not require a priori knowledge of a network, and can also provide more specific information 

regarding task-dependent interactions than simple correlation alone. 
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1.4 Thesis Research Rationale 

 The general focus and objective for this thesis was to investigate structure-function 

relationships in a more direct fashion to test whether the degree of functional coupling is 

reflected in the structural properties of the underlying white matter pathway. In study one 

(see chapter two), a global and top-down approach was employed to investigate asymmetries 

in white matter connectivity within the individual lobes to see if these reflect the known 

broad functional asymmetries. Individual diffusivity measures were also explored to 

determine a finer description of the possible underlying axonal properties. From this data, the 

search was refined towards locating more functionally specific pathways to directly assess 

associations between structural and functional connectivity. Therefore, in study two, 

frequently utilised tasks were employed for the identification of language networks that are 

recruited in the production and comprehension of language. A PPI analysis was performed in 

order to locate regions that are functionally connected during linguistic processing. These 

regions were obtained in each participant individually and used to track white matter 

pathways. Thus, using this method, it was possible to provide a structural network that is 

derived from functionally relevant sites for each individual independently. The strength of 

connectivity from the PPI and tractography analyses was correlated to determine the extent to 

which areas that are functionally connected, reflect the magnitude of structural connectivity, 

and to further explore why this is not the case for some pathways. To extend this work, the 

same methodology was applied to a more complex and widely distributed network in study 

three (see chapter four). The working memory network was selected as a suitable candidate 

given its bilateral distribution (to investigate hemispheric asymmetries) and also its 

widespread network that encompasses multiple lobes. Furthermore, to incorporate the 

element of functional asymmetries, a spatial and verbal version of the working memory task 

was employed, which has been shown to lateralise based on modality. While such a network 
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is clearly organised and operates in a much more complex manner than the language 

pathways owing to its multiple activation sites – and therefore might be more suited to a 

model-driven approach – it was of interest to test whether the application of the same method 

would find structure-function relationships. In addition, this method allows the exploration of 

each pathway individually, enabling a finer and more detailed examination of any 

associations. It is agreed that two regions can be functionally connected without a direct 

anatomical connection, and moreover a structural connection need not show a functional 

connection. However, the pathways that do show an association between structural and 

functional connectivity might be particularly specialised for a given cognitive task, while 

those that show no association might merely be offering a neural substrate for information 

exchange and/or possess lower functional specificity, so that the range of functions cannot be 

represented entirely by its anatomical connection. Although this thesis only investigates a 

fragment of the vast range of cognitive capabilities, it is believed that the current and future 

work, along with the rapidly evolving neuroimaging methodology, has immense potential in 

contributing to the complete and comprehensive development of structural, and related 

functional aspects of the human connectome. 
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CHAPTER 2: STUDY 1 – REGIONAL DIFFERENCES IN 

CEREBRAL ASYMMETRIES OF HUMAN CORTICAL WHITE 

MATTER 

 

2.1 Abstract 

The form of the structural asymmetries across the cerebral hemispheres, that support 

well-established functional asymmetries, are not well understood. Although, many previous 

studies have investigated structural differences in areas associated with strong functional 

asymmetries, such as language processes, regions of the brain with less well established 

functional laterality have received less attention. The current study aims to address this by 

exploring global white matter asymmetries of the healthy human brain using diffusion tensor 

imaging (DTI) and tractography. DTI was conducted on twenty-nine healthy right-handed 

males, and pathways from the four major lobes were reconstructed using probabilistic 

tractography. Mean FA, parallel and perpendicular diffusion values were calculated and 

compared across hemispheres for each pathway generated. Significant asymmetries in the 

parietal (rightward asymmetry) and occipital (leftward asymmetry) pathways were found in 

FA measures. However, asymmetric patterns in parallel and/or perpendicular diffusion were 

observed in all four lobes, even in pathways with symmetrical FA. For instance, significant 

rightward asymmetry in parallel diffusion was found in the parietal and frontal lobes, whereas 

significant leftward asymmetry was found in the temporal and occipital lobes. It is suggested 

that these different patterns of diffusion asymmetry reflect differences in microanatomy that 

support the known patterns of differential functional asymmetry. The different directions of 

anatomical asymmetry support the notion that there may be a number of different lateralising 

influences operating in the brain.  
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2.2 Introduction 

It is well established that, in humans, each cerebral hemisphere is specialized for 

particular cognitive processes. Language functions, for example, are predominantly carried 

out in the left cerebral hemisphere, whereas spatial processing is predominantly performed in 

the right (Corballis, 1991; McManus, 2002). However, in spite of a staggering amount of 

research on cerebral lateralisation from a functional perspective, the neuroanatomical 

characteristics that support it remain obscure. Further, although structural asymmetries have 

been shown to occur in, for example, the planum temporale (e.g. Chance et al., 2006; 

Geschwind & Levitsky, 1968), and a general anti-clockwise torque has been proposed (e.g. 

Crow, 1999; Weinberger et al., 1982), the magnitude of these is not consistently reflected in 

functional asymmetries.  

In perhaps the first systematic attempt at a neuroanatomical explanation for cerebral 

laterality, Miller (1996) has proposed that the different functional specialisations of the two 

cerebral hemispheres may be supported by differences in intrahemispheric fibre connectivity. 

Specifically, he proposed that the right hemisphere has a greater number of fast-conducting 

cortico-cortical connections, relative to the left hemisphere, which, in contrast, has a greater 

range of conduction velocities. On this view, the left-hemisphere is thus specialised for serial 

processing in tasks such as language, while the right hemisphere is specialised for parallel 

processing of spatial information.  

In something of a test of this hypothesis, Partadiredja et al. (2003) performed a 

stereological experiment in rats but found no significant asymmetries in axon morphology in 

any major lobe. However, the authors noted considerable variation between individual 

subjects, and individual rats were not tested for functional asymmetries. It is also possible 

that asymmetries in rats (to the extent they occur) are rather more subtle than those of 
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humans. Therefore, investigations in humans employing a similar broad lobar method are 

warranted in order to further evaluate Miller’s hypothesis.  

Previous work (Barnett & Kirk, 2005; Iwabuchi & Kirk, 2009; Patston et al., 2007b; 

Rolfe et al., 2007), and that of others (e.g. Brown et al., 1994; Ipata et al., 1997; Nowicka & 

Fersten, 2001; Saron & Davidson, 1989) employing electroencephalography (EEG) to 

measure interhemispheric transfer times (IHTT), and thus conduction velocities from cells in 

the right or left hemisphere, are not inconsistent with Miller’s (1996) hypothesis. That is, the 

transfer of neural information from cells in the right hemisphere to the left is faster than from 

those in the left to the right. At least, this is the case for right-handed males.  Left-handers 

(Iwabuchi & Kirk, 2009), females (Nowicka & Fersten, 2001), musicians (Patston et al., 

2007b), as well as those with a variety of neurological disorders (Barnett et al., 2005; Barnett 

& Kirk, 2005; Rolfe et al., 2007) differ from this general pattern. This fits with numerous 

reports of less lateralisation in these groups (e.g. Corballis, 1991; Hausmann, 2005; Knecht et 

al., 2000; McManus, 2002; Patston et al., 2006; Patston et al., 2007a; Potter & Graves, 1988; 

Shaywitz et al., 1995; Weis et al., 2008). 

However, these EEG studies measured conduction velocities from cells in the parietal 

region (see e.g. Iwabuchi & Kirk, 2009), and it remains unclear the degree to which these 

functional asymmetries are present throughout the brain. Certainly, anatomical asymmetries 

have been regularly reported, but the majority of these studies have focussed on areas 

associated with specific functions, usually language. For example, Büchel et al. (2004) and 

Powell et al. (2006) found greater connectivity in language-related white matter regions in the 

left hemisphere, namely the arcuate fasciculus (AF), most likely reflecting left hemisphere 

language dominance. Nevertheless, since the introduction of diffusion tensor imaging (DTI), 

more global investigations of white matter asymmetries have become possible. For instance, 
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Barrick et al. (2007) discovered asymmetries in the white matter tracts between temporal, 

frontal and parietal lobes, likely relating to audition, language and attention. Indeed, Liu and 

colleagues (2009) have found a functional overlap with these findings by locating four 

independently lateralising factors using resting-state data. Specifically, the factors were found 

in loci associated with language, visual and attentional functions, as well as internal thought 

(default network). Therefore a closer inspection of the asymmetries of gross intra-cortical 

connectivity is warranted.  

Despite numerous animal studies highlighting the importance of exploring all diffusion 

measures in the interpretation of levels of anisotropy (e.g. Beaulieu & Allen, 1994; Schwartz 

et al., 2005; Takahashi et al., 2002), the majority of research has focused on the measure of 

FA, and changes in FA relating to a certain pathology. FA is certainly a valuable measure, 

but parallel and perpendicular diffusion (calculated from the three eigenvectors) may tell us 

more about the neural microstructure than FA alone. Parallel diffusion is thought to occur 

along the length of white matter fibres, while perpendicular diffusion occurs transversely 

across the fibres. However, one must always consider the fact that these measures originate 

from molecular diffusion profiles at the resolution of a voxel and do not directly measure 

white matter fibre structure. That said, these methods can provide very useful information in 

vivo, in both patient and healthy populations.  

As noted above, asymmetries have rarely been investigated globally, and in any case, 

most studies commonly only report FA, providing only a partial assay of white matter 

structure. As Beaulieu (2002) points out, two regions possessing the same anisotropy values 

may have very different underlying diffusion profiles. Therefore, to determine the complete 

picture of white matter fibre properties, one must also survey the degree of parallel and 

perpendicular diffusion. Furthermore, Pierpaoli and Basser (1996) point out that two areas 
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with similar anisotropy measures may, depending on the normative values of the area under 

consideration, contain healthy or damaged tissue. Thus, it is important to gather more 

extensive knowledge of normal anisotropy values for various white matter regions (e.g. 

Klingberg et al., 1999; Liston et al., 2005).  

Here, is an investigation of the presence of global asymmetries of white matter in 

healthy individuals using three measures gathered from DTI and tractography as an attempt 

to determine the degree of asymmetries in the connections between broad regions of known 

function, and whether such patterns do indeed follow well-documented functional laterality. 

 

2.3. Materials and Methods 

2.3.1 Data acquisition 

Twenty-nine healthy right-handed males with no known history of neurological disease 

underwent DTI. Age of participants ranged from 19 to 44 years (mean age 27.79 years, SD 

7.34). Data were acquired on a 1.5 Tesla Siemens Avanto scanner (Erlangen, Germany) using 

a single shot spin-echo echo planar imaging (EPI) sequence (TR = 9746; TE = 101; FOV = 

256; matrix size = 256 x 256; voxel size = 2 x 2 x 2 mm) in 30 non-collinear directions with a 

diffusion weighting of b = 1000 s/mm-2 with one scan at b = 0 s/mm-2. The sequence was 

applied three times and averaged in order to increase signal to noise ratio. T1-weighted 

structural volumes were also acquired using 3D magnetization-prepared rapidly acquired 

gradient echo (MP-RAGE) sequence (TR = 11; TE = 4.94; FOV = 256 ; 176 sagittal slices; 

matrix size = 256 x 256; voxel size = 1 x 1 x 1 mm). Acquisition time totalled approximately 

15 minutes. All participants gave informed consent with approval from the University of 

Auckland Human Participants Ethics Committee. 
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2.3.2 Data processing 

Diffusion-weighted (DW) data were processed using tools from the FMRIB Software 

Library (FSL, version 4.1, Oxford Centre for Functional MRI of the Brain [FMRIB], UK; 

[Behrens et al., 2003b; Smith et al., 2004; Woolrich et al., 2009]). Using the eddy current 

correction tool from the FMRIB’s Diffusion Toolbox (FDT, version 2.0), each subject’s data 

were corrected for eddy current distortions and motion artefacts. FA, mean diffusion (MD) 

and the three eigenvector maps were calculated. DW images were registered to a skull-

stripped (using the Brain Extraction Tool) T1 structural image and to a standard MNI brain 

image using the FMRIB Linear Image Registration Tool (FLIRT). Probabilistic tractography 

was carried out to estimate pathways seeded from the four major lobes (frontal, temporal, 

parietal and occipital) of each hemisphere which were taken from the Montreal Neurological 

Institute (MNI) Structural Atlas. Fibre tracking drew 5000 samples from each seed voxel with 

a step length of 0.5 mm and curvature threshold of 0.2. This generated a connectivity map 

where each voxel represents a connectivity value where the higher the number, the greater the 

probability of the pathway passing through that voxel. Due to the non-specific and 

widespread distribution of connections across the brain, we used a conservative threshold of 

at least 25% of the maximum samples to ensure only the inclusion of major tracts with high 

probability, and to exclude pathways that may be the result of image noise, or had very low 

probability of actually existing (pathways for each of the four lobes are illustrated in Fig. 

2.1). The thresholded connectivity maps were binarised and masked onto the FA, MD and 

eigenvalue maps to derive mean values for each of the four lobe tracts. The secondary (λ2) 

and tertiary (λ3) eigenvalues were averaged to provide a value for perpendicular diffusion, 

while the primary eigenvector (λ1) was used as an index of parallel diffusion.  
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Figure 2.1 3D rendering of thresholded pathways generated from each lobe in one subject 
superimposed onto a standard brain MNI template (using radiological conventions). Red 
represents pathways generated from frontal seed masks, yellow from temporal, green from 
parietal, and blue from occipital.  

 

2.3.4 Statistical analysis 

FA, MD, parallel and perpendicular diffusion measures were subjected to individual 

repeated measures ANOVAs with hemisphere (right, left) and lobe (frontal, temporal, parietal 

and occipital) as within-subjects factors. All statistical analyses were performed on SPSS 

17.0 (SPSS Inc., Chicago, Illinois, USA) for Windows and used an α level of .05. 

 

2.4 Results 

The repeated measures ANOVAs revealed significant hemisphere by lobe interactions 

for FA (F(3,84) = 9.12, p < .001, corrected using Huynh Feldt). Further post-hoc analysis 

found significantly greater right than left parietal FA (p < .05), greater left than right occipital 



CHAPTER 2: CEREBRAL ASYMMETRIES OF WHITE MATTER 

17 

FA (p < .005) and a difference approaching significance of left greater than right temporal FA 

(p = .06). Significant interactions were found for both parallel (F(3,84) = 11.41, p < .001, 

corrected using Greenhouse-Geisser) and perpendicular (F(3,84) = 5.85, p < .005, corrected 

using Huynh Feldt) diffusion. Parallel diffusivity was significantly asymmetrical for all lobes 

with varying laterality. Frontal and parietal lobes showed a rightward asymmetry (both p < 

.005), while temporal and occipital lobes exhibited asymmetry towards the left (both p < .05). 

Perpendicular diffusivities were significantly rightward for frontal (p < .05) and occipital     

(p < .005) lobes only. Since no significant interaction was found for MD, this measure was 

not explored any further. Results are illustrated in Fig. 2.2. 

 

 

Figure 2.2. Bar graphs showing asymmetries in a) FA, b) MD, c) parallel diffusion, and d) 
perpendicular diffusion for each of the four lobes. (*: p < .05; **: p < .005)  
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2.5 Discussion 

To the best of our knowledge, this is the first study to quantitatively demonstrate 

significant asymmetries of diffusion properties across each lobe of the human brain, using 

DTI and probabilistic tractography. Significant rightward parietal and leftward occipital 

asymmetries in FA were found, due to underlying differences in parallel and perpendicular 

diffusion. A trend towards leftward asymmetry was also seen in the temporal lobes, while 

frontal lobes did not show any significant interhemispheric differences in FA. There were 

however, significant asymmetries in perpendicular diffusion in the occipital and frontal lobes, 

and significant asymmetries in parallel diffusion across all lobes, with rightward asymmetry 

in the parietal and frontal, and leftward asymmetry in the temporal and occipital lobes.  

In clinical cases, changes in parallel or perpendicular diffusivity are usually interpreted 

as axonal damage or demyelination respectively (Concha et al., 2006). However, and 

obviously, differences between areas of healthy tissue cannot be explained in these terms. 

Rather, it is likely that such differences are due to variability in the alignment or coherence of 

fibres, degree of myelination, or axon morphology. The interpretation of DTI parameters, 

with respect to what they reflect of the underlying fibre properties, is still a matter of some 

debate (see discussion in Miller, 2008 pp. 404-5). However, according to Schwartz et al. 

(2005) perpendicular diffusion is increased with greater axonal spacing, where larger 

extracellular area allows more diffusion. On the other hand, parallel diffusion was found to 

positively correlate with axon diameter regardless of myelination. Schwartz et al. (2005) 

suggests this is likely to be due to decreased cytoskeletal protein density in larger axons, 

leading to fewer barriers for intracellular diffusion. It has also been reported that an increase 

in FA in combination with a decrease in perpendicular diffusion is indicative of an increase in 
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myelin (Harsan et al., 2007), since molecules are less able to move perpendicularly to axons 

in the presence of myelin.  

2.5.1 Parietal asymmetries 

The difference in parietal FA seems to be due to the significantly greater parallel 

diffusion in the right since no significant asymmetry was found here for perpendicular 

diffusion. This may indicate enhanced coherence of axons in the right parietal relative to the 

left, and/or greater axonal diameters. Larger axon diameters in the right parietal region 

relative to the left is consistent with studies showing more rapid right to left interhemispheric 

transfer than left to right in parietal evoked potentials (Barnett & Kirk, 2005; Brown et al., 

1994; Iwabuchi & Kirk, 2009; Marzi et al., 1991; Nowicka & Fersten, 2001; Patston et al., 

2007b; Rolfe et al., 2007; Saron & Davidson, 1989), lending some support, at least for the 

parietal area, for Miller’s (1996) hypothesis of a greater number of faster conducting, 

myelinated cortico-cortical axons in the right hemisphere. A recent study has in fact revealed 

rightward asymmetries in pathways connecting the superior parietal lobe with temporal 

regions (Barrick et al., 2007). This parietal asymmetry may underlie the right hemisphere 

dominance for both visual (Heilman et al., 1993) and auditory (Petit et al., 2007) attention, 

and spatial processing in general (Sack et al., 2007), and is also consistent with the rightward 

asymmetry in the parietal factor in the study by Liu et al. (2009). 

2.5.2 Frontal asymmetries 

To highlight the importance of considering all diffusion parameters in studies of this 

sort, significant frontal asymmetries were seen with both perpendicular and parallel diffusion 

measures, despite the absence of significant FA asymmetry. The left frontal tracts may 

contain more myelin than the right and/or have a greater axonal density, while axons in the 

right frontal pathways may contain a greater number of large-diameter axons combined with 
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a lower axonal density. As with the rightward parietal asymmetry, this rightward frontal 

asymmetry may reflect the right hemisphere dominance for spatial processing. Indeed, Sack 

et al. (2007), for example, have proposed that a right lateralised fronto-parietal network is 

predominantly responsible for visuospatial processing, a general idea that has previously been 

suggested on the basis of neuropsychological data (e.g. Mesulam, 1999; Vallar, 1997).  

It might have been expected that, given the role of the AF in fronto-temporal 

communication during left-lateralised language processes, the frontal diffusion values might 

have reflected those of the temporal lobe. However, Bernal and Ardila (2009) have recently 

postulated that the AF does not directly connect Wernicke’s area in the temporal lobe to the 

inferior frontal gyrus (or Broca’s area), but instead follows an indirect route via premotor 

areas. While afferent and efferent connections are not distinguishable using tractography, it is 

possible that pathways originating from frontal language regions are not as prominent and 

directionally coherent as those originating from temporal language regions. Thus, any 

asymmetries in FA that were due to language-related pathways may not constitute a large 

enough proportion of the frontal lobe sample to be seen as frontal asymmetry in the current 

study. Indeed, different regions within the prefrontal cortex can give rise to opposing FA 

asymmetries (Park et al., 2004). Future studies are clearly necessary to explore more 

functionally specific regions of the frontal cortex, given its involvement in diverse cognitive 

functions. 

2.5.3 Occipital asymmetries 

Anatomical asymmetries in the occipital regions were not necessarily expected, as 

functional asymmetries are not generally reported here. However, there have been previous 

reports of similar leftward asymmetries (higher FA in the left) in the optic radiation (Park et 

al., 2004), and greater white matter volume in the left occipital than the right (Allen et al., 
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2003). Although some functional studies have shown a rightward laterality in the occipital 

areas (e.g. Large et al., 2007; Liu et al., 2009), this finding appears to depend on the nature of 

the stimuli presented (e.g. Han et al., 2002), indicating that the structure-function relationship 

here may be complex. The left-greater-than-right FA was due to an inverse pattern of 

perpendicular and parallel diffusion. Again with reference to Schwartz et al.’s (2005) work, 

the higher parallel diffusion in the left occipital combined with greater perpendicular 

diffusion in the right might suggest greater axon diameter and/or packing density in the left 

occipital than the right. Moreover, according to Harsan et al. (2007), greater FA along with 

less perpendicular diffusion in the left occipital tracts may indicate greater myelin in these 

axons compared to the right.  

2.5.4 Temporal asymmetries 

The FA difference observed between the temporal tracts appears to be purely due to 

differences in parallel diffusion, since no significant asymmetry was found for perpendicular 

diffusion. Left temporal regions may have greater directional coherence than the right and 

perhaps greater axon diameter. Indeed, post-mortem studies have shown asymmetries in 

cytoarchitecture between temporal regions, specifically in areas relevant to language 

functions. For instance, Anderson et al. (1999) found thicker myelin in the left relative to the 

right superior temporal lobe, but reported no differences in axon diameter. Using a slightly 

different histological approach, Galuske et al. (2000) found greater spacing of neuronal 

clusters in the left hemisphere suggesting more functionally distinct subsystems in the 

language-dominant hemisphere. Consistent with the current data, Powell et al. (2006) 

reported a significant leftward asymmetry in FA values of the AF, particularly in highly 

lateralised individuals. Other studies have also reported leftward asymmetries in temporal 

white matter volume (e.g. Glasser & Rilling, 2008; Pujol et al., 2002). However, it should be 
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noted that in contrast, Park and colleagues (2004) reported greater FA in the right superior 

and inferior longitudinal fasciculus in healthy males.  

In summary therefore, while a previous histological experiment on rats found no 

significant interhemispheric differences in axon morphology (Partadiredja et al., 2003), the 

current study (while not employing a direct measure) found significant differences that likely 

reflect anatomical differences that underlie the functionally asymmetric processes. These 

asymmetries are perhaps unique to, expressed to a greater degree, or expressed more 

consistently, in humans. Nevertheless, Miller’s (1996) hypothesis of a greater number of fast-

conducting cortico-cortical connections in the right, relative to the left hemisphere, was not 

unequivocally supported. Such a scheme may hold however, for a right fronto-parietal 

network involved in visuospatial or attentional processing.  

It should be noted that the participants used in the current study were right-handed 

males. This group was chosen for their more consistent direction and degree of asymmetries. 

Handedness and sex has some bearing on functional  asymmetries (e.g. Allen et al., 2003; 

Amunts et al., 2007; Hausmann, 2005; Luders et al., 2003; Shaywitz et al., 1995; Weis et al., 

2008), and will therefore likely have an effect on anatomical asymmetries. These factors will 

need to be investigated in future studies. Finally, it has been suggested that there is a single 

dimension of asymmetry (perhaps influenced by a single gene) that underlies functional and 

anatomical lateralisation (Annett, 1964; Crow, 1999). Certainly the pattern of, particularly 

parallel, diffusion asymmetries described in the current study is not dissimilar to the cerebral 

‘torque’ discussed by Crow (1999). However it has also been argued recently, based on factor 

analysis of intrinsic functional magnetic resonance imaging (fMRI) connectivity data, that a 

single gene cannot explain the multiple lateralisation effects (Liu et al., 2009), a notion 

subsequently supported by Badzakova-Trajkov et al. (2010). It might be the case, that 
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cerebral asymmetries in DTI-derived values across large areas of cortex as obtained here 

might be the sum of a number of competing influences. It is possible that there is a global 

rightward lateralising influence that results in a greater number of faster conducting, 

myelinated cortico-cortical axons in the right hemisphere as originally suggested by Miller 

(1996). The data from the frontal and parietal lobes is certainly consistent with this view. 

That the same pattern was not observed across temporal lobes, for example, may be due to a 

competing influence that specifically or locally left lateralises in language networks. Removal 

of the AF, for example, from the analysis might unmask a rightward trend in temporal lobes 

also. Details such as these will need to be explored in subsequent research. Nevertheless, the 

different directions of structural asymmetry seen in the current study are consistent with the 

view that there are multiple lateralising influences. 

 

2.6 Conclusion 

In conclusion, using DTI and probabilistic tractography, white matter asymmetries in 

healthy individuals were studied. Commonly reported FA values showed significant 

asymmetries in only the parietal (rightwards) and occipital tracts (leftwards) although there 

was a trend towards a difference in the temporal. However on examination of parallel and 

perpendicular diffusion, significant asymmetries were observed in all pathways. Specifically, 

measures of parallel diffusion showed a rightward asymmetry in the frontal and parietal 

lobes, and leftward asymmetry in temporal and occipital. The overall pattern illustrates the 

complexity of global white matter asymmetries that cannot be detected from FA values alone. 

However, asymmetries in diffusion were potentially consistent with a variety of functional 

asymmetries that have been documented to occur in particular lobes, and support the idea that 

there are multiple lateralising influences contributing to asymmetries in the human brain.  
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CHAPTER 3 – STUDY 2: STRUCTURAL AND FUNCTIONAL 
CONNECTIVITY IN LANGUAGE PRODUCTION AND 

COMPREHENSION 

 

3.1 Abstract 

The decades-long endeavour to link brain structure with brain function has met with 

varying degrees of success. Previous work has consistently demonstrated associations 

between the degree of language laterality and structural asymmetries in the white matter of 

language pathways. However, many studies show these relations indirectly – where fractional 

anisotropy measures are correlated with laterality indices based on group average activation. 

In the current investigation, functional MRI and diffusion tensor imaging (DTI) were used to 

directly investigate the link between structural and functional connectivity by using 

functionally defined language sites to perform tractography in each individual. Nineteen 

participants carried out two language tasks (verb generation and sentence comprehension) 

during scanning and also underwent DTI. A psychophysiological interaction (PPI) analysis 

was used to map the functional networks recruited during the tasks and also as an index of 

functional connectivity. The degree to which this correlated with various measures of 

diffusion was used to explore the existence of anatomo-functional relationships within the 

language network. There was a significant correlation of functional and structural 

connectivity between the frontal and motor regions for the verb generation task only. It may 

be speculated that this pathway may be specific to the role of generating verbs, due to the 

recruitment of the motor cortex in processing action-related words. Interestingly, connectivity 

was stronger in the portion of arcuate fasciculus that connects the middle frontal gyrus 

(MFG) to the inferior temporal gyrus (ITG), relative to the pathway connecting MFG to the 

motor cortex, despite there not being a significant anatomo-functional correlation. This is 
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perhaps due to this pathway being involved in a more diverse range of functions than can be 

represented at the anatomical detail available with DTI and tractography. The sentence 

comprehension task revealed two pathways connecting the temporal region with the inferior 

frontal gyrus: a ventral and dorsal pathway. This is in line with the previously proposed dual-

route theory of reading. The current results demonstrate that a direct, individual subject-based 

approach can be used to investigate associations between structure and function in the 

language network, but also that these relationships may be more complex than once thought. 
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3.2 Introduction 

 Since the pioneering works of Paul Broca and Carl Wernicke, the language system has 

been an area of profound interest within the field of cognitive neuroscience. While primary 

linguistic processing regions are now well established, the search for a direct and unequivocal 

structure-function relationship is enduring. Such a challenge has been aided by continuous 

advances in neuroimaging technology in recent years, with numerous studies finding links 

between the structure of language-related areas in both grey and white matter, and functional 

asymmetries as measured by functional magnetic resonance imaging (fMRI) and positron 

emission tomography (PET) (e.g. Catani et al., 2007; Catani et al., 2005; Catani & Thiebaut 

de Schotten, 2008; Glasser & Rilling, 2008; Nucifora et al., 2005; Powell et al., 2007; Powell 

et al., 2006; Saur et al., 2008). For example, a recent study by Powell et al. (2006) exploring 

the structure-function relationship of the laterality of language pathways, used functionally 

derived seed points to track white matter pathways between these regions. The superior 

longitudinal fasciculus (SLF) was found to be more structurally asymmetrical as measured by 

fractional anisotropy (FA), the more strongly the participants were functionally lateralised 

during language tasks. Using similar methods, Saur and colleagues (2008) identified white 

matter pathways that followed both a dorsal as well as a lesser-known ventral route to 

connect the frontal and temporal language regions. These approaches however, are limited by 

the fact that comparisons are based on group average data, resulting in a more indirect and 

general structure-function relationship. Therefore, more direct and individual subject-based 

investigations are warranted. Furthermore, in a recent comprehensive evaluation of methods 

used to assess functional connectivity, Smith et al. (2011) cautioned the use of functionally 

inaccurate regions of interest (ROI; such as those from structural atlases), as they can lead to 

unreliable and erroneous estimations of a functional network. Therefore, a more direct 
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individual by individual approach was employed in an endeavour to map the language 

network in terms of both function and structure. 

Recently, intraoperative subcortical stimulation mapping has enabled explorations of 

more direct anatomo-functional relationships. However, given the use of patient participants, 

caution must be exercised as various pathologies likely affect anatomical and functional 

connections due to the plastic nature of the brain. Nonetheless, these studies can offer 

valuable knowledge with regards to the specific cortical regions that are involved in a variety 

of linguistic tasks, in addition to the neural circuitry that contributes to the production and 

comprehension of language. This has been demonstrated compellingly by Duffau et al. (2002; 

2005) by eliciting semantic and phonemic paraphasias through the direct subcortical 

stimulation of the inferior occipito-frontal fasciculus (IOFF) and arcuate fasciculus (AF) 

respectively. In addition, there has been recent evidence for a bi-directional pathway through 

the classical AF using cortical electrostimulation (Matsumoto et al., 2004). Obviously, the 

invasive nature of these procedures has clear limitations, and thus further non-invasive 

investigations in healthy participants are warranted. 

In recent years, structural connectivity has been measured non-invasively by way of 

diffusion tensor imaging (DTI) and tractography. Most commonly, the measure of FA has 

been reported as an index of the degree of white matter integrity. Far less common are studies 

using the measures of parallel and perpendicular diffusion. While we have yet to ascertain the 

exact underpinning of these indices, they can provide useful information regarding the 

possible cytoarchitecture of the white matter pathways as has been previously illustrated 

(Iwabuchi et al., 2011). Exploring these measures (including FA) and their potential 

associations with functional connectivity might offer a more detailed, albeit complex, 

description of the cellular composition of specific pathways. Therefore, one of the objectives 
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of the current study is to provide a more in-depth analysis of the white matter structure of the 

language pathways in healthy individuals by examining additional diffusivity measures to see 

if these are reflective of known functional and structural properties of these regions. 

Assessing functional connectivity on the other hand, appears to be a more complex 

endeavour. Various approaches to quantify connectivity have been developed including 

dynamic causal modelling (DCM; Friston et al., 2003), structural equation modelling (SEM; 

McIntosh & Gonzales-Lima, 1994), and psychophysiological interaction (PPI; Friston et al., 

1997), each with their own limitations. In the current study, an exploratory and data-driven 

approach was preferred over one that is model-driven (as in DCM and SEM), therefore 

functional connectivity was investigated using a PPI analysis. The blood-oxygen-level-

dependent (BOLD) time-series for a given seed region is correlated with the activity within 

the whole brain for a given cognitive task. Any area that shows correlating activity is deemed 

to be functionally connected. Using this method, combined with probabilistic tractography, it 

is possible to explore the neuroanatomical basis of the language network and the way in 

which this may directly relate to the functional coupling of these brain regions. 

 

3.3 Materials and Methods 

3.3.1 Participants 

Twenty-one healthy right-handed participants (11 males) with no known history of 

neurological disease participated in the study. Age of participants ranged from 19 to 37 years 

(mean age 26.05 years, SD 4.9). All participants gave informed consent with approval from 

the University of Auckland Human Participants Ethics Committee and had normal or 

corrected-to-normal vision. 
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3.3.2 Scanning procedure 

Functional, diffusion-weighted and T1-weighted structural images were acquired on a 

1.5 Tesla Siemens Avanto scanner (Erlangen, Germany) in a single session per participant. 

Total acquisition time was approximately 50 minutes. FMRI data was analysed using SPM8 

(Wellcome Department of Imaging Neuroscience, London, UK; www.fil.ion.ucl.ac.uk), while 

DTI data was analysed using tools from the FMRIB Software Library (FSL, version 4.1.6, 

Oxford Centre for Functional MRI of the Brain [FMRIB], UK; [Behrens et al., 2003b; Smith 

et al., 2004; Woolrich et al., 2009]  ) and the Freesurfer image analysis suite (Athinoula A. 

Martinos Center for Biomedical Imaging; http://surfer.nmr.mgh.harvard.edu/). Two male 

participants were excluded from analyses due to scanner malfunction, resulting in a total of 

19 participants (9 males). 

3.3.3 Experimental paradigm 

Two language tasks were programmed using E-Prime software 

(http://www.pstnet.com) and carried out by each participant during scanning: verb generation 

and sentence comprehension. The verb generation task consisted of 10 blocks of 10 nouns 

and 5 blocks of words made up of Xs (number of Xs varied to correspond with the number of 

letters in each noun), which were presented centrally, every three seconds for a total time of 

30 seconds per block. There were three conditions: silently generating a verb for every noun; 

silently repeating the presented nouns; and passively viewing the X words. There were five 

blocks of each condition which were presented sequentially in the above order until all 15 

blocks were presented. Instructions for each block were presented prior to commencing each 

block. For the sentence comprehension task, participants were presented 10 blocks containing 

six sentences each, which were presented one word at a time in the centre of the screen. Each 

sentence consisted of 9 words (500 ms per word) with a 1000 ms fixation at the end of each 
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sentence. The blocks alternated between a regular font and false font and participants were 

instructed to passively read each sentence. The word stimuli for both tasks used were 55 point 

font-size. Data for two additional tasks were also collected but are not reported in the present 

paper. 

3.3.4 fMRI data acquisition and preprocessing 

For each participant, T2*-weighted echo-planar imaging (EPI) scans were acquired, 

which included two “dummy scans” to allow for signal saturation, parallel to the AC/PC line 

using the following parameters: repetition time (TR) = 2400 ms; echo time (TE) = 30 ms; 

field of view (FOV) = 192 mm2; 35 axial slices; matrix size = 64 x 64 mm; voxel size = 3 x 3 

x 3 mm. A total of 270 T2*-weighted volumes were acquired during the verb generation task 

and a total of 180 T2*-weighted volumes were acquired for the sentence comprehension task. 

T1-weighted structural volumes were also acquired for each participant using a 3D 

magnetization-prepared rapidly acquired gradient echo (MP-RAGE) sequence with the 

following parameters: TR = 11 ms; TE = 4.94 ms; FOV = 256 mm2; 176 sagittal slices; 

matrix size = 256 x 256 mm; voxel size = 1 x 1 x 1 mm. The data was processed using SPM8 

software following the standard preprocessing protocol (realignment, coregistration, 

normalisation and smoothing). Realignment involved realigning the first volume of each 

session with the rest of the volumes and also generating a mean of the functional volumes. 

This mean of the functional scans was used for coregistration of the T1-weighted structural 

scan. Both structural and functional images were normalised to standard Montreal 

Neurological Institute (MNI) space and functional images were spatially smoothed used a 

Gaussian filter of 9 x 9 x 9 mm at full-width half maximum (FWHM). For both tasks, first-

level analyses were performed for each participant using the general linear model (GLM). 

The conditions were modelled as a box-car function and convolved with a canonical 
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haemodynamic response function. Movement regressors were also included in the model. A 

one-sample t-test was used on the contrast images for each task (verb generation vs. verb 

repeat; reading vs. false font) in a second-level random effects analysis to see the general 

patterns of activation during the two language tasks. To correct for multiple comparisons, a 

family-wise error (FWE) correction was applied at p < .05 for the verb generation and a 

Monte Carlo simulation for the sentence comprehension task (see PPI analyses for details).  

3.3.5 DTI data acquisition and analysis 

Data were acquired on a 1.5 Tesla Siemens Avanto scanner (Erlangen, Germany) using 

a single shot spin-echo planar imaging sequence (45 slices; TR = 6600 ms; TE = 101; FOV = 

230 mm2; matrix size = 128 x 128 mm; voxel size = 1.8 x 1.8 x 3 mm) in 30 non-collinear 

directions with a diffusion weighting of b = 1000 s/mm-2 with one scan at b = 0 s/mm-2. The 

sequence was applied three times and averaged in order to increase signal to noise ratio. Data 

were analysed using tools from FSL’s (Behrens et al., 2003b; Smith et al., 2004; Woolrich et 

al., 2009) Diffusion Toolbox (FDT, version 2.0). For each subject, the eddy current 

correction tool was used to correct for eddy current distortions and motion artefacts. 

Diffusion-weighted images were registered to a standard MNI brain image using the FMRIB 

Linear Image Registration Tool (FLIRT). FA, mean diffusion (MD) and eigenvector maps 

were computed, which were then transformed to standard space using the FMRIB Non-

Linear Image Registration Tool (FNIRT). The data were then run through the program 

BEDPOSTX to build probability distributions on diffusion parameters and model for crossing 

fibres at each voxel (Behrens et al., 2007), in preparation for tractography. 

The Freesurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/) was used to 

perform cortical reconstruction and volumetric segmentation, to prepare seeds for 

tractography. The technical information for each process is described in detail in previous 
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publications (Dale et al., 1999; Dale & Sereno, 1993; Fischl & Dale, 2000; Fischl et al., 2001; 

Fischl et al., 2002; Fischl et al., 2004a; Fischl et al., 1999a; Fischl et al., 1999b; Fischl et al., 

2004b; Han et al., 2006; Jovicich et al., 2006; Segonne et al., 2004). Processes included 

removal of non-brain tissue using a hybrid watershed/surface deformation procedure 

(Segonne et al., 2004), automated Talairach transformation, segmentation of the subcortical 

white matter and deep grey matter volumetric structures (including hippocampus, amygdala, 

caudate, putamen, ventricles) (Fischl et al., 2002; Fischl et al., 2004a), intensity 

normalization (Sled et al., 1998), tessellation of the grey matter white matter boundary, 

automated topology correction (Fischl et al., 2001; Segonne et al., 2007), and surface 

deformation to optimally locate the boundaries of grey/white and grey/cerebrospinal fluid at 

the site of greatest intensity shift which defines transition between different classes of tissue 

(Dale et al., 1999; Dale & Sereno, 1993; Fischl & Dale, 2000). 

3.3.6 Psychophysiological interaction 

A psychophysiological interaction analysis (PPI) (Friston et al., 1997) was conducted 

to investigate the influence of language areas on other regions across the brain. Group 

functional activation analyses for the verb generation task showed peak activation at 

Talairach and Tournoux coordinates (Talairach & Tournoux, 1988) -46 21 25 (left middle 

frontal gyrus [MFG], Brodmann Area [BA] 9). These are shown in Fig. 3.1. Using a Monte 

Carlo simulation of the whole brain volume, it was determined that at a voxelwise threshold 

of p < .005, a cluster extent of 72 voxels was necessary to achieve an alpha level of p < .01, 

corrected for multiple comparisons (based on 10,000 simulations). Applying the above 

threshold, peak group functional activations for the sentence comprehension task were 

located at coordinates, -48 10 -6 (left superior temporal gyrus [STG], BA 22), 44 13 -12 

(right STG, BA 38), -60 -33 1 (left middle temporal gyrus [MTG], BA 21) and 49 -31 3 (right 
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STG, BA 22) (Fig. 3.1). A spherical seed region of interest (ROI) with a radius of 10 mm was 

created for each participant by selecting the peak maximum that was located closest to each 

of the group coordinates above. For each ROI, the time-course was extracted, which were 

subjected to a PPI analysis to find regions that showed a higher correlation with the ROI in 

the language condition (i.e. verb generation or reading sentences) compared to the control 

condition (i.e. repeating nouns or reading false font sentences). Similar to the BOLD 

analyses, a Monte Carlo simulation was employed for the PPI group analyses to determine a 

minimum cluster extent of 33 voxels (at a voxelwise threshold of p < .001) in order to 

achieve an alpha level of p < .01, corrected for multiple comparisons. For the verb generation 

task, group PPI analyses showed an interaction between the seed region (left MFG) and the 

left inferior temporal gyrus (ITG; BA 37; peak at -43 -41 -8) and also the left precentral gyrus 

(BA 4; peak at -52 -4 44; Fig. 3.2 a)). The sentence comprehension task showed a significant 

correlation only between the left MTG (BA 21) seed and a cluster in the left inferior frontal 

gyrus (IFG; BA 47; peak at -40 26 -1; Fig. 3.2 b)). Maxima for the functional activation and 

the PPI analyses are reported in Table 3.1. For each participant’s PPI analysis, spherical ROIs 

with a radius of 10 mm were generated by locating activation peaks closest to the significant 

group PPI coordinates. Mean parameter estimates were then extracted from each of the 

connected regions. All ROIs generated were binarised to be used as masks for the 

tractography component. 
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Table 3.1 Functional activation and PPI analysis results for both language tasks 
Verb Generation  

Coordinates  
 BA x y z Z score 
Left MFG seed* connected to 9 -46 21 25 6.13 
        ITG 37 -43 -41 -8 3.47 
        precentral gyrus 4 -52 -4 44 3.18 
Sentence Comprehension   Coordinates  
 BA x y z Z score 
Left STG seed 22 -48 10 -6 4.47 
Right STG seed 38 44 13 -12 3.84 
Left MTG seed connected to 21 -60 -33 1 4.48 
       IFG 47 -40 26 -1 4.14 
Right STG 22 49 -31 3 4.11 

 
Activation peaks with their locations, coordinates in Talairach and Tournoux (1988) atlas space, and z scores. BA is the Brodmann area nearest to the coordinate 
and should be considered approximate. 
Seed regions are from functional activation, language task > control; regions connected to are from PPI analyses. 
All regions were significant at p < .01, corrected using Monte Carlo simulation for voxelwise threshold, except left MFG seed*, which was significant at p < .05, 
corrected 
 
 
 
 
 

 
 

 
Figure 3.1 Group activations for the language tasks: areas in green show leftward activation 
for the verb generation task, while areas in red show bilateral activation for the sentence 
comprehension task. 
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Figure 3.2 Language regions showing correlating activity with the seed regions as identified 
in the PPI analyses for a) verb generation task (precentral and inferior temporal gyrus) and b) 
sentence comprehension task (inferior frontal gyrus). 
 

3.3.7 Tractography 

The masks produced from the fMRI analyses were used as seed and waypoint masks 

for probabilistic tractography (Behrens et al., 2003b). Specifically, the functional activation 

masks were used to seed tractography, while the masks derived from the PPI analyses were 

used as waypoint masks. To minimise the risk of generating spurious pathways that cross 

over gyri, the seed masks were projected onto a Freesurfer cortical surface to create surface 

labels, thus, allowing tractography to be run from surface vertices (rather than voxels) 

towards the brain. For the verb generation task, tractography was seeded from the left MFG, 

with left ITG and left precentral gyrus masks as separate waypoints to generate two pathways 

for each participant. Since the sentence comprehension PPI analyses resulted in only one 

significant functional connection, tractography was run for this pathway only (i.e. left MTG 

to left IFG). Fibre tracking drew 5000 samples from each seed voxel with a step length of 0.5 

mm and curvature threshold of 0.2. This generated a connectivity map where each voxel 

represents a connectivity value where the higher the number, the greater the probability of the 
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pathway passing through that voxel. The connectivity maps were thresholded at 20 samples 

(out of 5000) to remove voxels that showed extremely low connectivity. The pathways were 

then binarised and masked onto the transformed FA, MD and eigenvalue maps to derive 

mean values for each generated tract. Figs. 3.3 and 3.4 show example of pathways generated 

for one participant for the verb generation task and sentence comprehension task respectively. 

The pathways generated for the sentence comprehension task revealed a dual pathway (Fig. 

3.4) that followed a ventral as well as a dorsal route. The secondary (λ2) and tertiary (λ3) 

eigenvalues were averaged to provide a value for perpendicular diffusion, while the primary 

eigenvector (λ1) was used as an index of parallel diffusion.  

 

 
 
Figure 3.3 Pathways generated in one participant for verb generation. The pathway in blue 
shows the AF tract connecting the MFG to the ITG, while the pathway in red connects the 
MFG to the precentral gyrus. 
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Figure 3.4 Example of pathway generated in one participant for the sentence comprehension 
task, illustrating a dual pathway between the MTG and IFG.
 

3.3.8 Statistical analysis 

For both language tasks, the same statistical analyses were performed. A bivariate 

Pearson correlation was used to investigate correlations between all four diffusion measures 

(i.e. FA, MD, parallel and perpendicular diffusion) with the parameter estimates for each 

pathway. For the verb generation task, a paired samples t-test was also performed between 

the two pathways (left MFG to IFG; left MFG to precentral gyrus) for all four diffusion 

measures and the parameter estimates. All statistical analyses were performed on SPSS 19.0 

(SPSS Inc., Chicago, Illinois, USA) for Windows and used an α level of .05. 



CHAPTER 3: STRUCTURAL AND FUNCTIONAL CONNECTIVITY OF LANGUAGE 

38 

3.4 Results 

For the verb generation task, analyses revealed significant correlations between 

diffusion measures and parameter estimates for the MFG to primary motor cortex pathway 

for MD (r = -.566, p = .012), parallel diffusion (r = -.555, p = .014) and perpendicular 

diffusion (r = -.494,  p = .032) (Fig. 3.5). The pathway connecting the MFG to ITG did not 

show any significant correlations between diffusion measures and parameter estimates. A 

significant difference was also found between the MFG to ITG pathway and the MFG to 

primary motor pathway, for FA (t(18) = -5.279, p < .001), MD (t(18) = 2.836, p = .011), 

parallel diffusion (t(18) = -2.276, p = .035), perpendicular diffusion (t(18) = 4.339, p < .001), 

as well as a trend towards significance for the parameter estimates from the PPI analyses 

(t(18) = -1.971, p = .064). Specifically, the MFG to ITG pathways were significantly higher 

for FA, parallel diffusion and parameter estimates, while the MFG to motor pathways were 

higher for MD and perpendicular diffusion. The results are illustrated in Fig. 3.6. The 

analyses for the sentence comprehension task did not reveal any significant correlations 

between diffusion measures and parameter estimates from the PPI analyses.  
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Figure 3.5 Pearson correlations between PPI parameter estimates and diffusion measures of 
the MFG to precentral gyrus pathway in the verb generation task for a) FA, b) MD, c) parallel 
diffusion, and d) perpendicular diffusion. 
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Figure 3.6 PPI parameter estimates 
(in arbitrary units [a.u.]) and diffusion 
measures for the two pathways 
generated for the verb generation task. 
Blue bars represent the MFG to 
precentral pathway, red bars represent 
the MFG to ITG pathway (* p < .05; 
** p < .001) 
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3.5 Discussion 

The structure-function relationship of the pathways associated with linguistic 

functions, was explored by combining two magnetic resonance (MR) techniques. White 

matter pathways were successfully tracked between functionally coupled regions that were 

relevant to the language tasks, as identified using a PPI analysis. For both the verb generation 

and sentence comprehension tasks, significant clusters of activation were found that are 

typical for each task (e.g. Lehericy et al., 2000; Martin et al., 1995; Papathanassiou et al., 

2000; Warburton et al., 1996; Wise et al., 1991). The left MFG showed activity during verb 

generation, while reading sentences elicited a more widely distributed bilateral activation of 

the superior and middle temporal regions. These regions were shown to be functionally 

connected to the primary motor and inferior temporal cortices for the verb generation task, 

and the IFG for the sentence comprehension task. Correlations between structural and 

functional measures were significant for the MFG to motor pathway only (verb generation). 

However, the two functionally determined pathways for verb generation differed significantly 

in both structural and functional connectivity. These findings will be discussed with reference 

to the current knowledge of white matter fibre architecture and functional connectivity of 

these language pathways. 

3.5.1 Verb generation 

The involvement of motor regions in the generation of verbs is not an uncommon 

notion, although findings lack consistency. Earlier studies using PET have shown activity in 

motor regions such as the pre-supplementary motor area (Papathanassiou et al., 2000), 

premotor (Papathanassiou et al., 2000; Peran et al., 2010; Tettamanti et al., 2005; Warburton 

et al., 1996; Wise et al., 1991) and supplementary motor area (Warburton et al., 1996; Wise et 

al., 1991). More recently, fMRI studies using similar language tasks involving action-related 
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words have also yielded similar activation in premotor (Hauk et al., 2008; Hauk et al., 2004; 

Tettamanti et al., 2005) as well as motor (Hauk et al., 2004) cortices. It has been suggested 

that this may be attributed to the strengthening of the connections between frontal and 

temporal language regions and motor regions during development, when action-related words 

are mapped onto the physical action during learning (Pulvermüller et al., 1999). According to 

the motor theories of language comprehension, accurate perception and understanding of 

language requires the participation of regions involved in the production of speech (Liberman 

et al., 1967). While a strong connection may not be a prerequisite for the comprehension of 

verbs (especially given that all participants in the current study performed the tasks 

successfully), a pathway to the motor area is nevertheless extant and perhaps even necessary. 

As previously mentioned, areas of the motor system have shown to be involved in tasks of 

verb generation. However, a meta-analysis by Grezes and Decety (2001) that evaluated the 

overlap of motor simulation, execution, observation and verbalisation, showed weak 

association between verb generation and other motor related tasks. What is noteworthy 

though is that in the current study, functional activation analyses did not reveal any activation 

in motor regions. Only with the use of PPI, was it possible to detect a network consisting of 

temporal and motor regions. It may therefore be of value to explore connectivity in this way 

in order to localise what may potentially be more subtle networks involved in various 

cognitive processes. 

While the current data showed greater structural connectivity between left frontal and 

temporal regions, the frontal to motor connection showed a significant association between 

structure and function that was not seen in the former pathway. Furthermore, recent evidence 

suggests a link from Wernicke’s area to motor/premotor regions rather than directly to 

Broca’s area, as previously hypothesised (Ardila, 2010; Barrick et al., 2007; Bernal & 

Altman, 2010; Bernal & Ardila, 2009), although these findings are not consistent. For 
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example, tractography studies have identified the AF directly connecting temporal language 

areas with frontal language regions, as well as to the precentral gyrus, and this tract has also 

been shown to be strongly asymmetrical due to language lateralisation (Catani et al., 2007; 

Catani et al., 2005; Catani & Thiebaut de Schotten, 2008; Glasser & Rilling, 2008; Nucifora 

et al., 2005; Powell et al., 2006). Recently, a study using tractography in conjunction with 

fibre dissection has shown the existence of the classical AF, as well as separate anterior and 

posterior segments of the SLF (Martino et al., 2012). The anterior portion connects the 

superior temporal regions with the precentral gyrus, while the posterior portion follows a 

pathway between the MTG and angular gyrus. On visual inspection, the present data revealed 

a continuous pathway from the MFG seed region to the ITG with additional projections to the 

precentral gyrus, which is consistent with the AF reported in Martino and colleagues’ (2012) 

fibre dissection study. It is quite possible however, that the tracts generated in the current 

study from the MFG to precentral gyrus, may also encompass the anterior connections 

described above, since our waypoint mask within the precentral gyrus was located on an 

individual by individual basis based on PPI localisations. Martino et al. (2012) reported that 

the anterior segment of the SLF projects to the ventral precentral gyrus, while the long AF 

connects to the dorsal region. Therefore, it is quite possible that the generated pathways may 

not differentiate between the AF and anterior SLF. This in turn, may partially underlie the 

differences in connectivity observed between the two pathways generated for the verb 

generation task. 

The inclusion of the anterior SLF within the precentral pathway could have 

contributed to the weaker connectivity compared to the long AF tracked between the MFG 

and ITG. Interestingly however, this former pathway alone showed a significant correlation 

between functional and structural measures. It may be speculated that the significantly 

weaker connectivity in the MFG to precentral gyrus pathway may in fact be attributed to a 
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more specialised connection that is specific to the generation of action-related words, and 

hence the correlation between the PPI parameter estimates and several of the diffusion 

measures. The AF on the other hand, is likely to be involved in a much broader range of 

functions, where its anatomical connections – at least at the macroscopic level – cannot fully 

represent the magnitude of potential functional interactions, and therefore did not show a 

strong structure-function relationship. 

The direction of the significant correlations of the MFG to precentral pathway was 

however, somewhat surprising. One would expect a positive relationship between functional 

connectivity and parallel diffusion, as well as an inverse relationship between parallel and 

perpendicular diffusion, but which neither was observed here. Intriguingly, a similar pattern 

was seen in a previous study (Iwabuchi et al., 2011) in the frontal lobes exclusively, whereby 

both parallel and perpendicular diffusion were lower in the left hemisphere than the right. It 

could be conceived that the frontal lobes might possess distinct cytoarchitecture that is not 

shared by the other lobes. Perhaps a high density of smaller diameter and possibly more 

myelinated axons could result in high functional connectivity, and thus a negative correlation 

between the PPI parameter estimates and the diffusion measures.  

An interesting finding by Hayes and Lewis (1993, 1995) was the discovery of a 

unique subpopulation of large pyramidal neurons within layer III of the left anterior language 

region compared to those in the primary motor region. Large pyramidal neurons generally 

have long connections that project to a number of target regions. The axonal diameter of 

these neurons may also reflect cell size, as well as transmission speed, which may be one 

reason we observed greater structural and functional connectivity in the pathway connecting 

anterior and posterior language regions compared to the connection to the motor cortex. 

Moreover, this finding also falls in line with the finding of smaller pyramidal cells within the 
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motor cortex reported by Hayes and Lewis (1995). The projections sent from the MFG to the 

motor cortex may terminate at these smaller cells which in turn, may generate less overall 

activation (as seen by smaller PPI parameter estimates in this pathway) compared to those 

projecting to, and terminating at, neurons in posterior language sites. The greater projection 

distances of these neurons, and therefore longer latencies, also complements the view that 

language is a serial process that requires a more temporally diverse system of neurons. 

Similar cellular asymmetries have also been found in posterior language sites including 

differences in cortical patch size (Galuske et al., 2000), pyramidal cell size, (Hutsler, 2003; 

Hutsler & Gazzaniga, 1996) and cortical column structure and organisation (Seldon, 1981). 

While it is not possible to determine the precise cytoarchitecture of these pathways using the 

current methodology, according to histological studies by Schwartz et al. (2005), the higher 

FA and parallel diffusion in the SLF is suggestive of elevated levels of myelination and/or 

greater axonal diameter. Furthermore, higher MD and perpendicular diffusion in the MFG to 

motor pathway may be indicative of greater inter-axonal space, which could be due to smaller 

cell size within the motor cortex. Taken together, these differences could be explained, at 

least in part, by the lateralisation of language functions.  

A bi-directional transmission of information via the AF has been detected using a 

method called cortico-cortical evoked potentials (CCEPs) in epilepsy patients (Matsumoto et 

al., 2004). Such a finding is a challenge to the long-standing Wernicke-Geschwind model of 

language, whereby language is processed in a unidirectional fashion from temporal to frontal 

language areas. Not only was there an opposing transmission direction, there was greater 

excitation from Broca’s area to Wernicke’s than in the other direction. Matsumoto et al. 

(2004) speculate that this could be due to a more dispersed arrangement of neurons in the 

posterior language regions, and therefore stimulation reaching only a subset of the neurons 

encompassing the posterior language area. Given that in the current study, only excitatory 
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connections originating from the frontal language regions were explored for the verb 

generation task (and also a different pathway from the posterior language site in the sentence 

comprehension task), mere speculations can be put forth in regards to the above notion. 

Indeed, the investigation into inhibitory and bi-directional connections would no doubt be of 

considerable value in understanding the communication between the anterior and posterior 

language sites. Nevertheless, such a bi-directional connection between the major language 

regions is noteworthy, especially if the motor system is also involved in this circuit. Bernal 

and Ardila (2009) posit the necessity of feedback regarding verbal articulation during speech 

production in order to comprehend and perceive speech. This would also be in line with the 

theories of language evolution (e.g. Corballis, 2002) which suggest the origin of language lies 

in gestural (motor) communication prior to vocalisations. Corballis, along with earlier 

proponents (e.g. Liberman & Mattingly, 1985), suggest that speech may in fact be gestural in 

nature, rather than acoustic, with the ability to perceive speech based upon our recollection of 

“gestures” required to articulate a particular word. Hence, it is quite plausible that motor 

regions contribute to the comprehension of language.  

3.5.2 Sentence comprehension 

Although typical areas of activation were observed for sentence comprehension, a 

significant correlation was not shown for structural and functional measures. Unlike the verb 

generation task, the sentence comprehension task yielded clusters of activation that were 

bilaterally distributed along the temporal language sites. However, the PPI analyses showed 

only one region, the left MTG, functionally coupled to another language region, the IFG, 

during sentence reading. Considering that the AF pathway generated in the verb generation 

task did not show an association between diffusion measures and PPI parameter estimates, 

and given the regionally similar pathway generated for the sentence comprehension task, a 
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comparable finding would be expected. Furthermore, analogous to this verb generation 

pathway, the pathway recruited during sentence comprehension may also be involved in a 

broad range of cognitive processes where the anatomy of this structure cannot entirely be 

represented by the single function of comprehending sentences investigated here. The 

difference between these two tasks however, is the numerous simpler lower-level functions 

that converge in order to comprehend a sentence, in comparison to the task of understanding 

and generating a single word. Reading involves comprehension at the level of the word, along 

with other higher-level cognitive functions such as executive functions, verbal short-term and 

working memory (Caplan & Waters, 1999; Dronkers et al., 2004). Therefore, what may not 

be apparent from the PPI analyses is the integration of the broadly distributed functional 

regions during these collective tasks (as illustrated in the functional activation analyses 

showing numerous clusters of activation). The sequential nature of linguistic processes such 

as sentence comprehension, may allow a method such as PPI to only reveal the regions that 

show correlating activity, but not necessarily all of the functional areas that are recruited. 

That being said, the left MTG has been implicated in word-level processing in almost any 

modality (e.g. Binder et al., 1994; Caplan & Waters, 1999; Cappa et al., 1998; Dronkers et 

al., 2004; Mazoyer et al., 1993), though the specific nature of the process is still a matter of 

debate. For example, imaging studies have reported MTG activation during category naming 

(Cappa et al., 1998; Pugh et al., 1996), listening to words (Binder et al., 1996; Price et al., 

1994; Price et al., 1996) and written word comprehension (Petersen et al., 1989; Price et al., 

1994). A comprehensive review of neuroimaging studies by Cabeza and Nyberg (2000) is 

also in agreement with the involvement of the MTG during word comprehension tasks. 

However, whether it is the semantic or phonological (or perhaps both) property that 

particularly involves this region remains unclear. It is possible that, as Dronkers et al. (2004) 

suggest, the MTG is indeed required for the comprehension of words, with the interactive 
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role of other regions (such as the IFG region in the current study) facilitating the 

understanding of a complete sentence. In accord with this idea, the IFG has been shown to 

activate for tasks requiring semantic processing (e.g. Demb et al., 1995; Gabrieli et al., 1996; 

Lehericy et al., 2000; Shaywitz et al., 1995). When reading sentences, the functional and 

temporal coupling of the MTG and IFG may be responsible for semantic processing at the 

level of the word, while the broader circuitry is involved in the comprehension of a full 

sentence. Future work to delineate the structure and function of this extensive network would 

provide a clearer understanding of the contributing role of each region. 

An interesting observation following closer inspection of the generated tracts of each 

individual, was the existence of not only the pathway that follows the classical longitudinal 

fasciculus, but also a more ventral pathway which may be part of the IOFF. This could indeed 

have been an additional contributing factor for the lack of correlation between the structural 

and functional measures described here. This tract follows a path from the IFG region to the 

ventral occipital lobe through the extreme and external capsule, which also includes fibres 

that connect the frontal regions with posterior regions of the temporal and parietal lobes 

(Catani & Thiebaut de Schotten, 2008; Kier et al., 2004). This IOFF tract is one that is rarely 

documented in the literature, despite the comprehensive and detailed dissection work of 

Curran (1909), which perhaps is attributed to the confusion with the uncinate fasciculus – 

considered to be predominantly a limbic pathway (Schmahmann & Pandya, 2006) – as well 

as continued debate regarding its exact anatomical description. Consequently, the exact 

function of this tract remains relatively obscure. However, this could be explained by the dual 

route theory for reading, which proposes that a ventral route is utilised during the processing 

of lexico-semantic information (mapping sound to meaning), in addition to the more classical 

AF pathway for phonological processing of mapping sound to articulation (Hickok & 

Poeppel, 2004; Jobard et al., 2003; Saur et al., 2008). Recently, Saur and colleagues (2008) 
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conducted a similar study to the current work where pathways were identified using 

tractography between functionally defined ROIs for word repetition and sentence 

comprehension. While functional connectivity indices were not collected, tractography 

results showed strikingly similar pathways, particularly for the tracts generated for sentence 

comprehension. The pathways revealed a dual stream via a dorsal, as well as a ventral route. 

Similarly, Morgan et al. (2009) also located a dual pathway between Broca’s and Wernicke’s 

area, though structure-function correlations were not explored for this pathway. As suggested 

by Saur et al. (2008), it is likely that the middle temporal lobe supplies white matter fibres to 

both the longitudinal fasciculi and the ventral fibres that run through the extreme capsule. 

Moreover, despite the best of efforts to localise functionally derived seed points in each 

individual, it is not possible to specifically isolate these pathways using the current 

methodology. Nevertheless, future analyses of this sort could provide further knowledge of 

the exact functions of this poorly understood ventral pathway. Once the specific cognitive 

roles of the pathways comprising the comprehension network are established, thereafter, it 

may lead thereafter to the discovery of a more direct structure-function relationship, and 

ultimately to determining the specific cognitive disruptions that might be expected to arise 

following damage to this connection. Interestingly, Duffau et al., (2005) and later 

Mandonnet, Nouet, Gatignol, Capelle and Duffau (2007), reported the elicitation of semantic 

paraphasia in patients undergoing intraoperative direct electrostimulation of the IOFF. They 

put forth the notion of a “semantic loop” (Duffau et al., 2005; pp. 807) that enables the 

integration of semantic information from frontal and temporal language sites to facilitate 

comprehension. It is not clear from the current study, which of the pathways is more 

reflective of the functional connectivity observed. However, given the current evidence 

described earlier, it is hypothesised that it is likely to be the combination of the two. Due to 

the potentially separate roles of these pathways that constitute sentence comprehension, the 
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sharing of the connectivity between the frontal and temporal regions may have contributed to 

the non-significant correlation between structural and functional measures. 

3.5.3 Future directions  

 One area that has not been considered in the current study is the lateralisation of 

language. Due to the nature of the methodology, it was not possible to explore this specific 

element as the PPI analysis did not reveal any right hemisphere connections with the 

functional seed points. The specific objective of this study was to test for a direct relationship 

between structure and function, but also avoid the use of arbitrary (contralateral) or atlas 

based regions of interest for reasons outlined by Smith et al. (2011). However, identifying 

such links with the non-dominant hemisphere is relevant and important, especially in a 

clinical setting, and therefore would certainly be an area of future research. 

 Another area of relevance is the differences due to sex, given that males and females 

have shown varied performance in linguistic tasks (e.g. Rumberg et al., 2010; Sommer et al., 

2008). In fact, Weis and colleagues (2008) have shown fluctuations in functional connectivity 

in females that relate to levels of estradiol during the menstrual cycle. Whether these 

fluctuations in connectivity can also be detected in structural connectivity would indeed be an 

intriguing avenue to pursue, since this would demonstrate the immense capacity for plasticity 

even in the healthy human brain. Recent studies have indeed demonstrated structural changes 

induced by short-term training in a working memory task (Takeuchi et al., 2010) and also a 

complex visuo-motor skill (Scholz et al., 2009). 

 

 

 



CHAPTER 3: STRUCTURAL AND FUNCTIONAL CONNECTIVITY OF LANGUAGE 

51 

3.6 Conclusions 

On the basis of the results, the current study uncovered neural pathways involved in 

both the production and comprehension of language. While an association was found 

between structure and function for one of the pathways extending from the frontal region to 

the motor cortex, it appears that this relationship might be more complex in other 

connections. Finding a direct association between functional networks and white matter 

connections may require greater specificity in delineating the discrete functions involved in 

language. Specifically, an extension of the work investigating the dual pathways generated 

from the sentence comprehension task is warranted. Nevertheless, is has been shown that it is 

possible to extract regions that show functional connectivity and perform tractography to 

identify how these areas might be connected. It appears that major tracts connecting frontal 

and temporal language sites are likely involved in a diverse range of functions, where 

anatomy cannot reflect function in its entirety. In contrast, shorter and perhaps more minor 

pathways between the left frontal and motor areas may be more specific to the function of 

generating verbs. 
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CHAPTER 4 – STUDY 3: DISTINCT FUNCTIONAL AND 

STRUCTURAL NETWORKS FOR SPATIAL AND VERBAL 

WORKING MEMORY 

 

4.1 Abstract 

The working memory system is involved in the monitoring, maintenance and 

manipulation of information. From both studies in non-human animals and humans, a wealth 

of knowledge regarding the underlying neural network has been gathered. However, exactly 

how this network is structurally connected is not fully understood, and it is not yet certain the 

extent to which functional networks vary depending on the nature of the working memory 

task. To directly relate this functional network with the underlying white matter circuitry, 

functional magnetic resonance imaging (fMRI) was combined with diffusion tensor imaging 

(DTI) and tractography to identify the working memory networks recruited when performing 

a spatial (SWM) and verbal (VWM) n-back task using identical stimuli. Nineteen healthy 

participants underwent fMRI while performing both variations of the n-back task, as well as 

DTI. Both structurally and functionally, both SWM and VWM tasks recruited networks that 

were regionally similar, which included the frontal, parietal and premotor regions. However, 

measures of structural and functional connectivity revealed distinct patterns. The SWM 

network showed greater functional connectivity to the left, while greater rightward functional 

connectivity was observed for VWM. Structural connectivity measured by fractional 

anisotropy revealed a more symmetrical representation, with variations detected in parallel 

and perpendicular diffusivity that may reflect underlying differences in axonal properties. 

Furthermore, correlations between structural and functional connectivity measures were 

observed in parietal-premotor connections almost exclusively for SWM. It is suggested that 
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these connections might be more specialised pathways that are specific to SWM while the 

VWM pathways are involved in a broader range of functions, which may include the 

processing of linguistic material. This was shown by greater activation in an area of the left 

precentral gyrus during the VWM task relative to SWM. These findings are discussed in 

reference to a previously conceived hypothesis that suggests a generic working memory 

system for spatial working memory, with further recruitment of left hemispheric regions with 

the addition of linguistic content. The current data indicates that the functional and structural 

circuitry recruited during the processing of working memory do indeed differ based on 

modality, though the precise underpinning of these differences require further investigation. 
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4.2 Introduction 

Working memory refers to the active maintenance, monitoring and manipulation of 

information, and is a system used in a broad range of day-to-day tasks. Drawing on the model 

developed by Baddeley and Hitch (1974), working memory is comprised of the 

“phonological loop” and the “visuospatial sketchpad,” which maintains verbal and spatial 

information, and the “central executive” that provides control and manipulation of the 

information held in working memory. Recently Baddeley (2000) has also developed the 

additional idea of an episodic buffer, which is a system that binds information from different 

modalities (such as verbal and visual) with information from long-term memory to generate a 

single “chunk” or “episode.”  

The neural bases for this general working memory system are now well established 

through both animal lesion studies and functional neuroimaging research. The most 

prominent finding within the neuroimaging research is the recruitment of a fronto-parietal 

network, which relies on areas including the lateral prefrontal cortex (PFC), premotor cortex 

(PMC), supplementary motor area (SMA) and the posterior parietal cortex (PPC) (Burzynska 

et al., 2011; Cabeza & Nyberg, 2000; Champod & Petrides, 2010; D'Esposito, 2007; Jonides 

et al., 1998; Jonides et al., 1993; Lycke et al., 2008; Nagel et al., 2009, 2011; Owen et al., 

2005; Owen et al., 1998). However, less clear are the exact cognitive underpinnings of these 

regions. The major point of debate surrounds the question of whether there is differential 

activation based on the nature of the stimuli (material-specific) or the processes applied to the 

stimuli such as monitoring or manipulation (process-specific). The material-specific theory is 

based on several premises: that separate dorsal and ventral streams for processing spatial and 

object information in working memory exist; object and verbal working memory (VWM) are 

lateralised towards the left frontal cortex due to the involvement of the frontal language 
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regions during subvocal rehearsal; and spatial working memory (SWM) shows a more 

rightward activation in frontal cortices (e.g. Jonides et al., 1993; Smith et al., 1996). 

However, evidence has been inconsistent, which is possibly attributed to the variation in tasks 

and stimuli that are used to test working memory (Owen et al., 2005). An alternative 

hypothesis follows the assumption that differences in working memory networks are due to 

the processes involved, rather than type of stimuli. The dorsolateral prefrontal cortex 

(DLPFC) is thought to be responsible for the monitoring and manipulation of information, 

which was initially suggested by Petrides (1991, 1995) from lesion studies in monkeys, and 

later corroborated by functional neuroimaging studies (Champod & Petrides, 2010; Owen et 

al., 1998). On the other hand, the ventrolateral prefrontal cortex (VLPFC) plays a key role in 

the storage and rehearsal component of working memory. While resolving this debate is not a 

pertinent point of this study, the comparisons between SWM and VWM may offer some 

insight into this issue.  

While BOLD responsivity studies of working memory are numerous, investigations 

of functional connectivity between active regions have received less attention. In addition, the 

exploration of white matter circuitry of working memory has only recently gained popularity. 

To date, numerous studies have demonstrated that white matter architecture of pathways 

relevant to working memory (such as the superior longitudinal fasciculus; SLF) do relate to 

the degree of cortical activation in fronto-parietal regions (Burzynska et al., 2011; Karlsgodt 

et al., 2008; Oleson et al., 2003; Palacios et al., 2012). Several lines of evidence also suggest 

that microstructural properties of white matter are associated with working memory 

performance (Burzynska et al., 2011; Ostby et al., 2011; Takeuchi et al., 2010; Takeuchi et 

al., 2011; Tsang et al., 2009). However, few studies have directly linked functional 

connectivity with white matter integrity, and moreover applied this to working memory 

networks based on modality. Previously, it was demonstrated that using the combination of 
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psychophysiological interaction (PPI) and tractography, it is possible to map functionally 

connected language regions and track the white matter pathways that connect them (see 

chapter three). Owing to its broadly distributed network throughout the cortex, the working 

memory network is an appropriate system to survey structural and functional connectivity. 

Furthermore, it would be of interest to see if subtle differences can be detected between the 

two modalities of working memory, especially in the same individuals and using identical 

stimuli, as was demonstrated by Lycke and co-workers (2008). This would enable the 

identification of networks that are specific to the manipulation of verbal and spatial location 

information, yet avoiding potential confounds that may arise from the use of differing stimuli 

(Owen et al., 2005). Identifying these distinctions is a crucial component in fully 

understanding this higher order function. This direct and novel method may indeed provide 

valuable and essential information that can contribute to the current knowledge of working 

memory. 

 The main objective of this study was to establish the cortical circuitry implicated in 

spatial and verbal working memory by locating areas of correlating activity within each 

individual. This would then be extended by determining whether it is possible to identify 

white matter pathways that connect these functionally coupled sites and furthermore, discern 

whether there is a relationship between structural and functional connectivity within the 

working memory networks. This direct approach using functionally derived regions of 

interest (ROI) is a novel approach, which allows networks to be mapped on an individual by 

individual basis, rather than relying on group average data. Although still in its infancy, 

further development of the current methodology may potentially have some significance in 

clinical settings. To the best of our knowledge, analyses of this sort have not been used in the 

study of working memory. One study of note however, did consider an individual case-based 

approach. Glabus and colleagues (2003) constructed a model of working memory at the 
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group level, to be validated against each participant’s model. Inter-individual variability was 

substantial, and this was in part attributed to a complex link between the strategy employed 

(verbal or spatial) and level of performance. With this in mind, individual working memory 

networks are identified here, with which we can seek a more direct anatomo-functional link 

using a variant of the n-back task, similar to that used in the study by Glabus et al. (2003). To 

extend this, the verbal and spatial elements are divided, while still presenting identical 

stimuli. This enables parsing out the differing networks derived from Glabus et al.’s (2003) 

participants that are due to variations in strategy and performance. Given the controversy 

surrounding the laterality of SWM and VWM, the structural and functional connectivity of 

the common pathways shared by the two tasks are also compared to see if patterns of 

asymmetry (if any) do, in effect, follow the conventional left-right gradient for verbal and 

spatial information respectively.  

 

4.3 Materials and Methods 

4.3.1 Participants 

Twenty-one healthy right-handed participants (11 males) with no known history of 

neurological disease participated in the study. Age of participants ranged from 19 to 37 years 

(mean age 26.05 years, SD 4.9). All participants gave informed consent with approval from 

the University of Auckland Human Participants Ethics Committee and had normal or 

corrected-to-normal vision. 

4.3.2 Scanning procedure 

Functional, diffusion-weighted and T1-weighted structural images were acquired on a 

1.5-T Siemens Avanto scanner (Erlangen, Germany) in a single session per participant. Total 
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acquisition time was approximately 50 minutes. FMRI data was analysed using SPM8 

(Wellcome Department of Imaging Neuroscience, London, UK; www.fil.ion.ucl.ac.uk), while 

DTI data was analysed using tools from the FMRIB Software Library (FSL, version 4.1.6, 

Oxford Centre for Functional MRI of the Brain [FMRIB], UK; [Behrens et al., 2003b; Smith 

et al., 2004; Woolrich et al., 2009]  ) and the FreeSurfer image analysis suite (Athinoula A. 

Martinos Center for Biomedical Imaging; http://surfer.nmr.mgh.harvard.edu/). Two male 

participants were excluded from analyses due to scanner malfunction, resulting in a total of 

19 participants (9 males). 

4.3.3 Experimental paradigm 

The working memory tasks were programmed using E-Prime software 

(http://www.pstnet.com). The tasks were counter-balanced so that half the subjects carried 

out the spatial task first, while the other half carried out the verbal task first. Both tasks 

consisted of the same type of stimuli, with the only difference being the instructions of either 

“location” (spatial n-back task) or “word” (verbal n-back task). The stimuli were three letter 

non-words consisting of a consonant-vowel-consonant structure. Similar to Lycke et al. 

(2008), non-words were used so that participants would memorise the phonological aspect 

rather than the semantic information of the words. Furthermore, the words were randomised 

for case (upper and lower) and font size (45 pt. or 55 pt.) so that the visual form of each word 

was not used to aid their memory. The words could appear in one of eight locations around a 

central fixation cross: a 3-by-3 matrix excluding the centre position. Each task consisted of 

eight blocks of 15 words which were presented randomly in any of the above locations one 

word at a time, with three or four target words appearing in each block. Each word was 

presented for 500 ms followed by a 1500 ms fixation cross. Blocks alternated between a 0-

back task (control task), where participants responded whenever a stimulus matched the very 
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first stimulus of each block, and a 2-back task, in which participants responded whenever 

they saw a stimulus that matched two stimuli previously. Specifically, for the spatial n-back 

task, the location of the word (regardless of the word itself) was to be remembered, while for 

the verbal n-back task, the word (regardless of the location) needed to be remembered. The 

experimental paradigm is illustrated in Fig. 4.1. Participants were instructed to respond by 

pressing a button on a response box with their right index finger whenever they saw a target 

stimulus. Instructions for each block (0-back or 2-back) were presented prior to commencing 

each block. All participants underwent a practice session to ensure the task was understood 

before entering the scanner. Data for two additional tasks were also collected but are not 

reported in the present paper. 

 

    

Figure 4.1 Experimental design for the 2-back a) VWM task b) SWM task. Stimuli for both 
tasks were identical with the difference being in the task instruction. Participants were 
required to respond when a word (VWM) or location (SWM) matched that of two stimuli 
previously. 

 

response response a) b) 
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4.3.4 FMRI data acquisition and preprocessing 

For each participant, T2*-weighted echo-planar imaging (EPI) scans were acquired, 

which included two “dummy scans” to allow for signal saturation, parallel to the AC/PC line 

using the following parameters: repetition time (TR) = 2400 ms; echo time (TE) = 30 ms; 

field of view (FOV) = 192 mm2; 35 axial slices; matrix size = 64 x 64 mm; voxel size = 3 x 3 

x 3 mm. A minimum of 151 T2*-weighted volumes were acquired during each working 

memory task. T1-weighted structural volumes were also acquired for each participant using a 

3D magnetization-prepared rapidly acquired gradient echo (MP-RAGE) sequence with the 

following parameters: TR = 11 ms; TE = 4.94 ms; FOV = 256 mm2; 176 sagittal slices; 

matrix size = 256 x 256 mm; voxel size = 1 x 1 x 1 mm. The data was processed using SPM8 

software (Wellcome Department of Imaging Neuroscience, London, UK; 

www.fil.ion.ucl.ac.uk) following the standard preprocessing protocol (realignment, 

coregistration, normalisation and smoothing). Realignment involved realigning the first 

volume of each session with the rest of the volumes and also generating a mean of the 

functional volumes. This mean of the functional scans was used for coregistration of the T1-

weighted structural scan. Both structural and functional images were normalised to standard 

Montreal Neurological Institute (MNI) space and functional images were spatially smoothed 

used a Gaussian filter of 9 x 9 x 9 mm at full-width half maximum (FWHM). For both tasks, 

first-level analyses were performed for each participant using the general linear model 

(GLM). The conditions were modelled as a box-car function and convolved with a canonical 

haemodynamic response function. Movement regressors were also included in the model. A 

one-sample t-test was used on the contrast images for each task (2-back vs. 0-back) in a 

second-level random effects analysis to find the general patterns of activation when requiring 

manipulation of information. To correct for multiple comparisons, a family-wise error (FWE) 

correction was applied at p < .05 with a cluster extent threshold of 10. In order to explore 
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areas that may be different between tasks, the contrasts SWM > VWM and VWM > SWM 

were also explored. For this analysis, a Monte Carlo simulation of the whole brain was 

employed in order to establish a cluster of extent of 53 voxels at p < .005 (uncorrected), 

which was required to achieve an alpha level of p < .05 (corrected for multiple comparisons). 

4.3.5 DTI data acquisition and analysis 

Data were acquired on a 1.5 Tesla Siemens Avanto scanner (Erlangen, Germany) 

using a single shot spin-echo planar imaging sequence (45 slices; TR = 6600 ms; TE = 101; 

FOV=230 mm2; matrix size = 128 x 128 mm; voxel size = 1.8 x 1.8 x 3 mm) in 30 non-

collinear directions with a diffusion weighting of b = 1000 s/mm-2 with one scan at                

b = 0 s/mm-2. The sequence was applied three times and averaged in order to increase signal 

to noise ratio. Data were analysed using tools from FSL’s (Behrens et al., 2003b; Smith et al., 

2004; Woolrich et al., 2009) Diffusion Toolbox (FDT, version 2.0). For each subject, the 

eddy current correction tool was used to correct for eddy current distortions and motion 

artefacts. Diffusion-weighted images were registered to a standard MNI brain image using 

the FMRIB Linear Image Registration Tool (FLIRT). Fractional anisotropy (FA), mean 

diffusion (MD) and eigenvector maps were computed, which were then transformed to 

standard space using the FMRIB Non-Linear Image Registration Tool (FNIRT). The data 

were then run through the program BEDPOSTX to build probability distributions on 

diffusion parameters and model for crossing fibres at each voxel (Behrens et al., 2007), in 

preparation for tractography. 

The Freesurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/) was used to 

perform cortical reconstruction and volumetric segmentation, to prepare seeds for 

tractography. The technical information for each process is described in detail in previous 

publications (Dale et al., 1999; Dale & Sereno, 1993; Fischl & Dale, 2000; Fischl et al., 2001; 
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Fischl et al., 2002; Fischl et al., 2004a; Fischl et al., 1999a; Fischl et al., 1999b; Fischl et al., 

2004b; Han et al., 2006; Jovicich et al., 2006; Segonne et al., 2004). Processes included 

removal of non-brain tissue using a hybrid watershed/surface deformation procedure 

(Segonne et al., 2004), automated Talairach transformation, segmentation of the subcortical 

white matter and deep grey matter volumetric structures (including hippocampus, amygdala, 

caudate, putamen, ventricles) (Fischl et al., 2002; Fischl et al., 2004a), intensity normalisation 

(Sled et al., 1998), tessellation of the grey matter white matter boundary, automated topology 

correction (Fischl et al., 2001; Segonne et al., 2007), and surface deformation to optimally 

locate the boundaries of grey/white and grey/cerebrospinal fluid at the site of greatest 

intensity shift which defines transition between different classes of tissue (Dale et al., 1999; 

Dale & Sereno, 1993; Fischl & Dale, 2000). 

4.3.6 Psychophysiological interaction 

A psychophysiological interaction analysis (PPI) (Friston et al., 1997) was conducted 

to investigate the distribution of the functional network involved in spatial and verbal 

working memory. The group functional activation analyses for the spatial working memory 

task (areas in red in Fig. 4.2) showed peak activation at Talairach and Tournoux (1988) 

coordinates -43 22 39 (left dorsolateral prefrontal cortex [DLPFC]; BA 8), 43 22 35 (right 

DLPFC; BA 9), -29 -5 56 (left premotor cortex [PMC]; BA 6), 29 -2 57 (right PMC; BA 6),  

-29 -45 38 (left superior parietal lobule; BA 7), 40 -43 40 (right inferior parietal lobule; BA 

40), -16 -69 50 (left superior parietal lobule; BA 7) and 15 -72 47 (right superior parietal 

lobule; BA 7). The verbal working memory task showed group peak activation (areas in blue 

in Fig. 4.2) at coordinates 40 28 30 (right DLPFC; BA 9), -27 -5 56 (left PMC; BA 6),         

26 -5 59 (right PMC; BA 6), -38 -51 43 (left inferior parietal lobule; BA 40), 34 -48 36 (right 

inferior parietal lobule; BA 40), -13 -69 47 (left superior parietal lobule; BA 7) and 15 -69 48 
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(right superior parietal lobule; BA 7). Since bilateral DLPFC activation was expected as 

shown in the spatial task, the threshold was lowered to p < .0001 (uncorrected) with a cluster 

extent of 13 voxels (required voxel number to achieve an alpha level of p < .01, corrected for 

multiple comparisons, according to a Monte Carlo simulation of the whole brain volume). A 

cluster in the left DLPFC with peak activation at coordinates -46 26 31 (BA 9) was also 

located. A spherical seed ROI with a radius of 10 mm was created for each participant by 

selecting the peak maximum that was located closest to each of the group coordinates above. 

For each ROI, the time-course was extracted, which were then subjected to a PPI analysis to 

look for regions that showed a higher correlation in functional activity with the ROI in the   

2-back condition compared to the 0-back condition. A Monte Carlo simulation was used for 

the PPI group analyses to determine a minimum cluster extent of 53 voxels (at a voxelwise 

threshold of p < .005) in order to achieve an alpha level of p < .05, corrected for multiple 

comparisons. For both spatial and verbal working memory tasks, group PPI analyses showed 

functional interactions between the seed regions and a number of areas both inter- and 

intrahemispherically. These are listed in Table 4.1. For simplicity, from herein the two 

posterior parietal seed and target regions in each hemisphere will be referred to as the lateral 

posterior parietal cortex (PPC) and medial PPC. For each participant’s PPI analysis, spherical 

ROIs with a radius of 10 mm were generated by locating peaks closest to the significant 

group PPI coordinates. The mean parameter estimates were extracted from each of these 

regions as a measure of functional connectivity. All ROIs generated were binarised to be used 

as masks for the tractography component. 
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Figure 4.2 Group BOLD activations for the SWM (red) and VWM (blue) tasks showing 
regionally similar networks for both tasks. Areas in purple show regions of overlap between 
tasks. 
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Table 4.1 Functional activation and PPI analysis results for the SWM task 
Cortical region  

Coordinates  
 BA x y z Z score 
Left DLPFC seed connected to 8 -43 22 39 5.64 
        PMC 6 -21 -14 58 4.49 
        inferior parietal lobule 40 -35 -45 35 3.32 
        precuneus 7 -21 -67 55 5.31 
Right DLPFC seed connected to 8 43 22 35 5.55 
        PMC 6 15 -10 48 3.59 
        precuneus 7 29 -49 44 4.11 
        precuneus 7 18 -58 49 4.13 
Left PMC seed connected to 6 -29 -5 56 5.64 
        inferior parietal lobule 40 -35 -49 46 4.16 
        superior parietal lobule 7 -13 -67 53 4.43 
        right cingulate gyrus 24 23 -18 47 4.62 
Right PMC seed connected to 6 29 -2 57 5.43 
        precuneus 7 32 -47 47 4.2 
        precuneus 7 15 -61 51 3.93 
        left PMC  6 -27 -13 52 3.64 
Left lateral PPC seed connected to 7 -29 -45 38 5.2 
        precentral gyrus 4 -27 -15 47 3.99 
        superior parietal lobule 7 -21 -67 56 4.36 
Right lateral PPC seed connected to 40 40 -43 40 5.47 
        precuneus 7 7 -45 55 3.79 
Left medial PPC seed connected to 7 -16 -69 50 5.24 
        PMC 6 -29 -13 52 4.03 
        inferior parietal lobule 40 -32 -46 41 3.42 
        right superior parietal lobule 7 18 -64 51 3.89 
Right medial PPC seed connected to 7 15 -72 47 5.41 
        PMC 6 26 -14 48 4.42 
        inferior parietal lobule 40 32 -49 44 3.49 
        left superior parietal lobule 7 -16 -67 53 4.44 

 
Activation peaks with their locations, coordinates in Talairach and Tournoux (1988) atlas space, and z scores. BA is the Brodmann area nearest to the coordinate 
and should be considered approximate. 
Seed regions are from functional activation, 2-back > 0-back; regions connected to are from PPI analyses.  
All seed regions were significant at p < .05, corrected; all target regions were significant at p < .01, corrected using Monte Carlo simulation for voxelwise 
threshold. 
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Table 4.2 Functional activation and PPI analysis results for VWM task 
Cortical region  

Coordinates  
 BA x y z Z score 
Left DLPFC* seed connected to 9 -46 26 31 4.65 
        inferior parietal lobule 40 -32 -48 41 4.08 
        inferior parietal lobule 7 -24 -61 53 3.32 
Right DLPFC seed connected to 9 40 28 30 5.16 
        superior parietal lobule 7 34 -55 52 3.36 
        superior parietal lobule 7 15 -66 48 3.65 
Left PMC seed connected to 6 -27 -5 56 5.29 
        superior parietal lobule 7 -29 -48 38 4.1 
        precuneus 7 -24 -60 48 4.47 
        right PMC 6 23 -12 45 4.98 
Right PMC seed connected to 6 26 -5 59 6.03 
        inferior parietal lobule 40 35 -40 37 4.01 
        superior parietal lobule 7 17 -64 57 4.17 
        left PMC 6 -29 -10 52 4.12 
Left lateral PPC seed connected to 40 -38 -51 43 4.9 
        PMC 6 -24 -13 52 4.07 
        precuneus 7 -16 -64 50 3.46 
Right lateral PPC seed connected to 40 34 -48 36 5.94 
        PMC 6 21 -13 50 5.3 
        precuneus 7 9 -66 45 4.43 
Left medial PPC seed connected to 7 -13 -69 47 4.98 
        PMC 6 -27 -13 49 3.99 
        superior parietal lobule 7 -29 -52 43 4.06 
        right precuneus 7 15 -63 48 4.26 
Right medial PPC seed connected to 7 15 -69 48 5.44 
        PMC 6 21 -15 47 3.9 
        superior parietal lobule 7 34 -53 55 3.34 
        left superior parietal lobule 7 -24 -64 53 3.9 

 
Activation peaks with their locations, coordinates in Talairach and Tournoux (1988) atlas space, and z scores. BA is the Brodmann area nearest to the coordinate 
and should be considered approximate. 
Seed regions are from functional activation, 2-back > 0-back; regions connected to are from PPI analyses.  
All seed regions except the left DLPFC were significant at p < .05, corrected; all target regions and the left DLPFC* were significant at p < .01, corrected using 
Monte Carlo simulation for voxelwise threshold. 

 

4.3.7 Tractography 

The masks produced from the fMRI analyses were used as seed and waypoint masks 

for probabilistic tractography (Behrens et al., 2003b). Specifically, the functional activation 

masks were used to seed tractography, while the masks derived from the PPI analyses were 

used as waypoint masks. To minimise the risk of generating spurious pathways that cross 
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over gyri, the seed masks were projected onto a Freesurfer cortical surface to create surface 

labels. This allows tractography to be run from surface vertices (rather than voxels) towards 

the brain. Tractography was run separately between all regions (both intra- and 

interhemispheric connections) that showed a significant functional connection in the PPI 

analyses. Fibre tracking drew 5000 samples from each seed voxel with a step length of 0.5 

mm and curvature threshold of 0.2. This generated a connectivity map in which each voxel 

represents a connectivity value where the higher the number, the greater the probability of the 

pathway passing through that voxel. The connectivity maps were thresholded at 20 samples 

(out of 5000) to remove voxels that showed extremely low connectivity. Fig. 4.3 shows an 

example of the pathways generated for one participant. The pathways were then binarised and 

masked onto the transformed FA, MD and eigenvalue maps to derive mean values for each 

generated tract. The secondary (λ2) and tertiary (λ3) eigenvalues were averaged to provide a 

value for perpendicular diffusion, while the primary eigenvector (λ1) was used as an index of 

parallel diffusion.  

 

Figure 4.3 Pathways tracked from each seed point within the right hemisphere for the SWM 
in one subject. Colours correspond to the seed region (red: DLPFC; blue: PMC; orange: 
lateral PPC; green: medial PPC). 
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4.3.8 Statistical analysis 

A bivariate Pearson correlation was used to investigate correlations between all four 

diffusion measures (i.e. FA, MD, parallel and perpendicular diffusion) with the parameter 

estimates for each pathway. For each seed region (DLPFC, PMC, lateral PPC and medial 

PPC), a repeated-measures ANOVA was performed with hemisphere and pathway as within 

subject factors for each of the measures used (i.e. PPI parameter estimates and diffusion 

measures). A separate repeated-measures ANOVA with task and hemisphere as within 

subject factors was also performed to compare between tasks for all measures. For this 

analysis, only those paths that were identified for both tasks were included. In the rare 

instance where a tract could not be generated, these participants were excluded from 

correlational analyses. All statistical analyses were performed on SPSS 19.0 (SPSS Inc., 

Chicago, Illinois, USA) for Windows and used an α level of .05. 

 

4.4 Results 

4.4.1 Behavioural results 

 Both the spatial and verbal working memory tasks were performed at a high level of 

accuracy. Mean response accuracy ± standard error of the mean for the SWM task was 

91.49% ± 1.03% and for the VWM tasks was 84.96% ± 0.86%. 

4.4.2 Spatial working memory 

4.4.2.1 Correlations between structural and functional measures 

Significant correlations between diffusion measures and PPI parameter estimates were 

found for several pathways. In the left hemisphere, the PPI parameter estimates for pathways 
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seeded from the PMC both correlated significantly with parallel diffusion (lateral PPC:          

r = .486, p = .035; medial PPC: r = .51, p = .026). The parameter estimates for the lateral to 

medial PPC pathway negatively correlated with FA (r = -.584, p = .009), while positively 

correlating with MD (r = .511, p = .026) and perpendicular diffusion (r = .596, p = .007). 

Finally, the medial PPC to PMC pathway parameter estimates also significantly correlated 

with FA (r = .518, p = .023). In the right hemisphere, the PPI parameter estimates for the 

lateral to medial PPC pathway showed a correlation with parallel diffusion (r = .459,             

p = .048). The interhemispheric pathway connecting the left PMC to the right showed a 

significant correlation between PPI parameter estimates and parallel diffusion (r = .469,        

p = .043). Significant correlations are illustrated in Fig. 4.4.
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Figure 4.4 Significant correlations between PPI parameter estimates (in arbitrary units [a.u.]) and diffusion measures for the SWM task in 
premotor and parietal pathways. Colours correspond to seed regions of the pathways, where red: DLPFC, blue: PMC, yellow: lateral PPC, green: 
medial PPC.
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4.4.2.2 PPI parameter estimates 

The DLPFC showed main effects of hemisphere (F(1,17) = 5.115, p = .037) and 

pathway (F(2,34) = 17.92, p < .001). This was due to higher functional connectivity in the 

pathways of the left hemisphere, and greater parameter estimates for connections to the 

medial PPC compared to both the lateral PPC and PMC connections. The PMC showed a 

main effect of pathway (F(1,18) = 13.674, p = .002), showing significantly greater 

connectivity for the PMC to medial PPC pathway compared to the lateral PPC pathway. 

Since the PPI analyses did not reveal a significant functional connection from the lateral PPC 

to the PMC in the right hemisphere, a paired-samples t-test was used to find differences both 

between and within hemispheres. That is, the various measures of the lateral to medial PPC 

pathways of each hemisphere were compared, and also compared the two pathways from the 

lateral PPC within the left hemisphere. The analyses showed a significant difference in 

parameter estimates between the hemispheres for the lateral to medial PPC pathways      

(t(18) = 2.158, p = .045) showing higher functional connectivity in the left pathway than the 

right. Furthermore, within the left hemisphere, significantly greater values were extracted in 

the lateral to medial PPC pathways compared to the lateral PPC to precentral pathway    

(t(18) = -5.516, p < .001). There were significant main effects found of both hemisphere 

(F(1,18) = 6.791, p = .018) and pathway (F(1,18) = 4.749, p = .043) for pathways originating 

in the medial PPC. This was on account of greater connectivity in the left hemisphere, as well 

as in the pathways between the medial to lateral PPC compared to the PMC. For the 

interhemispheric pathway analyses, a significant main effect of pathway was found     

(F(1,18) = 6.092, p = .024) shown by a greater functional connectivity between the medial 

PPC regions compared to the PMC connections. Overall patterns of functional connectivity 

are illustrated in Fig. 4.5 a). 
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4.4.2.3 Fractional anisotropy 

For pathways seeded from the DLPFC, a main effect of pathway (F(2,26) = 19.693,   

p < .001) was found, which was due to a significantly lower FA in the pathway connecting 

the DLPFC to the PMC compared to both the lateral (p = .001) and medial PPC (p < .001) 

pathways. There were no significant main effects or interactions for the pathways originating 

from the PMC. FA was significantly higher in the lateral PPC to precentral pathway 

compared to the lateral PPC to medial PPC pathway in the left hemisphere (t(18) = 4.037,     

p = .001). The analysis of the medial PPC pathways yielded a significant main effect of 

pathway (F(1,18) = 25.574, p<.001) which was due to higher FA in the pathway between 

medial PPC and PMC than the medial to lateral PPC pathway. There was also a significant 

interaction between hemisphere and pathways (F(1,18) =14.188, p = .001). Post-hoc pairwise 

comparisons revealed a significant asymmetry in the medial PPC to PMC pathway, showing 

greater FA in the right than in the left hemisphere (p = .003). In addition, there was a 

significant difference in FA between the two pathways within the right hemisphere, shown by 

higher FA in the medial PPC to PMC pathway compared to the lateral PPC pathway             

(p < .001). FA analyses of the interhemispheric pathways revealed a significant main effect of 

pathway (F(1,18) = 5.707, p = .028). This was attributed to greater FA in the tracts 

connecting the two PMC regions compared to the interhemispheric medial PPC tracts. Fig. 

4.5 b) illustrates overall patterns of FA.

4.4.2.4 Mean diffusion 

Analysis showed a significant main effect of pathway for pathways seeded from the 

DLPFC (F(2,26) = 10.402, p < .001), with the DLPFC to PMC pathway showing greater MD 

than pathways to both lateral (p = .003) and medial PPC (p = .017). Pathways from the PMC 

did not reveal any significant main effects or interactions. Analyses showed greater MD in 
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the lateral to medial PPC pathway compared to the precentral pathway (t(18) = -4.547,          

p < .001) in the left hemisphere. Pathways from the medial PPC also showed a significant 

main effect of pathway (F(1,18) = 25.597, p < .001), shown by a higher MD in the pathways 

connected to the lateral PPC than the PMC. For the interhemispheric pathways, a significant 

main effect of pathway (F(1,18) = 10.211, p = .005) was found, as well as a trend towards 

significance for an interaction between pathway and hemisphere (F(1,18) = 4.177, p = .056). 

Post-hoc analyses showed greater MD in the interhemispheric medial PPC pathways than the 

PMC pathways. This pattern was observed for tracts originating in both hemispheres (left:     

p = .004; right: p = .034). 

4.4.2.5 Parallel diffusion 

No significant main effects or interactions were found for the DLPFC or PMC 

pathways. However, a significant difference was found in the left hemisphere between the 

two lateral PPC pathways (t(18) = -3.175, p = .005) showing greater parallel diffusion in the 

lateral to medial PPC pathway compared to the precentral pathway. The medial PPC also 

showed a significant main effect of pathway (F(1,18) = 7.15, p = .015). Pathways from the 

medial to lateral PPC showed higher parallel diffusion compared to the PMC pathway. 

Analyses for the interhemispheric pathways revealed a significant main effect of pathway 

(F(1,18) = 8.87, p = .008) and a trend towards significance for a pathway by hemisphere 

interaction (F(1,18) = 4.141, p = .057). Further analyses found significantly greater parallel 

diffusion for the interhemispheric pathways between the medial PPC regions than the PMC 

pathways. This pattern was consistent for pathways seeded from each hemisphere (left:         

p = .006; right: p = .042). Overall patterns of parallel diffusion are represented in a simplified 

schematic in Fig. 4.5 c). 
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4.4.2.6 Perpendicular diffusion 

A significant main effect of pathway was found for tracts generated from DLPFC 

seeds (F(2,26) = 16.802, p = .001). This was due to significantly higher perpendicular 

diffusion in the DLPFC to PMC pathway compared to both the lateral (p = .001) and medial 

(p = .002) pathways. There was also a significant main effect of pathway between the PMC 

and the two PPC regions (F(1,17) = 7.697, p = .013), shown by the greater perpendicular 

diffusion in the pathways connecting the PMC to the lateral PPC area compared to the medial 

region. In the left hemisphere, perpendicular diffusion was significantly higher for the 

pathway between the lateral to medial PPC than the pathway between lateral PPC to 

precentral gyrus (t(18) = -4.484, p < .001). The medial PPC analyses showed a significant 

main effect of pathway (F(1,18) = 30.32, p < .001), due to greater perpendicular diffusion in 

the pathways connected to the lateral PPC compared to the PMC. The interhemispheric 

pathways showed a significant main effect of pathway (F(1,18) = 8.432, p = .009). This was 

attributed to greater perpendicular diffusion in the interhemispheric medial PPC pathways 

compared to the PMC pathways. A simplified schematic in Fig. 4.5 d) represents the overall 

pattern for perpendicular diffusion. 
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Figure 4.5 Simplified schematic of the functional and structural pathways according to a) PPI 
parameter estimates, b) FA, c) parallel diffusion, and d) perpendicular diffusion. Weight of 
arrows indicates level of each measure. Colours correspond to seed regions of the pathways, 
where red: DLPFC, blue: PMC, yellow: lateral PPC, green: medial PPC. (Note: thickness of 
arrows does not necessarily denote higher connectivity, i.e. c) and d) signify the degree of 
diffusivity in parallel and perpendicular directions respectively) 
 

 

 

 

a) b) 

c) d) 
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4.4.3 Verbal working memory 

4.4.3.1 Correlations between structural and functional measures 

The parameter estimates of the PMC to medial PPC pathway in the right hemisphere 

significantly correlated with parallel diffusion (r = .479, p = .038). The PPI parameter 

estimates for the interhemispheric PMC pathways originating in the left hemisphere showed a 

significant negative correlation with parallel diffusion (r = -.497, p = .036). No other 

pathways or measures showed a significant correlation. The significant correlations are 

illustrated in Fig. 4.6. 

 

 

Figure 4.6 Significant correlations between PPI parameter estimates (in arbitrary units [a.u.]) 
and diffusion measures for the VWM in pathways seeded from the PMC. Colours correspond 
to seed regions of the pathways, where red: DLPFC, blue: PMC, yellow: lateral PPC, green: 
medial PPC. 

 



CHAPTER 4: STRUCTURAL AND FUNCTIONAL CONNECTIVITY OF WORKING MEMORY 

77 

4.4.3.2 PPI parameter estimates 

The DLPFC showed a significant main effect of pathway (F(1,18) = 4.466, p = .049). 

This was due to higher functional connectivity in the pathways connecting the DLPFC to the 

medial PPC compared to those connecting to the lateral PPC. Analyses also revealed a 

significant hemisphere by pathway interaction (F(1,18) = 5.416, p = .032). This was 

attributed to a significantly higher functional connectivity in the DLPFC to medial PPC 

pathway compared to the lateral PPC pathway in exclusively the right hemisphere (p = .004). 

There were no significant main effects or interactions for the pathways originating from the 

PMC. The lateral PPC analyses revealed a significant main effect of pathway              

(F(1,18) = 13.87, p = .002). This was attributed to greater parameter estimates for the lateral 

to medial PPC pathway compared to the lateral PPC to PMC pathway. There were no 

significant main effects or interactions for the pathways originating from the medial PPC 

regions. Interhemispheric pathways also did not reveal any significant main effects or 

interactions. Overall functional connectivity patterns are represented in a simplified diagram 

in Fig. 4.7 a). 

4.4.3.3 Fractional anisotropy 

No significant main effects or interactions were found for the pathways seeded from 

the DLPFC region. Analyses of the PMC pathways yielded a significant main effect of 

pathways (F(1,18) = 11.824, p = .003). This was attributed to higher FA in the pathway 

connected to the medial PPC compared to the lateral. There was also a significant main effect 

of pathway for pathways seeded from the lateral PPC region (F(1,17) = 64.48, p < .001). This 

was owing to greater FA in the pathway connecting the lateral PPC region with the PMC 

compared to the lateral to medial PPC pathway. The analysis of the medial PPC pathways 

yielded a significant main effect of pathway (F(1,15) = 55.766, p < .001). Higher FA was 
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detected in the pathways connecting the medial PPC and PMC relative to the medial to lateral 

PPC pathway. Interhemispheric pathways did not reveal any significant main effects or 

interactions. Fig. 4.7 b) shows a simplified schematic of the overall pattern of FA. 

4.4.3.4 Mean diffusion 

The analyses of the DLPFC pathways did not show any significant main effects or 

interactions. Pathways from the PMC showed significant main effects of both hemisphere 

(F(1,18) = 4.63, p = .045) and pathway (F(1,18) = 16.141, p = .001). MD was greater in the 

left hemisphere pathways compared to the right, and higher within pathways connecting the 

PMC to the lateral PPC compared to the medial PPC. There was a significant main effect of 

pathway for those originating from the lateral PPC (F(1,17) = 51.078, p < .001). This was 

attributed to greater MD in the lateral to medial PPC pathway compared to the lateral PPC to 

PMC pathway. Analyses of the pathways from the medial PPC also showed a significant 

main effect of pathway (F(1,15) = 39.919, p < .001), shown by a higher MD in the pathways 

connected to the lateral PPC than the PMC. In the interhemispheric pathways, a significant 

main effect of pathway (F(1,15) = 6.139, p = .026) was revealed. Further investigation 

revealed greater MD in the interhemispheric medial PPC pathways compared to the PMC 

pathways. 

4.4.3.5 Parallel diffusion 

There was a significant main effect of pathway for those pathways generated from the 

DLPFC (F(1,9) = 6.182, p = .035) indicated by significantly greater parallel diffusion in the 

pathway connecting to the medial PPC than the lateral PPC. No significant main effects or 

interactions were found for the PMC pathways. A significant main effect was revealed for 

pathways seeded from the lateral PPC (F(1,17) = 27.799, p < .001). This was due to greater 

parallel diffusion in the lateral to medial PPC pathway compared to the PMC pathway. The 
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medial PPC also showed a significant main effect of pathway (F(1,15) = 6.297, p = .024). 

The medial to lateral PPC pathways showed significantly higher parallel diffusion compared 

to the medial PPC to PMC pathway. Analyses of the interhemispheric pathways showed a 

significant main effect of pathway (F(1,15) = 10.654, p = .005). This was due to significantly 

greater parallel diffusion for the interhemispheric pathways between the medial PPC regions 

than the PMC pathways. The overall pattern for parallel diffusion is represented in Fig. 4.7 

c). 

4.4.3.6 Perpendicular diffusion 

The pathways originating from the DLPFC regions did not show any significant main 

effects or interactions. Significant main effects of both hemisphere (F(1,18) = 4.991,              

p = .038) and pathway (F(1,18) = 13.502, p = .002) were found for the pathways seeded from 

the PMC. These effects can be attributed to greater perpendicular diffusion in the left than the 

right hemisphere, in addition to higher perpendicular diffusion in the pathways connected to 

the lateral PPC compared to the medial PPC. A main effect of pathway was revealed for the 

lateral PPC pathways (F(1,17) = 61.147, p < .001), shown by significantly higher 

perpendicular diffusion for the pathways between lateral to medial PPC than the pathways 

between lateral PPC to PMC. The medial PPC analyses also showed a significant main effect 

of pathway (F(1,15) = 52.402, p < .001), due to greater perpendicular diffusion in the 

pathways connected to the lateral PPC compared to the PMC. There was also a trend towards 

a significant main effect of pathway (F(1,15) = 4.319, p = .055) for the interhemispheric 

connections, showing greater perpendicular diffusion in the interhemispheric medial PPC 

pathways compared to the PMC pathways. Fig. 4.7 d) represents the overall pattern for 

perpendicular diffusion.  
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Figure 4.7 Simplified schematic of the functional and structural pathways according to a) PPI 
parameter estimates, b) FA, c) parallel diffusion, and d) perpendicular diffusion. Weight of 
arrows indicates the level of each measure. Colours correspond to seed regions of the 
pathways, where red: DLPFC, blue: PMC, yellow: lateral PPC, green: medial PPC. (Note: 
thickness of arrows does not necessarily denote higher connectivity, i.e. c) and d) signify the 
degree of diffusivity in parallel and perpendicular directions respectively) 

 

  

a) b) 

c) d) 
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4.4.4 Comparisons between spatial working memory and verbal working memory 

BOLD analyses revealed a significantly greater activation in the left precentral gyrus 

(-49, -12, 44; BA 4) for the VWM > SWM contrast (Fig. 4.8). No areas of activation were 

found for the reverse contrast. Comparisons between tasks yielded a significant interaction 

between task and hemisphere for PPI parameter estimates (F(1,18) = 5.446, p = .031), where 

the left lateral to medial PPC pathway showed significantly greater connectivity in the SWM 

task than the VWM task (p = .045). For the FA analyses, there was a significant interaction 

between task and hemisphere (F(1,15) = 4.886, p = .043). Post-hoc pairwise comparisons 

revealed a significantly higher FA in the left hemisphere for the VWM task compared to the 

SWM task for pathways seeded from the medial PPC (p = .034). Interhemispheric 

comparisons revealed a significant interaction between region and task (F(1,18) = 5.269, p = 

.034), showing greater functional connectivity between premotor regions in the VWM task 

than the SWM (p = .021). 

 

Figure 4.8 Significantly greater activation of the left precentral gyrus during the VWM task 
compared to the SWM task at Tailarach and Tournoux coordinates -49, -12, 44 (BA 4). 

 

4.5 Discussion 

Using identical stimuli, it was possible to localise two regionally similar, yet 

functionally and structurally different networks for verbal and spatial WM in the same 
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individuals. As expected, the functional activation analyses using fMRI displayed regions of 

activations commonly recruited during n-back tasks using (Burzynska et al., 2011; Cabeza & 

Nyberg, 2000; Champod & Petrides, 2010; D'Esposito et al., 1998; Jonides et al., 1998; 

Jonides et al., 1993; Lycke et al., 2008; Nagel et al., 2009, 2011; Owen et al., 2005; Owen et 

al., 1998). This included the DLPFC, the PMC, the inferior parietal and the posterior parietal 

regions. Each of these regions was found to be functionally connected to areas within the 

fronto-parietal circuit. Interestingly, slight, yet significant differences were revealed in 

functional networks between the two tasks. The SWM task did not show a functional 

connection from the lateral PPC to the PMC in the right hemisphere, while the VWM tasks 

showed a bilateral absence of significant connectivity from the DLPFC to PMC regions. 

Taking a global view, patterns of both functional and structural connectivity varied greatly 

between the two working memory tasks, despite displaying relatively similar localisation of 

the networks.  

4.5.1 Spatial working memory 

The most striking results for the SWM tasks was 1) the greater overall functional 

connectivity within the left hemisphere, and 2) the correlations between functional 

connectivity and parallel diffusion in several pathways. If, first of all, the functional 

connectivity results are considered, the most notable were the left hemisphere connections 

originating in the frontal and parietal regions. The connections from the PMC are stronger 

towards the medial PPC than the lateral PPC, and connections towards the PMC were found 

to be lateralised to the left. Focussing on these stronger connections, it appears that the 

circuitry for SWM involves a path between the left DLPFC and the medial PPC, with strong 

reciprocal connections to and from the lateral PPC. Interestingly, the PMC appears to have 

stronger input from the left medial PPC relative to the corresponding pathway in the right 
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hemisphere, along with stronger bilateral connections back to the medial PPC. It might be 

speculated that the PMC might take on a modulatory role as suggested by Burzynska et al. 

(2011). They inferred that the right PMC mediates the role of the superior longitudinal 

fasciculus during a working memory task, as an interpretation for the sensitivity of the PMC 

to task load (Leung et al., 2007; Todd & Marois, 2005). The current results also indicate that, 

although more bilateral, the PMC might act as a mediating site for the strong connections 

between the DLPFC and the posterior parietal regions. Interhemispheric connections for this 

circuit showed greater bi-directional connectivity between the medial PPC regions compared 

to that of the PMC. Again, this may be explained by the aforementioned modulatory role of 

the PMC, where inputs from the PMC are computed within the posterior parietal regions, 

which according to the current data, show greater connectivity in the left parietal regions. 

Furthermore, Smith, Jonides and Koeppe (1996) have suggested that the PMC may be an area 

responsible for the maintenance and rehearsal of visuospatial information, while posterior 

parietal regions are involved in the encoding and storage of spatial information. Given that 

both processes would be required during the SWM 2-back task, the finding of strong 

connections between PMC and PPC regions is expected. 

What was intriguing was the almost entirely different pattern shown by the structural 

measures, which followed a more symmetrical pattern across the hemispheres. FA results 

showed strongest connectivity from the DLPFC to both PPC regions, as well as from the left 

lateral PPC and right medial PPC, to the PMC in the respective hemispheres. Since high FA 

can result from a range of axonal properties, such as axonal spacing, axonal density, 

myelination, and axon calibre, individual diffusivity measures were additionally surveyed in 

an attempt to ascertain the possible microstructure of the pathways. The higher FA observed 

bilaterally for the DLPFC to both PPC pathways compared to the PMC was due to lower 

perpendicular diffusion, which according to animal myelination studies, may be due to 
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greater levels of myelin (Harsan et al., 2007; Song et al., 2003; Song et al., 2005). It was 

postulated that increases in myelin would limit the capacity for molecules to move 

perpendicularly to the axons. Both parallel and perpendicular diffusion were higher 

bilaterally between the PPC regions compared to the medial PPC to PMC pathway, while FA 

showed the reverse. Higher FA was observed in pathways between the medial PPC to the 

PMC, particularly in the right hemisphere. Elevated levels of perpendicular and parallel 

diffusion have been attributed to greater axonal spacing (greater extracellular space allows 

diffusion to occur perpendicularly) and axon diameter (lower density of cytoskeletal proteins 

resulting in fewer intracellular diffusion barriers), respectively (Schwartz et al., 2005). This 

might suggest larger axons contained within the parietal circuitry, and thus greater potential 

for functional activation, which was indeed observed in the PPI analysis in at least the left 

hemisphere. It is not certain why such a difference is observed here, though it is possible that 

this may be reflective of the generally greater FA in tracts seeded from the right parietal 

region (Iwabuchi et al., 2011; see chapter two).  

In the left hemisphere, the connections originating from the lateral were was higher 

for FA in the precentral connection compared to the medial PPC, but lower for both parallel 

and perpendicular diffusion. Functionally however, this pathway was not seen to be a 

particularly strong connection. The lower perpendicular diffusion combined with higher FA 

may indicate greater myelin in this parietal to motor pathway, with the additional lower 

parallel diffusion suggestive of smaller axon calibre (Schwartz et al., 2005). Since this pattern 

was observed also for the right hemisphere, albeit from the medial PPC region, such axonal 

properties might be attributed to the axonal structure within the motor region. To offer some 

support for this hypothesis, Hayes and Lewis (1995) found smaller magnopyramidal neurons 

in the primary motor cortex and DLPFC compared to frontal language regions. It is 

speculated that perhaps these differences also extend to parietal regions in addition to the 
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reported frontal language regions. Though, to the best of our knowledge, studies detailing the 

specific cytoarchitecture of the parietal cortex in relation to other cortical regions have yet to 

be implemented. Nevertheless, if such an arrangement is considered, while temporally 

efficient (due to more myelin), the smaller axons may have an impact on the degree of 

excitation occurring in the motor cortex, and therefore ultimately affecting the degree 

functional connectivity. However, these are purely hypothetical explanations that need further 

exploration.  

Most surprisingly, the significant correlations between structural and functional 

connectivity were located in pathways that did not show particularly strong connections in 

either the PPI or diffusion analyses. Furthermore, the majority of significant correlations were 

between functional connectivity and parallel diffusion in much shorter range connections in 

the motor and parietal regions. These significant correlations for SWM all followed the same 

pattern where, the higher the level of parallel diffusion, the greater the functional 

connectivity. This implies that parallel diffusion as a measure could be more related to the 

degree of connectivity measured by the functional coupling of two regions. It is also 

conceivable that those paths that are correlated involve connections that are more specific to 

the function of SWM. Since long range tracts such as the superior longitudinal fasciculus, 

which connect frontal and parietal regions, are known to be involved in a myriad of cognitive 

functions (including language as seen in study two), it is postulated that the shorter distance 

pathways that do correlate may be more specifically involved in processes required for the n-

back task. In fact, the prefrontal cortex, including the DLPFC, is known to play a major role 

in what is often referred to as the central executive, which provides attentional control during 

working memory in addition to sending feedback between the other components (namely, the 

phonological loop, the visuospatial sketchpad, and the episodic buffer) of the working 

memory system (Baddeley, 2000, 2003; Baddeley & Hitch, 1974). Thus, the involvement of 
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this pathway in the diverse range of cognitive processes may not allow structural properties – 

at least to the extent available to be measured with DTI – to represent the entire functional 

profile. Despite not observing particularly high structural or functional connectivity in the 

pathways that showed a significant correlation, these connections may nonetheless play a 

significant role in the SWM network. This was also seen in study two (chapter three) where 

correlations between structural and functional connectivity were seen in a more minor 

language-related pathway connecting more proximal regions, which in addition, also 

possessed lower connectivity.  

Numerous studies have indeed reported associations between white matter integrity 

and functional activation, albeit less directly. For instance, using SEM, Glabus and co-

workers (2003) identified a working memory network using a 2-back task that utilised both 

spatial and verbal elements. Overall, they reported higher connectivity in the left hemisphere, 

which is consistent with the general pattern observed in the current study. However, on closer 

inspection of individual participant models, they noticed that distinct functional networks 

were being recruited by high and low performers. In addition, functional activations 

depended on the strategies (i.e. using spatial or verbal information to remember stimuli) 

employed by participants during the working memory task. In the high performance group, 

working memory performance was positively correlated with the degree of functional 

connectivity in the connections between the left inferior parietal lobule and Broca’s area, 

which was attributed to the use of a verbal strategy. In contrast, the low performance group 

showed a negative correlation between connectivity and performance in the inferior parietal 

to DLPFC connection in the right hemisphere, due to the employment of a mixed or 

predominantly spatial strategy. They posit that the use of a verbal strategy is more efficient 

during a 2-back task than using a spatial strategy, due to the ease of subvocal rehearsal 

compared to remembering spatial locations. While the exact strategies used by the 
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participants during the working memory tasks in the current study cannot be ascertained, it is 

possible that the spatial locations may have been processed using a verbal strategy to describe 

the spatial location. Furthermore, all participants performed at a high level of accuracy (due 

to not using a particularly high-load task), and therefore performance levels were not 

assessed. These are indeed obvious limitations of the spatial task. The latter will be discussed 

in a later section of the discussion. The limitation that the task may not be a pure spatial task 

may partially explain the leftward functional connectivity for SWM, which more commonly 

displays an opposing pattern of right hemisphere dominance. However, this does fall in line 

with the conception that the left fronto-parietal network may underlie the phonological loop 

(Coull et al., 1996; Paulesu et al., 1993; Thomason et al., 2009). Such a notion is supported 

by the recently proposed evolutionary based neuroanatomical model for working memory 

(Gruber & Goschke, 2004). According to this model, the left parietal and premotor regions 

are believed to comprise a sub-network of working memory that is involved in verbal 

rehearsal, which is thought to be the most efficient process within working memory. 

Interestingly, the pathways where structural measures significantly correlated with functional 

connectivity in the current study, overlap to a great extent with the aforementioned theoretical 

construct. The SWM task used may indeed evoke greater subvocal rehearsal than intended. 

Interhemispherically, greater functional connectivity was observed in the pathways 

connecting the medial PPC regions compared to the PMC. However, FA analyses yielded 

greater values for the pathway between the PMC regions, with an underlying lower parallel 

and perpendicular diffusion. Structurally, this might suggest that interhemispheric fibres 

between the PMC possess high coherence with a higher degree of myelination compared to 

the parietal pathway. An investigation of fibre composition identified differences in axonal 

properties along the corpus callosum depending on the areas they connect. Primary and 

secondary sensorimotor areas have been shown to contain large and highly myelinated fast-
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conducting axons, while higher-order processing regions connecting temporal and parietal 

sites comprise a high density of thin fibres (Aboitiz & Montiel, 2003; Aboitiz et al., 1992). 

The FA values of the current study may be an indication of these differential properties – and 

although the higher functional connectivity in the PPC pathway seems to go against this – 

perhaps, despite containing smaller calibre axons, the parietal connection may partake in 

more continuous interhemispheric communication compared to the PMC pathway due to the 

constant encoding and storage of spatial information (Smith et al., 1996). In addition, a 

difference between tasks was also detected, revealing significantly less functional 

connectivity in the PMC pathways for the SWM task.  

Another interesting finding was the correlation of the interhemispheric PMC pathway 

between the PPI parameter estimates and parallel diffusion, which typifies the significance of 

the measure of parallel diffusion. While functionally not the stronger connection, it may be 

suggested that the interhemispheric interactions occurring in the PMC may be important for 

specifically spatial working memory processes. The observation of the increasing functional 

connectivity with increasing parallel diffusion is intuitive if parallel diffusion is considered as 

an index for axon diameter. However, given that the PMC connectivity was substantially 

lower than that of the medial PPC (which did not show a significant correlation), this 

relationship is clearly more intricate. It is possible that these associations might arise within a 

specific subset of the pathways that embodies particular and unique cytoarchitecture, though 

the exact nature of this remains obscure. 

4.5.2 Verbal working memory 

The verbal working memory network showed a disparate pattern in structure and 

function to that of the spatial working memory circuit. Functionally, high levels of 

connectivity were observed between the two PPC regions and also from the DLPFC to medial 
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PPC region. This was particularly pronounced in the latter pathway of the right hemisphere. 

Parallel diffusion somewhat mirrored this pattern, while FA revealed an entirely contrasting 

network of structural connectivity. Although very few correlations were found between 

structural and functional connectivity, the similar overall patterns of functional connectivity 

and parallel diffusion may be indicative of a more general association between PPI measures 

of functional connectivity and the measure of parallel diffusion specifically, as was indeed 

observed in the spatial working memory network. Interestingly, in contrast to the SWM task, 

a significant functional connection between the DLPFC and PMC was not identified in either 

hemisphere. According to a meta-analysis by Wager and Smith (2003), the PMC is activated 

during tasks involving constant updating of information and maintaining temporal order, 

which are both crucial elements for the successful performance of the 2-back task. However, 

perhaps given that PMC activity is sensitive to task load (Burzynska et al., 2011; Leung et al., 

2007; Todd & Marois, 2005), in conjunction with the idea that working memory tasks that 

involve verbal strategies may be easier and more efficiently processed (Gruber & Goschke, 

2004), functional connections between the DLPFC and PMC may not be as robust as those 

connecting the DLPFC to the parietal regions for tasks such as the 2-back, which is not a 

particularly high load. Therefore at least functionally there does not appear to be a significant 

pathway here. Moreover, the human working memory model proposed by Gruber (2000) 

infers a premotor-parietal network that is functionally more superior than the DLPFC-parietal 

network for verbal rehearsal. Accordingly, pathways connecting premotor and parietal 

regions were identified in terms of both function and anatomy. 

Similar to the SWM task, white matter connectivity painted quite a different picture to 

functional connectivity. With regard to FA, the strongest connections were seen between 

medial PPC and PMC and in the pathway from the lateral PPC to the PMC. Connections 

from the DLPFC did not show any differences in FA between the two pathways, nor were 
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there differences interhemispherically. However, higher levels of parallel diffusion was 

detected in the DLPFC to medial PPC pathway compared to the lateral PPC, which might 

indicate subtle, yet distinct neuronal architecture of these pathways, despite showing 

equivalent FA. Specifically, greater parallel diffusion may indicate greater axon diameter 

within these pathways, which could also explain the higher functional connectivity of this 

pathway. The pathways seeded from the PMC showed higher FA towards the medial PPC 

than the lateral in addition to lower perpendicular diffusion. According to histological studies, 

this may contribute to higher levels of myelin (Harsan et al., 2007). Furthermore, the 

reciprocal pathways between the medial PPC and PMC also showed higher FA compared to 

these respective regions’ connections with the lateral PPC (see Fig. 4.7 b)). This was due to 

lower MD in the latter tracts, as a consequence of lower levels of both perpendicular and 

parallel diffusion. This could suggest greater myelin and/or higher packing density of axons 

in this premotor to medial parietal pathway. This fits well with Gruber’s (2000) theory of 

working memory that refers to premotor and parietal regions as verbal rehearsal sites, which 

is further supported by the structure-function correlation observed in this pathway, albeit in 

only the right hemisphere. While the reciprocal projections between the medial PPC and 

PMC do slightly differ in location due to the nature of our methodology, they nonetheless 

appear to possess very high structural integrity bilaterally, which could be an underlying 

property of the mediating role of the PMC as surmised by Burzynska et al. (2011). Distinct 

from the SWM task however, is that during VWM, the PMC might play a more pivotal role – 

since there is little functional connectivity from the prefrontal cortex – and therefore may 

require greater communication with parietal regions. The reason for not seeing this reflected 

in the functional connectivity of these pathways may be that there exist a range of both 

excitatory and inhibitory connections (given its mediating role). The summed activity of 

these connections may have hindered the detection of a functional connectivity pattern that 
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reflects the high structural integrity shown by FA values. This hypothesis might form the 

basis for future work in this area. 

Similar to the SWM task, the interhemispheric connections did not reveal significant 

differences in either functional connectivity or FA. However, both parallel and perpendicular 

diffusion were greater in the medial PPC pathways, which might be suggestive of more subtle 

cytoarchitectonic differences. Greater levels of parallel and perpendicular diffusion might be 

indicative of greater axon spacing and diameter in this pathway compared to the PMC 

connections. However, Aboitiz et al. (1992) reported finer axons connecting parietal regions 

compared to more anterior callosal fibres. These differences might then be reflective of lower 

levels of myelination, and thus greater axonal spacing. In agreement, Aboitiz and Montiel 

(2003) state that association areas are likely connected by small calibre, slow-conducting 

fibres that are poorly myelinated. It appears that structurally, the interhemispheric tracts 

connecting the premotor regions possess higher integrity compared to the medial PPC, 

similar to the pathways observed in the SWM task. Intriguingly, the PMC pathway for the 

VWM showed greater functional connectivity compared to the SWM task. This agrees well 

with the hypothesis that the PMC might play a more major role in the communication with 

parietal regions, which may be aided by greater homotopic interhemispheric communication 

in this region.  

Rather unexpected, was an almost complete absence of correlation between the 

diffusion and PPI measures for the VWM task, especially considering the patterns obtained in 

the SWM task. Furthermore, if the clear outliers are excluded from the VWM data, 

significant correlations diminish. Therefore, these few correlations must be interpreted with 

caution. It is suggested that this lack of structure-function correlation might relate to the 

notion that VWM requires additional recruitment of language-related regions on top of a 
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more generic working memory network (Ray et al., 2008), thus resulting in pathways that are 

involved in greater variety of cognitive processes with lower specificity. Perhaps explorations 

of individual processes that constitute working memory using similar methods would cast 

some light on such a concept. As discussed previously, structure-function relationships within 

the working memory network have indeed been documented. However, the majority of these 

findings are between structural measures, such as FA, and performance measures of working 

memory. For instance, recent studies have shown correlations between the FA of the fronto-

parietal white matter and mental arithmetic performance in children (Tsang et al., 2009), digit 

span in young people (Ostby et al., 2011; Takeuchi et al., 2011), as well as performing varied 

loads of the n-back task (Burzynska et al., 2011). Similar findings have also been reported in 

patient groups where working memory performance is affected by the degree of white matter 

damage (Audoin et al., 2007; Karlsgodt et al., 2008; Sepulcre et al., 2009). Very recently, a 

compelling study by Palacios et al. (2012) using a facial n-back paradigm, showed a relation 

between functional activity, white matter integrity, and performance of working memory in 

patients who have suffered severe traumatic brain injury. In addition, Takeuchi and 

colleagues (2010) demonstrated an association between structure and function through white 

matter changes induced by high demand working memory training. Taken together, it is 

apparent that there is an association between structure and function within the neural network 

of verbal working memory, regardless of task type. While correlations between functional 

and structural connectivity were not abundant in the current VWM data, a divergent network 

between spatial and verbal working memory is evident. By gathering more specific functional 

and structural data on the individual processes that constitute working memory, this may 

provide a more profound understanding of the precise mechanisms that operate to produce 

such contrasting circuitry. 

 



CHAPTER 4: STRUCTURAL AND FUNCTIONAL CONNECTIVITY OF WORKING MEMORY 

93 

4.5.3 Lateralisation of working memory 

Although there is still some debate regarding the hemispheric specialisation of 

working memory, it has been proposed that SWM is lateralised to the right, while VWM or 

non-spatial working memory is controlled more by the left hemisphere, and this is 

particularly prominent in the PFC (D'Esposito et al., 1998; Jonides et al., 1996; Smith et al., 

1996). However, evidence is mixed, with some studies showing double dissociations between 

spatial and verbal stimuli (Smith et al., 1996), while others have failed to show any 

hemispheric asymmetries (Nystrom et al., 2000). Such inconsistencies in the literature may 

be due to the wide range of tasks that can be used to explore working memory (Owen et al., 

2005), which may be further confounded by comparisons between spatial and verbal working 

memory tasks that use differing stimuli. In an attempt to overcome this, a number of 

researchers have recently conducted studies to test this concept of WM lateralisation with the 

use of identical stimuli for both tasks. Though again, results were not consistent. Studies 

confirming the hypothesis that working memory is lateralised according to verbal or 

visuospatial dominance, showed leftward activation in inferior frontal regions for VWM, 

while activation tended toward the right parietal regions during SWM tasks (Lycke et al., 

2008; Walter et al., 2003). In contrast, Nystrom et al. (2000) did not observe an hemispheric 

organisation of working memory. Considering that the current study utilised a paradigm 

closely resembling that of Lycke and colleagues’ (2008) study, it was expected that 

lateralisation would be observed to some degree. Comparisons between the two tasks did 

indeed reveal significantly greater activation during VWM than SWM in the left precentral 

gyrus, though the reverse contrast did not reveal any differential activation, suggesting a 

more bilateral activation for the SWM task. One major difference between the studies 

however, is the subtraction condition being a 0-back task in the current study, compared to 

the passive viewing of a blue screen as used by Lycke et al. (2008). The fewer regions of 
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differential activation seen in the present study may be attributed to the elimination of the 

simple maintenance and rehearsal (to some extent) of verbal information due to the use of a 

0-back control condition. In fact, the inferior frontal gyrus has been implicated in the 

rehearsal of verbal information, also referred to as the “phonological loop” (Baddeley & 

Hitch, 1974). Since, both the 0-back and 2-back tasks would require some form of verbal 

rehearsal (and potentially other linguistic processes, of which the IFG would have a role), it is 

not surprising that this asymmetry is absent in the data. It could be theorised that the greater 

activation observed in the left precentral gyrus may be related to the phonological processing 

of the syllables. It is plausible that participants would have processed and encoded the words 

by silent production, thereby recruiting regions of the left motor cortex, similar to what was 

observed in the verb generation task (see chapter three). While activity for covertly 

rehearsing the words may have been subtracted from the inferior frontal gyrus, it is possible 

that the constant production of novel phonemes in the 2-back task may have required greater 

cognitive demand than the 0-back task, hence resulting in greater precentral activation. 

However, this is purely speculatory and it is necessary to investigate this hypothesis further. 

Be that as it may, the greater left hemisphere activation during the VWM task offers support 

for the notion by Ray et al. (2008) that suggests SWM recruits a general bilateral working 

memory circuit, while VWM requires the additional recruitment of the left hemisphere in 

order to process linguistic properties of the stimuli. 

While task related differences in BOLD activity are generally in accord with the 

functional laterality of SWM and VWM, comparisons of connectivity between the tasks 

revealed differences that did not follow the conventional pattern of hemispheric 

specialisation. Results showed greater functional connectivity from the lateral to medial PPC 

region in the left hemisphere for the SWM task, while FA was higher in the pathways seeded 

from the left medial PPC for the VWM task. If earlier studies comparing SWM and VWM 
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(e.g. D'Esposito et al., 1998; Jonides et al., 1993; Smith et al., 1996) are considered, these 

differences might be somewhat unexpected. However, given the findings from the individual 

task analyses, as well as recent connectivity studies, this result is perhaps not so surprising. 

Leftward frontal connectivity has been shown in tasks requiring both spatial and verbal 

components (Glabus et al., 2003). Similarly, functional activation studies of SWM have also 

shown a leftward pattern. For instance, Klingberg, O’Sullivan and Roland (1997) reported 

predominantly left hemisphere activation during a pattern and colour matching task, with 

additional right hemisphere recruitment as working memory load was increased. Considering 

the tasks used in the current study were not particularly high load, and with participants 

performing at a high level of accuracy, the right hemisphere recruitment may not have been 

necessary in comparison to the working memory tasks used in the literature. Evidently, very 

little attention has been given to specific structural and functional connectivity differences 

between the two tasks directly. It is hypothesised that SWM involves enhanced 

communication within the left parietal region that is distinct for the processing of spatial 

information, which may possibly include the components of encoding and storage (Smith et 

al., 1996). The VWM network on the other hand, may possess superior structural 

connectivity in the parietal and premotor pathway that reflects the verbal rehearsal circuitry 

as suggested by Gruber and Goschke (2004). The same authors also offer the theory that this 

network may be a product of human evolution and the development of speech that is 

independent of a more primitive and phylogenetically older working memory system 

comprised of other frontal and temporal regions of both hemispheres. However, it is clear that 

further work on direct comparisons between the two modalities is necessary to confirm these 

hypotheses. 
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4.5.4 Limitations 

One obvious limitation of our study is the lack of behavioural performance data for 

the working memory tasks. Since the 2-back task could be completed successfully with very 

few errors, it was deemed inappropriate to use accuracy scores as a performance measure due 

to expected ceiling effects. However, it is agreed that the addition of behavioural data would 

be valuable in an exploration of this sort, since performance has consistently shown to 

associate with measures derived from structural and functional imaging. To provide a more 

complete picture, an ideal study would be an extension of the current work that included 

more demanding working memory tasks that vary in memory load. The addition of 

performance measures could enable the identification of differential networks and/or 

pathways recruited based variations in performance. Furthermore, a direct test of the 

mediating role of the PMC could also be implemented. Nevertheless, the current exploratory 

approach has provided valuable evidence and a firm basis for structure-function relationships 

that are present in spatial and verbal working memory networks. 

 

4.6 Conclusion 

Using connectivity measures for both structure and function, we identified regionally 

similar, yet anatomically and functionally distinct networks for spatial and verbal working 

memory tasks. Taking a direct and individual subject-based approach, white matter 

connections were tracked between regions that were functionally coupled within each 

individual. In contrast to early studies of working memory lateralisation, leftward functional 

connectivity was found for SWM, while VWM revealed rightward functional connectivity. 

Structurally, a more symmetrical pattern was observed, with subtle differences detected by a 

survey of parallel and perpendicular diffusion, which may be indicative of differences in the 
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cytoarchitecture of the white matter circuitry. Most notable, was the finding of significant 

associations between PPI parameter estimates and parallel diffusion in the SWM network, 

which was not mirrored in the VWM task. This is in accord with the idea of a generic 

working memory system for SWM, in which the slight variation in the VWM pathways may 

reflect the additional cognitive functions required for the manipulation of linguistic content. 

The current data clearly suggests that the functional and structural networks recruited during 

the processing of working memory do differ based on modality, though what exactly 

underlies the complexity of these differences remains tenuous.  
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CHAPTER 5. GENERAL DISCUSSION 

In this thesis, the much debated structure functional relationship was approached in a 

top-down manner, by combining the methods of fMRI, DTI and tractography. The first study 

in chapter two assessed the lobar structure of white matter and showed that there may be 

multiple lateralising influences that are reflected in structural asymmetries as measured using 

DTI. The studies following, then delved into the connectivity of specific tracts derived from 

areas of functional activation, to directly explore the associations between functionally 

coupled brain regions and the white matter tracts that connect them. While structure-function 

correlations are not always definitive, it appears that the measure of parallel diffusion shows 

the strongest association with functional connectivity, particularly along short-range 

connections. Taken together, it is clear that this relationship is a complex one, and thus the 

search for an exact link is an immense challenge. However, the direct and individual subject-

oriented approach has offered a glimpse into ways of solving this enduring, yet fundamental 

issue. Furthermore, the value of taking into account the measures of diffusivity in the 

interpretation of FA values is highlighted especially with its potential relation to functional 

connectivity. 

 The initial study in chapter two took an exploratory approach to investigate gross 

asymmetries in white matter connectivity. The structural asymmetries found, generally 

followed the expected pattern given our current knowledge of hemispheric dominance. 

However, on considering the rarely mentioned measures of parallel and perpendicular 

diffusion, a much more complex picture of the specific structural properties underlying the 

observed asymmetries was revealed. FA values, indicative of white matter alignment and 

integrity, were shown to be greater in the left for temporal and occipital regions, higher in the 

right for parietal lobes, and no asymmetry was shown in the frontal lobes. In view of the 
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primary functions of each of the lobes, it was expected that such asymmetries in at least the 

temporal and parietal lobes would be found. This is due primarily to the strong lateralisation 

typical for linguistic and visuospatial functions respectively. When the diffusivity measures 

were examined, asymmetries were present in all lobes in varying degrees, revealing distinct 

cytoarchitecture between the hemispheres. 

 As predicted, the white matter pathways of the temporal lobes showed significant 

asymmetry which was mainly due to greater parallel diffusivity in the left hemisphere. Since 

this pathway encompassed at least part of the SLF (a structure implicated in linguistic 

functions), a lateralisation effect that reflected language dominance was anticipated. With the 

frontal regions also comprising language-related sites, greater left hemisphere FA might have 

been expected. However, the more recent view of the contribution of the premotor region in 

language processing is discussed, which was in fact demonstrated in our second study in 

chapter three. This indirect pathway may not be as directionally coherent as major white 

matter tracts such as the SLF. Consequently, asymmetries may not be so noticeable when the 

sum of all pathways originating in the frontal region is considered. Data collected for study 

two (chapter three) is in accord with this idea. While interhemispheric differences were not 

evaluated, this pathway did indeed show lower connectivity in comparison to the SLF. 

Furthermore, any language asymmetries that may be present were perhaps balanced by a 

rightward fronto-parietal function for visuospatial processes. Since functional data was not 

collected for this dataset, the functional consequences can only be assumed. In fact, the 

fronto-parietal connections generated in the third study (chapter four) did not reveal any 

significant asymmetries in either functional or structural connectivity. Therefore, it is highly 

likely that a more complex mechanism is at play when frontal lobe circuitry is considered as a 

whole. Along similar lines, a fibre dissection study revealed anatomical asymmetries in the 

uncinate fasciculus, whereby the right hemisphere tract comprised a higher fibre count and 
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encompassed a larger area relative to the left (Highley et al., 2002). Furthermore, Park and 

colleagues (2004) revealed opposing asymmetries of FA within the frontal regions. 

Therefore, it is possible that there exist opposing asymmetries within the frontal networks, 

and that different functions are predominantly reliant on different pathways that show 

different directions of asymmetry. Thus, collectively, asymmetries in this region are detected 

only in more subtle measures of diffusivity than global FA. 

 The structural profile extracted from the parietal lobes suggested a rightward 

asymmetry in FA and parallel diffusion which might indicate asymmetries in axon calibre. 

Larger axons within the right parietal region agrees well with reports of functional 

asymmetries in the domains of visual attention, auditory attention and visuospatial processing 

(Cohen et al., 1996; Heilman et al., 1993; Petit et al., 2007; Sack et al., 2007). 

Electrophysiological data examining parietal visual evoked potentials also suggest the 

presence of these asymmetries (Barnett & Kirk, 2005; Brown et al., 1994; Iwabuchi & Kirk, 

2009; Marzi et al., 1991; Nowicka & Fersten, 2001; Patston et al., 2007b; Rolfe et al., 2007; 

Saron & Davidson, 1989). However, it was observed in study three (chapter four), that even 

within the parietal lobe pathways, structural properties can vary. While patterns were 

divergent between hemispheres, pathways originating in the parietal lobes showed greater FA 

when connecting to motor and premotor regions in comparison to connections solely within 

the parietal lobe, which might indicate greater coherence of white matter fibres. When 

diffusivity measures of these pathways were considered however, lower levels of MD were 

obtained. This was attributed to lower parallel and perpendicular diffusion. Therefore, the 

axonal properties of the pathways that are contained within the parietal regions might 

represent greater axonal diameter with lower packing density (greater interaxonal space). 

Also, FA was particularly high in the right parietal to premotor connection recruited during 

SWM, which probably contributes to the parietal asymmetries observed in the lobar analyses.  
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 Asymmetries of the occipital lobe are not a commonly documented property, though 

both structural and functional asymmetries have been reported. Park et al.’s (2004) 

hemispheric comparisons of white matter showed higher FA values in the left optic radiation 

than the right. Volumetric analyses have also shown greater white matter in the left occipital 

than the right (Allen et al., 2003), which in part is likely the result of the anti-clockwise 

torque (LeMay, 1976), causing the right frontal and left occipital lobes to protrude beyond the 

counterpart lobes. Functionally, it appears that the occipital cortex lateralises based on task. 

Large et al. (2007) recently showed object naming and object matching to be specialised in 

the left and right hemispheres respectively. Given these findings, a combined functional and 

structural analysis, similar to the methods in study one and two, of the occipital lobes would 

be of great interest. One could then define the visual networks that are responsible for such 

tasks and determine what effect lateralisation poses on the functional and structural 

connectivity within each network. 

 The results of the temporal lobe white matter suggest a language related basis for the 

asymmetry, which has been frequently demonstrated in tractography studies of the language 

pathways (e.g. Büchel et al., 2004; Glasser & Rilling, 2008; Nucifora et al., 2005; Powell et 

al., 2006). The most commonly generated tract is the SLF, which can be broken down into 

subcomponents such as the AF. However, the exact regions that are connected by these 

pathways are still debated and thus, remain equivocal. Nevertheless, it is evident that these 

pathways are indeed involved in various aspects of language, as illustrated by the disruption 

in linguistic functions during direct cortical electrostimulation (Dale et al., 1999; Duffau et 

al., 2002; Duffau et al., 2005; Mandonnet et al., 2007). The general pattern of the temporal 

pathways suggests that the left hemisphere tract is structurally more coherent than the right, 

and moreover may contain axons with greater axonal diameter. While functional data was not 
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collected for this dataset, it is speculated that similar to other studies, this result is associated 

with language lateralisation. 

 It is clear however, that to confirm these speculations and establish a structure-

function relationship, functional information is a vital component. Furthermore, given that a 

diverse population of tracts exist in each lobe, with potentially as diverse a range of 

functions, subsequent studies demanded greater specificity of pathways. The use of 

functionally derived regions as seed points for tracking white matter tracts allowed greater 

specificity and enabled the examination of this relationship more directly. There are several 

important elements that feature in studies two and three (chapters three and four respectively) 

that differ from many others using combined fMRI and DTI. The first, is the use of functional 

connectivity as opposed to BOLD signal alone. The connectivity measure using PPI provides 

information regarding the influence one region has on another, and how this is affected by a 

psychological variable. When the activity of two regions correlates, it can be claimed with 

some confidence that they must be functionally, and therefore also structurally linked. Thus, 

the primary objective was to investigate if this was in fact the case by determining the 

existence of white matter pathways between these sites, and furthermore, whether the degree 

of functional connectivity reflects the structural properties. Secondly, an individual subject 

approach was employed, rather than using ROIs derived from group averages. Although this 

causes considerable burden on computational time, it allows the generation of pathways 

between cortical activation sites that are specific to each individual, thus minimising the 

arbitrariness of ROI placement. 

 In study two (chapter three), left hemisphere pathways involved in the generation and 

comprehension of language were identified. Specifically, the classical language pathways of 

the long AF connecting frontal and temporal sites were tracked, in addition to shorter range 
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connections between the frontal and motor regions. A rarely documented pathway known as 

the IOFF was also identified, which follows a ventral route that courses through the extreme 

capsule to connect the frontal language regions with the posterior. These findings support the 

previously proposed dual route theory of language comprehension, whereby visual word form 

or a heard word is mapped on to articulation (phonological processing) and meaning 

(semantic processing) via the dorsal and ventral pathways respectively (Hickok & Poeppel, 

2004; Jobard et al., 2003; Saur et al., 2008). This is not unlike the two independent streams of 

the visual system where action and spatial awareness are guided by the dorsal stream, while 

the more conceptual process of object identification involves the ventral stream (Goodale & 

Milner, 1992; Mishkin & Ungerleider, 1982). Strikingly similar pathways were identified by 

Saur and co-workers (2008) using tasks of word repetition and auditory comprehension, 

which suggests that the dual route is probably generalizable to both visual and auditory 

modes of language. In the second study (chapter three) however, the functional connectivity 

of this network, did not show a significant association with structural measures. It was 

postulated that this may have been due to the recruitment of both the ventral and dorsal 

streams, resulting in an accumulated connectivity value from each pathway. The multimodal 

nature of this network likely plays a key role in the integration of the broad range of basic 

linguistic processes that constitute the comprehension of language. Perhaps if these streams 

could be isolated based on function, a specific structure-function relationship might be found 

here. 

 The shorter path extending from the middle frontal to the precentral gyrus was of 

great interest, since the contribution of motor regions in language has come to light in recent 

years. The idea of a motor component during linguistic processes stems from the notion that 

in order to perceive and comprehend language, one must also recruit the regions necessary to 

produce language. In a similar vein, it has been theorised that human language is an evolved 
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form of “gestures.” Our ability to understand language reflects our ability to recollect 

gestures, hence the involvement of the motor regions. Most intriguingly, this pathway 

between the MFG and motor cortex of the left hemisphere showed correlations between 

functional and structural connectivity measures. In fact, the classical language pathway that is 

so often reported did not show this association, in spite of numerous studies finding a general 

effect of leftward laterality related to language dominance. One explanation may be that the 

structural properties of the AF tract does not show a correlation with the functional 

connectivity measured during the production and comprehension of language, because it is 

involved in a much broader range of cognitive functions than language processes alone. The 

shorter-range fronto-motor pathway on the other hand might carry out a more specific role in 

word production, and perhaps even more so for verb generation, especially given the action-

related element of verbs. Interestingly, the structural measures that revealed a correlation with 

PPI measures were parallel, perpendicular and mean diffusivity, but surprisingly not FA. It is 

not certain why such a relationship might be observed, though it appears that diffusivity 

measures (particularly parallel diffusion, as was also discussed in chapter four) may be more 

relevant to functional connectivity, as measured by PPI, than FA. In considering the 

correlations detected in the spatial working memory task in study three (chapter four), it is 

evident that the structure-function relationship is both intricate and complex. However, it is 

also apparent that parallel diffusion in particular, appears to bare a significant association 

with PPI measures. Perhaps parallel diffusion could be considered as a more suitable measure 

than FA in structure-function investigations, though the exact influences on the degree of 

diffusion are yet to be fully understood. Nevertheless, in accord with several researchers (e.g. 

Beaulieu, 2002; Beaulieu & Allen, 1994; Schwartz et al., 2005; Takahashi et al., 2002), the 

study highlights the importance of including all measures of diffusion in the interpretation of 

FA values. 
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 With the successful tracking of functionally relevant pathways in the second study 

(chapter three), this methodology was then applied to a more distributed and bilateral network 

using a more complex cognitive task. Since the working memory network is known to 

involve a widespread bilateral network, this was considered to be an appropriate function for 

exploration. Furthermore, in order to extend the work on the asymmetries found in chapter 

two, the tasks were segregated into a spatial and verbal n-back task. Both tasks recruited the 

typical network comprised of the frontal, premotor and parietal regions, and white matter 

pathways that connected these regions were generated both within and between hemispheres. 

The tasks showed independently distinct patterns of structural and functional connectivity, 

where asymmetries were detected predominantly in function, while FA showed a more 

symmetrical representation. The individual diffusivity measures however, uncovered subtle 

structural differences both within and between hemispheres in both tasks.  

 An unexpected result was a leftward bias in the SWM task for functional connectivity, 

with the reverse pattern for VWM. However, recent evidence has suggested that SWM might 

be a more generic system for working memory, with the further recruitment of left 

hemispheric regions for the processing of linguistic content during VWM (Ray et al., 2008). 

In accord with this idea, correlations between structural and functional measures were found 

primarily for the SWM pathway within the shorter-range projections between the premotor 

and parietal regions. Similar to the shorter-range pathway identified in the language circuitry, 

it is hypothesised that these connections might be more specific to SWM processes in 

comparison to the fronto-parietal pathway, which is likely involved in a myriad of cognitive 

functions. In fact, the fronto-parietal pathway, identified as part of the SLF, would indeed 

overlap with portions of the language network. Therefore, the possibility is put forth that the 

involvement of linguistic processing during the VWM task may have hindered the detection 

of an anatomo-functional association. In other words, the structural detail available with DTI 
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and tractography may be insufficient to completely represent the functions of a major 

pathway that is responsible for VWM, since it requires the integration of a variety of 

cognitive processes.  

The structural profile of the SWM network indicated particularly large axons in the 

parietal circuitry with possibly greater levels of myelin in the fronto-parietal connection 

compared to the fronto-premotor pathway. The VWM task revealed particularly high 

structural integrity of the white matter connecting the parietal and premotor regions. It is 

proposed that the strong structural connectivity of the premotor-parietal network reflects the 

circuitry responsible for verbal rehearsal, as posited in the working memory model offered by 

Gruber (2000). In addition, some support is offered for the mediating role of the PMC during 

working memory, as suggested by Burzynska et al. (2009). The PPI analyses for the SWM 

suggested strong communication between the PMC and medial PPC, which might represent 

the monitoring and rehearsal of visuospatial information. Additionally, the stronger 

functional connections between frontal and parietal regions relative to the fronto-premotor 

regions might also suggest a secondary role of the PMC. Interestingly, the PPI analyses for 

the VWM task did not actually show a functional connection from the DLPFC to the PMC. 

This may be for similar reasons, whereby the PMC is more involved as a mediator for the 

fronto-parietal pathway. Communication from the PMC might occur primarily with posterior 

parietal regions. Perhaps the addition of the manipulation of working memory load in the 

current paradigm, and assessing changes in PMC connectivity, would provide some insight 

for the exact function of the PMC in working memory. 

To return to the subject of laterality, direct comparisons of both structural and 

functional measures between the working memory tasks yielded asymmetries that may be 

related to language. The BOLD analyses revealed a single region in the precentral gyrus to be 
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more activated during VWM, relative to SWM. Lycke et al. (2008), who used a paradigm 

that closely resembled that of the current study, found more pronounced lateralisation of 

spatial and verbal tasks. Greater and more widespread activation was observed during the 

VWM task in the frontal and temporal language regions of the left hemisphere, while the 

SWM task showed rightward clusters of greater activation in parietal and temporal regions. 

The different pattern of laterality seen in our study is attributed to the difference in control 

task. The use of a 0-back task in the current study as opposed to a blank screen, would have 

subtracted out basic maintenance activity of the word or location of the first stimulus. 

Therefore, it is assumed that based on Lycke et al.’s (2008) results, the leftward activation of 

language regions during the VWM task may be specific to the maintaining of verbal 

information, while the rightward parietal and temporal regions might be involved in the 

storage and maintenance of spatial information. The left hemisphere cluster in the precentral 

gyrus that was higher for VWM than SWM when comparing BOLD responsivity may be 

associated with the constant covert production of the phonemes during the 2-back task, 

supported by similar activation observed during the verb generation task in study two 

(chapter three). This also falls in line with the theory proposed by Ray et al. (2008), of a 

generic working memory system for SWM with further recruitment of the left hemisphere 

when processing linguistic material. 

Taken together, it is apparent that there exist distinct networks for working memory 

based on modality. Although regionally similar, a comprehensive analysis of both structural 

and functional connectivity revealed significant distinctions that are believed to be related to 

the contrasting processes required for each task. The associations between structure and 

function were found primarily in shorter-range connections that were not necessarily strongly 

functionally connected, yet may be a pathway that is more specific for the function of 

working memory. Similar correlations were also observed in language pathways where a 
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fronto-motor pathway showed a significant structure-function relationship. This again 

suggests that this pathway may play a particular role for the function of verb production, 

relative to the major pathway connecting the frontal and temporal language regions. The 

current method provides a means for establishing direct relations between the functional 

coupling of two regions, and the underlying white matter structure that connects them. 

Overall, the results also highlight and emphasise the value of considering measures of parallel 

and perpendicular diffusivity when interpreting FA, in order to gain a better understanding of 

the possible microstructure that give rise to a given FA value. With the continuing advances 

in neuroimaging combined with further structure-function research, the ultimate goal is the 

development of a comprehensive characterisation of the so-called “human connectome.” 

With the use of more direct and individual subject-based measures of this relationship, such 

as those used in the current studies, such an objective may indeed be feasible. 
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Appendix A: Participant Information Sheet 

 

 DEPARTMENT OF PSYCHOLOGY LEVEL 6  
HUMAN SCIENCES BUILDING 

10 SYMONDS STREET, AUCKLAND 
PRIVATE BAG 92019 

PH: 09 3737599 x88557 

   
PARTICIPANT INFORMATION SHEET 

 
Title of Project:  Functional imaging (fMRI) of human information processing 
Researchers:  Sarina Iwabuchi, Dr Lucy Patston, Dr Lynette Tippett, Dr Ian 
Kirk 
 
You are invited to participate in the above named research project. The general aim of 
this project is to examine the areas in the brain that are involved in information 
processing of auditory and visual stimuli. 
 
We will measure brain activity using functional magnetic resonance imaging (fMRI) that 
picks up magnetic fields generated by the flow of blood to active areas of the brain. 
Since Magnetic Resonance Imaging is associated with a strong magnetic field, some 
people may not be eligible to volunteer because of the presence of the following: 

- pacemakers / defibrillators 
- metal clips in the brain (aneurysm clips) 
- metal fragments in or near the eyes 

 
At the MRI unit all volunteers will first be checked for these and any other reasons a 
Magnetic Resonance scan should not be performed. The research will be conducted at 
the Centre for Advanced Magnetic Resonance Imaging (CAMRI), Medical School, Grafton 
Campus, and the whole study will take less than 2 hours. 
 
Before you begin we will ask you to fill out a screening questionnaire. This should take 
no more than 15 minutes. You will then be asked to lie down in the scanner. This part of 
the testing may take up to an hour, but is typically shorter. This procedure is safe, and 
involves no side effects of physical discomfort. It is possible, though, that you may 
experience some claustrophobia, and if this is the case you may terminate the 
experiment immediately at any time by pressing the emergency buzzer.   
 
In the event that a clinical abnormality is detected through performing a scan on you, 
you will be informed of this and will be referred back to your general practitioner. 
Because the images are not routinely reviewed by a radiologist we are unable to perform 
diagnostic scans of areas where you have known abnormalities for medical purposes. 
 
If you do participate, anonymity of the data you provide will be preserved. You may 
withdraw yourself and your data from this study, without giving a reason, at any stage 
up until three months after you have participated. If the information you provide is 
reported or published, this will be done in a way that does not identify you as its source. 
Access to consent forms and data will be restricted to the researchers directly involved in 
this project and will be stored by the principal investigator in a locked cabinet on 
university premises. All information will be held for a period of six years. You will receive 



APPENDICES 

110 

summary information about the results of the study at its completion. We will obtain 
your agreement to participate in writing on a consent form. 
 

If you would like to participate in this research project or if you have any questions 
about the project, please contact one of the following: 
Sarina Iwabuchi 
09 3737599 x88421 
sarinaiwabuchi@gmail.com 

Dr Lynette Tippett 
09 3737599 x88551 
l.tippett@auckland.ac.nz 

Dr Ian Kirk    
09 3737599 x88524 
i.kirk@auckland.ac.nz  

 
For ethical concerns contact: The Chair, The University of Auckland Human Participants 
Ethics Committee, The University of Auckland Room 005, Alfred Nathan House, 24 
Princes Street, Auckland. Tel: 09 3737599 x87830.         

This study has received ethical approval from the University of Auckland Human 
Participants Ethics Committee (Ref:  2007/072). 
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Appendix B: Participant Consent Form 
 
 

 

  
 
 

DEPARTMENT OF PSYCHOLOGY LEVEL 6  
HUMAN SCIENCES BUILDING 

10 SYMONDS STREET, AUCKLAND 
PRIVATE BAG 92019 

PH: 09 3737599 x88557 

   

CONSENT TO PARTICIPATE IN RESEARCH 

(THIS FORM WILL BE HELD FOR A PERIOD OF SIX YEARS) 

 

Title of Project:  Functional imaging (fMRI) of human information processing 

Researchers:  Sarina Iwabuchi, Dr Lucy Patston, Dr Lynette Tippett, Dr Ian 
Kirk 

I have been given and have understood the explanation of this research project 
and my role as a subject. In particular I have been informed that: 

 

1. I may obtain results regarding the outcome of the project upon completion 
of the study. 

2. I may withdraw myself or any information traceable to myself from this 
study at any time. 

3. I may have my data withdrawn within three months of collection. 
4. My medical information and my identity will remain confidential. 
5. I agree to be informed about any incidental findings that may arise from the 

scan and should there be any findings that I will be referred to my general 
practitioner.   

 

I agree to take part in this research. 

Name: 

Signed: 

Date: 

Email address: 

 

This study has received ethical approval from the University of Auckland Human 
Participants Ethics Committee (Ref: 2007/072). 
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