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Abstract 
 

Functional magnetic resonance imaging (fMRI) is a widely used, noninvasive 

technique to map brain activation, and has provided considerable insight into human 

brain function over the past two decades. Until recently, fMRI studies have focused on 

gray matter; however, reports of fMRI activation in white matter are mounting. White 

matter fMRI activation has the potential to greatly expand the breadth of brain 

connectivity research, as well as improve the assessment and diagnosis of white matter 

and connectivity disorders. Despite these potential benefits, white matter fMRI activation 

remains controversial. The controversy is partially due to the existence of incompletely 

understood facets of fMRI signals in white matter. This thesis describes three 

experiments that aim to refine what is currently known about white matter fMRI 

activation. In the first experiment, one of the main concerns about fMRI activation in 

white matter was addressed; namely, whether white matter has sufficient cerebrovascular 

reactivity to support hemodynamic changes that can be measured with fMRI. It was 

demonstrated that white matter has the capacity to support detectable hemodynamic 

changes in the absence of partial volume effects. In the second experiment, the effect of 

static magnetic field strength on sensitivity to white matter fMRI activation was explored 

as a possible cause of the relative paucity of reports of white matter fMRI activation. The 

results showed greater sensitivity to white matter fMRI activation at 4 T relative to 1.5 T 

MRI. In the third experiment, the relationship between white matter activation and the 

activated network of gray matter regions was explored. This was accomplished using 

fMRI-guided tractography in which structural connections between activated clusters are 

evaluated. Structural connectivity between white matter fMRI activation and regions of 

gray matter activation was demonstrated, providing evidence of the functional 

significance of fMRI activation in white matter. These experiments provide important 

insights, which will allow for improved investigations of white matter fMRI activation in 

the future. In addition, it is posited that experimenter bias, via selective reporting of 

activation clusters, has contributed to the slow acceptance of fMRI activation in white 

matter.  
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Chapter 1 Introduction 
 

1.1. Overview 
White matter, which contains the connections between brain regions, comprises 

approximately 50% of the human brain (Arai and Lo, 2009; Black, 2007; Harris and 

Attwell, 2012). The functional significance of white matter has been established by 

extensive lesion and anatomic studies, which have demonstrated the importance of intact 

white matter for normal brain function, and have implicated white matter damage and 

disconnections in numerous neurologic and psychiatric diseases (e.g., Catani & fftyche, 

2005). Despite its importance, white matter is rarely considered in functional 

neuroimaging studies. A tool to non-invasively investigate the functional dynamics of 

white matter would substantially broaden current approaches to the study of brain 

connectivity, and be of considerable value to research into the assessment and progression 

of white matter diseases such as multiple sclerosis.  

Recently, evidence has begun mounting that it is possible to study the functional 

dynamics of white matter with functional magnetic resonance imaging (fMRI). However, 

there are still a number of issues related to white matter fMRI that call its validity into 

question. This manuscript-based thesis will address some of these issues in order to refine 

the current understanding and enhance the interpretability of fMRI activation in white 

matter.  

In this chapter, the relevant concepts in magnetic resonance imaging (MRI), 

fMRI, and diffusion tensor imaging (DTI) will be introduced (Section 1.2). Next, a 

rationale for how the study of brain connectivity could be improved by white matter fMRI 

techniques will be proposed, and the possible neurophysiologic explanations for fMRI 

activation in white matter will be outlined (Section 1.3). A review of the existing studies 

reporting white matter fMRI activation will follow (Section 1.4). The introduction will 

conclude with a description of the objectives of the experiments presented in this thesis 

(Section 1.5). 
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1.2. MRI Techniques 

1.2.1. Principles of MRI  

MRI is a non-invasive imaging technique with extensive applications in 

biomedical research and other fields. MRI is an application of nuclear magnetic 

resonance (NMR), which capitalizes on the magnetic properties of certain atomic nuclei. 

For MRI, the most commonly used atom is hydrogen, allowing the study of proton-dense 

body tissues with high water and fat content (Matthews, 2002). 

Atomic nuclei have a number of fundamental physical properties (e.g., mass, 

charge). Of importance to NMR is another such property, called spin. The spin of 

hydrogen nuclei is such that they have a magnetic moment. When placed in a static 

magnetic field (called B0), the spins tend to align either parallel or anti-parallel to B0, with 

a slightly larger fraction of spins aligning parallel. A sample placed in a static magnetic 

field thus develops a bulk magnetization. This bulk magnetization displays resonance 

phenomena with a characteristic frequency (the Larmor frequency ω) that is directly 

proportional to B0 and the properties of the atomic nucleus under investigation. By 

applying an oscillating electromagnetic field (also called a radiofrequency or RF pulse) at 

ω, the bulk magnetization is rotated into the transverse plane relative to B0, and precesses 

around the axis of B0 at ω. This results in an oscillating magnetic field, which will induce 

a voltage in a receive coil. This voltage is the basis for the NMR signal (Jezzard and 

Clare, 2002).  

By varying the strength of the magnetic field experienced by the spins using 

gradient magnetic fields, ω will change as a function of the linear distance along the 

gradient. This property is the basis of spatial localization of NMR signals, which is 

required for imaging (Matthews, 2002). Slice selection can be achieved by applying a 

gradient along one axis such that the magnetic field varies between the slabs of tissue. 

The slabs will then have different ω, allowing independent excitation of the slices by 

applying an RF pulse at the appropriate frequency. Within a slice, localization can be 

achieved using phase and frequency encoding. For phase encoding, another gradient 

(orthogonal to the slice select gradient) is briefly applied. Because the spins are 

experiencing different magnetic fields, they have different resonance frequencies, which 

causes them to dephase. These phase differences can be used to localize signals along one 
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axis of a slice. In frequency encoding, another gradient is applied in the third orthogonal 

plane, again resulting in different ω along the gradient. This gradient remains on during 

signal acquisition, allowing the frequency differences to be used to localize signals along 

this axis.  

Over time, the bulk magnetization (which had been flipped into the transverse 

plane by applying an RF pulse) becomes realigned to B0. This return to equilibrium 

occurs due to interactions between the hydrogen nuclei and the surrounding environment 

(i.e., spin-lattice relaxation) and can be described by the longitudinal relaxation time 

constant (T1). T1 depends on an atom's efficiency in exchanging energy with its 

environment through motion of the molecules. For energy exchange to take place, the 

molecular motion must occur at specific frequencies. Therefore, T1 depends on factors 

such as molecule size, physical state, viscosity, and temperature (Jezzard and Clare, 2002; 

Matthews, 2002).  

In addition to realigning with B0, the transverse magnetization also decays. Each 

spin experiences a slightly different magnetic field, which results in slightly different 

precession frequencies. The frequency differences result in phase offsets between the 

spins, so that the vector sum of the spins’ magnetization decreases. Local variations in the 

magnetic field are caused by two factors:  

1) Molecular interactions that change the magnetic field experienced by the 

spins (i.e., spin-spin relaxation). The decay of transverse magnetization 

caused by molecular interactions can be described by the time constant T2.  

2) Inhomogeneities in B0. The decay due to inhomogeneity effects can be 

described by the time constant T2*.  

Thus, processes contributing to both T2 and T2* are responsible for decay of the 

transverse magnetization (Jezzard and Clare, 2002; Matthews, 2002). In some pulse 

sequences, the dephasing of spins is refocused by applying a 180 degree RF pulse at some 

time (τ) after the initial RF pulse that flipped the spins into the transverse plane. This 

inverts the magnetization of the spins, such that they rephase and form a signal echo 

(called a spin echo) at time 2τ (Jezzard and Clare, 2002).  

T1, T2, and T2* differences between tissue types can be used to generate image 

contrast by using imaging techniques (called pulse sequences) that are weighted for a 
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particular time constant. Figure 1.1 provides examples of T1-, T2-, and T2*-weighted 

images.  

 

 
 

1.2.2. Principles of Functional MRI 

1.2.2.1. Physics of Functional MRI. The most commonly used fMRI technique, 

blood oxygen level dependent (BOLD) contrast, capitalizes on the different magnetic 

properties of oxygenated and deoxygenated hemoglobin. While oxygenated hemoglobin 

is diamagnetic (i.e., will create a small magnetic field repelling an external magnetic 

field), deoxygenated hemoglobin is paramagnetic (i.e., will create a magnetic field 

attracting an external magnetic field). The magnetic field created by paramagnetic 

deoxygenated hemoglobin results in inhomogeneities in the static magnetic field. The 

field inhomogeneities result in faster signal decay due to shorter T2*. When using a 

T2*-weighted sequence, deoxygenated hemoglobin results in reduced image intensity 

(Matthews, 2002).  

As discussed in detail in Section 1.2.2.2, neural activity leads to increased energy 

demands (Attwell and Laughlin, 2001). Via various complex and incompletely 

understood pathways, these increased energy demands are met by regional increases 

cerebral blood flow (CBF) and volume (CBV) to provide oxygenated blood to activated 

neurons (i.e., functional hyperemia). The increases in CBF and CBV overcompensate for 

the oxygen metabolized to support the demands of increased neural activity, such that 

neural activity is linked to an increase in oxygenated hemoglobin. Thus, regions with 

increased neural activity have relatively greater signal intensity on T2*-weighted images 

Figure 1.1. Examples of MRI images with different contrast. A: T1-weighted; B: T2-
weighted; C: T2*-weighted (Mazerolle, unpublished results).  

 A B C 
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(e.g., Kida and Hyder, 2005; Lauritzen and Gold, 2003; Logothetis, 2003; Matthews, 

2002; Uğurbil et al., 2007).   

1.2.2.2. Neurophysiological Basis of Functional MRI Signals. Seminal work by 

Logothetis and colleagues (2001) demonstrated that BOLD signal changes are strongly 

associated with the input activity to the region (i.e., post-synaptic activity or local field 

potentials; LFP). While Logothetis and colleagues (2001) also reported that BOLD signal 

changes were correlated with output activity (i.e., action potentials or spiking activity), 

they describe this correlation as fortuitous due to the inherent correlations between 

spiking and local field potentials. Rauch and colleagues (2008) went on to show that local 

field potentials are sufficient for BOLD signal changes, which can take place in the 

absence of spiking activity.  

Recent evidence has revealed the multi-dimensional and context-dependent nature 

of this relationship. For example, regional differences in neurovascular coupling have 

been observed. Sloan and colleagues (2010) showed the relationship between LFP and 

BOLD activity differs between cortical and subcortical gray matter, with larger LFP 

responses and smaller BOLD responses in the striatum compared to the cortex. 

Furthermore, different experimental conditions have been shown to decouple the neural 

and hemodynamic response. Sirotin and Das (2009) showed that within V1, two distinct 

categories of hemodynamic responses could be observed. The first category of 

hemodynamic responses was stimulus-related and could be predicted by increased neural 

activity resulting from visual stimulation. Interestingly, the second category of 

hemodynamic responses could be measured in complete darkness in anticipation of an 

absent visual stimulus. This work demonstrates the existence of context-dependent 

dissociations between neural and hemodynamic responses.  

In addition to the uncertainties in terms of the relationship between neural activity 

and the hemodynamic response, the metabolic pathways by which neural signals are 

transduced into hemodynamic changes are also incompletely understood. There is 

evidence that the increased glucose and oxygen metabolism (and the corresponding 

metabolites) associated with neural activity does not directly impact neurovascular 

coupling. Instead, other molecular events associated with neural activity are thought to be 
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the primary stimulus for the hemodynamic response (Lauritzen, 2005; Petzold and 

Murthy, 2011).  

Neurovascular coupling pathways can be divided into two overlapping categories: 

neuron-mediated and astrocyte-mediated. Neuron-mediated pathways include the actions 

of inhibitory interneurons, which are known to act directly on smooth muscle by releasing 

vasodilators such as nitric oxide (NO) and vasoactive intestinal peptide, and 

vasoconstrictors such as somatostatin and neuropeptide Y (Cauli et al., 2004; Kleinfeld et 

al., 2011). In addition, γ-aminobutyric acid (GABA) may have a direct vasoactive effect, 

given that GABA interneurons have been found to project directly to cerebral vessels, 

which have been shown to express GABA receptors (Drake and Iadecoa, 2007; Vaucher 

et al., 2000; Kocharyan et al., 2008). In addition to the interneurons, projections from 

neurons located in subcortical regions such as the basal forebrain, raphe nucleus, ventral 

tegmental area, and locus coeruleus also contact blood vessels and exert vasodilatory or 

vasoconstrictive effects via neurotransmitters and neuropeptides (Drake and Iadacola, 

2007). Finally, glutamatergic pyramidal cells are thought to release NO following 

activation of N-methyl-D-aspartate (NMDA)-type receptors and subsequent increase in 

intracellular calcium ion (Ca2+) concentration (Lecrux and Hamel, 2011; Drake and 

Iadacola, 2007). The glutamate-evoked increase in intracellular Ca2+ concentration is also 

linked to increased production of the arachidonic acid metabolite prostaglandin E2, which 

induces vasodilation via an unidentified mediator (Petzold and Murthy, 2011). The effects 

of glutamate may be mediated by adenosine (Iliff et al., 2003), which is also produced by 

neural activity (Drake and Iadecola, 2007). 

Astrocytes are ideally positioned to control neurovascular coupling, as they 

receive input from neurons and have processes (i.e., end feet) closely apposed to the 

smooth muscle cells that control the vascular tone of the corresponding arterioles. The 

morphological properties of astrocytes, combined with recent functional evidence 

(described below) have caused some to speculate that neurovascular coupling is mediated 

entirely by astrocytes (Petzold and Murthy, 2011) 1.  

Glutamate has been implicated in astrocyte-mediated neurovascular coupling. In 

astrocytes, activation of metabotropic glutamate receptors is associated with intracellular 

                                                
1 One exception noted by Petzold and Murthy (2011) is gaseous vasoactive substances such as NO.  
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Ca2+ increases, which spread to distant regions of the astrocyte to form Ca2+ waves. The 

Ca2+ waves are associated with increased production of the arachidonic acid metabolites 

prostaglandin E2 and epoxyeicosatrienoic acids (Koehler et al., 2008; Petzold and 

Murthy, 2011). The vasoactive effects of these compounds can be either dilatory or 

constricting depending on factors such as NO concentration (Lecrux and Hamel, 2011; 

Drake and Iadecola, 2007).  

Potassium has been implicated in both neuron- and astrocyte-mediated 

neurovascular coupling. Potassium ions (K+) may mediate rapid vascular responses to 

neural activation (Lecrux and Hamel, 2011). K+ is released during neuronal 

depolarization, and this increase in extracellular K+ concentration (along with glutamate 

import) drives K+ into astrocytes. The astrocytes then release K+ perivascularly, which 

causes the arteriole smooth muscle cells to dilate (Petzold and Murthy, 2011). 

Interestingly, this astrocyte-mediated vasodilation is faster (66ms) than the vasodilation 

that results from freely diffusing extracellular K+ (2.5s; Gjedde, 2002). The vasodilatory 

effects of increased extracellular K+ concentration are partially mediated by NO (Drake 

and Iadecola, 2007; Lauritzen, 2005).  

In addition to their effects on the smooth muscle cells of arterioles, neurons and 

astrocytes might also act on contractile cells found on capillary walls, called pericytes, to 

control neurovascular coupling. Pericytes have been shown to respond to many of the 

same vasoactive molecules as the arteriolar smooth muscle cells, including NO, 

adenosine, and arachidonic acid metabolites. However, conclusive in vivo evidence 

linking pericytes to neurovascular coupling is lacking (Hamilton et al., 2010).  

 

1.2.3. Principles of Diffusion Imaging 

Diffusion weighted imaging (DWI) and DTI applications primarily employ 

Stejskal-Tanner diffusion encoding. In this scheme, a pair of equal gradients is applied on 

either side of the spin echo. Spins that have changed position (i.e., diffused) between and 

during the application of the diffusion gradients result in reduced signal intensity (because 

they are not refocused by the spin echo). The amount of diffusion weighting (i.e., the loss 

of signal intensity due to diffusion) is dependent on the strength of the applied diffusion 

gradients, the duration of the diffusion gradients, and the time between the diffusion 
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gradients, and is typically expressed as a b-value, which has the unit s/mm2. DWI can be 

used to evaluate the apparent diffusion coefficient (ADC) of tissue, which is important 

clinically for evaluating conditions such as stroke (Mukherjee et al., 2008; Basser and 

Özarslan, 2009).  

Diffusion can be isotropic (i.e., occur equally in all directions). In the brain, 

isotropic diffusion occurs in the large cerebrospinal fluid (CSF) spaces where diffusion of 

water is not restricted. Diffusion is also considered isotropic in gray matter, where the 

complex microstructure restricts diffusion approximately equally in all directions at the 

spatial scale that can be measured with diffusion MRI. In regions where many fibres are 

aligned (e.g., white matter tracts), water tends to diffuse along the axis of the tract 

because diffusion is restricted in directions perpendicular to the tract. This phenomenon is 

known as anisotropic diffusion (Jones et al., 1999). 

Anisotropic diffusion can be characterized by applying diffusion gradients along 

different spatial axes. By acquiring at least six images with noncollinear diffusion 

gradients, plus an image with no diffusion weighting, the diffusion tensor (an ellipsoid 

model of the anisotropic diffusion) can be calculated. This information can be used to 

calculate the fractional anisotropy (FA) at each voxel. High FA indicates a preferred 

direction of diffusion (Mukherjee et al., 2008; Nucifora et al., 2007). An example FA map 

is presented in Figure 1.2.  

 

 

Figure 1.2. Example of a colour FA map, calculated from diffusion tensor images. 
The intensity (brightness) represents the amount of fractional anisotropy. The 
colours represent the preferred direction of diffusion (red: left-right; green: anterior-
posterior; blue: inferior-superior; Mazerolle, unpublished results). 
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Fibre tracking algorithms map the white matter pathways of the brain by 

following the direction of diffusion from voxel to voxel. These algorithms are typically 

constrained by a minimum FA value and a maximum fibre turning angle to exclude brain 

regions that are not likely white matter and improbable fibres, respectively (Mukherjee et 

al., 2008). Fibre tracking is a major advance in neuroscience research as it allows the 

structural connectivity of the brain to be mapped non-invasively in vivo (Nucifora et al., 

2007; Jones et al., 1999).  

 

1.3. Rationale for Studying Functional MRI Activation in White Matter  
1.3.1. Impetus 

There is a growing interest in brain imaging to describe the entire network of 

connections in the human brain (i.e., map the human connectome). Brain connectivity is a 

fundamental concept in neuroscience and is especially important in cognitive 

neuroscience, as it is from distributed networks of brain regions that complex functions 

emerge. Intact brain connectivity is necessary for normal function, and disconnections are 

implicated in many neurologic and psychiatric conditions, including multiple sclerosis 

(Charil et al., 2006) and schizophrenia (White et al., 2008).  

MRI studies of connectivity have mainly used DTI tractography to map structural 

connections and functional connectivity analyses (e.g., correlations among the fMRI 

timecourses of gray matter regions) to understand functional connections. While DTI 

tractography has permitted significant advances in the current understanding of brain 

connectivity, the technique is limited to evaluating structure, and does not provide 

information about the functional dynamics of the identified networks. Information from 

DTI tractography can be augmented with functional connectivity analyses, which 

typically infers connectivity based on correlations between the time series of different 

gray matter regions.  

DTI tractography and functional connectivity approaches (and combinations 

thereof) are fundamentally limited by the fact that neither directly evaluates the functional 

dynamics within the white matter pathways. Studying the activation patterns of the white 

matter pathways is crucial for understanding the interactions among different nodes in a 

brain network, as well as evaluating whether structural white matter changes are 
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associated with functional changes. This approach may also clarify whether observed 

correlations between gray matter regions (a typical approach to studying functional 

connectivity using fMRI) result from direct connections, or indirect connections mediated 

by other gray matter areas.  

In addition to the potential applications for brain connectivity research, white 

matter fMRI could also be applied to the diagnosis and assessment of white matter 

disorders. This is of particular interest in conditions such as multiple sclerosis, in which a 

clinical-radiological paradox has been observed. That is, the functional deficits 

experienced by multiple sclerosis patients (especially deficits in the cognitive domain) do 

not always correlate well with imaging and pathology findings (Calabrese et al., 2011; 

Pelletier et al., 2009). Furthermore, the dynamic progression of multiple sclerosis may be 

characterized inadequately by structural measures. However, it is possible that the 

functional deficits experienced by multiple sclerosis patients are related to changes in the 

tissue function (e.g., decreased functional efficiency) that could be detected by studying a 

functional metric of white matter.  

 

1.3.2. Neurophysiological Explanations  

Despite growing evidence for white matter fMRI activation (see Section 1.4), it 

remains a contentious issue, in part because the neurophysiological mechanism is not 

understood. It is worth repeating that, as stated by Tettamanti and colleagues (2002), 

Mazerolle and colleagues (2008), and Yarkoni and colleagues (2009), the primary 

argument against white matter fMRI activation is the historical lack of reports, rather than 

any fundamental property that would preclude its existence. The following section will 

review what is known about white matter energy demands and neurovascular coupling, 

and posit that there is sufficient existing evidence to warrant further study into white 

matter fMRI activation and its neurophysiological mechanisms. 

1.3.2.1. White Matter Hemodynamics. As white matter has three to six times 

less CBF and CBV relative to gray matter, it was previously thought that fMRI was 

sensitive exclusively to gray matter (Logothetis and Wandell, 2004). However, 

hemodynamic changes can be detected in white matter during vascular challenges, such 

as breath-holding tasks or hypercapnia (Driver et al., 2010; Helenius et al., 2003; Macey 
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et al., 2003; Mandell et al., 2008; Preibisch and Haase, 2001; Rostrup et al., 2000; van der 

Zande et al., 2005). Thus, there is evidence that white matter has the vascular capacity to 

support hemodynamic changes that are detectable with fMRI. However, as will be 

discussed in Chapter 2, the methodology used to define white matter regions of interest 

(ROIs) is somewhat lacking in most of these studies, leaving open the possibility that the 

signal changes observed in white matter are the result of contamination from nearby gray 

matter (i.e., partial volume effects).  

1.3.2.2. Neurovascular Coupling in White Matter. Despite evidence that the 

hemodynamics of white matter are sufficient to support measureable changes with fMRI, 

a crucial question that remains is whether activity-dependent hemodynamic changes take 

place. Activity-dependent hemodynamic changes are a necessary feature for any neural 

activity to be detectable with fMRI.  

As described in Section 1.2.2.2, the neurophysiologic source of fMRI signals has 

been linked to post-synaptic potentials, which are mainly localized to gray matter. 

Although there are some synapses and even some cell bodies in white matter (Harris and 

Attwell, 2012), post-synaptic potentials account for less than 1% of the energy demands 

in white matter (Harris and Attwell, 2012), making them an unlikely source for fMRI 

signal changes.  

In white matter, the primary type of neural activity is spiking. As noted above, 

Logothetis’ group showed that BOLD signal changes require only LFPs and can take 

place in the absence of spiking activity (Rauch et al., 2008). While Rauch and colleagues 

(2008) provide strong evidence that LFPs are sufficient for BOLD signal changes, their 

results do not rule out the possibility that action potentials are also sufficient for inducing 

a hemodynamic response (i.e., by finding a method to block LFP activity and then 

measuring spiking and BOLD signal changes). It is important to note that the relationship 

between neural activity and hemodynamic changes has only been studied for gray matter, 

where post-synaptic potentials do require the majority of energy (Attwell and Laughlin, 

2001; Harris and Attwell, 2012). Furthermore, even within gray matter, a relationship 

between spiking and fMRI activation has not been ruled out (e.g., Smith et al., 2002). 

In white matter, it is possible that metabolic demands associated with action 

potentials (i.e., increased activity at energy-dependent ion pumps; Aiello and Bach-y-
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Rita, 2000; Erecińska and Dagani, 1990) are met with a measurable hemodynamic 

response. The brain does not have any major energy or oxygen reserves, relying on blood 

perfusion to meet its metabolic demands (Lecrux and Hamel, 2011). Thus, any spiking 

related energy demands might result in a hemodynamic response. Before such a 

conclusion can be reached, it is crucial to first consider the magnitude of activity 

dependent metabolic demands in white matter to evaluate whether they might reasonably 

be expected to produce changes that could be detected with fMRI. Harris and Attwell 

(2012) have proposed an energy budget for white matter, in which they estimate that the 

energy associated with action potentials in white matter comprises only 0.4-7% of the 

total energy demand in white matter (depending on myelination status). The vast majority 

of white matter energy demands are thought to arise from maintaining the resting 

potential (independent of restoring the ionic gradients due to action potentials) and 

housekeeping processes such as macromolecule turnover and axoplasmic transport.  

A feature not included in Harris and Attwell’s (2012) energy budget for action 

potentials is the potential involvement of non-neuronal cell types. Astrocytes exist in 

white matter (Harris and Attwell, 2012; Waxman and Ritchie, 1993; Rash, 2010), and 

may perform similar functional roles as gray matter astrocytes. One example is K+ 

siphoning, in which the increase in extracellular K+ concentration associated with spiking 

activity results in increased K+ uptake into astrocytes. It has been proposed that K+ is first 

transported across layers of myelin via gap junctions before being taken up by astrocytes 

(Rash, 2010). Astrocytes then release K+ perivascularly, which relaxes the smooth muscle 

cells of the arterioles surrounded by the astrocyte’s end feet. Thus, K+ siphoning is 

associated with hemodynamic changes, and has been speculated to contribute to 

neurovascular coupling in gray matter (Petzold and Murthy, 2011). 

The presence of K+ channels in the astrocytes and oligodendrocytes of white 

matter have been confirmed for the rat optic nerve (Rash, 2010). Kalsi and colleagues 

(2004) found that astrocyte expression of K+ channels is localized to perivascular endfeet 

and on processes located within myelinated axon bundles, consistent with a K+ siphon 

function. Oligodendrocytes, which make up myelin, are often considered to be passive 

insulators, serving to promote saltatory conduction by preventing ion flux at locations 

other than nodes of Ranvier. In contrast, it has recently been proposed that myelin might 



 13 

also act as a K+ siphon for spiking axons via gap junctions between the axons and 

innermost myelin layer, between successive myelin layers, and between the outermost 

myelin layer and astrocytes (Rash, 2010). While diffusion of K+ through gap junctions is 

not an energy-demanding process, as it is driven by an electrochemical gradient, this may 

be an important pathway linking action potentials and a hemodynamic response. 

In addition to the neurovascular mechanisms speculated above, experimental 

evidence of activity dependent metabolic changes in white matter has been established. 

Weber and colleagues (2002) investigated activity-dependent glucose uptake changes in a 

rodent model using [18F]fluorodeoxyglucose autoradiography. They reported increased 

glucose uptake in the corpus callosum associated with electrical stimulation of a cortical 

region with callosal projections. Furthermore, the increase in glucose uptake was greater 

for higher frequency stimulation. However, it has not yet been experimentally 

demonstrated that activity-dependent increases in glucose uptake in white matter are 

coupled to a hemodynamic response that could be measured with fMRI. In addition, the 

lack of temporal information available from the autoradiography technique means that the 

observed increased in metabolic demands associated with spiking rate may occur over too 

slow a time scale (i.e., many minutes or hours) for this effect to be relevant for typical 

fMRI experiments. For these reasons, it will be important for future studies to 

experimentally verify whether the metabolic increases observed by Weber and colleagues 

(2002) are accompanied by BOLD signal changes.  

While there are still some unanswered questions, it is impossible to rule out 

BOLD signal changes associated with white matter activation. Indeed, given the extent of 

reports of white matter fMRI activation (described in Section 1.4), there is a strong 

impetus for further refining the understanding of BOLD signal changes in white matter.  

  

1.4. White Matter Functional MRI Activation: A Chronology  
 The earliest reports of fMRI activation in white matter came from Mosier and 

colleagues, who reported individual level activation in the corpus callosum and internal 

capsule associated with swallowing (1999a,b). However, this work relied on uncorrected 

statistical thresholds (p < 0.03). Mosier and Bereznaya (2001) later confirmed corpus 
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callosum activation could be observed during swallowing at corrected statistical 

thresholds.   

Brandt and colleagues (2000) reported negative signal change in the occipital 

white matter containing the optic radiations contralateral to the visually stimulated 

hemisphere (uncorrected p < 0.001). However, this is the only report of task-related 

negative signal changes in white matter, making it difficult to interpret. 

Chiu and colleagues (2001) reported signal changes in the white matter adjacent to 

the activated cortical gray matter during a finger tapping task. However, very few voxels 

in white matter were activated. Furthermore, the activated white matter voxels tended to 

be contiguous with larger, more strongly activated gray matter clusters, suggesting that 

the white matter activation may have been the result of blurring or partial volume effects.  

Tettamanti and colleagues (2002) published a key report of white matter fMRI 

activation, in which activation in the genu of the corpus callosum associated with a visuo-

motor interhemispheric transfer task (the Poffenberger paradigm) was observed. Most 

importantly, the authors speculated about the possible neurophysiological underpinnings 

of task-related hemodynamic changes in white matter. Tettamanti and colleagues’ (2002) 

findings were confirmed by Omura and colleagues (2004), and expanded upon by Weber 

and colleagues (2005), in which the relationship between interhemispheric transfer and 

attention was explored. Weber and colleagues (2005) confirmed previous findings of 

genu activation associated with the interhemispheric transfer task; however, effects of 

attention were localized to areas such as the parietal lobe and the superior colliculi. In 

addition to the studies using the Poffenberger paradigm, Aramaki and colleagues (2006) 

reported corpus callosum activation associated with interhemispheric interactions during 

bimanual coordination.  

D’Arcy and colleagues (2006) used visual hemifield presentation of functionally 

lateralized stimuli to elicit interhemispheric transfer. By using an exploratory data 

analysis approach, activation in the splenium of the corpus callosum activation could be 

observed, providing the first fMRI evidence of posterior callosal activation associated 

with an interhemispheric transfer task.  

In Mazerolle and colleagues (2008), the group expanded and refined their earlier 

approach, employing whole brain coverage, acquiring data at high field (4 T), and using a 
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general linear model-based analysis technique. Splenium activation was observed in 

approximately 20% of individuals, as well as at the group level when liberal thresholds 

were applied (p < 0.005 uncorrected). Gawryluk and colleagues (2009) went on to 

provide insight to the physics of detecting white matter fMRI activation, showing that 

sensitivity to white matter clusters could be improved when T2-weighting was increased, 

although this effect appears to be due to a general increase in sensitivity from combining 

T2*- and T2-weighting, rather than a white matter specific effect (McWhinney et al., 

unpublished observations). The group went on to functionally map the corpus callosum, 

showing distinct areas of activation for two different interhemispheric transfer tasks 

(Gawryluk et al., 2011a). Fabri and colleagues (2011) recently expanded this work, 

demonstrating that different tactile, gustatory, visual, and motor tasks could be mapped to 

distinct callosal regions.  

Gawryluk and colleagues (2011b) also confirmed that activation could be detected 

in the internal capsule during a motor task. In addition, recent work has demonstrated that 

white matter fMRI activation is elicited by the symbol digit modalities test, a 

neuropsychological test of information processing that is sensitive to impairments 

associated with multiple sclerosis (Gawryluk et al., unpublished observations).  

Other conditions under which white matter fMRI activation has been observed 

include a study of native signers viewing American Sign Language sentences with 

inflectional morphology (genu of the corpus callosum; Newman et al., 2010). In addition, 

white matter fMRI activation was observed for both healthy controls and Alzheimer’s 

patients during a memory task (various white matter regions; Weis et al., 2011). In a 

multi-study analysis, Yarkoni and colleagues (2009) reported fMRI signal changes 

associated with reaction time in the right lateral genu of the corpus callosum, as well as in 

parts of the posterior corona radiata bilaterally (among gray matter regions).  

 

1.5. Current Objectives  
 The overall objective of this thesis is to refine the understanding of observations 

of fMRI activation in white matter. The experiments presented in this manuscript-based 

thesis will introduce and address three research questions: 
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1) Can white matter support hemodynamic changes that can be detected with 

fMRI in the absence of partial volume effects? 

2) What is the relationship between sensitivity to white matter fMRI activation 

and field strength? 

3) What is the relationship between white matter fMRI activation and the 

activated network in gray matter? 

Chapter 2 describes research investigating the first question, in which the potential 

contribution of partial volume effects to white matter fMRI activation are evaluated. As 

discussed in Section 1.3.2.1, hemodynamic changes in white matter associated with 

vascular challenges are well established; however, such studies have employed 

problematic methodologies for defining white matter ROIs. It is possible that the signal 

changes in white matter reported by these studies were the result of gray matter 

contamination of the white matter ROIs. In order to confirm that task related white matter 

fMRI activation might have a hemodynamic origin, it is crucial to verify that white matter 

can support vascular changes when controlling for partial volume effects. Whole brain 

hemodynamic changes will be elicited using a vascular challenge (i.e., a breath-holding 

fMRI task). White matter ROIs will be defined conservatively to determine whether 

hemodynamic changes can be detected in white matter in the absence of partial volume 

effects. The effect of spatial smoothing will also be evaluated to determine whether white 

matter signal changes can be explained by smoothing related signal contamination.  
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Chapter 2 Hemodynamic Changes in White Matter 
during a Breath-Holding Task Do Not 
Result Solely from Partial Volume Effects: 
Implications for White Matter Functional 
MRI 

 

2.1. Publication Status 
Mazerolle EL, Brewer KD, Beyea SD, Gawryluk JR, Bowen CV, D’Arcy RCN 

(in preparation) Hemodynamic changes in white matter during a breath-holding task do 

not result solely from partial volume effects: implications for white matter fMRI. 

 

2.2. Student Contributions to Manuscript 
Framing the research question, devising the data analysis approach, data analysis, 

interpretation of the results, and writing the manuscript. 

 

2.3. Abstract 
 The ability to detect functional magnetic resonance imaging (fMRI) activation in 

white matter remains contentious. Although cerebral blood flow and volume are lower in 

white matter than in gray matter, there is evidence that white matter is capable of 

supporting hemodynamic changes that are measureable with fMRI. We sought to evaluate 

the contribution of partial volume effects on the fMRI signal changes that are measured in 

white matter. For this study, participants completed a vascular challenge (breath-holding 

task) while fMRI data were acquired at 4T. Region of interest (ROI) analyses were 

performed to compare the signal changes in conservatively defined gray and white matter 

ROIs. The impact of spatial smoothing was also evaluated to determine whether white 

matter signal changes result from smoothing-related signal contamination. We found 

significant signal changes associated with the breath-holding task in both gray and white 

matter ROIs, even when smoothing was not applied. The findings suggest that 

hemodynamic signals can originate in white matter (as opposed to resulting from partial 

volume effects), and provide insight into the possible source of white matter fMRI 

activation.  
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2.4. Introduction 
Reports of white matter functional magnetic resonance imaging (fMRI) activation 

are becoming more common (D’Arcy et al., 2006; Fabri et al., 2011; Gawryluk et al., 

2009, 2011a,b; Mazerolle et al., 2008, 2010; Mosier and Bereznaya, 2001; Newman et al., 

2010; Omura et al., 2004; Tettamanti et al., 2002; Weber et al., 2005; Weis et al., 2011; 

Yarkoni et al., 2009). White matter fMRI could be applied to investigate the functional 

dynamics of brain connectivity noninvasively, and thus broaden the current studies of 

brain connectivity, which focus mainly on structural connectivity or indirect examinations 

of functional connectivity via correlations among gray matter regions. White matter fMRI 

might also be applied to the assessment of white matter disorders and disconnection 

syndromes in order to better evaluate dynamic changes in disease state.  

Despite the potential clinical and research value of studying white matter fMRI 

activation, the technique remains controversial due to two issues: 1) The source of fMRI 

signal changes has been linked to post-synaptic potentials, which mainly take place in 

gray matter (e.g., Logothetis et al., 2001). 2) Functional MRI is a hemodynamic technique 

that relies on the coupling between neural activity and blood oxygenation changes, but 

cerebral blood flow (CBF) and volume (CBV) are lower in white matter compared to gray 

matter (Logothetis and Wandell, 2004; Weis et al., 2011). The current study will focus on 

the latter issue. 

Notwithstanding lower CBF and CBV in white matter, the ability to detect 

hemodynamic changes in white matter is well established by studies of vascular 

challenges such as breath-holding or hypercapnia tasks (Driver et al., 2010; Helenius et 

al., 2003; Macey et al., 2003; Mandell et al., 2008; Preibisch and Haase, 2001; Rostrup et 

al., 2000; van der Zande et al., 2005). Hypercapnia and breath-holding studies rely on the 

vasodilatory properties of carbon dioxide. Increasing the amount of carbon dioxide in the 

blood (either by inspiring increased concentrations of carbon dioxide or by holding one’s 

breath) and measuring the resulting signal changes with fMRI can thus be used to 

evaluate the cerebrovascular reactivity of brain regions (Driver et al., 2010). 

However, many of the existing reports of hemodynamic signal changes in white 

matter associated with vascular challenges have employed potentially problematic 

methods for defining their regions of interest (ROIs) that might lead to gray matter signal 
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contamination of the white matter ROIs (i.e., partial volume effects). For example, 

Rostrup and colleagues (2001) and Helenius and colleagues (2003) defined ROIs 

manually, a subjective process which might result in misclassification of gray and white 

matter voxels. Macey and colleagues (2003) applied a somewhat liberal probability 

threshold of 50% to partial volume estimates output by an automated tissue segmentation 

routine. Some studies have not adequately reported their ROI generation methods, 

preventing an evaluation of the level of rigor applied (Mandell et al., 2008; Preibisch and 

Haase, 2001; van der Zande et al., 2005).  

To our knowledge, only one study defined their gray and white matter ROIs using 

a conservative approach designed to minimize partial volume effects. Driver and 

colleagues (2010) performed tissue type segmentation on anatomic images acquired at the 

same spatial resolution as functional images (2 x 2 x 3 mm3). In addition, the authors 

applied a 99% probability threshold to the partial volume estimates of white matter 

(output by FMRIB’s Automated Segmentation Tool; FAST; Zhang et al., 2001). With 

these methods, the authors reported hemodynamic changes in white matter, confirming 

the results of the studies noted above in which ROI generation techniques may have 

resulted in misclassification of voxels and/or partial volume effects.  

However, studies reporting task-related white matter fMRI activation have 

typically used lower resolution fMRI acquisitions (e.g., 3.75 x 3.75 x 5 mm3) than the 

resolution employed by Driver and colleagues (2010) The lower spatial resolution 

typically employed in white matter fMRI activation studies may make the definition of 

white matter ROIs that are not contaminated by partial volume effects from gray matter 

more difficult. In the current study, we evaluated whether hemodynamic changes in white 

matter associated with a vascular challenge could be detected with standard resolution 

fMRI and conservatively defined white matter ROIs. To do this, we used a breath-holding 

task to elicit whole brain signal changes. Functional MRI data were acquired with 3.75 x 

3.75 x 5 mm3 spatial resolution. Gray and white matter signal changes were evaluated 

using ROIs derived from partial volume estimate maps created by FAST and thresholded 

at 99% probability. We also evaluated the impact of spatial smoothing on signal changes 

in white matter ROIs. We hypothesized that even when applying conservative metrics to 

define white matter ROIs, signal changes associated with the vascular challenge would 
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still be detected. Based on previous reports, we predicted smaller signal changes in white 

matter compared to gray matter (Driver et al., 2010; Helenius et al., 2003; Macey et al., 

2003; Preibisch and Haase, 2001; Rostrup et al., 2000; van der Zande et al., 2005). We 

further hypothesized that white matter signal changes would still be detected even when 

spatial smoothing was not applied.  

 

2.5. Methods 
2.5.1. Task and Participants 

Data from a previous study (Brewer et al., 2009) were reanalyzed for the current 

study. Healthy participants performed a visually-cued breath-holding task, in which 30 s 

of regular breathing was alternated with 30 s of breath-holding (repeated four times). 

Eight participants completed the task; however, one participant was excluded due to poor 

task compliance. In addition, three subjects were excluded due to poor registration results 

(see below). Similar studies have previously used four or five participants (e.g., Brewer et 

al., 2009; Driver et al., 2010; Jochimsen et al., 2010). 

 

2.5.2. MRI Acquisition 

The data were collected using a 4T Oxford magnet with a Varian INOVA console. 

A body coil provided gradients (Tesla Engineering Ltd.) and a transverse electromagnetic 

head coil was used for transmit/receive (Bioengineering Inc.). The fMRI acquisition used 

an asymmetric spin echo (ASE) spiral sequence (two shots, TR = 1.5 s, spin echo centre = 

70 ms, effective echo time = 25 ms, 64 x 64 matrix, 240 x 240 mm2 field of view [FOV], 

13 5 mm axial slices). A high resolution, whole brain spiral image was collected for 

registration purposes (four shots, 128 x 128 matrix, 240 x 240 mm2 FOV; 22 5 mm axial 

slices). For anatomic reference, registration, and tissue segmentation, a structural image 

was collected using a 3D magnetization prepared fast low angle shot sequence (TR/TI/TE 

= 10/500/5 ms, 11 degree flip angle, 256 x 256 x 64 matrix, 240 x 240 x 192 mm3 FOV). 

 

2.5.3. Data Analysis 

2.5.3.1. Pre-Processing. Analyses were performed with the fMRI expert analysis 

tool (FEAT) version 5.98 in FMRIB Software Library (FSL; Smith et al., 2004). Pre-
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statistics processing included the following steps: motion correction using MCFLIRT 

(Jenkinson et al., 2002), non-brain removal using BET (Smith, 2002), mean-based 

intensity normalisation, and highpass temporal filtering (Gaussian weighted least-squares 

straight line fitting, with σ = 60 s). Additionally, we evaluated the effect of spatial 

smoothing by repeating the analyses both on smoothed data (Gaussian kernel, 6 mm full 

width at half maximum) and unsmoothed data. 

2.5.3.2. Statistical Analysis. Time series statistical analyses were carried out 

using FMRIB’s Improved Linear Model (FILM) with local autocorrelation correction 

(Woolrich et al., 2001). The breath-holding task was modelled as a sinusoid with a period 

of 60 s (Brewer et al., 2009). This model fit the signal changes observed in the data more 

closely than the standard hemodynamic response function, likely due to the different 

physiological source (i.e., neural activation versus vascular challenge). Motion 

parameters output from the motion correction were included in the model as regressors of 

no interest. Z (Gaussianised t) statistic images were reported using a threshold for clusters 

determined by z > 2.3 and a (corrected) cluster significance threshold of p < 0.05 

(Worsley et al., 1992).  

2.5.3.3. Tissue Segmentation and ROI Generation. Partial volume estimate 

maps of gray and white matter were calculated from each participant’s structural image 

using FAST (Zhang et al., 2001). A priori tissue probability maps were used to initialize 

the segmentation. The partial volume estimate maps output by FAST were thresholded at 

99% probability to ensure conservatively defined ROIs (Driver et al., 2010). The resulting 

gray and white matter ROIs were registered to fMRI space using the registration 

parameters described below (nearest neighbour interpolation). The masks were also 

eroded with a kernel of 3 x 3 x 3 voxels to exclude any voxels on the border of the ROIs. 

The erosion transformation resulted in empty gray matter ROIs due to the their sparse 

spatial pattern. However, a small white matter ROI including only deep white matter 

structures was created for each participant via the erosion transformation. The JHU 

ICBM-DTI White Matter Labels atlas (Oishi et al., 2005) was used to determine which 

white matter regions where included in the eroded white matter ROI. Parts of the corpus 

callosum, internal and external capsules, corona radiata, and superior longitudinal 

fasciculus were included in the eroded white matter ROIs of all four subjects. Voxels 
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from other regions (posterior thalamic radiation, sagittal stratum, superior fronto-occipital 

fasciculus) also belonged to the eroded white matter ROI for some subjects.    

Despite the application of a conservative threshold to the probability maps output 

by FAST, tissue segmentation can be problematic in subcortical regions. We performed 

three steps to ameliorate this issue: 1) We manually removed any voxels on the CSF-

white matter borders that were misclassified as gray matter. 2) Voxels belonging to the 

cerebellum and midbrain were excluded from the ROIs. Cerebellum and midbrain 

exclusion ROIs were derived from the MNI structural atlas (Collins et al., 1995; 

Mazziotta et al., 2001) and the Talairach atlas (Talairach and Tournoux, 1988; Lancaster 

et al., 2000, 2007), respectively. 3) To investigate the possible contribution of 

misclassified gray and white matter voxels in subcortical regions that were not corrected 

in steps 1 or 2, results were also evaluated for ROIs restricted to slices superior to the 

lateral ventricles (superior ROIs). Signal changes associated with the breath-holding task 

were evaluated for resulting ROIs (gray matter, superior gray matter, white matter, 

superior white matter, and eroded white matter) using featquery.  

2.5.3.4. Registration. FMRIB's Linear Image Registration Tool (FLIRT; 

Jenkinson and Smith, 2001; Jenkinson et al., 2002) was used to coregister the structural 

images and the high resolution spiral image (six degrees of freedom, normal search). The 

high resolution spiral image was then registered to functional space (six degrees of 

freedom, normal search). The registrations were inspected visually to ensure quality (see 

Figure 2.1 for an example registration report). Using the parameters above, the data from 

five participants did not register well from structural space to functional space, likely due 

to the image distortions caused by susceptibility induced field gradients (see Figure 2.2 

for an example of misregistration). For two of the remaining participants, excluding the 

intermediate registration step and using seven degrees of freedom and no search produced 

satisfactory registration results (based on visual inspection). However, we were not able 

to achieve satisfactory registration for the three remaining participants. These data were 

excluded from the analyses to avoid registration-related misclassification of gray or white 

matter voxels. Thus, data from four participants were included in the analysis. 
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Figure 2.1. Summary of the registration results from a representative participant with 
good registration. Top panel: sagittal views; middle panel: coronal views; bottom 
panel: axial views. In each panel, the upper row depicts slices from the functional 
image, with the edges of the registered structural image overlaid in red; the lower 
row depicts slices from the structural image, with the edges of the registered 
functional image overlaid in red. 
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2.6. Results 

Whole brain signal changes were elicited by the breath-holding task. Figure 2.3 

shows maps of significant signal changes for an example participant, for both smoothed 

and unsmoothed data. Maps for the remaining subjects can be found in Supplementary 

Figure 2.1. Figure 2.4 depicts an example participant’s ROIs overlaid on a map of 

significant signal changes (smoothed data). The extent of significant signal changes, 

maximum percent signal change and z-score, and mean percent signal change and z-score 

(including only voxels with significant signal changes) are presented in Tables 2.1 and 

2.2 for smoothed and unsmoothed data, respectively.  

In all participants analyzed (N = 4), significant signal changes were observed in 

both gray and white matter ROIs (Figure 2.4). Furthermore, white matter signal changes 

were evident in both smoothed and unsmoothed data (Figure 2.3, Tables 2.1 and 2.2). The 

grand average mean signal change in white matter was 1.79 and 2.45% for smoothed and 

unsmoothed data, respectively, suggesting that smoothing-related signal contamination 

from gray matter is not responsible for the observed hemodynamic signal changes in 

white matter. In gray matter, grand average mean signal change was 2.59 and 3.32% for 

smoothed and unsmoothed data, respectively. White matter signal changes were also 

observed in the superior ROIs (i.e., slices not affected by poor tissue segmentation in 

Figure 2.2. An example participant with poor registration results. The crosshairs 
are in the same location in both images. Note that the white matter of the 
anatomic image (left) is registered to a region of the lateral ventricles in the 
functional image (right). 
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subcortical regions), with grand average mean signal changes of 1.65 and 2.22% for 

smoothed and unsmoothed data, respectively. In gray matter, grand average mean signal 

change in the superior ROIs was 2.39 and 2.97% for smoothed and unsmoothed data, 

respectively. The mean percent signal change and mean z-score values were similar 

between the superior ROIs and the whole brain ROIs (see Tables 2.1 and 2.2). Finally, 

significant signal changes were also detected in the eroded white matter ROIs (i.e., the 

most conservatively defined ROIs), with grand average mean signal changes of 1.01 and 

1.47% for smoothed and unsmoothed data, respectively.  

As expected, mean signal changes in white matter were smaller than those in gray 

matter (range of grand average mean signal change: 1.01-2.45% for white matter; 2.39-

3.32% for gray matter). In addition, the percentage of voxels with significant signal 

changes was smaller in white matter, but still represented a substantial proportion of 

voxels (47-74% in the non-eroded white matter ROIs versus 67-85% in the gray matter 

ROIs). Even when no spatial smoothing was applied and the eroded white matter ROIs 

were used, approximately 20% of voxels had significant signal changes associated with 

the breath-holding task. 
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Figure 2.3. Significant signal changes associated with the breath-hold task for an 
example participant for both smoothed (A) and unsmoothed (B) data. The scale bar 
represents z-scores. Data from the remaining participants are in Supplementary 
Figure 2.1.  

A 

B 

2.3 8 
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A

B

C

D

E

Figure 2.4. ROIs (red) overlaid on a map of significant signal changes (yellow) 
for an example participant. A: all gray matter, B: superior gray matter, C: all white 
matter, D: superior white matter, E: eroded white matter. 
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2.7. Discussion 
2.7.1. Summary and Interpretation of Findings 

The results provide evidence that hemodynamic changes associated with a 

vascular challenge can be detected in white matter, even when stringent analysis 

techniques are employed to control for partial volume effects. This is an important finding 

in terms of understanding the source of fMRI activation in white matter, as it confirms 

that there is sufficient CBF and CBV in white matter to detect hemodynamic changes, in 

contrast to previous assertions (Logothetis and Wandell, 2004; Weis et al., 2011). This 

finding is consistent with previous studies that demonstrated hemodynamic changes 

associated with vascular challenges in white matter ROIs. However, many of the previous 

studies used problematic approaches to define white matter ROIs, which might have 

resulted in non-white matter signal contamination (Helenius et al., 2003; Macey et al., 

2003; Mandell et al., 2008; Preibisch and Haase, 2001; Rostrup et al., 2000; van der 

Zande et al., 2005).  

Our results are also consistent with the study reported by Driver and colleagues 

(2010), in which ROIs were defined conservatively. However, the fMRI data acquired by 

Driver and colleagues (2010) had higher spatial resolution than is typical of the fMRI 

studies that have previously reported activation in white matter (D’Arcy et al., 2006; 

Fabri et al., 2011; Gawryluk et al., 2009, 2011a,b; Mazerolle et al., 2008, 2010; Mosier 

and Bereznaya, 2001; Newman et al., 2010; Omura et al., 2004; Tettamanti et al., 2002; 

Weber et al., 2005; Weis et al., 2011; Yarkoni et al., 2009). Furthermore, Driver and 

colleagues (2010) reported ΔR2* values instead of percent signal change, making it 

difficult to relate the findings to white matter fMRI activation studies, which tend to 

report results in terms of percent signal change and/or z-score. In the current study, we 

demonstrated for the first time that, even when using standard resolution fMRI, very 

conservative white matter ROIs can be defined (by applying stringent probability 

thresholds to partial volume estimate maps and by removing boundary voxels via ROI 

erosion), and that these conservative white matter ROIs still exhibit significant signal 

changes associated with a vascular challenge.  

Consistent with previous results (Driver et al., 2010; Helenius et al., 2003; Macey 

et al., 2003; Preibisch and Haase, 2001; Rostrup et al., 2000; van der Zande et al., 2005), 
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mean signal changes were smaller in white matter compared to gray matter. Differences 

in cerebrovascular reactivity of gray matter and white matter are consistent with the 

known vasculature differences between the two tissue types (Duvernoy et al., 1981) and 

may explain why some fMRI activation studies have shown smaller magnitude responses 

in white matter than gray matter (Fraser et al., submitted; Gawryluk et al., 2009; 

Mazerolle et al., 2010; Tettamanti et al., 2002; Yarkoni et al., 2009).  

Our methodology included steps designed to minimize partial volume effects. 

First, we analyzed the data both with and without spatial smoothing. Spatial smoothing is 

routinely applied in fMRI data analysis to increase signal to noise, as well as ensure the 

data comply with the random field theory assumptions important for the statistical 

analysis (Worsley and Friston, 1995). In our data, significant signal changes could be 

observed in white matter ROIs even with spatial smoothing disabled (Table 2.2), 

providing evidence that white matter signal changes do not result solely from 

contamination due to spatial smoothing.    

Second, we defined the ROIs conservatively. To do this, we restricted the 

probability threshold of the partial volume estimate maps to 99%, we reported the results 

with problematic inferior slices excluded, and we reported the results for an eroded white 

matter ROI. The presence of significant signal changes in these conservative ROIs 

(particularly in the eroded white matter ROI) provides strong evidence that white matter 

is capable of supporting hemodynamic changes measurable with fMRI and that the signal 

changes observed in white matter cannot be explained solely on the basis of partial 

volume effects.  

 

2.7.2. Caveats 

2.7.2.1. Other Potential Sources of Partial Volume Effects. Despite our careful 

registration procedure, resampling during the registration process might result in partial 

volume effects. For example, neighbouring gray and white matter voxels might be 

combined into a single voxel when transformed from high resolution structural space to 

lower resolution functional space. Importantly, the eroded white matter ROIs did not 

contain any boundary voxels that would have been susceptible to this potential source of 



34 

partial volume effects, yet still exhibited significant signal changes associated with the 

vascular challenge.  

Furthermore, the point spread function (PSF) inherent to the fMRI data acquisition 

(i.e., spatial overlap between nearby voxels) may have contributed to gray matter signal 

contamination of the white matter ROI. The extent of the PSF is difficult to estimate 

(Robson et al., 1997), but the eroded white matter ROIs were multiple voxels away from 

gray matter, which likely minimized gray matter contamination of this ROI via the PSF. 

We note that the PSF affects all voxels, and thus also confounds the interpretation of gray 

matter fMRI activation.  

2.7.2.2. Interpreting White Matter Functional MRI Activation. While the 

finding of significant signal changes in the eroded white matter ROI provides strong 

evidence for white matter hemodynamic changes in the absence of partial volume effects, 

the volume of the eroded ROI was very restricted. Thus, it is possible that the findings do 

not generalize to other regions of white matter. Indeed, regional differences in white 

matter vasculature may lead to corresponding differences in sensitivity to white matter 

fMRI activation. This may partially explain, for example, why the majority of white 

matter fMRI findings are reported so far in the corpus callosum (D’Arcy et al., 2006; 

Fabri et al., 2011; Gawryluk et al., 2009, 2011a; Mazerolle et al., 2008, 2010; Mosier and 

Bereznaya, 2001; Newman et al., 2010; Omura et al., 2004; Tettamanti et al., 2002; 

Weber et al., 2005; Yarkoni et al., 2009), with relatively few reports of white matter 

activation outside this region (but see Gawryluk et al., 2011b; Weis et al., 2011; Yarkoni 

et al., 2009). More work is needed to evaluate the cerebrovascular reactivity of white 

matter across different brain regions and compare it systematically to reports of fMRI 

activation in corresponding regions. This may require higher resolution acquisitions, as 

some regions of white matter are small compared to the voxel resolution of the current 

study.  

 It is also important to consider the physiological differences in the source of the 

signals measured in the current study (vascular challenge) versus those signals measured 

in typical fMRI activation studies (hemodynamic changes that result from neural activity; 

i.e., neurovascular coupling). While it is established that hemodynamic changes can take 

place in white matter during vascular challenges, it remains to be shown whether neural 
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activity in white matter is linked to hemodynamic changes. The majority of investigations 

of neurovascular coupling have focused exclusively on gray matter (e.g., Attwell and 

Iadecola, 2002; Carmignoto and Gómez-Gonzalo, 2010; Logothetis and Wandell, 2004), 

even in studies specifically aimed at evaluating regional differences in neurovascular 

coupling (e.g., Devonshire et al., 2012; Sloan et al., 2010). One exception is an 

autoradiography study in a rodent model, in which glucose metabolism increases 

associated with electrical stimulation of the corpus callosum were demonstrated (Weber 

et al., 2002). Given that the brain has limited energy stores and thus tight metabolic-

hemodynamic coupling (Huppert et al., 2009; Lecrux and Hamel, 2011; but see Brown et 

al., 2004), it is likely that the observed glucose uptake increases are met by corresponding 

hemodynamic increases, which could potentially be measured using fMRI. However, 

more research is needed to confirm the existence of neural activity dependent 

hemodynamic changes in white matter.  

 

2.7.3. Conclusion 

In contrast to the assertion that CBF and CBV in white matter is too low to detect 

activation with fMRI (Logothetis & Wandell, 2004; Weis et al., 2011), our finding 

provides evidence that white matter has the cerebrovascular reactivity to support 

measurable hemodynamic changes. This finding represents a key step in establishing 

whether existing reports of white matter fMRI activation might have a hemodynamic 

origin. However, studies investigating neurovascular coupling in white matter are still 

required to confirm that neural activity is associated with hemodynamic changes. 
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Supplementary Figure 2.1. Significant signal changes associated with the breath-
hold task for three participants (A-C) for both smoothed (i) and unsmoothed (ii) data. 
The fourth participant is depicted in Figure 2.3. The scale bar represents z-scores.  

A (i) 

A (ii) 

B (i) 

B (ii) 

C (i) 

C (ii) 
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2.9. Summary of Chapter 2 and Transition to Chapter 3 

 In Chapter 2, it was demonstrated that hemodynamic changes could be detected in 

white matter even when controlling for partial volume effects. This finding confirms that 

it is possible that white matter fMRI activation is hemodynamic in nature. Importantly, 

the results of Chapter 2 provide evidence that is directly relevant to one of the main issues 

evoking controversy surrounding white matter fMRI activation; that is, in contrast to 

previous assertions (Logothetis and Wandell, 2004; Weis et al., 2011), white matter CBF 

and CBV are sufficient for a detectable hemodynamic response.  

 However, the fMRI signals detected in white matter may still be smaller than 

those in gray matter. While white matter CBF and CBV may be sufficient for fMRI, these 

hemodynamic parameters are lower in white matter relative to gray matter (discussed in 

Section 1.2.3.1). Previous research has suggested that white matter fMRI activation is 

smaller in magnitude than that in gray matter (Fraser et al., submitted; Mazerolle et al., 

2010; Tettamanti et al., 2002; Yarkoni et al., 2009). Given the small magnitude of white 

matter fMRI activation, it is important to consider the influence of factors that might 

improve sensitivity.  

 High field MRI confers greater sensitivity to BOLD fMRI (e.g., Gati et al., 1997) 

and thus might improve detection of small signal changes in white matter. Indirect 

experimental evidence supporting the importance of high field MRI can be derived by 

comparing D’Arcy and colleagues 1.5 T study (2006) and Mazerolle and colleagues 4 T 

study (2008). These studies used similar experimental designs and both reported callosal 

activation. However, D’Arcy and colleagues’ (2006) study at 1.5 T required more 

sensitive data-driven analysis techniques to detect fMRI activation in white matter, 

whereas Mazerolle and colleagues’ (2008) study at 4 T detected white matter fMRI 

activation using a more conservative general linear model (GLM)-based analysis 

technique.  

 In Chapter 3, the relationship between sensitivity to white matter fMRI activation 

and field strength will be evaluated. A task that has been previously shown to elicit white 

matter fMRI activation at 4 T (finger tapping; Gawryluk et al., 2011b) will be employed 

for the same group of participants at both 1.5 T and 4 T to determine whether high field 

fMRI is particularly important for detecting activation in white matter. 
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Chapter 3 Understanding Why White Matter 
Functional MRI Activation Is Scarcely 
Reported: Sensitivity to White Matter 
Activation Increases with Field Strength 

 
 

3.1. Publication Status 
Mazerolle EL, Gawryluk JR, Dillen KNH, Beyea SD, Stevens TMR, Bowen CV, 

Newman AJ, Schmidt MH, Clarke DB, D’Arcy RCN (in preparation) Understanding why 

white matter fMRI is scarcely reported: sensitivity to white matter activation increases 

with field strength.  

 

3.2. Student Contributions to Manuscript 
Framing the research question, data analysis, interpretation of the results, and 

writing the manuscript.  

 

3.3. Abstract 
Functional magnetic resonance imaging (fMRI) activation in white matter is 

controversial. Given that many of the studies that report fMRI activation in white matter 

used high field MRI systems, we investigated the field strength dependence of sensitivity 

to white matter fMRI activation. Data were acquired during a motor task (finger tapping) 

at 1.5 T and 4 T. Group and individual level activation results were considered in both the 

motor cortex and the posterior limb of the internal capsule. In addition, we evaluated the 

temporal signal to noise (tSNR) of the different tissue types as a function of field strength. 

We found that field strength dependent sensitivity increases were greater for white matter 

than gray matter. A similar pattern of results was observed for tSNR. The analysis of 

tSNR and an examination of the frequency spectra suggest that field strength related 

increases in physiological noise might be less problematic for white matter. We therefore 

conclude that high field MRI may be critical for fMRI studies aimed at investigating 

activation in both gray and white matter. 
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3.4. Introduction 

3.4.1. Functional Magnetic Resonance Imaging in White Matter 

Despite recent reports of white matter functional magnetic resonance imaging 

(fMRI) activation (Aramaki et al., 2006; D’Arcy et al., 2006; Fabri et al., 2011; Gawryluk 

et al., 2009, 2011a,b; Mazerolle et al., 2008, 2010; Mosier and Bereznaya, 2001; Newman 

et al., 2010; Omura et al., 2004; Tettamanti et al., 2002; Weber et al., 2005; Weis et al., 

2011; Yarkoni et al., 2009), the ability to detect fMRI signal changes in white matter 

remains controversial (Logothetis and Wandell, 2004; Weis et al., 2011). White matter 

fMRI activation may be smaller in magnitude than gray matter activation (Fraser et al., 

submitted; Mazerolle et al., 2010; Tettamanti et al., 2002; Yarkoni et al., 2009), which 

could make detection of fMRI activation in white matter more difficult. In fact, many of 

the studies reporting white matter fMRI activation have used 3 T or 4 T magnets 

(Aramaki et al., 2006; Gawryluk et al., 2009, 2011a,b; Mazerolle et al., 2008, 2010; 

Weber et al., 2005; Yarkoni et al., 2009). For gray matter, high field MRI offers 

inherently increased sensitivity to fMRI activation relative to 1.5 T systems (Di Salle et 

al., 2003; Duong et al., 2003; Gati et al., 1997, 2000; Fera et al., 2004; Hoenig et al., 

2005; Krasnow et al., 2003; Krüger et al., 2001; Meindl et al., 2008; Triantafyllou et al., 

2005; Turner et al., 1993; Uğurbil et al., 1993, 1999; van der Zwaag et al., 2009; Yang et 

al., 1999). Due to the widespread availability of clinical MRI systems, a large proportion 

of fMRI studies have historically been performed at 1.5 T (Krasnow et al., 2003; Meindl 

et al., 2008; Hoenig et al., 2005), which may contribute to the overall scarcity of reports 

of white matter fMRI activation. To test this hypothesis, we compared internal capsule 

activation during a motor task at 1.5 T and 4 T. A similar task has previously been used to 

elicit white matter fMRI activation in the internal capsule at 4 T (Gawryluk et al., 2011b).  

 

3.4.2. Field Strength and Sensitivity to Functional MRI Activation 

Increased field strength improves sensitivity to fMRI activation in two ways. First, 

the signal to noise ratio (SNR) is proportional to field strength (Hu and Norris, 2004; 

Vaughan et al., 2001). Second, the effect of magnetic susceptibility on the resulting 

magnetic field is known to scale with the strength of the applied magnetic field. In this 

way, blood oxygen level dependent (BOLD) contrast (which depends on susceptibility 
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differences caused by the relative concentration of diamagnetic oxygenated hemoglobin 

and paramagnetic deoxygenated hemoglobin) is improved at higher magnetic fields (Di 

Salle et al., 2003; Hu and Norris, 2004). Increased fMRI contrast allows for improved 

sensitivity to brain activity (i.e., higher z-scores). There is considerable experimental 

evidence of field strength dependent sensitivity increases in gray matter (Duong et al., 

2003; Gati et al., 1997; Fera et al., 2004; Hoenig et al., 2005; Krasnow et al., 2003; 

Krüger et al., 2001; Meindl et al., 2008; Triantafyllou et al., 2005; Turner et al., 1993; van 

der Zwaag et al., 2009; Yacoub et al., 2001; Yang et al., 1999).  

 

3.4.3. The Current Study 

In the current study, a finger tapping task is employed to elicit activation in the 

posterior limb of the internal capsule (Gawryluk et al., 2011b). We hypothesized that 

sensitivity to white matter fMRI activation will increase with field strength, which may 

partially explain the overall scarcity of fMRI studies reporting activation in white matter. 

In addition to activation results, we also examined temporal signal to noise (tSNR) as a 

function of tissue type and field strength, as this metric has been linked to successful 

detection of fMRI activation (e.g., Bodurka et al., 2007). Temporal SNR provides 

important information because it can be evaluated and compared between tissue types and 

field strengths even in the absence of significant activation. 

 

3.5. Methods 

3.5.1. Participants 

Data from seven healthy participants (four females) were analyzed. The mean age 

of the participants was 24.5 ± 3.5 years. All participants were right handed as assessed by 

the Edinburgh Handedness Inventory (Oldfield, 1971), and had normal or corrected-to-

normal vision. The study was approved by local research ethics boards. Each participant 

provided written informed consent prior to participation and received compensation for 

participating.  
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3.5.2. Task 

The task was based on a previous study in which internal capsule activation was 

observed at 4 T (Gawryluk et al., 2011b). Participants performed eight blocks of visually 

cued sequential finger tapping (four blocks of each hand, pseudo randomly presented). 

Each tapping block was 20 s in duration, interleaved with 20 s rest blocks. Subjects 

performed the finger tapping at 2 Hz. E-Prime (Psychology Software Tools, Inc.) was 

used to present stimuli, which were back-projected onto a screen mounted inside the 

magnet bore, and viewed through a mirror mounted on the head coil. 

 

3.5.3. MRI Acquisition 

All participants were scanned at both 1.5 T and 4 T. The 1.5 T MRI was a General 

Electric system with an eight channel head coil. The 4 T MRI used an Oxford magnet, 

with gradients provided by a body coil (Tesla Engineering Ltd.), a Varian INOVA 

console, and a transverse electromagnetic (TEM) head coil for transmit/receive 

(Bioengineering Inc.).  

Scan order was counterbalanced across participants. Imaging parameters were 

matched approximately on the two systems. Whole-brain functional images were 

collected with a T2*-weighted, single-shot spiral out sequence with the following 

parameters: TR = 2 s, flip angle = 90°, field of view = 240 x 240 mm2, 64 x 64 matrix, 22 

5 mm slices, and 0.5 mm slice gap. An echo time of 40 ms was used at 1.5 T, and an echo 

time of 15 ms was used at 4 T to compensate for the shorter T2* at higher fields. A high 

resolution T1-weighted anatomic image was collected at each session for registration 

purposes (TR/TE = 25/5 ms, flip angle = 40°, field of view = 240 x 240 mm2, 256 x 256 

matrix, 64 3 mm slices, no gap) using a magnetization prepared fast low angle shot 

(MPFLASH) sequence at 4 T and a spoiled-GRASS (SPGR) sequence at 1.5 T.  

 

3.5.4. Data Analysis 

3.5.4.1. Pre-Processing and Statistical Analyses. Pre-processing and statistical 

analyses were performed with the fMRI expert analysis tool (FEAT) version 5.98 in 

FMRIB Software Library (FSL; Smith et al., 2004). Pre-statistics processing included the 

following steps: motion correction using MCFLIRT (Jenkinson et al., 2002), non-brain 
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removal using BET (Smith, 2002), spatial smoothing using a Gaussian kernel (5 mm full 

width at half maximum), mean-based intensity normalisation, and highpass temporal 

filtering (Gaussian weighted least-squares straight line fitting, with σ = 50 s).  

For the first-level analyses, time series statistical analyses were carried out using 

FMRIB’s Improved Linear Model (FILM) with local autocorrelation correction 

(Woolrich et al., 2001). Motion parameters (output from the motion correction) were 

included in the model as regressors of no interest. Activation was modelled by convolving 

a boxcar function representing the task with the double gamma hemodynamic response 

function in FEAT. Z (Gaussianised t) statistic images were reported using a threshold for 

clusters determined by z > 2.3 and a (corrected) cluster significance threshold of p < 0.05 

(Worsley et al., 1992). T-contrasts were calculated to evaluate activation for task > rest. 

FLIRT was used to register the functional images to the anatomic images (seven degrees 

of freedom [DOF]), and to register the anatomic images to the Montreal Neurological 

Institute template (12 DOF; Jenkinson and Smith, 2001; Jenkinson et al., 2002). 

Registration to standard space was then further refined using FNIRT nonlinear 

registration (Andersson 2007a,b). Group level activation results for 1.5 T, 4 T, 1.5 T > 4 

T, and 4 T > 1.5 T were examined using FMRIB’s Local Analysis of Mixed Effects stage 

1 (FLAME 1; Beckmann et al., 2003; Woolrich et al., 2004; Woolrich, 2008).  

3.5.4.2. Region of Interest Analysis. At both the individual and group levels, 

FSL’s featquery tool was used to evaluate activation in the posterior limb of the internal 

capsule (PLIC). We focused on the PLIC because it contains corticospinal fibres 

connecting the primary motor and sensory cortices with the spinal cord, and has been 

previously shown using combined fMRI and diffusion tensor imaging (DTI) to house the 

structural connections associated with finger tapping activation (Guye et al., 2003). The 

region of interest (ROI) was selected from the JHU ICBM-DTI White Matter Labels 

Atlas (Oishi et al., 2005). The PLIC ROIs for a representative participant, for both field 

strengths, are shown in Figure 3.1. Note that although the region of orbitofrontal 

susceptibility artifact signal dropout is larger for the 4 T images, the PLIC ROI does not 

overlap with any low signal voxels. The PLIC ROIs are shown for each participant in 

Supplementary Figure 3.1.  
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To determine whether activation on the white matter ROI likely originated from 

the PLIC (rather than, for example, resulting from gray matter signal contamination of the 

ROI during spatial smoothing and/or other causes of partial volume effects), we also 

evaluated whether the activation on the PLIC ROI included local maxima (identified 

using FSL’s cluster tool). To be considered a local maximum, the z-score of the voxel had 

to be the largest within an 8 mm radius.  

In addition to investigating the PLIC ROI, we also evaluated activation in 

sensorimotor cortex. Sensorimotor cortex also is activated by the finger tapping task and 

thus serves as a region of gray matter that can be compared to the white matter activation 

results. The sensorimotor cortex ROI was defined as the precentral gyrus, postcentral 

gyrus, and the supplementary motor cortex using the Harvard-Oxford Cortical Atlas in 

FSL. The sensorimotor cortex ROI was further refined to ensure only gray matter was 

included. Gray matter masks were defined for each participant using FMRIB’s 

Automated Segmentation Tool (FAST; Zhang et al., 2001). A priori tissue probability 

maps were used to initialize the segmentation. A 99% probability threshold was applied 

to the resulting partial volume estimate maps. For both the PLIC and sensorimotor cortex 

ROIs, activation extent (number of significantly activated voxels), maximum z-score, and 

the mean z-score and mean percent signal change of significantly activated voxels was 

calculated.  

Figure 3.1. PLIC ROI overlaid on a functional volume for a representative 
participant, for A: 1.5 T and B: 4 T.  

A 

B 
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3.5.4.3. Temporal SNR Analysis. Temporal SNR was calculated for fMRI data 

that had not been pre-processed, except for motion correction. The time series were also 

detrended using fsl_regfilt to remove activation-related variance. Thus, the tSNR values 

reflect factors such as temporal drift and autocorrelation, which can impact activation 

sensitivity if the corrections applied in the fMRI analysis do not fully compensate for 

their effects. Voxel-wise tSNR was calculated as the mean of the time series divided by 

the standard deviation of the time series. Mean tSNR values were derived for the whole 

brain (conservatively masked using the 80th percentile voxel intensity to remove areas of 

susceptibility artifact related signal dropout), and for white matter and gray matter 

separately. Gray and white matter masks were created by thresholding the partial volume 

estimates output by FAST at 99% probability and registering the masks to functional 

space (nearest neighbor interpolation). The cerebellum was excluded by registering the 

cerebellum mask from the Montreal Neurological Institute Structural Atlas (Collins et al., 

1995; Mazziotta et al., 2001) to each participant. We also calculated the mean tSNR for 

the PLIC and sensorimotor cortex ROIs. 

3.5.4.4. Power Spectra Analysis. To evaluate the potential sources of variance 

contributing to tissue type differences in activation and tSNR results, the power spectra of 

the time series data were evaluated. Pre-processed fMRI data were detrended using 

fsl_regfilt to remove variance associated with the model. Thus, the remaining signal 

variance is assumed to be noise. Voxel-wise power spectra of the noise were calculated 

using the fslpspec function, and averaged across participants for the gray and white matter 

ROIs (described above). Power differences between the ROIs were then calculated for 

both 1.5 T and 4 T. 

 

3.6. Results 
3.6.1. Functional MRI Activation  

The group level analysis revealed activation in sensorimotor cortex, the 

supplementary motor area, and the cerebellum for both 1.5 T and 4 T. Activation was 

observed in the PLIC ROI for 4 T, but not 1.5 T (see Figure 3.2). When compared 

statistically using a t-contrast, no activation was observed in the 1.5 T > 4 T contrast. For 

the 4 T > 1.5 T contrast, significant activation was observed, including in the PLIC and 
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motor cortex ROIs (Table 3.1). However, no local maxima were co-localized with the 

PLIC ROI, for either the 4 T or 4 T > 1.5 T contrasts. 

 

Table 3.1. Group level ROI results.  

ROI Contrast 
Max z-
score 

Extent (activated 
voxels/total ROI voxels) 

% of ROI 
activated 

PLIC 

1.5 T 0.00 0/566 0.00 

4 T 3.82 226/566 39.93 

4 T > 1.5 T 2.62 13/566 2.30 

Sensorimotor 
cortex 

1.5 T 4.57 5272/25013 21.08 

4 T 5.00 9819/26609 36.90 

4 T > 1.5 T 3.96 785/25007 3.14 
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Activation results for a representative participant are presented in Figures 3.3 and 

3.4 for the PLIC and sensorimotor cortex ROIs, respectively. Individual level PLIC ROI 

results are summarized in Table 3.2, and were consistent with the group level findings. 

While only five of the seven participants showed PLIC activation at 1.5 T, PLIC 

activation was detected in all seven participants at 4 T. Furthermore, six of the seven 

participants had a higher maximum z-score and larger extent of activation in the PLIC for 

4 T relative to 1.5 T. The maximum z-score was significantly greater for 4 T than 1.5 T 

(t(6) = 2.40, p < 0.05, one-tailed). The extent of activation was also significantly greater 

for 4 T than 1.5 T (t(6) = 2.18, p < 0.05, one-tailed). In addition, the mean z-score across 

B 

A 

Figure 3.2. Group level activation (red) in a finger tapping task (z > 
2.3, p < 0.05) at A: 1.5 T and B: 4 T. Two slices through the PLIC 
are shown. The PLIC ROI is overlaid in transparent blue.  

R 
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significantly activated voxels was significantly greater for 4 T than 1.5 T (t(6) = 2.06, p < 

0.05, one-tailed); however, this finding should be interpreted with caution due to the large 

proportion of participants with very few activated voxels in the PLIC ROI at 1.5 T. Only 

one participant had a local maximum located on the PLIC ROI for 1.5 T, whereas four of 

the seven participants had local maxima on the PLIC ROI for 4 T.  

The individual level sensorimotor cortex ROI results are presented in Table 3.3. 

While there was no difference in maximum z-score between 1.5 T and 4 T (t(6) = 0.85, p 

= n.s., one-tailed), the mean z-score across significantly activated voxels was significantly 

greater for 4 T than 1.5 T (t(6) = 2.65, p < 0.05, one-tailed). A larger extent of 

sensorimotor cortex activation was observed at 4 T versus 1.5 T (47.02 ± 11.61% and 

33.44 ± 10.90% for 4 T and 1.5 T, respectively); this effect was statistically significant 

(t(6) = 2.43, p < 0.05, one-tailed).  

For completeness, we have included mean percent signal change for the ROIs and 

field strengths in Supplementary Table 3.1. Note that due to the choice of TE at each field 

strength (40 ms for 1.5 T, 15 ms for 4 T), percent signal change would be expected to be 

similar for 1.5 T and 4 T results. 
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Figure 3.3. Individual level activation in the PLIC for a representative participant. A 
subset of relevant slices is shown. A) 1.5 T. B) 4 T. For each panel, the top row 
depicts the whole slice and the bottom row depicts a zoomed-in region around the 
internal capsule (outlined in white on the top row slices). Yellow: activation; green: 
activated voxels in the PLIC ROI; blue: other voxels in the PLIC ROI.  

A 

B 

R 
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Table 3.2. Summary statistics for the PLIC ROI (individual level analysis). 

Participant 
Max z-
score 

Extent (activated 
voxels/total ROI voxels) 

% of 
ROI 

activated 
Mean z-score 

(activated voxels only) 

Local 
max in 
ROI? 

1 2.40 0/44 0.00 0.00 no 

2 5.31 13/40 32.50 3.16 no 
3 2.57 0/42 0.00 0.00 no 

4 3.13 2/40 5.00 2.77 no 
5 3.44 1/42 2.38 3.44 yes 

6 2.48 1/48 2.08 2.48 no 
7 3.26 5/36 13.89 2.99 no 

Average 3.23 - 7.98 2.12 1/7 
SD 1.01 - 11.82 1.48 - 

B. 4 T. 

Participant 
Max z-
score 

Extent (activated 
voxels/total ROI voxels) 

% of 
ROI 

activated 
Mean z-score 

(activated voxels only) 

Local 
max in 
ROI? 

1 4.08 9/46 19.57 3.03 no 

2 3.64 6/49 12.24 2.77 no 
3 4.05 5/46 10.87 3.25 no 

4 5.18 8/38 21.05 3.39 yes 
5 5.10 11/47 23.40 3.60 yes 

6 3.91 9/49 18.37 2.90 yes 
7 4.65 21/40 52.50 3.71 yes 

Average 4.37 - 22.57 3.23 4/7 
SD 0.60 - 13.96 0.36 - 
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A 

B 

Figure 3.4. Individual level sensorimotor cortex ROI activation for a representative 
participant. Two relevant slices are shown. A) 1.5 T. B) 4 T. Yellow: activation; 
green: activated voxels in the sensorimotor cortex ROI; blue: other voxels in the 
sensorimotor cortex ROI.  

R 
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Table 3.3. Summary statistics for the sensorimotor cortex ROI (individual level 
analysis). 

A. 1.5 T. 

Participant 
Max z-
score 

Extent (activated 
voxels/total ROI voxels) 

% of 
ROI 

activated 
Mean z-score 

(activated voxels only) 

1 12.11 105/480 21.88 4.61 

2 12.58 189/379 49.87 5.32 
3 9.56 115/493 23.33 4.05 

4 9.57 217/622 34.89 4.80 
5 9.45 106/457 23.19 4.17 

6 10.42 204/509 40.08 4.62 
7 11.53 159/389 40.87 4.63 

Average 10.74 - 33.44 4.60 
SD 1.32 - 10.90 0.42 

B. 4 T. 

Participant 
Max z-
score 

Extent (activated 
voxels/total ROI voxels) 

% of 
ROI 

activated 
Mean z-score 

(activated voxels only) 

1 11.69 285/547 52.10 5.33 

2 12.23 193/427 45.20 5.64 
3 9.94 193/536 36.01 4.35 

4 9.68 174/586 29.69 4.47 
5 12.39 255/503 50.70 5.18 

6 10.30 307/470 65.32 4.97 
7 11.60 187/373 50.13 5.20 

Average 11.12 - 47.02 5.02 
SD 1.12 - 11.61 0.46 

 

 

3.6.2. Temporal SNR 

Temporal SNR results are presented in Figure 3.5. The mean tSNR for the whole 

brain was 82.4 for 1.5 T and 100.6 for 4 T (i.e., an increase of 22.1% for 4 T). Whole 

brain tSNR was significantly greater 4 T relative to 1.5 T (t(6)=3.52, p < 0.01, one-tailed). 

The gray matter tSNR was 83.5 and 96.0 for 1.5 T and 4 T, respectively (i.e., an increase 

of 15.0% for 4 T), whereas the white matter tSNR was 97.8 and 144.0 for 1.5 T and 4 T, 

respectively (i.e., an increase of 47.2% for 4 T). The tSNR difference between white 

matter and gray matter was significantly greater at 4 T than 1.5 T (t(6)=5.69, p < 0.001, 

one-tailed). The relatively larger field strength dependent tSNR increase for white matter 



52 

was also observed when comparing the PLIC and sensorimotor cortex ROIs. For the 

sensorimotor cortex ROI, tSNR was 82.8 and 119.7 for 1.5 T and 4 T, respectively (i.e., 

an increase of 44.6% for 4 T). For the PLIC ROI, tSNR was 99.5 and 186.3 7 for 1.5 T 

and 4 T, respectively (i.e., an increase of 87.2% for 4 T). The tSNR difference between 

the PLIC and sensorimotor cortex ROIs was significantly greater at 4 T than 1.5 T (t(6) = 

2.83, p < 0.05, one-tailed). 

 

 

 

3.6.3. Power Spectra 

To evaluate the potential sources of tissue type differences in terms of activation 

and tSNR results, the power spectra of the noise in the gray and white matter ROIs were 

evaluated for both 1.5 T and 4 T. The difference spectra (gray matter minus white matter) 

Figure 3.5. ROI analysis of grand average (n = 7) tSNR results for 
1.5 T and 4 T data. Error bars represent standard deviations.  
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are depicted in Figure 3.6. At 1.5 T, the tissue type differences are relatively uniform 

across frequencies. In contrast, a large peak difference at approximately 0.05 Hz is 

apparent at 4 T, as well as a number of smaller peak differences at higher frequencies.  

 

 

 

3.7. Discussion 

3.7.1. Summary of Findings 

 Consistent with previous results, PLIC activation was detected at 4 T for a finger 

tapping task (Gawryluk et al., 2011b). As predicted, group level sensitivity to PLIC 

activation was increased at 4 T relative to 1.5 T. In addition, PLIC activation was detected 

in more individuals at 4 T than 1.5 T. At conventional thresholds, 1.5 T may not be 

sensitive enough to detect fMRI signal changes in white matter. Furthermore, we found 

relatively greater field strength dependent tSNR gains for white matter relative to gray 

matter, suggesting that high field may be particularly advantageous for white matter 

fMRI. Below, we speculate on the possible mechanisms of this phenomenon.  

We also determined whether local activation maxima were observed on the PLIC 

ROI, in order to evaluate if the activation on the white matter ROI likely originated from 

the PLIC rather than from gray matter signal contamination (see below for a discussion of 

Figure 3.6. Grand average (n = 7) power spectra difference between the gray and 
white matter ROIs for 1.5 T and 4 T data. Note that the signals have been 
detrended to remove activation-related variance; thus the power spectra are 
assumed to represent the frequency components of the noise. 
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partial volume effects). The individual level analysis revealed local maxima on the PLIC 

ROI for the majority of participants at 4 T. However, no local maxima were observed on 

the PLIC ROI for the group analysis. Individual differences in the functional organization 

of the PLIC may have contributed variance resulting in the absence of a PLIC local 

maximum on the group activation maps.  

At the group level, statistical contrasts revealed that 4 T fMRI was significantly 

more sensitive to motor cortex activation (Table 3.1). At the individual level, greater 

activation extent and greater mean z-scores were observed for 4 T relative to 1.5 T in gray 

matter (Table 3.3), which is consistent with previous studies of the field strength 

dependence of BOLD fMRI (Di Salle et al., 2003; Duong et al., 2003; Gati et al., 1997; 

Gati et al., 2000; Fera et al., 2004; Hoenig et al., 2005; Krasnow et al., 2003; Krüger et 

al., 2001; Meindl et al., 2008; Triantafyllou et al., 2005; Turner et al., 1993; Uğurbil et al., 

1999; van der Zwaag et al., 2009; Yang et al., 1999).  

 Consistent with previous findings, we observed greater tSNR for white matter 

than gray matter (Figure 3.5; Bodurka et al., 2007; Gonzalez-Castillo et al., 2011). 

Importantly, field strength related increases in tSNR were significantly greater for white 

matter than gray matter. This finding is consistent with the notion that high field fMRI is 

particularly important for detecting activation in white matter.  

 

3.7.2. Effect of Physiological Noise 

In general, physiological noise is more prominent at higher fields due to the 

relationship between physiological noise and image SNR (Fera et al., 2004; Triantafyllou 

et al., 2005). Consistent with previous research demonstrating that physiological noise 

comprises a smaller proportion of the total noise in white matter compared to gray matter 

(Greve et al., 2011; Krüger and Glover, 2001), the spectral analysis of the noise revealed 

a large power difference between the tissue types in the low frequency range to which 

physiological artifacts are often aliased (Figure 3.6; Biswal et al., 1996). Given that white 

matter signals are less contaminated by physiological noise, white matter may be 

relatively more robust to field strength related increases in physiological noise than gray 

matter. Physiological noise differences between gray and white matter might be attributed 

differences in vasculature between the tissue types (Dagli et al., 1999; Duvernoy et al., 
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1981). However, other sources of noise differences between gray and white matter cannot 

yet be ruled out. Future studies should employ physiological noise removal procedures to 

evaluate whether sensitivity at 4 T could be enhanced, particularly for gray matter 

activation.  

 

3.7.3. Caveats 

3.7.3.1. Susceptibility Induced Field Gradients at 4 T. In the 4 T data, the close 

proximity of the inferior parts of the PLIC ROI to the regions of orbitofrontal 

susceptibility artifact signal dropout may have affected the activation results. For 

example, the image distortions at the boundaries of the dropout region may have 

contaminated the PLIC ROI. If so, task correlated signal intensity changes in the distorted 

regions (i.e., task correlated motion) may have been erroneously characterized as 

activation. However, we included the estimated motion parameters (output from the 

motion correction) as regressors of no interest in our activation model, which limits the 

potential contribution of movement-related signal changes that survive the motion 

correction (Johnstone et al., 2006). 

3.7.3.2. Spatial Resolution and Partial Volume Effects. At the current fMRI 

spatial resolution (3.75 x 3.75 x 5 mm3), the dimensions of the PLIC (less than 10 mm in 

the left-right dimension on most slices; Oishi et al., 2005) are such that partial volume 

effects likely contributed to some voxels in the PLIC ROI. In this study, we were able to 

evaluate whether the fMRI activation likely originated in the PLIC ROI (as opposed to 

neighbouring gray matter regions) by determining whether an activation local maximum 

was localized to the white matter region. At 4 T, the majority of participants had local 

maxima co-localized to the PLIC ROI, providing evidence that the activated voxels in the 

PLIC were not merely the result of partial volume effects. In the future, higher resolution 

fMRI scans will be crucial to disentangling the signal changes associated with the 

different tissue types. However, as we have demonstrated in the current study, white 

matter fMRI activation may be difficult to detect at lower SNR, which could limit the 

spatial resolution for white matter fMRI research.  
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3.7.4. Conclusions 

We have shown that high field fMRI may be particularly important for detecting 

activation in white matter. Furthermore, field strength dependent  increases in fMRI 

sensitivity may be greater for white matter than for gray matter. The scarcity of reports of 

white matter fMRI activation (relative to gray matter) may be due in part to the 

prevalence of 1.5 T MRI systems. High field MRI may be critical for fMRI studies aimed 

at investigating activation in both gray and white matter.  
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Participant 1 

Participant 2 
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Participant 5 

Participant 6 

Participant 7 

Supplementary Figure 3.1A. PLIC ROI overlaid on a functional 
volume from each participant (1.5 T data).   
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Participant 5 

Participant 6 

Participant 7 

Supplementary Figure 3.1B. PLIC ROI overlaid on a functional 
volume from each participant (4 T data).   
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Supplementary Table 3.1. Mean percent signal change for 
significantly activated voxels. 

Sensorimotor cortex ROI PLIC ROI 

Participant 1.5 T 4 T   1.5 T 4 T 

1 1.60 1.25 0.00 0.33 

2 1.58 0.91 0.51 0.18 
3 1.42 0.99 0.00 0.42 

4 1.17 0.71 0.41 0.22 
5 1.31 1.38 0.59 0.42 

6 1.32 1.13 0.51 0.24 
7 1.68 1.43   0.47 0.54 

Average 1.44 1.11 0.36 0.34 
SD 0.19 0.26 0.25 0.13 
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3.9. Summary of Chapter 3 and Transition to Chapter 4 

 The results of Chapter 3 confirmed that sensitivity to white matter fMRI activation 

is dependent on field strength, and that high field MRI may be key for studies aimed at 

evaluating activation in both gray and white matter regions. The results also showed that 

the field strength dependent sensitivity gains are larger in white matter than gray matter, 

suggesting that the paucity of studies reporting white matter fMRI activation may be 

partially due to the prevalence of 1.5 T MRI systems.  

 Having presented evidence in support of the hemodynamic nature of white matter 

fMRI activation (Chapter 2) and a possible explanation for the relatively limited number 

of reports of white matter fMRI activation (Chapter 3), the focus of this thesis will now 

shift towards refining the functional explanation of white matter activation clusters. 

Chapter 4 presents research aimed at improving the interpretation of the functional 

significance of white matter fMRI activation by investigating the relationship between 

white matter fMRI activation and the activated network in gray matter. Specifically, 

whether regions of white matter fMRI activation are structurally connected to regions of 

gray matter activation will be determined. In Chapter 4, fMRI data from an 

interhemispheric transfer task will be evaluated. A functionally guided tractography 

approach will be employed to determine if activated clusters in the corpus callosum are 

structurally connected to activated regions of gray matter.  
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Chapter 4 Confirming White Matter Functional MRI 
Activation in the Corpus Callosum: 
Co-Localization with DTI Tractography 

 
4.1. Publication Status 

Mazerolle EL, Beyea SD, Gawryluk JR, Brewer KD, Bowen CV, D’Arcy RCN 

(2010) Confirming white matter fMRI activation in the corpus callosum: co-localization 

with DTI tractography. NeuroImage 50:616-621. 

 

4.2. Student Contributions to Manuscript 
Implementing diffusion imaging, helping to design the experiment, helping to 

recruit participants and collect data, devising the analysis approach, data analysis, 

intepretation of the results, and writing the manuscript. 

 

4.3. Abstract 
Recently, functional magnetic resonance imaging (fMRI) activation has been 

detected in white matter, despite the widely-held belief that fMRI activation is restricted 

to gray matter. The objective of the current study was to determine whether the regions of 

white matter fMRI activation were structurally connected to the functional network in 

gray matter. To do this, we used fMRI-guided tractography to evaluate whether tracts 

connecting regions of gray matter fMRI activation were co-localized with white matter 

fMRI activation. An established interhemispheric transfer task was employed to elicit 

activation in the corpus callosum. Diffusion tensor imaging (DTI) tractography was used 

to determine the existence of tracts that connected regions of gray matter fMRI activation 

to regions of activation in the corpus callosum. Corpus callosum activation was detected 

in the majority of participants. While there was individual variability in the location of 

corpus callosum activation, activation was commonly observed in the callosal mid-body, 

isthmus/splenium, or both. Despite the variability, gray matter fMRI-guided tractography 

identified tracts that were co-localized with corpus callosum fMRI activation in all 

instances. The results confirmed that the activated regions of the corpus callosum were 

structurally connected to the functional network of gray matter regions involved in the 
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task. These findings are an important step towards establishing the functional significance 

of white matter fMRI activation, and provide a foundation for future research combining 

white matter fMRI and DTI tractography to study brain connectivity. 

 

4.4. Introduction 
White matter activation in functional magnetic resonance imaging (fMRI) is 

controversial. Traditionally, it was thought that fMRI is restricted to gray matter due to 

the relatively greater blood flow and volume in gray matter (Helenius et al., 2003; 

Preibisch and Haase, 2001; Rostrup et al., 2000; van der Zande et al., 2005; Wise et al., 

2004). In addition, research has demonstrated that the primary source of fMRI signals are 

hemodynamic responses to post-synaptic potentials, which mainly occur in gray matter 

(e.g., Logothetis et al., 2001). Indeed, it has been stated that “a reasonable investigator 

may doubt the presence of a [blood oxygen level dependent] signal in white matter 

altogether” (Logothetis and Wandell, 2004, p. 755). Despite these issues, there is no 

direct evidence that precludes the possibility of detecting white matter fMRI activation. It 

has been suggested that the energy-dependent processes that take place in white matter 

may result in task-dependent changes, which could be measured with fMRI (Mazerolle et 

al., 2008; Tettamanti et al., 2002).  

 We have recently reported evidence for white matter fMRI activation at 4T using 

interhemispheric transfer tasks that specifically target the corpus callosum. Such tasks, in 

which functionally lateralized stimuli (words and faces) are presented to the right and left 

visual hemifields, have been used to study disconnection syndromes in split brain patients 

(e.g., Gazzaniga et al., 1965) and have been previously developed for fMRI (D’Arcy et 

al., 2006). Mazerolle and colleagues (2008) reported activation in the isthmus of the 

corpus callosum in 21% of individuals. Group level activation was also observed in this 

region, but at relaxed statistical thresholds (p < 0.005, uncorrected). Using a visuo-motor 

interhemispheric transfer task (lateralized light flashes; Poffenberger, 1912; Iacoboni and 

Zaidel, 2004), Gawryluk and colleagues (2009) reported white matter fMRI activation in 

100% of individuals (using standard statistical thresholds) by improving sensitivity to 

white matter fMRI activation through increased T2 weighting of the functional images. In 

addition, other groups have reported white matter fMRI activation, providing further 
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evidence for the phenomenon (e.g., Mosier and Bereznaya, 2001; Omura et al., 2004; 

Tettamanti et al., 2002; Weber et al., 2005; Yarkoni et al., 2009).  

With a growing number of reports of fMRI activation in white matter, it is 

important to determine how white matter fMRI activation is related to the functional gray 

matter network activated by a task. To do this, we employed diffusion tensor imaging 

(DTI) tractography to evaluate whether regions of white matter fMRI activation have 

structural connections to activated gray matter. Previous work has shown that fMRI-

guided tractography can be successfully used in order to identify the structural 

connections within functional networks, including callosally-mediated networks (e.g., 

Lowe et al., 2006). Given this, it should be possible to use DTI tractography to determine 

whether the corpus callosum activation elicited during an interhemispheric transfer task is 

structurally connected to the functionally activated networks in gray matter.  

 In the current study, corpus callosum activation and corresponding tractography 

analyses were examined at the individual level. The objective was to determine whether 

the corpus callosum activation was co-localized with tracts seeded from activated clusters 

in gray matter. To test this hypothesis, a deterministic tractography algorithm was 

employed using the whole brain as a seed. Subsequently, regions-of-interest (ROIs) were 

defined within both the white matter activation of the corpus callosum (CC), as well as 

the cortical gray matter (GM) activation. The ROIs were used to identify whether a subset 

of fibres existed that tracked through both GM and CC activation.  

 

4.5. Methods 
4.5.1. Participants 

Ten healthy participants (five females) took part in the study. The mean age of 

participants was 25.8 ± 6.0 years (range 19-40). The mean laterality quotient (measured 

using the Edinburgh Handedness Inventory; Oldfield, 1971) was 87.5 ± 15.6 (range 55-

100), indicating that the participants were right-handed. The study was approved by local 

research ethics boards. Each participant provided written informed consent prior to 

participation and received compensation for participating. 
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4.5.2. Experimental Design 

The participants performed an established interhemispheric transfer task 

(Mazerolle et al., 2008). Stimuli consisted of faces (right hemisphere stimuli) and words 

(left hemisphere stimuli) that were presented to the left and right visual fields (i.e., either 

directly to the relatively specialized hemisphere, or to the opposite hemisphere) in order 

to elicit interhemispheric transfer. Stimuli were either real (i.e., intact faces or words) or 

scrambled (i.e., faces with the features rearranged or pseudowords). On each trial, 

participants were asked to evaluate whether the stimulus presented was real or scrambled 

by pressing a button on an MR compatible response box (four button forced choice). 

Response hand was crossed for all trials (i.e., left hand for words and right hand for 

faces). All stimuli were presented laterally (> 2.3 degrees from fixation) and rapidly 

(150ms) in order to initially stimulate one hemisphere and avoid saccades. A ‘+’ was 

displayed at the centre of the screen for the duration of the experiment; participants were 

asked to continually fixate on this point. E-Prime (Psychology Software Tools, Inc.) was 

used to present stimuli, which were displayed using back-projection to a screen mounted 

inside the bore, and viewed through a mirror mounted on the head coil. Prior to the 

experiment, each participant performed a short practice task (with feedback) to ensure 

compliance.  

 

4.5.3. MRI Acquisition 

Data were acquired from a 4 T Varian INOVA whole body MRI system. 

Gradients were provided by a body coil (Tesla Engineering Ltd.) operating at a maximum 

of 35.5 mT/m at 120 T/m/s, and driven by 950 V amplifiers (PCI). A TEM head coil 

(Bioengineering Inc.) was employed.  

4.5.3.1. Functional MRI Acquisition. Functional MRI was conducted using an 

asymmetric spin echo (ASE) spiral sequence (Brewer et al., 2009). The ASE spiral 

sequence collects three images per slice per volume, one prior and two after a 

radiofrequency refocusing pulse. The T2’ weighting1 of these images is determined by the 

TE* parameter (see below) and is constant across the three images. The T2 weighting of 

these images, however, increases across the three images (determined by TE). Seventeen 

                                                
1 1/T2* = 1/T2 + 1/T2’ 
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axial slices (4 mm thick, no gap) were prescribed to cover the corpus callosum, as well as 

the region extending superiorly. Other parameters for functional imaging were: 64 x 64 

matrix (220 x 220 mm2), 1 shot, 170 volumes, TR/TE/TE* = 2000/68/27 ms (TE and TE* 

are the spin-echo centre and asymmetric echo times, respectively; Brewer et al., 2009).  

4.5.3.2. DTI Acquisition. DTI data were acquired using a single shot spin echo 

spiral sequence. Twenty-four axial slices (3 mm thick, no gap) were collected, prescribed 

such that they were centred over the functional slab. A 64 x 64 matrix (220 x 220 mm2) 

was used, with TR/TE = 6000/100 ms and two averages. Diffusion weighting was 

distributed along 30 directions (maximum b-value = 1007 s/mm2). After every 10 

diffusion weighted images, an image with a b-value of zero were acquired (for a total of 

three b = 0 images). Using these parameters, DTI data were acquired in approximately 

eight minutes, which was necessary in order to ensure adequate time for the fMRI and 

structural image acquisitions. 

4.5.3.3. Structural Image Acquisition. Following the fMRI and DTI scans, a 3D 

magnetization prepared fast low angle shot (MPFLASH) whole brain high resolution T1-

weighted anatomical image was collected (72 2 mm axial slices, 256 x 256 matrix, 220 x 

220 mm2), with TR/TI/TE = 10/500/5 ms and an 11 degree flip angle.  

 

4.5.4. Data Analyses  

4.5.4.1. Functional MRI Analysis. In order to increase the overall T2 weighting 

of the combined image, the three ASE images were combined using an inverted signal 

weighted averaging algorithm (Gawryluk et al., 2009). Statistical analyses were 

performed using the general linear model with fMRI expert analysis tool (FEAT) version 

5.3 in FMRIB Software Library (FSL; Smith et al., 2004). Pre-statistics processing 

included the following steps: motion correction using MCFLIRT2 (Jenkinson et al., 

2002), non-brain removal using BET (Smith, 2002), spatial smoothing using a Gaussian 

kernel (6 mm full width at half maximum), mean-based intensity normalisation, and 

highpass temporal filtering (Gaussian weighted least-squares straight line fitting, with σ = 

50 s). Time series statistical analyses were carried out using FILM with local 

autocorrelation correction (Woolrich et al., 2001). Motion parameters (output from the 

                                                
2 Summaries of the motion parameters are reported in Supplementary Table 4.1. 
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motion correction) were included in the model as regressors of no interest. Z 

(Guassianised t) statistic images were reported using a threshold for clusters determined 

by z > 3.0 and a (corrected) cluster significance threshold of p < 0.05 (Worsley et al., 

1992). FLIRT was used to register the activation maps to structural space (seven degrees 

of freedom [DOF]).   

4.5.4.2. DTI and Tractography Analysis. First, DTI data were resampled to a 

resolution of 1.7 x 1.7 x 2 mm3. These data were then corrected for motion using a six 

parameter registration3 (Jenkinson and Smith, 2001), which was followed by combining 

the two averages. A binary mask differentiating brain and non-brain matter was 

calculated with BET (Smith, 2002) from a volume with no diffusion weighting. This 

mask was applied to the entire DTI dataset. Deterministic tractography was then 

performed (using all voxels as seeds) in MedINRIA’s DTI Track (Filliard et al., 2006). A 

fractional anisotropy threshold of 0.2 was applied. The anatomical image was registered 

to a volume with no diffusion weighting using seven DOF in FLIRT (Jenkinson et al., 

2002; Jenkinson and Smith, 2001). 

 4.5.4.3. Functional MRI-Guided Tractography Analysis. The tractography 

analysis was guided by two functionally defined regions: 1) an ROI of CC activation, and 

2) an ROI of cortical GM activation. First, activation maps were transformed into 

diffusion space. For the GM activation ROI, partial volume maps for gray matter, white 

matter, and cerebrospinal fluid (CSF) were created from the structural image 

automatically using FAST (Zhang et al., 2001). As has been previously noted, intensity-

based segmentations can result in voxels at the interface of white matter and ventricles 

being misclassified as gray matter (Ashburner and Friston, 2000). In order to reduce this 

problem, the gray matter partial volume maps were thresholded such that a voxel was 

only considered gray matter if the probability that it was gray matter was higher than 

white matter and CSF. The mask was then transformed into the diffusion-registered 

structural space. The resulting mask was applied to the activation maps for each 

participant in order to create GM activation ROIs. Any remaining subcortical voxels (i.e., 

                                                
3 We used a six DOF registration for correcting motion in the diffusion data as opposed to the standard 12 
DOF for correcting for eddy currents. Six DOF was appropriate because our acquisition employed a spiral 
k-space trajectory, which manifests eddy current artifacts as image blurring as opposed to stretching (as is 
typical for EPI acquisitions).  
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voxels at the white matter-CSF interface that survived the threshold procedure or 

activation in subcortical gray matter voxels) were manually removed. Due to the isotropic 

diffusion and subsequent tractography difficulties in gray matter, the GM activation ROI 

was dilated using a 6mm spherical kernel in order to ensure that GM activation ROI on 

the gray matter-white matter borders extended into white matter. For each participant, the 

GM activation ROI was also divided into the right and left hemispheres in order to 

evaluate whether tracts reached bilateral gray matter activation.  

 The CC activation ROIs were manually defined. First, the activation maps were 

overlaid on the diffusion-registered structural space. To be included in the CC activation 

ROI, voxels had to appear to be on the CC in the axial, sagittal, and coronal views. In 

addition, the clusters had to have a local maximum on the CC. By ensuring the clusters 

had a local maximum on the CC as opposed to neighbouring gray matter, the potential 

contributions of partial volume effects were reduced. Figure 4.1 shows the fMRI 

activation and resulting CC and GM activation ROIs used for the fMRI-guided 

tractography analysis in a representative participant.  

 

 

Figure 4.1. (A) A single participant’s fMRI activation (Z > 3), and (B) the 
corresponding ROIs for fMRI-guided tractography (green: gray matter activation 
ROI; red: corpus callosum activation ROI; post: posterior; ant: anterior; sup: 
superior; inf: inferior). 
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For each participant, the CC and GM activation ROIs were imported into 

MedINRIA’s DTI Track to identify whether any fibres existed that passed through both 

regions. Fibres were identified using the criterion that they had to overlap with voxels in 

both the CC and GM activation ROIs. Because the data were not transformed to standard 

space, brain regions were identified via visual inspection. 

 The results were further evaluated in two ways. First, percent signal change was 

calculated in order to allow comparisons between gray matter and white matter activation 

intensity. The CC and GM activation ROIs from the fMRI-guided tractography analysis 

were used as masks to calculate percent signal change based on the parameter estimates 

of the activation model using FSL’s featquery. Second, the selectivity of the tractography 

analysis was assessed by determining the number of activated gray matter voxels with 

tracts to contralateral gray matter activation (i.e., candidate voxels for having tracts to the 

CC activation ROI). The percentage of these voxels that were also associated with tracts 

passing through the CC activation ROI was then calculated. In addition, we calculated the 

percentage of midsagittal CC voxels that contained tracts connecting bilateral GM 

activation. 

 

4.6. Results 
4.6.1. Overview of Corpus Callosum Activation 

Group level fMRI activation results are reported elsewhere (Gawryluk et al., 

2011a). Of the 10 participants, eight4 had corpus callosum activation as defined in the 

Methods. Among these eight participants, the location of the CC activation varied. Four 

participants had both posterior and anterior CC activation (either one or two clusters in 

the splenium/isthmus and the mid-body of the corpus callosum). Two participants had 

activation restricted to posterior CC regions. One participant had both mid-body and genu 

activation, and the remaining participant had activation in the genu only. 

  

 

                                                
4 A ninth participant had an activation maximum on the border of the corpus callosum and lateral ventricle. 
However, we could not be confident that this activation originated from the corpus callosum because of 
potential peri-ventricle motion artifacts; therefore, this participant was excluded from the fMRI-guided 
tractography analysis. 
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4.6.2. Functional MRI-Guided Tractography Results 

Of the eight participants with CC activation, fMRI-guided tractography 

demonstrated that seven had fibres connecting regions of CC activation to bilateral GM 

activation. All seven participants had tracts extending to premotor regions, parietal 

regions, or both. A representative participant with this pattern of results is presented in 

Figure 4.2. Two other participants had tracts to both premotor and parietal regions, with 

additional tracts to temporal regions (Supplementary Figures 4.1 and 4.2). One participant 

had tracts to premotor regions only, despite a small posterior CC activation in addition to 

activation in the mid-body (Supplementary Figure 4.3). One participant had a tract to 

prefrontal regions in addition to premotor regions (Supplementary Figure 4.4). Two 

participants did not have tracts to premotor regions; one had tracts extending to superior 

occipital/inferior parietal regions only (Supplementary Figure 4.5), whereas the other had 

both parietal and medial temporal tractography targets (Supplementary Figure 4.6). 

The eighth participant with CC activation had tracts to prefrontal regions, but 

these tracts reached activation in the right hemisphere only (i.e., did not meet the criterion 

of tracking to bilateral gray matter activation targets). This participant is presented in 

Supplementary Figure 4.7.  
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Figure 4.2. Functional MRI-guided tractography results for a representative 
participant (participant 1; green: left hemisphere gray matter activation ROI; yellow: 
right hemisphere gray matter activation ROI; red: corpus callosum activation ROI; 
black: tracts passing through all three ROIs; P: posterior; A: anterior; S: superior; I: 
inferior; R: right; L: left). The top images show fibres passing through corpus 
callosum activation in the sagittal view (left) and axial views (centre: isthmus 
activation; right: mid-body activation; blue arrows). The bottom image shows an 
axial view of tracts reaching targets in premotor cortex (magenta arrows) and 
parietal cortex (white arrows).  



 71 

4.6.3. Percent Signal Change Analysis 

The percent signal change values (90th percentile and maximum) for the CC and 

GM activation ROIs can be found in Table 4.1. Note that the maximum percent signal 

change values were, on average, about 4.5 times larger in the gray matter than the corpus 

callosum.  

 

Table 4.1. Percent signal change across CC and GM activation ROIs. 

CC activation ROI GM activation ROI 

Participant 90th percentile  Max 90th percentile  Max 

1 1.3 1.4 1.3 5.7 
2 0.6 0.6 1.1 4.2 

3 0.6 1.2 1.6 5.3 
4 0.8 1.1 1.4 4.0 

5 0.9 1.0 1.1 4.5 
6 0.3 0.3 0.8 2.1 

7 0.4 0.7 1.0 3.3 
 8* 0.7 1.0 1.4 6.1 

9 - - 1.0 2.6 
10 - - 1.3 4.5 

Mean 0.70 0.91 1.20 4.23 

*The callosal activation did not track to bilateral gray matter targets for participant 8 (i.e., 
the tract reached right hemisphere gray matter activation only). 

 

 

4.6.4. Evaluating the Selectivity of the Functional MRI-Guided Tractography Analysis 

Given the distributed network of activated gray matter regions (see Figure 4.2 and 

Supplementary Figures 4.1-4.7), it was important to quantitatively evaluate the 

relationship between the activation in GM and CC regions. Table 4.2 shows that, on 

average, about 5% of activated GM voxels had connections to contralateral GM 

activation. Of these candidate GM activation voxels, approximately 13% were 

structurally connected to the CC activation ROI. The mean percentage of midsagittal CC 

voxels with tracts connecting bilateral GM activation was 49 ± 11%. 
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Table 4.2. Analysis of the selectivity of the fMRI-guided tractography analysis#. 

Participant 

# of voxels in 
GM activation 

ROI 

Subset with 
connections to 
contralateral GM 
activation* % 

Subset with 
connections to 
CC activation** %  

1 53123 4949 9.32 429 8.67 

2 102263 6660 6.51 2859 42.93 
3 81934 4380 5.35 517 11.80 

4 65452 2539 3.88 16 0.63 
5 77025 4721 6.13 371 7.86 

6 64367 2505 3.89 371 14.81 
7 86198 3586 4.16 276 7.70 

8 87299 4380 5.02 - - 
9 51299 1577 3.07 - - 

10 64890 3384 5.21 - - 

Mean 73385 3868 5.25 691 13.49 

# See text for more details. 
 

* I.e., the number of voxels in the GM activation ROI with connections to contralateral 
GM activation (candidate GM targets). 

**I.e., the number of voxels in the GM activation ROI with connections to contralateral 
GM activation and the CC activation ROI. 

 

 

4.7. Discussion 

Using fMRI-guided tractography, we confirmed that the white matter fMRI 

activation in the corpus callosum was structurally connected to the functional network in 

gray matter activated during the interhemispheric transfer task. This result occurred for 

eight out of 10 participants, with seven participants meeting the additional criterion of 

tracking to bilateral gray matter activation.  

 The analyses presented here were performed at the individual level, allowing an 

examination of the differences in terms of CC activation across individuals. The majority 

of participants (six) had activation in posterior CC regions (isthmus or splenium), 

consistent with previous results (Mazerolle et al., 2008). However, four of these 

participants also had anterior CC activation. Two additional participants had CC 

activation that was restricted to more anterior regions (mid-body or genu). The variability 

in terms of the location of CC activation was also reflected in the fMRI-guided 
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tractography analysis. In general, the CC activation described above was associated with 

tracts to GM activation in regions that are consistent with what is known about the 

anatomy of the CC (e.g., connections between the isthmus and parietal cortex; Zarei et al., 

2006).  

The increased variability in the location of CC activation relative to previous 

results might be explained by differences in white matter fMRI sensitivity between the 

two studies. The previous study employed a more typical T2* weighted fMRI acquisition 

and reported a considerably lower percentage of individuals with CC activation (21% 

versus the 80% reported here; Mazerolle et al., 2008). It is possible that the increased 

sensitivity provided by ASE spiral fMRI acquisition and increased T2 weighting (Brewer 

et al., 2009; Gawryluk et al., 2009) allowed detection of white matter activation not only 

in more participants, but also across a larger region of the corpus callosum. Given what is 

known about inter-individual functional anatomy differences in gray matter (e.g., Brett, 

2002), such variability in white matter fMRI activation is not surprising. However, the 

functional significance of this regional variability within the corpus callosum, as well as 

how this variability relates to the activated networks of gray matter regions, remains to be 

determined. Future work with a larger sample size is necessary to better evaluate the 

inter-individual variability and identify the white matter fMRI activation and tractography 

patterns that are common within the population.  

The analysis of percent signal change in gray and white matter supports previous 

claims that white matter fMRI activation is weaker than that of gray matter (Gawryluk et 

al., 2009; Mazerolle et al., 2008; Tetttamanti et al., 2002; Yarkoni et al., 2009). 

Sensitivity remains a major hurdle to potential applications of white matter fMRI. 

Previous work has demonstrated improved sensitivity to white matter fMRI activation 

through increased T2 weighting of fMRI pulse sequences (Gawryluk et al., 2009). 

Ongoing work investigating the mechanisms of the effect of T2 weighting may provide 

additional insight that can be applied to further optimize sensitivity to white matter fMRI 

activation.  

Given the distributed nature of the gray matter fMRI activation elicited by our 

task, it was important to evaluate the selectivity of the fMRI-guided tractography 

analysis. In order to ensure adequate sensitivity to white matter fMRI activation, which is 
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relatively weak (Table 4.1), we designed the task to elicit strong activation across a 

number of interhemispheric brain networks (e.g., both face and word processing). 

However, this approach also resulted in extensive gray matter activation. Some measure 

of confidence in the results can be obtained by noting that the tracts we identified were 

consistent with what is already known about the organization of the corpus callosum (e.g., 

Zarei et al., 2006). In general, fMRI-guided tractography studies do not provide an 

indication of the false positive rate (i.e., the likelihood that a structural connection 

between two activated regions was identified by chance). We quantified the relationship 

between the GM and CC activation by determining the number of activated GM voxels 

with structural connections to contralateral GM activation. Then, we found the percentage 

of those voxels that also had tracts passing through the CC activation ROI (13%; Table 

4.2). We also attempted to evaluate the specificity of the fMRI-guided tractography 

analysis by calculating the percentage of midsagittal CC voxels that contained tracts 

connecting bilateral GM activation. We found that 49% of midsagittal CC voxels had 

structural connections to bilateral GM activation. Ideally, the gray matter fMRI activation 

would be more specific, that is, most or all of the activated gray matter would be 

structurally connected to the CC activation. Ongoing work is aimed at improving the 

experimental task such that smaller networks of gray matter activation are elicited. 

There are at least three caveats to consider when interpreting the relationship 

between the cortical gray matter and corpus callosum activation. First, due to relative 

insensitivity of the white matter fMRI technique (Table 4.1), it is possible that not all 

activated channels of the CC are detected. That is, there may be activity in regions of the 

CC that is not observable using current acquisition and analysis techniques. Second, it is 

possible that some of the structural connections between bilateral gray matter activation 

are not functionally activated by the current task (i.e., true negatives). This issue 

highlights the fact that white matter fMRI may provide functional information about brain 

networks that is not available using conventional measures of structural and functional 

brain connectivity (see below). Third, it is possible that some tracts are involved in 

inhibitory processes that result in CC activation without downstream activation in gray 

matter. This would prevent tracking to bilateral gray matter targets. Future work is needed 
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to understand the physiological basis of white matter fMRI signals in order to evaluate 

this possibility.  

 The combination of white matter fMRI and DTI tractography is a novel 

multimodal approach to studying functional brain connectivity. Currently, studies of 

functional brain connectivity make inferences about brain connections using inter-

regional correlations or causal modelling approaches (e.g., dynamic causal modelling; 

Friston et al., 2003). Previous studies employing fMRI-guided tractography have focused 

on identifying the structural connections associated with regions of gray matter fMRI 

activation (e.g., Lowe et al., 2006) or evaluating the relationships between functional and 

structural measures of connectivity (e.g., Lowe et al., 2008; Skudlarski et al., 2008; 

Greicius et al., 2009). In contrast to these previous applications, our approach provides a 

more direct measure of the functional status of the structural connections involved in a 

particular task. While improved methods for evaluating the specificity of fMRI-guided 

tractography need to be developed, future studies may employ white matter fMRI to both 

identify the white matter region involved in a given task, as well as evaluate the region’s 

functional dynamics by measuring experimentally induced changes in the activation 

patterns within the white matter tissue itself.  

 By confirming white matter fMRI activation using fMRI-guided tractography, this 

work represents a significant advance for white matter fMRI, the existence of which has 

previously been doubted (e.g., Logothetis and Wandell, 2004). The co-localization of 

white matter fMRI activation with tracts connected to regions of gray matter fMRI 

activation provides strong evidence that the white matter fMRI activation is not only 

functionally significant (e.g., Gawryluk et al., 2009; Mazerolle et al., 2008; Tettamanti et 

al., 2002; Yarkoni et al., 2009), but also structurally connected to the activated gray 

matter network. White matter accounts for 40-45% of brain parenchyma (e.g., Black, 

2007) and it is known that connections play a critical role in brain function. Furthermore, 

dysfunctions in brain connections have been implicated in numerous neurological and 

psychiatric diseases (e.g., Bassett & Bullmore, 2009; Guye et al., 2008). Given this, white 

matter fMRI has the potential to be applied to answer highly relevant basic neuroscience 

questions (i.e., studying brain connectivity). In addition, fMRI activation in white matter 

may have future clinical applications. Indeed, fMRI investigations of neuropsychological 
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tests for evaluating white matter diseases have shown (but not reported) group level 

activation in white matter (Genova et al., 2009; Lazeron et al., 2003). Given the 

variability observed in the current study, future work is needed to determine whether this 

concept can be meaningfully applied at the individual patient level.  
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Supplementary Table 4.1. Mean and max motion parameters output from the motion 
correction procedure (FSL's MCFLIRT) for each participant. 
 

Rotation (radians) Translation (millimetres) 
Participant   X Y Z X  Y Z 

1 Mean 0.0017 0.0012 0.0017 0.0697 0.0246 0.0720 
Max 0.0053 0.0029 0.0070 0.3262 0.1095 0.3221 

2 Mean 0.0006 0.0004 0.0004 0.0121 0.0282 0.1135 
Max 0.0015 0.0017 0.0012 0.0480 0.0762 0.2155 

3 Mean 0.0011 0.0007 0.0004 0.0345 0.0461 0.0271 
Max 0.0035 0.0021 0.0013 0.1245 0.1467 0.1235 

4 Mean 0.0009 0.0005 0.0015 0.0681 0.0348 0.0505 
Max 0.0025 0.0012 0.0042 0.1766 0.0893 0.1175 

5 Mean 0.0014 0.0003 0.0015 0.0190 0.0689 0.0697 
Max 0.0053 0.0010 0.0048 0.0590 0.2111 0.1648 

6 Mean 0.0007 0.0002 0.0004 0.0139 0.0356 0.0577 
Max 0.0019 0.0009 0.0009 0.0461 0.0998 0.1661 

7 Mean 0.0021 0.0012 0.0002 0.0184 0.0553 0.0300 
Max 0.0049 0.0036 0.0008 0.0666 0.1458 0.0932 

8 Mean 0.0012 0.0003 0.0003 0.0147 0.0340 0.0446 
Max 0.0036 0.0010 0.0009 0.0468 0.1397 0.1517 

9 Mean 0.0012 0.0008 0.0004 0.0501 0.0192 0.0638 
Max 0.0105 0.0020 0.0010 0.1636 0.1723 0.1855 

10 Mean 0.0003 0.0002 0.0002 0.0139 0.0184 0.0498 
Max 0.0014 0.0007 0.0009 0.0480 0.0823 0.1587 

 

 



 78 

 

Supplementary Figure 4.1. Functional MRI-guided tractography results for 
participant 2 (green: left hemisphere gray matter activation ROI; yellow: right 
hemisphere gray matter activation ROI; red: corpus callosum activation ROI; black: 
tracts passing through all three ROIs; P: posterior; A: anterior; S: superior; I: inferior; 
R: right; L: left). The top images show fibres passing through corpus callosum 
activation in the sagittal view (left) and axial views (centre: mid-body activation; 
right: splenium activation; blue arrows). The bottom images show axial views of 
tracts reaching targets in premotor cortex (magenta arrows), parietal cortex (white 
arrows), and right inferior temporal cortex (black arrow).  
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Supplementary Figure 4.2. Functional MRI-guided tractography results for 
participant 3. The top images show fibres passing through corpus callosum 
activation in the sagittal view (left) and coronal views (centre: mid-body activation; 
right: isthmus activation; blue arrows). The bottom images show axial views of tracts 
reaching targets in premotor cortex (magenta arrows), parietal cortex (white arrows), 
and left temporal cortex (black arrow). All other details as in Supplementary Figure 
4.1. 
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Supplementary Figure 4.3. Functional MRI-guided tractography results for 
participant 4. The top images show fbres passing through the corpus callosum 
activation in sagittal (left) and axial (right) views (blue arrows). The bottom image 
shows the tracts reaching targets in premotor cortex (axial view, magenta arrows). 
All other details as in Supplementary Figure 4.1. 
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Supplementary Figure 4.4. Functional MRI-guided tractography results for 
participant 5. The top images show fibres passing through corpus callosum 
activation in the sagittal view (left) and axial views (centre: mid-body activation; 
right: genu activation; blue arrows). The bottom image shows tracts reaching targets 
in premotor cortex (axial view, magenta arrows). This participant also had tracts to 
prefrontal regions (top centre; cyan arrows). All other details as in Supplementary 
Figure 4.1. 
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Supplementary Figure 4.5. Functional MRI-guided tractography results for 
participant 6. The top images show fibres passing through lateral, posterior corpus 
callosum activation in sagittal (left) and axial (right) views (blue arrows). The bottom 
images show axial views of tracts reaching targets in superior occipital/inferior 
parietal cortex (white arrows). All other details as in Supplementary Figure 4.1. 
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Supplementary Figure 4.6. Functional MRI-guided tractography results for 
participant 7. The top images show fibres passing through splenium activation in 
sagittal (left) and axial (right) views (blue arrows). The bottom images show axial 
views of tracts reaching targets in parietal cortex (white arrows) and medial 
temporal cortex (black arrows). All other details as in Supplementary Figure 4.1. 
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Supplementary Figure 4.7. Functional MRI-guided tractography results for 
participant 8. No tracts were identified that reach gray matter activation ROIs in both 
hemispheres for this participant; instead, the gray matter activation is represented 
by a single ROI (green). The top images show fibres passing through genu 
activation in sagittal (left) and axial (right) views (blue arrows). The bottom images 
show an axial view of tracts reaching targets in right prefrontal cortex (cyan arrow). 
All other details as in Supplementary Figure 4.1. 
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Chapter 5 Discussion 
 

5.1. Overview 
 The discussion is divided into four sections. First, the results of Chapters 2, 3, and 

4 are briefly summarized (Section 5.2). Second, further refinements to the understanding 

of white matter fMRI activation are proposed (Section 5.3). These refinements build upon 

the work presented in this thesis, and include: evaluating regional differences in 

sensitivity to white matter fMRI activation (Section 5.3.1); investigating white matter 

fMRI activation with improved spatial resolution (Section 5.3.2); characterizing the 

reliability of white matter fMRI activation (Section 5.3.3); and uncovering the 

neurophysiologic underpinnings of white matter fMRI activation (5.3.4). Potential 

sources of experimenter bias against white matter fMRI activation are discussed in 

Section 5.4, including recommendations to reduce bias in future studies. To conclude, the 

significance of this thesis is highlighted (Section 5.5). 

 

5.2. Summary of Results 
 The research described in this thesis has expanded upon the current understanding 

of fMRI activation in white matter. The results of Chapter 2 demonstrated that 

hemodynamic changes could be detected in white matter in the absence of partial volume 

effects. This result confirmed that white matter fMRI activation clusters could be 

hemodynamic in origin. Importantly, Chapter 2 contradicted the notion that white matter 

CBF and CBV are insufficient for a detectable hemodynamic response, which is one of 

the main sources of controversy surrounding fMRI activation in white matter (Logothetis 

and Wandell, 2004; Weis et al., 2011).  

 In Chapter 3, the results confirmed that sensitivity to white matter fMRI activation 

is dependent on field strength. The results also showed that the field strength dependent 

sensitivity gains are larger in white matter than gray matter. Thus, it is possible that the 

scarcity of studies reporting white matter fMRI activation may be partially explained by 

the prevalence of 1.5 T MRI systems. If this were true, one would expect that as higher 

field systems become more widely available, reports of white matter fMRI activation 

would become more common. One question that remains is whether the sensitivity 
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conferred by 3 T MRI systems, which are significantly more widely available than 4 T 

systems, is sufficient to expect widespread reports of white matter fMRI activation.  

 Chapter 4 demonstrated that regions of white matter fMRI activation are 

structurally connected to activated gray matter regions, providing evidence that white 

matter fMRI activation is functionally relevant. In addition, this study is the first to 

employ both white matter fMRI and DTI to examine brain connectivity, providing a 

methodological foundation for future studies. Such a combined approach has the potential 

to elucidate brain connectivity beyond what could be obtained from current structural and 

functional connectivity techniques. For example, whether a particular white matter tract 

was involved in a given task could be evaluated directly by querying the functional 

dynamics of the tract itself, rather than inferring its involvement based on structural or 

functional connectivity results.  

 

5.3. Further Refinements to the Understanding of White Matter 
Functional MRI Activation 

The studies presented in Chapters 2, 3, and 4 provided key insight into white 

matter fMRI activation, and will allow for improved understanding and interpretation of 

future white matter fMRI activation results. However, more research should be done 

towards answering crucial questions about white matter fMRI activation that are still 

outstanding.  

 

5.3.1. Regional Differences in Sensitivity  

 It is possible that regional differences exist in terms of sensitivity to white matter 

fMRI activation. This possibility stems from the fact that not all voxels were activated in 

the white matter ROIs described in Chapters 2 and 3. In Chapter 3, this could be due to 

the existence of functional sub-regions in the PLIC ROIs (i.e., parts of the PLIC that were 

not activated were not engaged by the finger tapping task). However, in Chapter 2, the 

breath-holding task was expected to elicit global (i.e., whole brain) hemodynamic 

changes, yet some voxels did not exhibit significant activation. This notion also arises 

from many reports of callosal activation (including Chapter 4; Mazerolle et al., 2008, 

2010; Gawryluk et al., 2009, 2011a), which tend to be localized near the mid-sagittal 



87 

section, rather than along the entire length of the pathway. In fact, almost all reports of 

white matter fMRI activation are limited to the corpus callosum and/or the internal 

capsule (excluding Yarkoni et al., 2009; Weis et al., 2011). While this may be a feature of 

the experimental design of the particular studies (i.e., many of the studies were designed 

specifically to elicit interhemispheric transfer across the corpus callosum; D’Arcy et al., 

2006; Gawryluk et al., 2009, 2011a; Mazerolle et al., 2008, 2010; Omura et al., 2004; 

Tettamanti et al., 2002; Weber et al., 2005), this reasoning does not explain the 

observation of voxels that were not activated by the breath-holding task in Chapter 2.  

 It is possible that fundamental physiological differences among white matter 

regions could affect the ability to detect activation in particular regions. Previous 

speculations on the source of regional differences in sensitivity to white matter fMRI 

activation have focused on two possible explanations. First, it is possible that 

hemodynamic differences among white matter regions results in regional sensitivity 

differences (Mazerolle et al., 2008). In gray matter, for example, there is evidence that 

vascularization differences among regions affects regional sensitivity to fMRI activation 

(e.g., the visual cortex is more highly vascularized than other regions; Lierse, 1963, as 

cited by Kastrup et al., 1999). In white matter, it has been shown that the corpus callosum 

and the optic nerve are differentially sensitivity to anoxia and aglycemia (Baltan, 2006). 

This suggests that metabolic differences between white matter regions exist, which, given 

the tight metabolic-hemodynamic coupling in the brain (Lecrux and Hamel, 2011), might 

correspond to hemodynamic differences. Thus, vascularization differences among regions 

could contribute to regional variability in sensitivity to white matter fMRI activation. By 

combining functional studies with measures of vessels (e.g., venograms, vessel size index 

imaging), it may be possible to begin to understand the source of regional sensitivity 

differences and, by doing so, begin to establish the practical limits of white matter fMRI 

studies. 

 Second, it has also been speculated that the density of fibres and/or action 

potentials contributes to regional sensitivity differences of white matter fMRI activation 

(Mazerolle et al., 2008). This notion stems from the relatively frequent observations of 

white matter fMRI activation in the medial corpus callosum (e.g., Mazerolle et al., 2008; 

Gawryluk et al., 2009, 2011a), where fibres are densely packed (relative to more lateral 
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callosal regions) and organized topographically according to the anterior-posterior 

position of the cortical regions that the fibres connect (Zarei et al., 2006). Thus, when a 

particular interhemispheric pathway is activated, it is likely that there is a high density of 

action potentials in the relevant callosal region. The spatial pattern of internal capsule 

fMRI activation may have an analogous explanation, as activation has been reported in 

more inferior regions as opposed to superior regions where the tract fans out to cortical 

targets (Gawryluk et al., 2011b). The relationship between fibre density and fMRI 

activation in white matter could be explored by using advanced diffusion MRI techniques 

such as AxCaliber, which provides a measure of axon diameter distribution, albeit with 

prohibitively long scan times for in vivo human applications (1.5 hours; Barazany et al., 

2009; Assaf and Cohen, 2009). Characterizing the relationship between action potential 

density and white matter fMRI activation will likely rely on invasive electrophysiological 

recordings in animals.  

 In addition, it is also possible that regional differences in white matter sensitivity 

are due to differences in the shape of the hemodynamic response function (HRF). In gray 

matter, there is evidence that the shape of the HRF varies between regions, although 

whether this is due to differences in neural activity, neurovascular coupling, or 

vascularization is unknown. Analysis techniques that model activation using regionally 

optimized HRFs are thought to improve fMRI sensitivity (e.g., Handwerker et al., 2004; 

Miezin et al., 2000), although this approach is not routinely applied (i.e., most studies 

employ a canonical HRF to model activation in all voxels). While there is evidence that 

the shape of the HRF in white matter is the same as the canonical HRF (Fraser et al., 

submitted), other work has demonstrated slower responses in white matter compared to 

gray matter (Yarkoni et al., 2009). If differences between the gray matter and white 

matter HRF exist, the use of the gray matter canonical HRF for modeling activation 

would result in systematic underestimation of white matter activation, More research is 

needed to evaluate differences in the shape of the hemodynamic response function 

between gray matter and white matter, as well as among different white matter regions. 

Then, the potential benefits of regionally specific HRFs for detecting white matter fMRI 

activation could be evaluated. 
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5.3.2. Spatial Resolution 

 A refinement that directly relates to the work presented in this thesis is to 

determine whether fMRI activation in white matter can be detected using acquisitions 

with improved spatial resolution. Smaller voxels would reduce the potential contribution 

of partial volume effects and allow conservatively defined ROIs to encompass a larger 

volume of white matter. Higher spatial resolution is also important for confirming reports 

of fMRI activation in small white matter structures such as the internal capsule (discussed 

in Chapter 3). However, the SNR is proportional to voxel volume, which may limit the 

feasibility of detecting white matter fMRI activation using high spatial resolution 

acquisitions. Driver and colleagues (2010) were able to detect white matter signal 

changes associated with hypercapnia at high resolution (2 x 2 x 3 mm3), suggests that, at 

least with high field MRI (3 T and 7 T), SNR of high resolution fMRI is not prohibitively 

low for detecting hemodynamic changes in white matter. Furthermore, preliminary work 

suggests that task-related white matter fMRI activation can indeed be detected at higher 

spatial resolution with 4 T MRI (3.1 x 3.1 x 2.9 mm3; Gunde et al., unpublished 

observations) but more work is needed to verify this finding. 

 

5.3.3. Reliability 

Another factor that would strengthen interpretations of white matter fMRI 

activation results is an understanding of the reliability of the technique. Reliability is an 

active area of fMRI research. Varying degrees of reliability have been reported, 

depending on the analysis technique, reliability metric, test-retest interval, as well as the 

particular tasks and regions of interest (reviewed in Bennett and Miller, 2010). In general, 

greater reliability is observed for motor and sensory tasks relative to cognitive tasks 

(Bennett and Miller, 2010). Regional differences in reliability may be explained in part by 

the local microvasculature. For example, McGonigle and colleagues (2000) speculated 

that variability in visual cortex may be partially due to the high concentration of venules 

in the region, allowing a wider range of responses to visual stimulation. Thus, it is 

important to evaluate reliability specifically for white matter fMRI activation, particularly 

given the known differences in vasculature in white matter relative to gray matter 

(Duvernoy et al., 1981) and the lower blood flow and volume in white matter compared 
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to gray matter (Helenius et al., 2003; Preibisch and Hasse, 2001; Rostrup et al., 2000; van 

der Zande et al., 2005).  

While reliable white matter fMRI activation has been observed anecdotally 

(D’Arcy et al., unpublished observations), experimentally evaluating the reliability of 

white matter fMRI activation will be a crucial step towards demonstrating its utility for 

basic and clinical neuroscience research. Proposed methods for evaluating reliability of 

white matter fMRI activation can be found in Appendix 2.  

 

5.3.4. Neurophysiologic Basis 

More generally, it is important to determine the neurophysiologic basis of fMRI 

signals in white matter. While there is indirect evidence that neural activity in white 

matter might be expected to result in measureable BOLD signal changes (discussed in 

Section 1.3.2.2), this has not been verified experimentally. A direct investigation of 

activity-dependent hemodynamic changes in white matter, for example, by electrically 

stimulating white matter in an animal model while simultaneously acquiring fMRI data, 

will provide significant insight into the neurophysiologic signals underpinning BOLD 

signal changes measured in white matter. While primate models are advantageous in 

terms of their phylogenetic relationship to humans, they are expensive and not always 

accessible. Rat models, which are inexpensive and widely available, have been 

extensively used to study neurovascular coupling (e.g., Smith et al., 2002; Angenstein et 

al., 2007; Goloshevsky et al., 2008; Huttunen et al., 2008; Maandag et al., 2007); 

however, before a rat model can be used to investigate the neurophysiology of white 

matter fMRI, it must first be verified that rat white matter is capable of supporting 

detectable hemodynamic changes.  

A hypercapnic challenge could be used to elicit whole brain hemodynamic 

changes in the rat. Similar to the breath-holding task employed in Chapter 2, hypercapnia 

induces vasodilation, which elevates global CBF and CBV (e.g., Grubb et al., 1974) and 

is commonly used to measure the capacity of vessels to react to a stimulus (e.g., Cohen et 

al., 2004; Driver et al., 2010). Previous work has demonstrated hemodynamic changes in 

both gray and white matter associated with hypercapnia in humans (Cohen et al., 2004; 

Macey et al., 2003; Rostrup et al., 2000; van der Zande et al., 2005), but only gray matter 
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signal changes have been examined in rats (Kannurpatti et al., 2003; Lu et al., 2009; 

Sicard et al., 2003; Weneger and Wong, 2008; Wu et al., 2002). Therefore, the ability to 

measure hypercapnia-induced hemodynamic changes in rat white matter must first be 

established, before a rodent model can be used to further investigate the neurophysiologic 

basis of white matter fMRI activation. Proposed methods for a study of the 

cerebrovascular reactivity of rat white matter are outlined in Appendix 3.  

 

5.4. Experimenter Bias against White Matter Functional MRI 
Activation 

 Despite the growing number of reports of white matter fMRI activation (Aramaki 

et al., 2006; D’Arcy et al., 2006; Fabri et al., 2011; Gawryluk et al., 2009, 2011a,b; 

Mazerolle et al., 2008, 2010; Mosier and Bereznaya, 2001; Newman et al., 2010; Omura 

et al., 2004; Tettamanti et al., 2002; Weber et al., 2005; Weis et al., 2011; Yarkoni et al., 

2009) and the possible neurophysiologic explanations for fMRI signals in white matter 

(described in Section 1.3.2.2), the technique remains controversial. In this section, it is 

proposed that the reluctance to accept fMRI activation in white matter is partially the 

result of a systematic bias in the field of functional brain imaging.  

 The notion of experimenter bias in fMRI research is of fundamental importance. 

This is because fMRI is an indirect measure of functional brain activation, the validity of 

which is regularly evaluated based on what is already known about the functional 

organization of the brain. That is, because there is rarely a gold standard available for 

fMRI results to be compared against, experimenter expectations tend to play a major role 

in evaluating data quality and the validity of results. This sentiment is described well by 

Poline and colleagues (2006) in the introduction to their paper describing a contest in 

which a diverse group of fMRI researchers applied different techniques to the analysis of 

the same fMRI dataset:  

The most obvious goal was to determine which [analysis] techniques would 

yield the ‘best’ results. This is a legitimate question from neuroscientists or 

clinicians who typically assess the results in relation to their prior 

expectations, although this biases fMRI studies away from making new and 

unexpected discoveries. (p. 352) 
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The following sections consider potential sources of bias against reporting white matter 

fMRI activation, and provide recommendations to help reduce bias in future fMRI 

studies. 

 

5.4.1. White Matter Functional MRI Signals as Noise 

In some fMRI studies, the signal from white matter is used as a nuisance regressor 

in the analysis model (e.g., Leber, 2010). This approach has been recommended as best 

practice for resting state functional connectivity analyses (Van Dijk et al., 2010). White 

matter signals have also been used to estimate physiological noise in fMRI data (Behzadi 

et al., 2007). In addition, white matter signals have been used to set thresholds such that, 

for activation to be considered significant, its intensity must exceed that of white matter 

(Soltanian-Zadeh et al., 2004). Decreases in white matter fMRI activation have also been 

cited as evidence that a novel denoising procedure was successful (Tohka et al., 2008). 

Such steps not only preclude the detection of white matter fMRI activation in these 

particular studies, but also perpetuate the notion that activation observed in white matter 

is artifactual. 

 

5.4.2. Selective Reporting of Activation Clusters 

5.4.2.1. Examples. As noted in Chapter 4, the body of fMRI literature includes 

reports in which activation in white matter can be observed in figures but is not reported 

in text. While it is impossible to compile a complete list of such reports, some examples 

of studies in which white matter fMRI activation is pictured in figures but otherwise 

ignored include Genova and colleagues (2009; Figures 3 and 4), Bestmann and colleagues 

(2010; Figure 3), Dumontheil and colleagues (2011; Figures 5, 8, and 9), Lazeron and 

colleagues (2003; Figure 1), Mestres-Missé and colleagues (2010; Figures 1 and 2), and 

Wey and colleagues (2011; Figure 4). The bias against reporting functional activation in 

white matter may also extend beyond fMRI researchers; for example, a 

[14C]deoxyglucose autoradiography study of the rat brain shows an increase in white 

matter glucose uptake, but it is not reported in text (Figure 3, Panel D2; Brown and Sharp, 

1995).  
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5.4.2.2. Possible Explanations. In some cases, it is possible that the researchers 

reporting these studies may have failed to notice activation in white matter. However, 

inattention to white matter regions cannot explain the failure to report such clusters in all 

cases. A striking example is the study reported by Takahashi and colleagues (2009). 

While no white matter fMRI activation is visible on the main figures in their peer-

reviewed article in Science, internal capsule activation is visible (but not reported) in 

Supplementary Figure 4 of their report. Furthermore, online coverage about the work in 

the popular media includes a version of the figure in which the internal capsule activation 

has been circled for emphasis (see Appendix 1).  

It is possible that fMRI researchers are not comfortable reporting activation clusters 

in white matter due to the lack of information available about the potential 

neurophysiological source of white matter fMRI activation. However, this explanation is 

not consistent with the common practice of reporting activation in subcortical gray matter 

regions (e.g., Cabeza and Nyberg, 2000; Peyron et al., 2000; Dang-Vu et al., 2010), for 

which there have been few studies of neurovascular coupling until recently (but see Sloan 

et al., 2010, for an example). In fact, functional brain mapping applications of fMRI have 

continued to gain popularity despite the incomplete understanding of the neural events 

that are represented by fMRI signals (Logothetis, 2007; Raichle and Mintun, 2006). This 

suggests that, in general, fMRI researchers do not require all of the neurophysiological 

details to be understood before the value of such a technique can be appreciated.  

Another possibility is that white matter is more prone to artifacts than gray matter, 

such that researchers might selectively exclude white matter activation from the 

interpretation of their results. This concept is expressed by Weis et al. (2011): “standard 

EPI sequences as used [by Weis and colleagues, 2011] are not optimal for detecting white 

matter activations and the risk of artifacts is augmented” (p. 388). This statement raises 

the question: what could cause an increase in artifactual activations in a manner specific 

to white matter, such that selectively discounting white matter fMRI activation would be 

a valid approach? 

 A common cause of artifactual activation is task-related motion. When participant 

motion is task-correlated, artifactual activations can occur, particularly at tissue 

boundaries (Johnstone et al., 2006). Thus, voxels near the boundaries between gray matter 
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and white matter, and between brain parenchyma and CSF, will be most sensitive to 

motion-induced artifactual activations. White matter voxels per se are unlikely to be more 

susceptible to false activations due to motion than other voxels; regions of deep white 

matter, which can be centimetres away from tissue boundaries, may be particularly 

insensitivity to such artifacts. Furthermore, the studies presented in this thesis, as well as 

some of the studies reporting white matter fMRI activation (Mazerolle et al., 2008; 

Gawryluk et al., 2011a,b), mitigated the risk of motion-related activations by including 

the estimated motion parameters (output by the motion correction) as regressors of no 

interest in the analysis model. Even with this approach, it is possible that nonlinear spin 

history effects caused by motion are not corrected (Yancey et al., 2011). However, spin 

history effects are likely to be most severe near regions of large magnetic gradients (i.e., 

susceptibility induced field gradients near the sinuses) and would not be expected to 

result in tissue-specific effects. 

Another potential source of artifactual activation is physiological noise. When task-

correlated, respiratory and cardiac artifacts can result in artifactual activation. Task-

correlated respiratory and/or cardiac rate changes have been observed for tasks that 

require attention, are cognitively challenging, or are emotional (Birn et al., 2009). 

However, Birn and colleagues (2006) demonstrated that respiratory related artifacts tend 

to be most problematic in gray matter or near large vessels. Furthermore, as noted in 

Chapter 3, white matter has higher tSNR and less physiological noise than gray matter. 

Thus, it is unlikely that white matter is particularly prone to artifactual activation caused 

by physiological noise.  

 

5.4.3. Recommendations for Future Functional MRI Studies 

The practice of using white matter signal as a nuisance regressor should be avoided 

to prevent artifactually decreased sensitivity to white matter fMRI activation. 

Furthermore, in the absence of any specific examples of artifacts that could cause false 

activations in a tissue-specific manner, white matter fMRI activations should not be 

selectively ignored. Instead, all significantly activated clusters should be routinely 

reported in text or tables. This practice would help eliminate any existing systematic bias 

against detecting fMRI activation in white matter. In addition, estimated motion 
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parameters (output from motion correction algorithms) could be routinely reported in 

order to communicate the degree to which motion might have been a problem in a given 

study. Finally, physiological noise corrections such as retrospective image correction 

(RETROICOR; Glover et al., 2000) should be routinely applied in order to reduce the 

potential risk for physiological artifacts confounding fMRI activation results. While 

physiological artifacts are unlikely to impact white matter to a greater extent than gray 

matter, the application of such a rigorous approach could provide further evidence for 

white matter fMRI activation and help alleviate concerns regarding the potential impact 

of artifacts.  

 

5.5. Conclusions and Significance 
The studies presented in this thesis have refined the current understanding of fMRI 

activation in white matter, in terms of its probable hemodynamic basis (Chapter 2), its 

relationship with field strength (Chapter 3), and its relationship to the activated network 

of gray matter regions (Chapter 4). These findings, along with the discussion of the 

possible neurophysiological bases for white matter fMRI activation (Section 1.3.2.2), 

build upon the existing foundation of studies reporting white matter fMRI activation by 

providing more information about what white matter fMRI activation represents. As 

white matter fMRI activation becomes better understood (Section 5.3) and more accepted 

(Section 5.4), this technique could be applied to provide novel insights into brain 

connectivity. More specifically, the ability to detect activation in the brain’s connections 

will open new research avenues into how the regions of a given brain network interact to 

support complex cognitive functions. For example, feedforward versus feedback 

connections might be distinguished on the basis of the tract’s fMRI timecourse relative to 

timecourses of the gray matter nodes of the network; transient versus reentrant 

connections might be distinguished based on the duration of the fMRI response in the 

tract.  Furthermore, white matter fMRI may provide key insight into white matter diseases 

such as multiple sclerosis, as well as diseases such as schizophrenia in which abnormal 

brain connectivity has been implicated.  
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Appendix 1 Popular Media Coverage of Takahashi and 
Colleagues (2009) 

 
Source: http://www.dailymail.co.uk/sciencetech/article-1147525/The-green-eyed-
monster-lives-brain-Scientists-discover-jealousy-lobe.html#ixzz1mTnlT88x 
 

 

 
Schadenfreude: This is the region of the brain that controls taking delight in other 
people's misfortune  
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Appendix 2 Proposed Methods: Reliability of White 
Matter Functional MRI Activation 

 

A2.1. Introduction 
Recent research has demonstrated that detection of activation in white matter may 

be possible with functional magnetic resonance imaging (fMRI; Aramaki et al., 2006; 

D’Arcy et al., 2006; Fabri et al., 2011; Gawryluk et al., 2009, 2011a,b; Mazerolle et al., 

2008, 2010; Newman et al., 2010; Omura et al., 2004; Tettamanti et al., 2002; Weber et 

al., 2005; Weis et al., 2011; Yarkoni et al., 2009). By providing a metric of the functional 

status of the brain’s connections, white matter fMRI has potential to provide insight into 

the functional dynamics of brain connectivity. This is in contrast to current techniques for 

studying brain connectivity, which have mainly used diffusion tensor imaging 

tractography and functional connectivity analyses to map structural and functional 

connections, respectively. Neither tractography nor functional connectivity techniques 

can directly measure activation in white matter pathways. Studying activation in white 

matter pathways is crucial for understanding interactions among different nodes in a brain 

network, as well as evaluating whether structural white matter changes are associated 

with functional changes. This approach may also clarify whether observed correlations 

between gray matter regions (a typical approach to studying functional connectivity using 

fMRI) result from direct connections, or indirect connections mediated by other gray 

matter areas. Before this potential can be meaningfully applied, an understanding of the 

reliability of white matter fMRI activation results is necessary.   

Reliability is an active area of fMRI research. Varying degrees of reliability have 

been reported, depending on the analysis technique, reliability metric, test-retest interval, 

as well as the particular tasks and regions of interest (reviewed in Bennett and Miller, 

2010). In general, greater reliability is observed for motor and sensory tasks relative to 

cognitive tasks (Bennett and Miller, 2010). Regional differences in reliability may be 

explained in part by the local microvasculature. For example, McGonigle and colleagues 

(2000) speculated that variability in visual cortex may be partially due to the high 

concentration of venules in the region, allowing a larger range of responses to visual 

stimulation. Thus, it is important to evaluate reliability specifically for white matter 
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activation, particularly given the known differences in vasculature in white matter relative 

to gray matter (Duvernoy et al., 1981) and the lower blood flow and volume in white 

matter compared to gray matter (Helenius et al., 2003; Preibisch and Hasse, 2001; 

Rostrup et al., 2000; van der Zande et al., 2005).  

We propose to evaluate fMRI reliability for a cognitive task that has been 

previously shown to elicit activation in white matter (D’Arcy et al., 2006; Gawryluk et 

al., 2011a; Mazerolle et al., 2008, 2010). We hypothesize that reliability of white matter 

fMRI activation will be comparable to that of gray matter regions activated by the same 

task.  

 

A2.2. Methods 
A2.2.1. Participants 

 At least ten healthy participants will be recruited for the study.  

 

A2.2.2. Experimental Design 

 Each participant will complete three scanning sessions. All participants will be 

experienced with previous MRI research studies to reduce effects of novelty and/or 

anxiety. For each participant, scanning sessions will take place at approximately the same 

time of day, on consecutive days. Within each session, three runs of the task will be 

performed. At each session, the participant will receive the same instructions (read from a 

script by the same investigator). The same technician will operate the MRI for each scan 

in this study. Care will be taken to position the participants in the head coil/MRI in 

approximately the same position for each session. Participants will be asked to make sure 

that their sleep patterns and their intake of caffeine, nicotine, alcohol, and medications are 

approximately equivalent each day for the day preceding the first session and the three 

days on which the sessions are acquired.   

 

A2.2.3. Task 

An interhemispheric transfer task which has previously been shown to elicit 

activation in the corpus callosum will be used (D’Arcy et al., 2006; Gawryluk et al., 

2011a; Mazerolle et al., 2008, 2010). Stimuli consist of faces (Troje and Bulthoff, 1996; 
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i.e., right hemisphere stimuli) and words (Coltheart, 1981; Wilson, 1988; i.e., left 

hemisphere stimuli) that are presented to the left and right visual fields (i.e., either 

directly to the relatively specialized hemisphere, or to the opposite hemisphere) to elicit 

interhemispheric transfer. Half the stimuli are real words and faces; the other half are 

scrambled, that is, pseudowords and faces with the features rearranged within the face 

outline. The participants will be asked to respond (via a four button forced choice) to 

indicate whether each stimulus is a real word, real face, scrambled word, or scrambled 

face. Participants will always use their left hand to respond to word stimuli and their right 

hand to respond to face stimuli, with their index fingers assigned to real stimuli and their 

middle fingers assigned to scrambled stimuli. In each run, eight blocks of eight stimuli 

per block (22 s duration) will be alternated with 18 s rest blocks. The blocks are equally 

divided between two conditions: no visual cross (noVC) and visual cross (VC). In the 

noVC blocks, stimuli are presented to the relatively specialized hemisphere (i.e., word 

stimuli to the right visual field/left hemisphere; face stimuli to the left visual field/right 

hemisphere). In the VC blocks, stimuli are presented to the opposite hemisphere. The 

block design was selected to maximize reliability (Bennett and Miller, 2010). The total 

duration of each run is 338 s. To mitigate habituation, different word and face stimuli are 

presented in each run. All stimuli will be presented laterally (>2.3 degrees of visual angle 

from fixation) and rapidly (150 ms) in order to initially stimulate one hemisphere and 

avoid saccades. Participants will be asked to fixate on a central point throughout the 

experiment. At the beginning of each session, participants will perform a short practice 

task (with feedback) to ensure compliance.  The practice task will be repeated until the 

participant obtains an accuracy of greater than or equal to 50%. E-Prime (Psychology 

Software Tools, Inc.) will be used to present stimuli, which will be displayed using back-

projection to a screen mounted inside the magnet bore, and viewed through a mirror 

mounted on the head coil. Responses will be collected using a Lumina fibre optic 

response system (Cedrus).  

 

A2.2.4. MRI Acquisition 

Data will be acquired using a 4 T Oxford Magnet with an DirectDrive console 

(Agilent Technologies Inc.). Magnetic field gradients are provided by a body coil (Tesla 
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Engineering Ltd.) operating at a maximum of 35.5 mT/m at 120 T/m/s, and driven by 950 

V amplifiers (PCI). A TEM head coil (Bioengineering Inc.) is used for transmit/receive. 

Foam padding will be used to restrict head motion. 

A2.2.4.1. Functional MRI Acquisition. Functional MRI will be conducted using 

an optimized sequence (to be decided). 

A2.2.4.2. Structural Image Acquisition. Following the functional MRI scans, a 

3D magnetization prepared fast low angle shot (MPFLASH) T1-weighted whole brain 

anatomical image will be acquired with the following parameters: TR/TI/TE=10/700/3.5 

ms, 256 x 160 x 110 data acquisition matrix, 220 x 220 x 165 mm FOV, 4 segments, 300 

ms segment delay, 11 degree flip angle.  

 

A2.2.5. Data Analyses  

A2.2.5.1. Behavioural Data Analysis. Reaction time and accuracy data will be 

input to a repeated-measures analysis of variance (ANOVA) with the following factors: 

session, run, noVC/VC, real/scrambled. Statistical significance will be evaluated using p 

< 0.05.  

A2.2.5.2. Functional MRI Analysis. Pre-processing and statistical analyses will 

be performed with the fMRI expert analysis tool (FEAT) version 5.98 in FMRIB 

Software Library (FSL; Smith et al., 2004; www.fmrib.ox.ac.uk/fsl). Pre-statistics 

processing includes the following steps: motion correction using MCFLIRT (Jenkinson et 

al., 2002), non-brain removal using BET (Smith, 2002), spatial smoothing using a 

Gaussian kernel of FWHM 6 mm, mean-based intensity normalisation, and highpass 

temporal filtering (Gaussian weighted least-squares straight line fitting, with sigma = 50 

s).  

For the first-level analyses, time-series statistical analyses will be carried out 

using FMRIB’s Improved Linear Model (FILM) with local autocorrelation correction 

(Woolrich et al., 2001). Motion parameters (output from the motion correction) will be 

included in the model as regressors of no interest. Z (Gaussianised t) statistic images will 

be reported using a threshold for clusters determined by z > 2.3 and a (corrected) cluster 

significance threshold of p < 0.05 (Worsley et al., 1992). T-contrasts will be calculated to 

evaluate activation for task > baseline, VC > noVC, and noVC > VC. FLIRT will be used 
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to register the activation maps to the anatomic images (seven degrees of freedom; 

Jenkinson and Smith, 2001; Jenkinson et al., 2002). At the second level, the three runs 

within each scanning session will be combined for each subject using a fixed effects 

analysis.  

A2.2.5.3. Reliability Analysis. Reliability will be evaluated for all three t-

contrasts calculated (task > baseline, VC > noVC, and noVC > VC). Reliability of gray 

matter and white matter activation will be considered separately. Gray and white matter 

regions of interest (ROIs) will be created for each subject as follows: First, the anatomic 

images from each scanning session are registered to one another using FLIRT and 

averaged together. This average anatomic image is input to FMRIB’s Automated 

Segmentation Tool (FAST; Zhang et al., 2001) to create gray and white matter tissue 

segmentations. A priori tissue probability maps are used for segmentation initialization. 

The fMRI data are then registered to the average anatomic image such that the gray and 

white matter ROIs can be applied to the fMRI results.  

For each subject, reliability between pairs of scanning sessions will be evaluated 

in two ways: 1) by calculating difference images of the thresholded activation maps; and 

2) by calculating t-contrasts to statistically compare the scanning sessions in a third level 

analysis of fixed effects. 

 



102 

Appendix 3 Proposed Methods: Can Functional MRI 
Detect Hemodynamic Changes in Rat 
White Matter? 

 
A3.1. Introduction 
 Until recently, functional magnetic resonance imaging (fMRI) activation was 

generally thought to be restricted to gray matter (GM; e.g., Logothetis and Wandell, 

2004). However, there is a growing body of evidence supporting the notion that it is 

possible to detect fMRI activation in white matter (WM; D’Arcy et al., 2006; Fabri et al., 

2011; Gawryluk et al., 2009, 2011a,b; Mazerolle et al., 2008, 2010; Mosier and 

Bereznaya, 2001; Newman et al., 2010; Omura et al., 2004; Tettamanti et al., 2002; 

Weber et al., 2005; Weis et al., 2011; Yarkoni et al., 2009). The ability to detect fMRI 

activation in WM has the potential to greatly expand the breadth of functional 

neuroimaging research. For example, WM fMRI can be applied to the study of brain 

connectivity by measuring activation patterns in the WM pathways themselves. This is in 

contrast to current approaches for studying brain connectivity, which can only infer the 

functional involvement of connections on the basis of functional connectivity analyses 

and/or structural connectivity approaches such as tractography (e.g., Guye et al., 2008). 

WM fMRI activation also has potential clinical applications, such as improving the 

diagnosis and assessment of WM disorders. For example, current clinical MRI measures 

for multiple sclerosis (MS) often do not correlate well with the functional deficits 

experienced by patients (i.e., the clinico-radiological paradox; e.g., Pelletier et al., 2009). 

By evaluating the functional status of WM regions, WM fMRI activation may provide a 

metric that is more closely linked to the patient’s functional deficits.  

 Evidence for WM fMRI activation comes mainly from human studies using 

interhemispheric transfer tasks that target the corpus callosum (e.g., Gawryluk et al., 

2009, 2011a; Mazerolle et al., 2008, 2010; Omura et al., 2004; Tettamanti et al., 2002; 

Weber et al., 2005). In addition, fMRI activation has been elicited across functionally 

distinct regions of the corpus callosum by using various sensory and motor tasks (Fabri et 

al., 2011). Corpus callosum activation has also been reported in fMRI studies of 

swallowing (Mosier and Bereznaya, 2001) and inflectional morphology processing 
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(Newman et al., 2010). There is also evidence for WM fMRI signal changes in the 

internal capsule during motor tasks (Gawryluk et al., 2011b). In addition to studies 

reporting task-related fMRI activation, fMRI signal changes correlated with reaction time 

have been observed in the genu of the corpus callosum and the corona radiata (Yarkoni et 

al., 2009).  

 Despite these reports, the neurophysiologic bases of fMRI activation in WM are 

not understood, which limits interpretation and application of WM fMRI activation. In 

GM, BOLD fMRI signal changes have been linked to post-synaptic potentials (e.g., 

Logothetis et al., 2001), but neural activity in WM is dominated by action potentials. Our 

group and others have previously speculated that action potentials might cause activity-

dependent metabolic increases that result in a corresponding hemodynamic response 

(Mazerolle et al., 2008; Tettamanti et al., 2002). Consistent with this notion, there is 

evidence from [18F]fluorodeoxyglucose autoradiography that electrical stimulation of rat 

corpus callosum is associated with increased glucose metabolism (Weber et al., 2002). In 

addition, cerebral blood flow (CBF) increases associated with heroin administration have 

been observed in rat internal capsule using [14C]iodoantipyrine autoradiography (Trusk 

and Stein, 1987). However, neural activity-dependent hemodynamic responses in WM 

have not been conclusively demonstrated with fMRI. 

The first step toward investigating the neural and hemodynamic events that 

underlie WM activation is to confirm that hemodynamic changes can be detected in the 

WM of an animal model using fMRI. To do this, we will use a hypercapnic challenge to 

elicit whole brain hemodynamic changes in the rat. Hypercapnia induces vasodilation, 

which elevates global CBF and cerebral blood volume (CBV; e.g., Grubb et al., 1974). 

While there is some evidence that hypercapnia elicits changes in metabolic and neural 

activity (Martin et al., 2006), hypercapnia is commonly used to measure the capacity of 

vessels to react to a stimulus (e.g., Cohen et al., 2004; Driver et al., 2010). Previous work 

has demonstrated hemodynamic changes in both GM and WM associated with 

hypercapnia in humans (Cohen et al., 2004; Macey et al., 2003; Rostrup et al., 2000; van 

der Zande et al., 2005), but to our knowledge, only GM activation has been examined in 

rats (Kannurpatti et al., 2003; Lu et al., 2009; Sicard et al., 2003; Weneger and Wong, 
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2008; Wu et al., 2002). Therefore, we propose to evaluate hypercapnia-induced 

hemodynamic changes in rat GM and WM.  

In addition to blood oxygen level dependent (BOLD) fMRI, which is non-invasive 

and typically acquired in human studies, we will also acquire cerebral blood volume 

(CBV) fMRI using an exogenous blood pool contrast agent. A previous study of GM 

suggested that CBV fMRI is more uniformly sensitive across brain regions than BOLD 

fMRI, in which regional sensitivity increases monotonically with resting blood volume 

(Mandeville and Marota, 1999). Given that WM has lower blood volume relative to GM 

(e.g., Göbel et al., 1990; Klein et al., 1986; Sicard et al., 2003; Vaucher et al., 1995), we 

predict that CBV fMRI would be more sensitive than BOLD fMRI to signal changes in 

WM.  

 

A3.2. Methods  
A3.2.1. Acquisition 

Anatomic images with 200 µm isotropic voxels will be acquired using 3D 

balanced steady state free precession (b-SSFP; TR = 10 ms, TE = 5 ms, 50˚ flip angle, 

160 × 160 × 160 matrix, 32 mm field of view [FOV], 8 averages, maximum intensity 

projection (MIP) processing of two phase cycle frequencies, 68 min acquisition time). 

Pilot testing confirmed that these parameters provide sufficient tissue contrast for 

satisfactory GM/WM segmentation (see Section A.2.2.2.2). High resolution fMRI data 

(i.e., 250 x 250 x 1000 µm voxels) will be collected, with slices prescribed to image the 

region centered between the cerebellum and olfactory bulb. Given the small size of WM 

structures (e.g., the superior-inferior dimension of the rat corpus callosum is 

approximately 1mm at its largest point; Paxinos and Watson, 2004), high spatial 

resolution is required to reduce partial volume effects. CBV fMRI data will be acquired 

after intravenous administration of a blood pool contrast agent that has a blood half life of 

several hours (e.g., 30 nm Molday ION superparamagnetic iron oxide [SPIO], BioPAL, 

Worcester, MA).   

 Six adult male Long-Evans rats will be anesthetized via an intraperitoneal 

injection of urethane (1.6 g/kg). Urethane does not have a significant effect on 

neurotransmission, neuronal firing, or neurovascular coupling (e.g., Huttunen et al., 
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2008). Rats will be immobilized using a head holder with ear bars and a nose cone, which 

will be used for administering gases. The hypercapnic challenge will be preceded by a 2 

min baseline (medical air), followed by 6 min of 5% CO2 (balance air) alternated with 6 

min of medical air, repeated thrice. Throughout the experiment, respiration rate and 

temperature will be monitored.  

 

A3.2.2. Analysis 

A3.2.2.1. Functional MRI. Motion correction will be performed on the fMRI 

data in Statistical Parametric Mapping (SPM; Worsley and Friston, 1995). After temporal 

filtering (highpass: Gaussian-weighted least-squares straight line fitting, with sigma = 360 

s; lowpass: 2.8 s half width at half maximum Gaussian kernel) and spatial smoothing (375 

µm full width at half maximum Gaussian kernel), fMRI statistical analysis will be 

performed in FMRIB Software Library (FSL; Smith et al., 2004) using the general linear 

model in FEAT. Activation will be modeled as a boxcar function representing the 

hypercapnia paradigm, convolved with a sine basis function (120 s window). Before 

statistical thresholding, an intensity-based brain mask will be applied. This mask will also 

be registered and applied to the CBV fMRI analysis. T-contrasts will be calculated 

comparing hypercapnic and baseline states. Statistical significance will be determined 

using a cluster-level correction for multiple comparisons (z > 2.3, p < 0.05).  

 A3.2.2.2. Region of Interest (ROI). The anatomic images will be segmented in 

SPM using the SPMMouse toolbox (Sawiak et al., 2009) to create GM and WM 

probability maps. See Figure A3.1 for an example of the segmentation output. These 

probability maps will be used to create GM and WM masks (80% probability threshold1). 

ROIs of GM regions (cortical GM, hippocampus, striatum, and thalamus) and WM 

regions (corpus callosum and internal capsule) will be manually created from the GM and 

WM masks, respectively, using a rat brain atlas as a guide (Paxinos and Watson, 2004). 

Figure A3.2 depicts an example of the ROIs that can be created using these methods. 

1 Previous studies have used a wide range of probability thresholds to identify WM. For example, Macey 
and colleagues (2003) used 50%, whereas Driver and colleagues (2010) used 99%. We selected 80% 
because this threshold produced conservative WM masks (i.e., no voxels appeared to be in GM when the 
WM masks were overlaid on the anatomic images).  
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 FLIRT will be used to register the anatomic b-SSFP image to the functional 

images, which will allow the ROIs to be registered to functional space. Mean percent 

signal change for the ROIs will be calculated for significantly activated voxels using 

FSL’s Featquery based on the contrasts of parameter estimates. One-way repeated-

measures analyses of variance (ANOVAs) will be performed to compare mean percent 

signal change across the ROIs for both BOLD and CBV fMRI data. We will also 

compared BOLD and CBV fMRI results in terms of extent of activation (i.e., the 

percentage of activated voxels for a given ROI).  

 

 
Figure A2.1. An example of the GM/WM tissue segmentation output by SPM. Top 
left: anatomic image; top right: GM map; bottom left: WM map. 
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A3.2.2.3. Partial Volume Effects. Even with high spatial resolution, the small 

size of WM structures in the rat might result in partial volume effects, such that non-WM 

fMRI signal changes might be erroneously assigned to WM structures. We will estimate 

the potential contribution of partial volume effects on our findings by transforming the 

corpus callosum and internal capsule masks from functional space (used to calculate 

percent signal change) back to anatomic space (200 µm isotropic resolution) using nearest 

neighbour interpolation. The resulting masks, called the resampled ROIs, can be 

compared to the original corpus callosum and internal capsule masks, which are assumed 

to represent true WM voxels (i.e., true positives). This assumption is reasonable because 

the original masks were created with an 80% probability threshold. The rate of voxels that 

are falsely characterized as WM (i.e., false positive rate) will be evaluated by comparing 

the true positive ROIs to the resampled ROIs. Figure A3.3 depicts true positive and false 

positive voxels for a corpus callosum ROI from a pilot animal.  

 

 

 

After determining the proportion of false positives in the WM ROIs, we can test 

whether the signal changes measured in WM could be attributed to partial volume effects. 

Figure A3.2. The six ROIs overlaid on a representative animal’s anatomic brain 
image, with coronal (top left), sagittal (top right), and horizontal (bottom right) views 
shown (cortGM: cortical gray matter; Hipp: hippocampus; Th: thalamus; Str: 
striatum; CC: corpus callosum; IC: internal capsule). 



108 

If one adopts the null hypothesis that there are no signal changes in WM, then the 

measured signal changes must be due to partial volume effects entirely. In this case, the 

proportion of false positives in the WM ROIs can be multiplied by the mean percent 

signal change in neighbouring GM ROIs to obtain an estimate of the mean percent signal 

change that can be attributed to partial volume effects. For the corpus callosum ROI, the 

cortical GM and hippocampus ROIs will be used to estimate neighbouring GM percent 

signal change. For the internal capsule ROI, the cortical GM and thalamus ROIs will be 

used to estimate neighbouring GM percent signal change. One-tailed paired t-tests will be 

performed to determine if the measured percent signal change in the WM ROIs is 

significantly greater than the estimate from partial volume effects. 

 

 

Figure A3.3. The corpus callosum ROIs for the partial volume effects analysis 
(representative animal, coronal view). The true positive ROI (blue) is overlaid with 
the resampled ROI (red). The purple voxels represent the overlapping region. Areas 
of the resampled ROI that do not overlap with the true positive ROI are considered 
false positives.   
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