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Abstract

Temporal lobe epilepsy reflects the single most common cause of refractory
epilepsy, and seizures can be controlled in many cases by anterior temporal lobe
resection. However, proximity of epileptogenic tissue to regions involved in
language and memory processing means the potential impact of surgery on these
abilities must be addressed. Currently-used laterality assessments establish
hemispheric dominance, but are unable to determine dominance within a particular
region. This is problematic as people with epilepsy more commonly demonstrate
atypical distribution of language functioning in the brain. Finer-grained assessments
use functional magnetic resonance imaging (fMRI), but they often suffer signal
distortion in temporal lobe regions due the presence of airways.
Magnetoencephalography (MEG) shows a complimentary sensitivity in such
problematic regions, but has not been used for laterality assessment. We present a
method that combines fMRI with MEG for optimized sensitivity across the brain. In
addition, a laterality assessment is described that depicts laterality at a high spatial
resolution. Combined, these advances allow for more comprehensive definition of
laterality across the brain. MEG activation maps were generated using a signal space
separation beamformer, showing activation in anterior temporal lobe regions and
lateral occipital cortex. fMRI showed activation in a network of medial temporal lobe
regions and in frontal poles, and in the hippocampus, an area of clinical concern
during surgical planning. The present study introduces a method for integrating
MEG and fMRI activation to create high-resolution laterality maps in regions of

concern for epilepsy.

viii



List of Abbreviations Used

CLV

EEG

fMRI

HRF

LI

MEG

MRI

PET

SMA

Complex laterality vector
Electroencephalography

Functional magnetic resonance imaging
Hemodynamic response function
Laterality index
Magnetoencephalography

Magnetic resonance imaging

Positron emission tomography

Supplementary motor area

ix



Acknowledgements

[ would like to express my gratitude toward my supervisors Dr. Ryan C.N.
D’Arcy and Dr. Aaron Newman for their support of this research, dedication to my
success, and guidance in bringing this research to its full potential. In addition, I
would like to thank the rest of my thesis committee, Dr. Antonina Omisade, and Dr.
Olav Krigolson, for their insight and expertise. Additional thanks go to Graham Little
for assistance with the small but critical technical obstacles, and to Dr. Timothy
Bardouille and Dr. Antoine Tremblay for lending their analytical knowledge and

skill.



1 Introduction

1.1 Presurgical Evaluations in Epilepsy

The various forms of epilepsy are commonly characterized by recurrent and
unprovoked seizures, resulting from abnormal or excessive neural firing in the brain
(Fisher et al., 2005). It has recently been estimated that there are 50 million people
with epilepsy worldwide (“Epilepsy,” 2012). Additionally, epilepsy becomes more
common with age (Brodie, Elder, & Kwan, 2009), making it a primary concern for
Canada’s aging population (“CANSIM Table 051-0001,” 2012). Anterior temporal
lobe resection has become the standard of care for refractory temporal lobe
epilepsy. One study reports seizure-free surgery outcomes in 60% of anterior
temporal lobe resections, while only 8% of people experienced no seizures using
medications (Wiebe, Blume, Girvin, & Eliasziw, 2001). Anterior temporal lobe
resection methods vary regarding the amount of tissue removed, depending on the
location of epileptogenic tissue, seizure severity and frequency, and proximity of
epileptogenic tissue to regions serving cognitive functions such as language and
memory. Techniques range from selective amigdalohippocampectomy to more
severe resection of lateral temporal cortex along with medial structures (Al-Otaibi,
Baeesa, Parrent, Girvin, & Steven, 2012). Evaluation is made on an individual basis
with careful consideration for surgical outcomes.

The likelihood of outcomes, both positive (fewer or no seizures) and negative

(reduction in processing abilities), is predicted through presurgical evaluation. The



ability to appropriately weigh these outcomes is of critical concern, and may
drastically impact an individual’s outcome and therefore quality of life following
surgery. To determine whether the hemisphere of surgical focus coincides with the
laterality of critical functions, language and memory laterality are commonly
assessed. A number of commonly used laterality assessments exist for different
types of cognitive functions. For example, a dichotic listening task is commonly used
to lateralize speech perception dominance to a hemisphere (Ingram, 2007). In this
type of assessment, participants are presented with two speech stimuli
simultaneously, one to each ear. A performance advantage to one ear indicates
preferential processing in the opposing hemisphere. This task is intended to provide
a measure of laterality, indicating either left or right hemispheric dominance in
speech perception. This type of information can be useful and is often used in
clinical evaluations.

Similarly, the gold standard in language and memory laterality assessments
remains the intracarotid sodium amobarbitol procedure, or Wada test (Wada,
1949). This test introduces a barbiturate (commonly sodium amobarbitol) into one
hemisphere, inhibiting central nervous system functioning at the site of
administration. The Wada test typically involves administering the barbiturate via
femoral catheter into the carotid artery. Initially, this test was developed to reduce
the cognitive side effects associated with bilateral electroconvulsive therapy, with
findings reported on motor, sensory and language functions (Wada, 1949). The test
has since been extended for use as a language laterality assessment. Following

barbiturate administration, neuropsychological testing can be carried out in order to



determine hemispheric dominance for language and memory processing. In addition
to invasiveness, this test suffers similar limitations regarding spatial distribution to
the dichotic listening task.

Laterality assessments often report a laterality index (LI) as the result. The LI
serves as an indication of hemispheric dominance (left, right or bilateral) by
comparing the contributions of each hemisphere (Desmond et al., 1995). During
Wada and neuropsychological testing, the contributions of each hemisphere are
scored. The two are contrasted and then divided by their combined score, resulting
in a single number that indicates left hemisphere (+1), right hemisphere (-1) or
bilateral (0) dominance. Traditional laterality assessments are most useful when
there is a clear separation between hemispheric dominance and the planned region
of resection. However, results can be more difficult to interpret when this is not the
case.

The primary limitation of the LI is its inability to address the distribution of
active regions within each hemisphere, instead reflecting the larger-scale
contributions of each. This is often a concern as temporal lobe epilepsy is the most
common cause of refractory epilepsy (Wiebe, 2000), and numerous anatomically
and functionally distinct regions of the temporal lobe serve roles in language and
memory processing (J. R. Binder et al,, 1997; Maess, Herrmann, Hahne, Nakamura, &
Friederici, 2006; Newman, Pancheva, Ozawa, Neville, & Ullman, 2001). When critical
functions are lateralized to the hemisphere of surgical focus, a finer-grained

evaluation is necessary to predict surgical outcomes.



The coarse nature of the laterality index may be a result of our historically
poor ability to localize epileptogenic regions. Localization is typically done using
electroencephalography (EEG) to measure interictal spiking and seizure activity.
The EEG signal is heavily distorted by brain, fat and scalp tissue, contributing to
poor spatial resolution (Nunez & Srinivasan, 1981). Use of depth electrodes or
cortical electrode meshes placed under the skull can achieve ideal accuracy, but are
highly invasive. Thus, non-invasive localization of epileptogenic regions has most
commonly been performed on an inherently coarse scale, and fine-grained
localization of language and memory functions would provide little benefit when

considered against these measures.

1.2 Neuroimaging in Presurgical Evaluation

Numerous neuroimaging technologies have greatly augmented our capacity
to localize functional and epileptogenic regions with a high degree of accuracy. Most
commonly, functional mapping has been carried out using functional magnetic
resonance imaging (fMRI). Functional MRI activation is derived from blood oxygen
level dependent (BOLD) signals, which reflect a change in the proportion of
oxygenated to deoxygenated hemoglobin. Due to an excess of blood supply, changes
in blood oxygenation occur on a scale larger than regions of neural activity, but can
still be localized on the order of millimeters (Fox & Raichle, 1986). The most
prominent use for fMRI has been for functional mapping of a number of neural
systems spanning the cortex (Appel et al, 2013; Williams et al, 2012). Most
commonly, this has included motor and somatosensory regions (Majos, Tybor,

Stefanczyk, & Goraj, 2005; Roux et al., 2000). fMRI has also been used to establish
4



the functional status of the hippocampus in each hemisphere, as this structure is
involved in a number of memory-related processes (Bonelli et al., 2010; Sidhu et al,,
2013; Squire, 1992; Stretton et al., 2012). Disentangling hippocampal activity from
epileptogenic regions is a primary concern when evaluating individuals with
temporal lobe epilepsy for surgery. Additionally, its proximity to the commonly
resected anterior temporal lobe marks the hippocampus for careful consideration
(Bonelli etal,, 2010, 2011; Sidhu et al,, 2013; Stretton et al., 2012).

Many centres around the world also have begun using
magnetoencephalography (MEG) for functional mapping. MEG measures magnetic
fields generated by the brain to estimate the location and magnitude of neural
activity. There is a growing body of research to demonstrate the ability of MEG to
localize functional regions at a resolution comparable to that of fMRI. Most notably,
this includes mapping of motor and somatosensory cortices (Oishi et al., 2002), as
well as language regions (D’Arcy et al., 2013; Grummich, Nimsky, & Pauli, 2006;
Leonard et al., 2013; Pang, Wang, Malone, Kadis, & Donner, 2011).

Regions of the brain associated with seizure onset have commonly been
delineated using both MRI and MEG. One study used high-field MRI to identify
hippocampal sclerosis in people with epilepsy with temporal lobe epilepsy (TLE)
(Henry, Strupp, & Sikora, 2011). Such instances of mesial hippocampal atrophy have
been associated with seizure onset (Finegersh et al, 2012). While there is not
always a one-to-one correspondence between atrophied regions and the location of
seizure onset, the location of these malformations is often instructive, and this

information is often used in conjunction with other assessments to develop a more



comprehensive presurgical evaluation. These findings have been aided by
developments such as increased field strength, which have resulted in greater
resolution and image contrast. However, people with epilepsy with
electrophysiological evidence for temporal lobe epilepsy show no abnormalities
with MRI in 30% of cases (Cascino et al., 1991).

In these and other cases, applying MEG source modeling solutions to
measurements of magnetic fields generated during spiking activity allows for
localization of epileptogenic regions. A wide variety of such solutions exist, including
equivalent current dipole (ECD) models, minimum norm estimation, and a multitude
of dynamic statistical parametric mapping procedures. While each has benefits and
disadvantages, ECD models have commonly used to localize interictal spiking (Jeong,
Chung, & Kim, 2012). These models assume single sources of neural activity rather
than networks of activation, making them a natural fit for spike detection. More
recently, algorithms have been developed to detect and map degrees of brain-wave
kurtosis across the brain, as exhibited during spiking (Vrba, Taulu, & Nenonen,
2010). While promising, kurtosis mapping is still experimental and is not used
clinically.

Availability of non-invasive, high-resolution neuroimaging modalities calls
for more specific laterality assessments, which cannot be accomplished using
traditional means. The proximity of temporal lobe regions involved in language and
memory processing to the commonly resected anterior temporal lobe warrants
careful consideration, particularly when functional laterality and seizure onset share

a hemisphere. Importantly, each of the technologies discussed above has inherent



limitations that hinder their abilities to assess laterality in these regions. However,

these abilities are complementary, and may compensate for one another.

1.3 Applications and Limitations of Functional MRI

The change in hemodynamics following a neural event has been precisely
modeled and is active for twelve to sixteen seconds following neural activity (Chen
& Li, 2012). This time course varies only minimally depending on region and has
been well modeled across the brain; Changes in the amplitude of the BOLD response
are mostly seen when comparing gray and white matter, rather than different
regions of the cortex (Rostrup et al, 2000). For these reasons, fMRI can be
considered a temporally precise, but also coarse measure or neural activity.

Functional magnetic resonance imaging (fMRI) has become widely used in
functional mapping and laterality assessments globally (Bahn et al., 1997; J. Binder
et al,, 1996; Desmond et al.,, 1995; Hertz-Pannier et al., 1997; Woermann et al,,
2003). While its major appeal is high spatial resolution and specificity, fMRI has
limitations inherent in its design. For example, the BOLD signal can be distorted by
inhomogeneities in the magnetic field. This is most notable in regions where the
densities of neighboring tissues differ, causing magnetic susceptibility artifact. This
artifact is particularly prominent in medial inferior frontal lobes (near sinuses and
the oral cavity), as well as anterior temporal lobes (above the ear canals). However,
medial temporal regions including the hippocampus are not as strongly affected
(Eldridge, Engel, Zeineh, Bookheimer, & Knowlton, 2005).

Functional MRI is also sensitive to artifacts induced by participant motion,

and to other sources of physiological noise including respiration and cardiac effects

7



(Zeffiro, 1996). Additionally, people with epilepsy with pace makers, metallic
implants or pins are unable to enter the scanning environment for their own safety.
While fMRI is non-invasive and spatially precise, it is not appropriate for all
populations. Signal distortion in temporal lobe regions often considered for
resection is also a concern, as critical activity in these regions may be lost (Devlin et
al,, 2000). This is likely to result in an unnecessary reduction in language or memory
abilities following surgery (Al-Otaibi et al., 2012). Where the value of fMRI can be

limited for certain applications, MEG shows promise.

1.4 MEG and Electrophysiology

MEG has been used increasingly for presurgical evaluation of epilepsy people
with epilepsy (Bowyer et al., 2005; Breier et al., 2005; D’Arcy et al,, 2012; Lee et al,,
2006; Papanicolaou et al, 1999). MEG uses arrays of superconducting quantum
interference devices (SQUIDs) to measure local changes in magnetic fields. There
are two types of commonly-used SQUIDS, magnetometers and axial gradiometers.
While magnetometers are designed to record the strength of a magnetic field at
their location, gradiometers instead measure the change in a field across a gradient.
In the MEG scanner used in the present study, sensors are arranged in triplets (two
gradiometers, one magnetometer) across a helmet-shaped configuration, as shown
in Figure 1. The MEG system is located in a magnetically shielded room which
employs passive deterring of external magnetic fields, as well as active shielding via
noise cancellation.

Post-synaptic potentials created by neural firing generate a magnetic field,

which forms a counterclockwise pattern, perpendicular to the direction of the

8



neural activity. While magnetic fields are also generated by axonal conduction, their
magnitude is greatly overshadowed by that of the fields generated by postsynaptic
potentials due to the number of synaptic connections in the brain. If the circular
field encompasses one or more SQUID sensors, it in turn induces a current on the

sensor. This measurement can then be used to localize the source of activity.
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Figure 1 The sensor array of an Elekta Neuromag MEG system, showing the helmet configuration

(left) and the triplet arrangement of SQUID sensors (right).

1.5 Field Distribution and Source Localization

The largest difficulty in localization of neural activity using MEG has
historically come from the inverse problem, which is mathematically ill-posed: An
unlimited number of source configurations have the potential to generate any given

magnetic field distribution. Figure 2 depicts this dilemma.
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Figure 2 A sample magnetic field distribution, adapted from Ross et al. (2009). Two possible source
configurations are shown (left and right), demonstrating the inverse problem. Potential sources are

represented as dipoles using green arrows.

While the inverse problem was initially thought to be insurmountable,
various methods now exist to estimate which source configuration accounts for the
highest proportion of the measured variance, allowing for inference as to the
probability of various configurations. These methods are capable of generating high-
resolution spatiotemporal activation maps. Minimum norm estimation is a method
commonly used for distributed source localization, which estimates the probability
that an observed magnetic field could be generated by a number of singular points
of activation across the cortical surface. Because source depth is not depicted, maps
can be considered two-dimensional (Hamalainen & Ilmoniemi, 1994). Alternatively,
beamformer algorithms generate a series of sensor weighting profiles that act as
spatial filters, attenuating signals except those for a voxel of interest and estimating
signal magnitude (Sekihara, Nagarajan, Poeppel, & Marantz, 2004). This calculation
is performed iteratively across the brain and produces volumetric output

comparable to that commonly generated using fMRI. The present study uses a signal
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space separation beamformer, which further attenuates signals originating outside

the MEG helmet (Vrba et al,, 2010).

MEG has been used for source localization in a vast number of research areas.
These include interictal spike mapping for epilepsy (Jeong et al., 2012), distributed
localization of complex networks (Cornelissen et al, 2009), and somatosensory
system mapping in schizophrenia (Huang et al., 2010). The growing body of MEG
research indicates that its use for functional mapping is being recognized in centres
around the world. However, it should be noted that magnetic field strength reduces
with distance from neural activity. For this reason, MEG is best suited to detect
sources of neural activity in cortical regions. As has been discussed, the
hippocampus plays a crucial role in language and memory functioning, and its
functional status is commonly assessed during presurgical evaluation (Bonelli et al.,
2011; Stretton et al., 2012). While MEG is not hindered by activation near sinuses
and other regions that are problematic for fMRI (lateral and anterior temporal
regions), a powerful experimental design is necessary to isolate hippocampal
signals. For functions spanning a range of temporal regions, a laterality assessment

capable of incorporating both modalities is necessary.

1.6 Multimodal Integration

MEG and fMRI are both capable of high-precision estimation of neural
activity, but possess spatially complementary sensitivity profiles. The limitations of
the two imaging methods make using either one alone potentially suboptimal for

laterality assessments that involve anterior and medial temporal regions. In
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consideration of this, there have been a number of developments toward integrating
MEG and fMRI data to produce a single, highly sensitive functional mapping
technique.

A clear challenge to the integration of fMRI and MEG is that they measure
different things. Beyond differences in regional sensitivity, fMRI measures blood
oxygenation secondary to neural activity, while MEG measures current flow among
large groups of synchronously-active neurons. One study demonstrated that local
field potentials, which include neural input and internal functioning, correlate more
highly with the BOLD signal than post-synaptic output (Logothetis, Pauls, Augath,
Trinath, & Oeltermann, 2001). Conversely, MEG is more sensitive to postsynaptic
activity, in particular that which occurs closest to the cortical surface (Nunez &
Srinivasan, 1981). However, MEG and fMRI data have demonstrated close co-
localization (Pang et al, 2011). One study has found that in 172 people with
epilepsy, localization of Broca’s area and Wernicke’s area using MEG coincided their
locations as identified using fMRI in 96% of cases (Grummich et al., 2006). However,
these are regions not known to be strongly affected by magnetic susceptibility
artifact using fMRI, or signal loss due to depth using MEG. There are additional
considerations regarding signal magnitude, however. It is known that the
relationship between neural activity and BOLD is non-linear, and is modulated by
the rate of neural firing and the period of time over which stimuli are presented
(Rees et al,, 1997). Because the generation of magnetic fields is the result of electric
discharge, neural firing both in terms of rate and the number of active neurons show

a linear relationship with the magnitude of the magnetic field being generated. For
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these reasons, changes in stimulus timing or duration are likely to induce signal
changes of varying magnitude depending on modality, confounding contrasts that
rely on such factors. Therefore, consistency of these conditions must be maintained
as not to induce differences in contrast magnitude that are specific only to one
modality.

A common approach to combining fMRI and MEG is to use fMRI activation
locations to constrain the source localization of MEG data. This approach is taken
because fMRI localization is generally taken as highly reliable (with the exceptions
noted above), while MEG source localization is more dependent on various
assumptions and thus has more variable outcomes. For example, Henson et al.
(2010) have proposed a method of combining fMRI and MEG activation that weights
the two maps asymmetrically. Using this method, each cluster of fMRI activation is
treated as a unique prior during fusion with MEG activation maps. This allows the
fMRI data to influence MEG activity, regardless of the time at which MEG activity
occurs, effectively collapsing the time components of MEG data. Henson et al. (2010)
admit that neither data set should constrain the other in an optimal model of
integration. However, they state it is more practical to constrain regions of MEG
activity by active fMRI clusters in this manner until this relationship between fMRI
and MEG signals is better understood.

Similarly, Freeman at al. (2009) proposed a model in which MEG time series
data are calculated across the brain, and signal power in the beta and gamma bands
are correlated with fMRI signal intensity at that location. This method is sensitive to

regions that are active in both modalities, but neglects activity measured only in one.
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While these approaches demonstrate solutions to timing-related concerns, regional
sensitivity differences remain a major concern. Liu et al. (2006) have demonstrated
that fMRI-invisible sources of activity are the most problematic factors in fMRI-
constrained integration of fMRI and MEG/EEG data. Loss of power to fMRI-invisible
sources can be countered by using modified integration algorithms, but this instead
results in insensitivity to fMRI-extra regions (Liu et al, 2006). Together, these
studies demonstrate that there is no reliable method to constrain MEG activity to
fMRI-active regions. Instead, the two should be given appropriate degrees of

influence over an integrated activation map.

1.7 Approach to Integration in the Current Study

Applying the constraints outlined above dismisses all spatial capabilities of
MEG, rather than weighing them appropriately. When combined with known fMRI-
invisible sources across temporal regions involved in language and memory, this is
detrimental to surgical outcomes. Now that error resulting from the inverse
problem can be estimated for MEG, spatial information can be appropriately
incorporated. A new presurgical laterality assessment has been developed that
combines, rather than constrains, MEG and fMRI data. This method integrates the
two using a data-driven measure of confidence at each region for optimal sensitivity
in problematic areas.

Data from a language-based visual object working memory task was used to
develop an approach to the integration of MEG and fMRI data across the brain,
including areas that pose problems to each, such as the hippocampus and anterior

temporal lobes. MEG data were localized using a signal space separation
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beamformer (Vrba et al., 2010). Using this type of task engages numerous neural
systems, including multiple visual perception streams, lexical access for object
naming, and working memory encoding. The task leverages both spatial and verbal
aspects of object naming, involving areas known to be problematic for both imaging
modalities. Conversely, a task that relies purely on auditory or read language input
is likely to engage fewer regions, and may be less suitable for examining regional
differences in multimodal integration. MEG and fMRI data were spatially
normalized, and contrast-to-noise ratios (CNR) were calculated across the brain
using each data set. The CNR was then used to weight the integration of MEG and
fMRI data at each voxel, providing more weight to the modality most sensitive to
activity in that region. The laterality of active regions was then examined using both
traditional and recently established laterality measures (D’Arcy et al,, 2013).

Using a similar task, Bar and colleagues (2001) showed fMRI activation in
inferior temporal regions of the left hemisphere including the fusiform gyrus and
parahippocampal gyrus, with additional activation in the inferior frontal gyrus.
Right-hemisphere activation was also shown in the right fusiform gyrus. As well, a
bilateral network of lateral occipital regions has shown involvement in identification
of intact objects (Grill-Spector, Kourtzi, & Kanwisher, 2001). Finally, the
hippocampus receives inputs from the perirhinal and entorhinal cortices, both of
which show left-lateralized activation during recognition of complex objects
(Bellgowan, Buffalo, Bodurka, & Martin, 2009). In light of these findings, a similar
network of activation was expected in the present study. Both healthy control

participants and individuals with epilepsy completed the task. The purpose of the
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study was to advance laterality assessment by examining laterality individually for
active regions, and by integrating multimodal data to create a maximally sensitive

depiction of laterality.

1.8 Objectives

e To further develop our laterality mapping procedure in healthy controls and in
people with epilepsy with epilepsy, by extending the procedure to depict
laterality in deep structures including the hippocampus.

* To develop a novel method for creating combined MEG-fMRI laterality maps.

e To evaluate differences in regional sensitivity across modalities, and to

investigate the effects of combining MEG and fMRI in a number of regions.

1.9 Hypotheses

e Activity will be localized to the inferior prefrontal cortex, fusiform gyrus,
parahippocampal gyrus, hippocampus, and lateral occipital cortex. Activation
will predominantly show left-hemisphere lateralization.

e Sensitivity is expected to be higher in MEG than in fMRI maps in the anterior
temporal lobes. Conversely, sensitivity is expected to be higher in fMRI than in
MEG maps for the hippocampus.

e Integrated activation maps will show activity in regions found active using MEG

but not fMRI, and in regions found active using fMRI but not MEG.
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2 Methodology

2.1 Participants

Participants included 10 neurologically intact adults (4 male) with a mean
age of 28.4 years (range = 20 - 48; SD = 9.3), and 13 people with epilepsy with
epilepsy (5 male), with a mean age of 30.8 years (range = 13 - 49; SD = 10.4). There
was no significant difference in ages between the two groups (¢(21) = .53). All
participants were right handed, as assessed using the Edinburgh Handedness
Inventory (Oldfield, 1971), except for one person with epilepsy. People with
epilepsy were referred to the study from the Epilepsy Monitoring Unit at the Halifax
Infirmary by their neurologist. Clinical and demographic information for people
with epilepsy is provided in Table 1; some information was unavailable for some
participants. All participants were fluent in English, had normal or corrected to
normal vision, and provided informed consent to participate. The IWK Health Centre
and National Research Council Canada research ethics boards approved this

research.
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Table 1 Clinical and demographic information for people with epilepsy

Sex Age Onset Diagnosis EEG MRI Medication
Symptqmatlc Scalp: F3-FZ spikes; FZ
cortical .
dvsplasia onset seizures; Left frontal Levetiracetam
F 30 5 ysp Stereotactic depth EEG: cortical o
Focal onset, . L . Lamotrigine
Seizure onset within the dysplasia
secondary cortical dysplasia
generalized ysp
Right orbital
Symptomatic Scalp EEG: Right frontal Igfro(r:trall a
malformation  spikes, seizures. Subdural . Levetiracetam,
F 39 25 . . . malformation of .
of cortical EEG: seizure onset right . Lamotrigine
. cortical
development orbital frontal
development
r 49 39 Idlqpathlc Scalp E.EG: LefF temporal Normal D|valprogx,
epilepsy spikes, seizures Lacosamide
F 13 - - - - -
M 20 10 Idlqpathlc Scalp EEle Generalized Not done Phenytom,
epilepsy polyspike and wave Divalproex
Crvptogenic Scalp EEG: Multifocal Divalproex
M 28 17 yp' g spikes and generalized Normal p‘ Y
epilepsy . Lamotrigine
spike waves
M 45 27 Cryptogenic Scalp EEG: Right Normal None

epilepsy

temporal spikes, seizures
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Sex Age Onset Diagnosis EEG MRI Medication

Scalp EEG: Bifrontal

r a1 5 Cryp'togenic spi!<e wavgs, Normal Lamotrigine,
epilepsy maximum right Divalproex
frontal seizures
Scalp EEG: Bifrontal .
Idiopathic spike waves Topirimate,
M 20 12 . . o Normal Lamotrigine,
epilepsy maximum right .
. Lacosamide
frontal seizures
Right cingulate
Scalp EEG: Right '8 I Bu
. lesion,
mid-temporal, .
. dysembryoplastic
. posterior temporal, - .
Symptomatic A . neuroepithelial Lamotrigine,
F 29 13 epileps right central spikes. tumor; also right Divalproex
pllepsy Non-localized ! g P
. S temporal
seizures in right . .
. periventricular
hemisphere. .
heterotopia
Scalp EEG: Right
. P '5 Right mesial
mid-temporal ictal . .
. temporal sclerosis, Levetiracetam,
F 28 17 - discharges, . .
. asymmetry in the Topiramate
bitemporal A
. . o right insular cortex
interictal spiking
Focal cortical
Scalp EEG: Left dysplasia lateral to
temporal ictal left genu of corpus
F 32 27 -- discharges, sporadic callosum; Lamotrigine
left temporal spikes asymmetry in
and sharp waves medulla, mid-brain
and pons
Scalp EEG: Left Left mesial
M 27 7 -- hemisphere ictal temporal sclerosis None
onset
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2.2 Experimental Design

MEG and fMRI data were collected in two separate sessions on the same day.
In both MEG and fMRI, participants performed a short-term memory task with
namable and un-namable visual stimuli. The design of the experiment was identical
between MEG and fMRI scanning, with the exception that the timing of trials differed
to accommodate the constraints of each imaging modality. Figure 3 provides an
overview of the task. Half the trials involved namable items, while the other half
involved scrambled, unidentifiable versions of these items. Scrambled items were
rearranged at random on a 9 x 9 grid, equally subdivided across the horizontal and
vertical axes of the stimuli.

Trials consisted of three phases. First was an encoding phase, in which three
images were shown sequentially for 1 s each. Participants were instructed to recite
the names of stimuli during a subsequent rehearsal phase of variable length (3-4 s
in MEG; 6-12 s for fMRI, selected from a uniform random distribution). For
scrambled stimuli, participants were instructed to remember the visual aspects of
stimuli instead. Following this, the response phase occurred, in which a probe image
was presented that was either novel (50%) or was present during the encoding
phase (50%). Participants used their left or right index fingers to respond, indicating
whether or not they remembered the probe item from the encoding phase. The
assignment of left and right buttons to indicate new or old images was pseudo-
randomized and counter-balanced across participants. Participants had 2 s to make
a response, and the probe image remained on the screen during this time. In the

fMRI study, 25% of the trials did not include the response probe phase. This was
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done to facilitate deconvolution of the hemodynamic responses to the rehearsal
phase from those of the response phase. Following the response, there was a
variable delay of 4-5 s in the MEG experiment and 7-13 s in the fMRI experiment. A
total of 128 trials were presented over four sessions of equal length during the MEG
scan. This number was reduced to 64 trials over four sessions of equal length during

fMRI to account for the increase in trial length.

- - R @] -
-

3s 1s 1s 1s 3-4s 2s

Nameable Trial /
¥
|

Scrambled Trial g i
\—Y—A_\*l_T_Lr_X A J
|

|
3s 1s 1s 1s 3-4s 2s

Figure 3 Overview of the working-memory task. Timing refers to the MEG version of the task. Timing

for the fMRI version of the task is outlined above.

2.3 Data Acquisition

All MRI data were acquired on a 1.5 tesla GE MRI (GE Medical Systems,
Waukesha, WI) at the IWK Health Centre. A 3D T1-weighted anatomical image was
acquired using a spoiled gradient recalled (SPGR) sequence (inversion time (TI) =
400 ms, recovery time (TR) = echo time (TE) = min, flip angle = 12 degrees, field of

view (FOV) 25.6 cm, 256 x 256, 2 mm thick slices). Functional MRI data were
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acquired using a spiral out sequence (TR = 2.2 s, TE = 40 ms, flip angle = 90 degrees,
24 cm FOV, 64 x 64, 4.5 mm thick slices).

MEG data were acquired using a 306 channel whole-head Elekta Neuromag
MEG system (Elekta Neuromag, Helsinki, Finland). The system was located in a
magnetically shielded room and was equipped with 102 magnetometers and 204
planar gradiometers. A separate MEG scan was performed for each of four sessions
of the experimental paradigm. MEG data were acquired at a sampling rate of 1000
Hz. Head position was monitored using four electromagnetic head position indicator
(HPI) coils. The position of these coils was tracked in relation to the nasion and left
and right preauricular points, all of which were digitized using a 3D position
monitoring system prior to scanning (Polhemus, Colchester, VT). In addition,
approximately 150 points on the surface of the scalp were recorded for co-

registration with anatomical MRI data.

2.4 Behavioral Analysis

Trials were subdivided into four conditions (nameable-old, nameable-new,
scrambled-old, scrambled-new). Response time and response accuracy were
recorded for each trial. To account for the bimodal distribution of response accuracy
(correct vs. incorrect), its log-odds were modeled (Dixon, 2008) as a function of
fixed effects (imaging modality, stimulus type, probe novelty, trial number, and
participant group), with participant modeled as a random effect using the ‘lme4’
package (Bates, Maechler, & Bolker, 2011) in R (R Development Core Team, 2008).

To find evidence for interactions, the Akaike Information Criterion (AIC; Akaike,
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1974) was calculated for a model including the highest-order interactions, and for a
model with no interactions. Contrasting AIC values indicated the degree to which
the model was improved by inclusion of the interactions. Inclusion of interactions
was thresholded at an AIC contrast of 5.0, and models were iteratively compared
until all lowest-order interactions were evaluated as necessary. Subsequently, raw
response time was modeled as a function of the same effects using this procedure.
[terative model fitting and post-hoc testing of interactions were performed using the

‘LMERConvenienceFunctions’ R package (Tremblay & Ransijn, 2013).

2.4 fMRI Analysis

Analysis of fMRI data was performed using fMRI Expert Analysis Tool (FEAT)
version 5.98 (Smith et al., 2004), a part of FMRIB’s Software Library (FSL). For three
control participants and two people with epilepsy, one of the four sessions was
excluded due to file corruption. One additional person with epilepsy did not respond
during one session, resulting in its exclusion. Pre-statistical analyses included skull
removal using FSL’s Brain Extraction Tool (BET; Smith, 2002), motion correction
using MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002), spatial smoothing with
a FWHM of 5 mm, and application of a 0.01 Hz high pass filter. No scans were
excluded due to excessive motion. Prewhitening and statistical analysis were
completed using FMRIB’s Improved Linear Model (FILM) with local autocorrelation
correction (Woolrich, Ripley, Brady, & Smith, 2001). Functional data were analyzed
for presence of activity using the general linear model in FEAT. Stimulus onset

vectors were convolved with the double gamma HRF for the encoding phase and for
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probe items separately. Motion covariates generated during motion correction were
included as model parameters of no interest.

Activation associated with the two types of encoding stimuli (nameable and
scrambled) was contrasted. Activation maps were thresholded at z = 2.3 with a
minimum cluster size of 250 voxels on a 1 mm isotropic grid. Functional data were
registered to a T1 weighted anatomical image of the participant’s brain at 6 degrees
of freedom (DOF). Anatomical and functional MRI data were subsequently
normalized using FMRIB'’s Linear Registration Tool (FLIRT; Jenkinson et al., 2002)
to the template defined by Talairach & Tournoux (1988). The same stimulus
contrast was performed at the group-level using a mixed effects model, as

implemented by FLAME (FMRIB’s Local Analysis of Mixed Effects), a part of FSL.

2.5 MEG Analysis

Environmental noise was reduced using temporal signal-space separation
(Taulu, Kajola, & Simola, 2004). MEG scans were excluded if intrascan movement of
any HPI coil exceeded 1 cm for a participant. Data were downsampled to 125 Hz.
Within a trial, the time window of interest (200-600ms following stimulus
presentation) for each of the three encoding images was averaged together,
resulting in one 400 ms epoch per trial. This time range was selected to capture
source activity of the highest amplitude, as identified in a previous analysis of these
data (D’Arcy et al,, 2013). Similarly, three non-overlapping time windows of equal
length (i.e., 400 ms) from the 1200 ms immediately prior to presentation of the first
image of each trial were averaged to form a baseline. Principal components of MEG

epochs that exceed 1.0 pT in strength (magnetometers) or 150 fT/cm?
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(gradiometers) were removed as artifacts (Kobayashi & Kuriki, 1999; Lagerlund,
Shardbrough, & Busacker, 1997). For people with epilepsy, trials containing
interictal activity were rejected based on visual inspection.

Trials were categorized as either nameable or scrambled depending on
stimulus type. Trials were averaged, resulting in activation and baseline periods for
each of the two stimulus types. A signal space separation beamformer was used to
generate whole-brain activation maps for each using a 0.1 - 40 Hz waveband (Vrba
et al, 2010). Maps were calculated on a 4 mm isotropic grid. Spatiotemporal
activation maps were collapsed over time for each voxel individually. For a voxel,
activity within a 48 ms window surrounding the time point of highest intensity was
averaged. This calculation was performed iteratively across the brain, resulting in a
single three-dimensional map showing clusters of activity from early or late times in
the active window.

Maps were normalized spatially by a Talairach transformation, implemented
using AFNI version 2011-12-21-1014 (Cox, 1996). Group activation was calculated
using voxel-wise linear mixed effects modeling with the Ime4 package (Bates et al,,
2011) in R (R Development Core Team, 2008). Fixed effects (stimulus type) and
random effects (participant, stimulus type by participant) modulated voxel
intensity. Activation maps were thresholded at p < .01 with a minimum cluster size

of 250 voxels on a 1 mm isotropic grid.

2.6 MEG-fMRI Integration

In order to determine the degree of influence from each map over the

integrated map, the contrast-to-noise ratio (CNR) was calculated for every voxel.
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This measure was chosen over the commonly used signal-to-noise ratio (SNR) to be
more representative of the final nameable vs. scrambled stimulus contrast activity.
For fMRI, contrast was the mean difference between parameter estimates for
nameable vs. scrambled images across participants. For MEG, contrast was the mean
difference between beamformer pseudo z scores for the two stimulus types for a
voxel. For each, noise was defined as the variance in the contrast. This method of
CNR calculation has been successfully applied to fMRI data in the past as a data
quality parameter (Geissler et al., 2007). This ratio is reminiscent of statistical
hypotheses testing methods, with the primary differentiating factor being
incorporation of degrees of freedom in hypothesis testing. These calculations were
performed on temporally and spatially filtered fMRI data, and on localized MEG
data, which has an inherent degree of smoothing. The CNR was then used to
calculate a weighted average for each voxel when integrating the MEG and fMRI
activation t-maps. This is shown in Formula 1, where the integrated activation value
for a voxel (I) is the sum over every i, where i is the imaging modality, W is the CNR
weight, and A is the activation value. The integration method applied here can be
expanded to include any number of different types of activation maps, requiring
only an equivalent weighting factor and voxel intensity. Activation maps were
thresholded at p < .01 with a minimum cluster size of 250 voxels on a 1 mm

isotropic grid.
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2.7 Laterality Mapping

Following integration, a Complex Laterality Vector (CLV) was calculated for
each significantly active voxel by pairing spatially homologous voxels between the
left and right hemispheres in the spatially normalized brain. Our lab has previously
demonstrated the creation of the CLV using MEG data localized to the cortical
surface (D’Arcy et al,, 2013). The CLV is a two-dimensional construct that contains
the magnitude of activity in spatially homologous pairs of voxels in the left and right
hemispheres. This vector is represented as a complex number, containing one real
component (left hemisphere activity) and one imaginary component (right
hemisphere activity), as seen in Formula 2. The real component is the intensity of
any voxel from the left hemisphere (Qn). The imaginary component is created by
multiplying the intensity of that voxel’s right-hemisphere homologue (Q:») by the
mathematical constant i which represents the square root of negative one. This

calculation was performed for each pair of voxels in the brain.

CLV=Qmn+1ixQrn (2)

The CLV was visualized by plotting left-only and bilateral activation on the
left hemisphere. Right-only and bilateral activation were plotted on the right
hemisphere. Left-only, right-only and bilateral voxels were defined based on the
presence of significant activity in their homologue in the opposing hemisphere. The
real component (Qmn) was plotted using a red-to-yellow color scale. The imaginary

component (Q:n) was plotted using a blue-to-cyan color scale. Bilateral regions were
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plotted using a sum of these color scales (purple-to-white) where relevant, depicting
both the magnitude of activity in each hemisphere and the degree of laterality using

a single two-dimensional scale.
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3 Results

3.1 Behavioral Measures

All reaction time and response accuracy effects are depicted in Table 2.
Response accuracy showed a significant main effect for stimulus type (nameable >
scrambled, p <.001). There was a significant interaction between imaging modality
and probe novelty (p = .002), such that accuracy for novel probe items was
significantly higher than for those previously seen for the MEG version of the task (p
<.001), but not the fMRI version. Similarly, response time showed a significant main
effect of stimulus type (scrambled > nameable, p < .001). Additional main effects
were found for imaging modality (fMRI > MEG, p < .001), and trial number (p <
.001). A significant interaction was found between participant group and imaging
modality (p = .002). While there was a trend toward a larger group difference in
response times for the MEG version of the task than for fMRI, neither of these

differences were significant.
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Table 2 Response accuracy and time for trials with responses in both the MEG and fMRI versions of

the task, with significant effects and interactions.

Accuracy n Probability (%) Standard Error z p

Modality 3377 306  0.002
Novelty

Response Time DOF Estimate (ms) Standard Error F p
wee s GTEUTTE soambeas 279 <0
Modality 1,3348 meRi: 1817588 f'\:/IE; Z? 34534 <.001
Trial 1, 3348 0.48 0.14 11.53 <.001
Group * Modality 1, 3348 9.48 0.002

3.2 Functional MRI

Group activation for healthy control participants showed prominent clusters
in both hemispheres. Left-lateralized activation was noted in the inferior prefrontal
cortex, inferior parietal cortex, insula, hippocampus and parahippocampal gyrus.
Significant bilateral activation was found in lateral and medial occipital lobes,
anterior prefrontal cortex and the fusiform gyrus.

People with epilepsy showed a more widespread and bilaterally distributed
pattern of activation than was seen in control participants. Left-lateralized clusters
were localized to inferior prefrontal cortex, insula, superior temporal sulcus and

supramarginal gyrus. Remaining activation in temporal and occipital regions was
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bilaterally distributed, including clusters in lateral and medial occipital cortices,
fusiform gyrus, inferior parietal lobe and parahippocampal gyrus. Activation for the

two groups is shown in Figure 4.

People with epilepsy (z)
2.3 I 5.0

Figure 4 Functional MRI activation for healthy control participants (red) and people with epilepsy
(blue). The nameable vs. scrambled stimulus contrast is shown. The sums of common areas of
activation are shown in purple. Activation is thresholded at z = 2.3, with a minimum cluster size of

250 voxels.
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3.3 MEG

MEG data for healthy controls were localized to fewer regions than were
found using functional MRI. In the left hemisphere, clusters were found in the
temporal pole, parahippocampal gyrus and lateral occipital cortex. Significant
activation was also found in the inferior parietal lobe of the right hemisphere. Active
clusters were localized in the frontal poles of both hemispheres. Data for people
with epilepsy were localized to the anterior inferior temporal gyrus of the left
hemisphere, with additional right-hemisphere activity found in the insular cortex
and throughout the medial wall of the superior frontal gyrus, including the
supplementary motor area (SMA). Activation maps for the two groups are shown in

Figure 5.
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Controls (p) People with epilepsy (p) Combined (p)

01 D < 001 01 . < 001 01 P < 001

Figure 5 MEG activation for healthy control participants (red) and people with epilepsy (blue). The
nameable vs. scrambled stimulus contrast is shown. Activity is collapsed across time, showing both
early- and late-occurring clusters. The sums of common areas of activation are shown in purple.

Activation is thresholded at p <.01, with a minimum cluster size of 250 voxels.

The time courses for significantly active clusters can be seen in Figure 6. The
peaks of time courses in control participants showed propagation of signal from
lateral occipital cortex (260 ms) to anterior portions of the temporal lobe (530 ms)
following stimulus presentation. Transient activity was seen in the right inferior
parietal cortex, with local peaks at 230 ms and 430 ms. The time courses for people
with epilepsy are also shown. The anterior portion of the inferior temporal gyrus,
located laterally to temporal lobe activity found in healthy controls, demonstrated

similar early activity (240-280 ms). However, later anterior temporal activity found

33



in controls was not present in people with epilepsy. Activity was found in the right

superior frontal gyrus occurring early (200-300 ms), with its strongest activity

occurring later at 440 ms.
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Figure 6 Time courses for presentation of nameable objects contrasted with scrambled images.

Pseudo z activation values are averaged across the voxels of significantly active clusters at every time

point in controls and people with epilepsy. Red regions depict the 48ms window used for activation

maps.



3.4 Integrated MEG-fMRI

Integrated MEG-fMRI activation maps were calculated by weighting the two
data sets by their respective CNR at each voxel. For healthy control participants, left-
lateralized activation was found in the inferior prefrontal cortex, parahippocampal
gyrus and hippocampus, and in the superior parietal lobule. Right-lateralized
clusters were located in the inferior parietal lobe and supramarginal gyrus. All other
clusters were bilaterally distributed in the fusiform gyrus, lateral and medial
occipital cortex, and anterior prefrontal cortex and frontal poles.

Consistent with what was observed from fMRI-only analyses, people with
epilepsy demonstrated a more widespread and bilaterally distributed set of active
regions in response to the task. Left-lateralized clusters were found in the inferior
prefrontal cortex, superior and inferior temporal gyrus, and superior parietal lobule.
Right-lateralized clusters were located in the inferior parietal lobe. Remaining
clusters were bilaterally distributed across the superior frontal gyrus, medial and
lateral occipital cortex, fusiform gyrus, hippocampus and parahippocampal gyrus.

Activation maps for the two groups are shown in Figure 7.
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Control Participants: MEG and fMRI

MEG (p) Combined (p)
B < .001 .01 D - 001

Integrated (p)

Figure 7 Overlaid MEG and fMRI activation for control participants (top), and their integrated
activation (bottom). Activation is thresholded at p <.01 (MEG and integrated) and z > 2.3 (fMRI), with

a minimum cluster size of 250 voxels.
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People with Epilepsy: MEG and fMRI

MEG (p) Combined (p)
I <.001 01 I < .001

%,r*
Integrated (p)
01 Il < .001

Figure 8 Overlaid MEG and fMRI activation for people with epilepsy (top), and their integrated
activation (bottom). Activation is thresholded at p <.01 (MEG and integrated) and z > 2.3 (fMRI), with

a minimum cluster size of 250 voxels.
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3.5 MEG & fMRI Sensitivity Profiles

As discussed, a primary intention of the present study was to determine
whether we could compensate for signal loss in anterior temporal regions (where
magnetic susceptibility artifact can distort fMRI signal) and subcortical gray matter
regions (where magnetic field loss with distance renders MEG less sensitive) by
using multimodal neuroimaging. In order to determine the relative sensitivity of
MEG and fMRI to activity in these and other regions, the contrast-to-noise ratios for
both were plotted and contrasted across the brain for the control group. The
contrasted CNR map is shown in Figure 9, representing the relative sensitivity
profiles of the two imaging modalities and the weighting of their activation maps

during integration.

CNR (%)

2.4 S 10.0
fMRI > MEG

24 Bl 10.0
MEG > fMRI

Figure 9 Contrasted MEG vs. fMRI CNR plotted across the brain, depicting regions in which
sensitivity is higher for fMRI (red) and for MEG (blue). The CNR map reflects the weighting of the two

data sets in each region during integration.
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While MEG showed increased sensitivity over fMRI in localized portions of
the frontal poles, the CNR contrast did not suggest that either modality was
predominantly sensitive to activity in the anterior temporal lobes. Additional
regions that demonstrated preferential MEG sensitivity included extensive portions
of the middle frontal gyrus and inferior parietal cortex, as well as posterior occipital
cortex. Sensitivity was shown to be higher for fMRI than for MEG throughout the
lateral and medial temporal lobes, including the hippocampus bilaterally, as well as
the inferior frontal gyrus and superior frontal gyrus.

The effect of applying the CNR weights to the integrated activation maps can
be seen in Figure 10. The integrated MEG-fMRI activation map was calculated for
control participants both with and without application of the weighting method
described above. When integrated without the CNR weights, a reduced subset of
regions was shown to be active: left-hemisphere activation was only found in the
lateral occipital cortex, frontal pole and parahippocampal gyrus. No activation was
present in the right hemisphere. Integration of MEG and fMRI activation maps
without weighting was shown to result in reduced sensitivity to regions across the

brain.
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Integration
CNR Contrast Without Weighting

CNR (%)
2.4 T 10.0 Significance (p)

fMRI > MEG
> MES 01 I < 001

24 B 10.0
MEG > fMRI

Figure 10 Contrasted MEG and fMRI CNR alongside integrated MEG-fMRI activation for healthy
control participants, combined with CNR weights (left) and with equal weight (right). Activation was

thresholded at p < .01 with a minimum cluster size of 250 voxels.

3.6 Laterality Mapping

Laterality maps were calculated for the control participants and for people
with epilepsy using the integrated MEG-fMRI activation maps. Laterality of activity
for the control group is shown in Figure 11. Bilateral activation was most prominent
in the fusiform gyrus and lateral occipital cortex, as predicted, as well as the anterior
prefrontal cortex. Hippocampal and parahippocampal activation showed left

lateralization, along with inferior prefrontal cortex and a large portion of medial
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occipital cortex. While activation in the frontal poles was present in both
hemispheres, only activity on the medial wall was shown to be bilateral. Right-
lateralized activation was limited to portions of the parahippocampal gyrus and the

inferior parietal lobe.

—
o
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v

.01 p-value

.01 p-value <.001

Figure 11 Laterality map of integrated MEG-fMRI activation for healthy control participants.
Activation in the left hemisphere is plotted in red-to-yellow (left), blue-to-cyan (right), and purple-to-

white (bilateral). Activation was thresholded at p <.01.

The CLV maps confirmed our earlier qualitative observations that people
with epilepsy showed increased bilateral dominance and a more widespread
distribution of active regions across the two hemispheres. Figure 12 depicts
bilateral activation in the lateral occipital cortex, and extensively in the medial

temporal lobe through the fusiform gyrus, hippocampus and parahippocampal
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gyrus. While bilateral activity was present in the anterior hippocampus, additional
activity in posterior portions was left-lateralized. Activation in the lateral temporal
cortex also demonstrated left-hemisphere lateralization, including clusters in the
superior and middle temporal gyrus. Dorsal and medial portions of the superior
frontal gyrus showed right-hemisphere lateralization with bilateral regions on the
medial wall, extending to the anterior cingulate gyrus. Inferior parietal clusters were

also seen in the right hemisphere, with partial bilateral dominance.

=
(=]
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.01 p-value

.01 p-value <.001

Figure 12 Laterality map of integrated MEG-fMRI activation for people with epilepsy. Activation in
the left hemisphere is plotted in red-to-yellow (left), blue-to-cyan (right), and purple-to-white

(bilateral). Activation was thresholded at p <.01.
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3.7 Regional Laterality

The laterality of various regions activated by the task was assessed using
traditional laterality indices, as well as complex laterality vectors, for both people
with epilepsy and control participants. This was done for each region for which we
had specified a hypothesis a priori: the fusiform gyrus, parahippocampal gyrus up to
the most anterior portion of the hippocampus, the hippocampus, inferior frontal
gyrus, and temporal lobes anterior to the hippocampus. The results can be seen in
Figure 13. Our previously established cutoff for the laterality index was used to
indicate left (values above 0.1) or right (values below -0.1) hemispheric dominance
(D’Arcy et al., 2013), where values between the two indicated bilateral dominance.
Left and right hemisphere activity were subsequently investigated using complex
laterality vectors for these regions in order to indicate either weak or strong activity

for each hemisphere, as this information was not apparent using the laterality index.

43



Control Participants People with Epilepsy
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Figure 13 LI (top) and CLV (bottom) for regions that showed activation in the integrated MEG-fMRI
map. Positive LIs and CLVs below 45° indicated left lateralization, while negative LIs and CLVs above

45° showed right lateralization.

The healthy control group showed a predominantly left-lateralized network
of activation by both LI and CLV methods, including the hippocampus,
parahippocampal gyrus and inferior frontal gyrus. For control participants, activity
in the fusiform gyrus and anterior temporal lobes was more bilaterally distributed,
as indicated using both methods. While the parahippocampal gyrus and inferior
frontal gyrus both had LI scores indicating similar degrees of left-lateralization, their

CLVs showed relatively stronger activation in the parahippocampal gyrus.

44



Additionally, while the fusiform gyrus and anterior temporal lobes showed nearly
identical Lls, the activity in the fusiform gyrus was stronger than in the anterior
temporal lobes, as made apparent only by their CLVs.

Using both LI and CLV methods showed that while people with epilepsy had
similar left-hemisphere lateralization in the inferior temporal lobes, bilateral
activity was found in the hippocampus and parahippocampal gyrus. In addition,
both methods showed left-hemisphere dominance for activity in the anterior
temporal lobes, as opposed to the bilateral pattern found in control participants.
Bilateral activation was also noted in the fusiform gyrus using both methods. It
should be noted that while the LI for the inferior frontal gyrus was strong in relation
to other regions, its CLV indicated that activity was weakest of all regions.
Furthermore, the LI for the hippocampus showed bilateral dominance. The CLV for
this region further demonstrated strong bilateral activity, as opposed to weak. This
information is critical as both scenarios result in an equivalent LI but indicate

varying degrees of functioning.
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4 Discussion

The present study aimed to improve on available laterality assessments for
presurgical evaluation in two ways: 1) By using multimodal neuroimaging to find
activity in low-sensitivity regions, and 2) by calculating high-resolution maps of
laterality. Both of these steps represent critical advances in laterality assessment, as
current assessments are either non-specific to regions within a hemisphere and
instead represent larger-scale hemispheric dominance, or rely solely on fMRI and
are therefore susceptible to loss of sensitivity in the commonly resected anterior
temporal lobe.

All hypotheses were confirmed by the results of the study. First, it was
predicted that activity would be localized to regions involved in verbal memory
processing and object identification, as consistent with previous research (Bar et al.,
2001; Bellgowan et al, 2009; Grill-Spector et al, 2001). This strengthens the
assessment as a useful clinical tool for presurgical evaluation. Additionally, it was
hypothesized that MEG would show relatively greater sensitivity than fMRI in
anterior temporal lobes, while fMRI would show greater sensitivity in the
hippocampus. Both of these regions are of clinical interest, and each poses difficulty
to one modality. Finally, it was predicted that the integrated MEG-fMRI activation
map would show activity in both of these regions, where each modality alone would
only show activity in one. Taken together, these findings suggest that the present
laterality assessment shows enhanced sensitivity to a range of regions considered

during presurgical evaluation.
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4.1 Behavioral Validation

Participants in both groups demonstrated understanding of the task.
Regarding both accuracy and response time, a significant main effect was seen for
stimulus type, but not for probe item novelty. Because novelty was not a contrast
implemented in the present analysis, these findings suggest that the activation seen
was the result of the stimulus type contrast, and was therefore reflective of verbal
encoding and object identification processing. Additionally, there was a significant
main effect for modality in response time, showing faster responses for the MEG
version of the task. This difference in response times occurred irrespective of
accuracy. This difference can likely be attributed to the change in timing that was
necessary to accommodate the two modalities. While the rehearsal phase for the
MEG version of the task was 3 - 4 s in length, this was increased to 6 - 12 s in the
fMRI version. This increase may have necessitated more extensive reflection on
probe items, decreasing speed but not accuracy. This difference may have also
accounted for the interaction between imaging modality and probe novelty in
response accuracy, such that increased rehearsal phase time may lead to
uncertainty regarding probe item novelty.

Interestingly, an interaction was present between probe novelty and imaging
modality for accuracy, such that a notable difference was seen between old and new
items for the MEG version of the task, but not for fMRI. As with response time
differences, this can likely be attributed to modification of rehearsal phase duration,
reducing the saliency of new relative to old stimuli with time. Additionally, the trend

toward slower responses for people with epilepsy was considerably stronger for the
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MEG version of the task than the fMRI version. Interactions including the imaging
modality may be party driven by participant fatigue, as fMRI data were recorded in
the evening, several hours after MEG data recording. The present data do not allow
for clear interpretation of this difference, but the trend may be indicative of group-

related differences in processing speed that vary systematically with task demands.

4.2 Neuroanatomical Substrates of the Task

Regions that showed activation aligned with the hypotheses, suggesting that
the present task is a valid assessment for verbal encoding and object identification.
Control participants showed activation bilaterally in lateral occipital cortex, a
primary constituent of the ventral visual stream, which processes the form and
representation of objects (Goodale & Milner, 1992). This and additional occipital
regions are involved in identification of complex or recognized objects (Grill-Spector
etal, 2001).

Both the dorsal and ventral visual streams have connections to the prefrontal
cortex (Cavada, Compafiy, Tejedor, Cruz-Rizzolo, & Reinoso-Suarez, 2000). Frontal
cortical connections have been related to using visual information in decision
making and reward processing (Fuster, 1997). This region is also involved in
classifying and categorizing objects in relation to past experiences (Schacter, Gilbert,
& Wegner, 2011). Therefore, while activation seen in frontal poles is not
conventionally associated with language or object processing, it may be the result of
preparation for response to probe items, at which time participants were required
to determine the novelty of images. In this case, categorization of objects may be a

useful strategy for future recall-based decision-making. Importantly, Chouinard,
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Whitwell and Goodale (2009) demonstrated the role of the lateral occipital cortex in
recognition of visual aspects of objects, and the left inferior frontal gyrus in object
naming, using transcranial magnetic stimulation. Activity in both regions in
unsurprising given the spatial and verbal requirements of the task.

Several of the active regions have been associated with speech production.
Their involvement with the present task may be reflective of this set of functions, as
participants were instructed to verbally recite the names of objects. Most notably,
this includes activity in the left insular cortex and posterior inferior frontal gyrus for
both groups using fMRI. Additionally, MEG activation maps for people with epilepsy
demonstrated activity in the supplementary motor area. A meta-analysis of speech
production has reliably associated each of these regions with related processes
(Indefrey & Levelt, 2004). While activity in the primary motor cortex is typically
expected in a speech production paradigm, it should be noted that participants
recited object names mentally and thus no explicit motor activity was expected.

Activation seen in the left hippocampus and parahippocampal gyrus, and
bilateral fusiform gyri have been shown to process recognized vs. unrecognized
objects using fMRI (Bar et al,, 2001). These regions are of key clinical concern, and
their activation was a goal of the study. These findings align with the demands of the
task, reflecting recognition of nameable objects, but not scrambled stimuli. In
addition, the hippocampus is known to have involvement in both spatial and verbal
memory encoding, and is thought to function as a part of a larger network of regions
in the temporal lobe for declarative memory processing (Squire, 1992). Recognition

and memory of stimuli is likely to have incorporated both of these sets of processes,
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as participants were instructed to mentally verbalize the nameable objects
presented to them.

Interestingly, the time courses of activity in anterior temporal regions varied
between people with epilepsy and control participants. This may be due to anterior
temporal activity being localized laterally to activation seen in control participants.
The two regions showed similar activity during early time periods (200 - 300 ms),
with subsequent divergence. This group difference may have been the result of
minor variation in cluster location between controls and people with epilepsy.

The complex laterality vector and laterality index for anterior temporal lobes
depicted a more left-lateralized network of activity for people with epilepsy than for
control participants, who showed bilateral dominance using a conventional
laterality score cutoff. Figure 6 demonstrates that the left-lateralized activity seen
for people with epilepsy is occurring between 200 ms and 300 ms following
stimulus onset. Finally, activation in the dorsomedial area of the occipital lobe
included the lingual gyrus, which is known to facilitate connection between primary
visual processing regions the limbic system (Bogousslavsky, Miklossy, Deruaz, Assal,
& Regli, 1987). The lingual gyrus is also involved in processing of verbal
information, and the naming of visual stimuli (Bookheimer, Zeffiro, Blaxton, Gaillard,
& Theodore, 1995). Taken together, these data suggest that the demands of the task
were representative of functions commonly assessed prior to surgery, including

confrontation naming and verbal working memory.
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4.3 Sensitivity of MEG and fMRI

The contrasted CNR profiles of MEG and fMRI and their respective activation
maps supported the hypothesis regarding sensitivity to hippocampal and anterior
temporal lobe activity. The CNR contrast suggested that fMRI has greater sensitivity
to activity throughout the medial and lateral temporal lobes, including the
hippocampus and parahippocampal gyrus. This is reflected in activation maps,
showing fMRI but not MEG activity in the hippocampus. However, the CNR contrast
did not indicate that either modality was predominantly more sensitive than the
other to activity in the temporal poles. Nonetheless, MEG data were localized to
anterior temporal lobe regions where fMRI activation was not found. These CNR
differences may result from systematically low variance in fMRI data (the noise term
of the CNR ratio), even in the presence of weak signals. Finally, the integrated MEG-
fMRI activation map and laterality map showed activity in both regions, while
neither was apparent when the two were integrated with equal weighting.

As the contrast is a task-specific measure, the weighting scheme is not
generalizable beyond the methods employed. With increased computational power,
single-trial estimates of activity could be generated at each voxel to assess variance
and calculate CNR for individuals. This modification would further optimize the CNR
weights across the brain, increasing sensitivity to activity in these regions.

Implementing a weighting system that is influenced by CNR provides several
advantages. First, neither activation map is over- or under-represented in the
integrated activation map. Rather, the integrated map is the result of a measure of

confidence in its constituents. Second, a region that demonstrated activity in both
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maps was not provided with additional weight, nor was a region with activity only
in one reduced. Provided the maps’ respective sensitivity profiles indicated that one
modality was primarily sensitive to a region, that modality was represented at near

full magnitude in the final result.

4.4 Laterality Mapping for Individuals

In order to integrate MEG and fMRI activation maps for individuals, two
requirements must be met. First, conversion of raw signal or a beamformer’s pseudo
z score output to statistical maps necessitates an estimate of within-subject
variance. Second, CNR must be calculated for individuals at each voxel. Modeling
neural activity for individual trials could meet both of these requirements, but
requires high-throughput cluster computing.

Laterality mapping at the individual level provides three notable benefits: the
ability to assess surgical candidates using the present method, improved power and
sensitivity in all regions, and an estimate of error in CNR maps. While the first two
represent an avenue of research with clear clinical utility, the third will be necessary
to evaluate the influence of MEG and fMRI on integrated activation maps for various
regions.

Integrative laterality mapping at the individual level represents the next step
toward multimodal presurgical laterality assessment. It should be noted that this
method is not limited to any one type of functional assessment, or any two types of
neuroimaging modalities. The integrative framework is universally applicable to any
type of volumetric analysis where a noise distribution can be estimated.

Furthermore, additional modalities can be recursively implemented, including high-
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density EEG activity, positron emission tomography (PET), fMRI or MEG. Application

of additional modalities is likely to increase both sensitivity and accuracy.

4.5 Advancing Clinical Effectiveness

Several steps must be made before multimodal neuroimaging can be
considered for presurgical assessment. Most notably, this includes an examination
of test-retest reliability of the assessment. Additionally, a comparison between
active regions and intraoperative stimulation results will substantiate both the
findings of individual mapping procedures (MEG and fMRI), and the integration
process. It is important to note that the integration framework operates
independently of task, and can be applied to a broad range of functional evaluations.

Finally, results should be examined against a comprehensive account of post-
surgical outcomes for people with epilepsy, including region of resection,
neuropsychological testing results, and seizure type and frequency. This will
validate the predictive value of the integrative laterality assessment on a number of
axes. While MEG is already being used clinically in a number of centres around the
world, validation of these developments will be required in order to employ

integrative laterality mapping in a clinical capacity.

4.6 Limitations

As discussed, the present study is limited to production of statistical
activation maps using MEG data only at the group level. While a number of studies
present MEG activation maps in the form of pseudo z scores, this measure is closer

in nature to SNR than to z scores, and may not be appropriate for conjunction with
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fMRI data. Additionally, the necessary loss of MEG timing-related data does not
make some group-related differences in activation immediately apparent. Though
time series data can be extracted, recovery of time series data is rooted in several
parameters, including the time window of interest and significance cutoff, which
should be considered carefully.

[t is important to note the limitations of functional neuroimaging for
application to presurgical evaluation in individuals. Most importantly, there is a
known degree of test-retest variability within individuals, and interpretation of
these results must be performed with caution. In addition to this, while there is a
predictable relationship between neural activity and haemodynamics, fMRI
activation may represent venous drainage rather than influx of oxygenated blood to
a region, and mislocalization between neural activity, blood flow and magnetic field
distribution to some degree is not surprising. Finally, indication of activity via any
form of functional neuroimaging does not necessarily demonstrate that a region is
critically involved in, or even supporting a function, and resection of fMRI- or MEG-

active regions may not prove detrimental to functionality in some cases.

4.7 Future Directions

The next step in integrative laterality mapping will be to develop this
procedure for individuals. This will improve on using group-wise weighting factors
by accounting for subject-specific differences and allow for estimation of error at the
individual level. In addition, both regional activity and CNR distribution across the
brain should be validated through repetition, and regional CNR weights can be

compared with those derived using different types of tasks. Replication of the
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present results represents the most important component of establishing reliability
of the measure, and will be required before considering integrative laterality
mapping for clinical applications. While regions showing high CNR in both
modalities are not likely to change, additional differences may be found in regions
not activated by the present task.

As has been discussed, differences remain in the relationship between neural
activity, BOLD and electrophysiology. Though these differences are not of evident
concern under the present experimental conditions, an optimal method of
integration should implement a full model of this relationship at each region in the
brain. Such a model has been established as a proof-of-concept using simulated
neural activity (Bojak & Oostendorp, 2011). This model renders a population of
neurons on the cortical surface, allowing for simultaneous prediction of EEG and
fMRI BOLD signals from the underlying mesh. Presently, this model is limited to the
limited portions of the cortical surface and requires significant computational
power, and has only been applied to simulated data. Future developments will likely
strengthen this type of model as an important step toward unification of EEG, MEG
and fMRI data.

Finally, the integration framework operates independently of task and
modality, with no upper limit on the number that can be integrated at one time.
Thus, implementing volumetric activation maps collected using additional
neuroimaging modalities may further increase sensitivity and, or open integrative

laterality mapping to further applications.
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Appendix A: Post-Surgical Outcomes

Case One

The first participant to receive surgery was right-handed with a right-
hemisphere seizure focus. Prior to surgery, this person demonstrated atypical right-
lateralized speech dominance as indicated by a dichotic listening task, and tested
normally for verbal IQ and verbal memory. However, they also showed impairments
in visuospatial and constructional skills. This pattern is consistent with damage to
the right hemisphere. The individual’s integrated MEG-fMRI activation map can be
seen in Figure 13.

The participant underwent a right anterior temporal lobe resection. They
demonstrated no change in language abilities, and an increase in verbal memory.
The time between the first and second assessments was two years, with surgery
following the first assessment by ten months. A reduction in language abilities was
initially expected due to right-hemisphere lateralization, but this did not occur.
While the task used did not exclusively elicit language activation, its demands
include verbal processing. Thus, Figure 13 coincides with outcomes, as right-
hemisphere dominance is shown but with no significantly active clusters in the

resected region.
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Figure 14 Integrated MEG-fMRI activation map for the first participant to undergo surgery.

Activation is thresholded at a pseudo z value of 2.3, with a minimum cluster size of 250 voxels.

Case Two

The second participant was right-handed and showed a right-ear advantage
in a dichotic listening task, indicating left-hemisphere language lateralization. They
showed a left temporal seizure focus and average verbal memory functioning. The
time between the first and second assessments was two years, with surgery
following the first assessment by eight months.

The participant underwent a left temporal lobectomy, and subsequently
showed impairments in verbal memory functioning, as well as a slight decline in
confrontation name and oral fluency. These results are common for a temporal
lobectomy in the dominant hemisphere. The participant’s activation shown in Figure
14 depicts a bilaterally distributed set of active regions, with numerous clusters in

the left hemisphere, including the middle temporal gyrus. This pattern of activation
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is consistent with the outcome, as activation aligns with the region of resection and

is predictive of a performance decrease in confrontation naming.

Pseudo Z
I 6.5

Figure 15 Integrated MEG-fMRI activation map for the second participant to undergo surgery.

Activation is thresholded at a pseudo z value of 2.3, with a minimum cluster size of 250 voxels.
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