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1. Introduction

Epilepsy is a chronic condition characterized by recurrent unprovoked seizures with
potentially disabling effects. These seizures, even when generated from a single focus, are
believed to involve an extensive network of regions across the brain (Norden & Blumenfeld
2002). The propagation across these networks is responsible for the complex events
associated with seizures including altered consciousness and motor phenomena.
Additionally, repeated seizures can also produce chronic deficits that persist in between
seizures, mainly cognitive deficits, primarily of memory and language related functions
(Helmstaedter, et al. 2003). It is likely that these cognitive effects can be related to
measurable brain network alterations as well. The non-invasive quantification of alterations
in brain networks related to epilepsy is critical in determining the mechanisms of
epileptogenesis and its treatments. In addition, it may also identify imaging biomarkers of
epilepsy which can be used to diagnose and monitor these patients.

Electroencephalography (EEG) is the most widely used method to quantify epileptic activity
across the brain. The high temporal resolution of EEG measurements is advantageous in
detecting the electrophysiological activity that defines the seizure focus and associated
network. However, these techniques have relatively low spatial resolution when performed
non-invasively, and can be corrupted by attenuation of the signal by bone or other tissue.
Invasive EEG monitoring can measure electrical activity directly from the cortex, but the
spatial resolution is still relatively low. The recording can only be obtained from preselected
regions of the cortex. This method also involves more significant risk than non-invasive
methods, but can be useful in detecting limited networks of epileptic activity (Blumenfeld, et
al. 2004b, Englot, et al. 2008, Guye, et al. 2006).

Imaging methodologies make it possible to investigate networks across the whole brain
without the need for identifying predefined regions. Some non-invasive, low spatial
resolution techniques to detect epileptic networks include interictal positron emission
tomography (PET) with [18F] fluoro-2-deoxy-glucose (FDG) (Cascino & Jack 1996, Spencer
& Bautista 2000) and ictal single-photon emission computed tomography (SPECT) imaging
(Cascino & Jack 1996, Spencer & Bautista 2000). In general, these methods attempt to detect
regions of metabolic (PET) or perfusion (SPECT) changes during the interictal state or ictal
events. Studies have detected widespread brain networks associated with seizures using
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these methods (Blumenfeld, et al. 2004a, Blumenfeld, et al. 2009, Wong, et al. 2010). One
advantage of using ictal SPECT imaging is that different phases of the seizure can be probed
in different seizures at different times (e.g. pregeneralization vs. post ictal) (Blumenfeld, et
al. 2009). The disadvantages are that it requires injection of radiotracer at the time of the
seizure prior to scanning and the spatial resolution is low. In addition, measurements
cannot be made longitudinally with high temporal resolution in order to examine seizure
propagation in the same event.

The objective of this chapter is to discuss how functional Magnetic Resonance Imaging
(fMRI) can be used to examine brain network alterations in epilepsy. First, an introduction
to the concepts of fMRI and functional connectivity will be presented. The main focus of the
chapter will be a review of the current published work involving the investigations of
changes in healthy resting-state brain networks caused by epilepsy and the identification of
possible epileptogenic networks. In addition, the relationship of the network parameters to
disease characteristics, diagnosis and treatment will be discussed in relation to the network
alterations. Studies of quantification of causal influences across these networks using
Granger causality and dynamic causal modeling will also be included. More novel methods
of fMRI network analysis being applied to epilepsy will be described. Finally, the chapter
will conclude with a brief overview of future research directions.

2. Functional MRI and functional connectivity mapping

Functional MRI is a widely used non-invasive neuroimaging technique that can detect and
localize areas of the brain engaged in performing a specific task. This technique typically
uses echo-planar image acquisition parameters that are sensitive to the changes in blood
oxygenation occurring with neuronal activation (Blood Oxygenation Level Dependent or
BOLD acquisitions) (Logothetis, et al. 2001, Ogawa, et al. 1990). Signal intensity in the BOLD
images is increased when oxyhemoglobin concentrations increase due to neuronal
activation. In conventional block-design fMRI studies, a series of images is collected during
at least two different activation states (e.g. rest and stimulation) and their signal intensities
are compared statistically on a voxel by voxel basis. The difference between these two image
series indicates the location and intensity of neuronal activation in response to the given
stimulation. In event-related fMRI, the images are collected following a repeated transient
stimulus. Signal intensity following the stimuli is compared to the rest of the series.
Therefore, in typical fMRI experiments, the timings of the various stimuli are known. The
primary challenge in using fMRI in epilepsy is that interictal and ictal seizure activity is
spontaneous and its timing cannot be controlled. There are two general approaches to
attempt to overcome this problem. The first approach is to combine fMRI acquisitions with
scalp EEG measurements (Gotman, et al. 2004). The EEG will provide the timing of the
epileptic activity for conventional fMRI analysis. The second is to use a data-driven
approach that identifies the interictal BOLD response in the fMRI data without EEG or other
monitoring (Rodionov, et al. 2007).

Simple fMRI activation maps can determine the level of involvement of distinct regions of a
network to perform a task at the time of acquisition. However, fMRI potentially can also
reveal additional information about the functional coupling within this network using
functional connectivity mapping. Functional connectivity uses linear correlations of low
frequency (<0.1 Hz) fMRI BOLD signal oscillations usually at rest or during steady-state
performance of a task (Rogers, et al. 2007). The resting state (awake with eyes closed) is a
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potentially interesting focus of attention because even at rest the brain accounts for
approximately 20% of the total body oxygen consumption, primarily to maintain excitatory
and inhibitory neurotransmission (Shulman, et al. 2004).

The two most commonly used methods of determining functional connectivity are seed
based methods and independent component analysis (ICA). Both are based on temporal
series of BOLD signals. The seed based approaches require the identification of a seed voxel
or region, and the linear correlation across time of other voxels or regions to that seed is
considered the measure of connectivity. This method is more suited for hypothesis testing
due to its a priori identification of a seed. However, the most appropriate technique for
defining a seed may be different for different applications. The ICA method attempts to
transform the original data time series into individual components assuming that all of the
signal sources and noise are statistically independent and are mixed linearly to create the
observed signal. This technique has also been used successfully with fMRI data (Calhoun, et
al. 2003, Moritz, et al. 2005). The advantage in applying these techniques to epilepsy is that
all of the components of the signal (presumably from independent sources) are identified
which can result in a large number of components. The primary disadvantages are (1) that
these components will include many of those of no-interest due to shape or amplitude
expectations, and separating the ones of interest becomes a significant task, and (2) the
expected signal of interest may be relatively small.

3. Networks defined in healthy controls

There exists a set of functional brain networks that are consistently identified in the resting
brain using fMRI time series data in healthy subjects. Typically these are identified as a
group using an ICA analysis with varying numbers of components (Damoiseaux, et al. 2006,
De Luca, et al. 2006). However, they can also be identified individually using seed region
analysis of connectivity by placing a seed within an expected network (Biswal, et al. 1995,
Xiong, et al. 1999), and also by using hierarchical clustering methods (Cordes, et al. 2002).
While there are varying numbers of resting-state networks that have been described (based
on varying degrees of specificity), they generally can be divided into approximately five
overlapping spatial maps (De Luca, et al. 2006):
1. Visual cortex network- lateral and medial occipital cortex
2. Default-mode network - anterior cingulate, posterior cingulate, lateral inferior parietal
cortex, hippocampus and prefrontal cortex
3. Sensorimotor and auditory network - pre and post-central gyrus, superior temporal gyrus,
insula, thalamus and hippocampus
4. Dorsal pathway - lateral frontal regions and dorsal parietal cortex
5. Ventral pathway - lateral temporal, and inferior prefrontal cortex
These networks are reliable and reproducible within a scanning session and between
sessions up to months apart (Zuo, et al. 2010). Several of these networks also seem to have
unique electrophysiological signatures determined by EEG (Mantini, et al. 2007) and MEG
(magnetoencephalography) (de Pasquale, et al. 2010) power. The networks similar to the
visual, auditory and motor processing in adults have been detected in infants (Fransson, et
al. 2007). This suggests the order of maturation of various networks in the brain, and may
explain development of specific cognitive functions as a child ages. In order to understand
how epilepsy and its treatment can affect normal cognitive function and behavior, it is
useful to investigate the changes within the known resting-state networks of these patients.
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Fig. 1. Five resting state networks defined in healthy controls (Reprinted from Neurolmage,
29(4), De Luca, M et al., "fMRI resting state networks define distinct modes of long-distance
interactions in the human brain" 1359-1367 (2006) with permission from Elsevier)

3.1 Language and memory networks

Chronic drug-resistant temporal lobe epilepsy (TLE) is associated with progressive memory
impairment (Fisher, et al. 2000, Helmstaedter, et al. 2003) which is related to the structural
damage of the epileptic hippocampus and other mesial temporal lobe structures in these
patients (Kilpatrick, et al. 1997). In addition to the chronic epilepsy itself, the surgical
treatment of TLE can also have a negative impact on language and memory functions. The
fact that the seizures are generated from a specific focus in the mesial temporal lobe makes
many drug-resistant mesial TLE patients good candidates for resective surgery. The success
rate for seizure control following surgical resection is approximately 80% (Siegel 2004). In a
randomized-control study of surgery vs. antiepileptic drug treatment for temporal lobe
epilepsy, 58% of patients became seizure free with surgery vs. 8% on drug therapy (Wiebe,
et al. 2001). The resulting seizure control can result in a significant increase in quality of life
in these patients including employment or school attendance (Wiebe, et al. 2001). However,
further declines in verbal memory and word finding after respective surgery to treat
seizures are side effects occurring in as many as 40% of TLE patients (Langfitt & Wiebe
2008). If severe, these impairments can affect the individual’s ability to perform in work and
social situations. Langfitt et al. reported that in patients with good seizure outcome, quality
of life improved even if some memory loss occurred; but, in patients without post-surgical
seizure control, quality of life decreased when memory loss occurred (Langfitt, et al. 2007).
These findings illustrate the importance of quantifying and understanding these cognitive
functions, and using this information to accurately predict the risk of cognitive decline after
resective surgery. It is likely that these impairments, both before and after surgery, involve
alterations in long-range networks in language and memory. Functional MRI provides a
way to probe the functional integrity of these networks, and allows quantification of the
relationships between cognition and connectivity in order to address these issues.
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To assess the utility of fMRI for prediction of post-surgical language and memory function,
it must first be compared to the Intracarotid Amobarbital Test (IAT or Wada test) which was
first developed by Wada in 1949. This test is used to determine hemisphere dominance for
language and memory by an intra-arterial injection of an anesthetic agent to one hemisphere
of the brain at a time while evaluating the patient’s ability to perform language and memory
tasks. The development of aphasia after injection indicates hemisphere dominance for
language, and the lack of memory encoding suggests that the contralateral hippocampus
cannot sustain memory function. The Wada test is an invasive and uncomfortable procedure
with serious potential risks including carotid artery dissection, infection and stroke. One
study reported almost 11% of patients had complications with 0.6% having residual deficits
after three months (Loddenkemper, et al. 2008). In addition to risk, the cost of the Wada test
can be high relative to fMRI (Medina, et al. 2004). Furthermore, even when successful, the
Wada test lateralizes, but does not localize language and memory functions and their
associated networks. As a result, the use of the Wada test in the presurgical evaluation of all
TLE patients is decreasing (Baxendale, et al. 2008), while other non-invasive methods
including fMRI are gaining acceptance (Abou-Khalil 2007, Pelletier, et al. 2007).

Functional MRI has been very successful for lateralizing language dominance as well as
identifying and localizing language networks. There is a wide variety of stimulation tasks
used for this purpose. Some of the more widely used tasks include word generation
(Deblaere, et al. 2002, Ramsey, et al. 2001) for activating the inferior frontal language regions
(Broca’s Area), and tasks such as reading (Gaillard, et al. 2002, Rutten, et al. 2002b) and
listening to speech (Binder, et al. 2008b, Bookheimer 2007) for identifying temporoparietal
language regions (Wernicke’s Area). The literature on this topic is vast, describing other
potentially useful tasks. The concordance of these protocols with Wada test results is over
70% in many of these studies, but may be less in patients with atypical right-sided or
bilateral dominance by Wada test. The combination of multiple fMRI tasks has been found
to be more accurate than a single task (Arora, et al. 2009, Deblaere, et al. 2002, Ramsey, et al.
2001, Rutten, et al. 2002a), and these methods can also be modified for use in children
(Arora, et al. 2009, Gaillard, et al. 2002). For these reasons, fMRI, when available, is quickly
becoming the preferred technique for determining language lateralization and localization.
While the use of fMRI for language lateralization is gaining widespread acceptance, the
assessment of memory functions with this method has been slower to develop. Some
reasons for this disparity include the fact that fMRI memory paradigms are generally more
complicated and require more trials to provide detectible signal changes than language
paradigms. Also, the material being encoded in memory tasks can have a lateralizing effect
itself (verbal vs. visual stimuli), (Golby, et al. 2001), and the interaction of this effect with the
epilepsy can be difficult to interpret. Thus, memory paradigms have shown mixed success
in lateralizing memory function in TLE compared to the Wada test (Deblaere, et al. 2005,
Golby, et al. 2002, Jokeit, et al. 2001).

Some fMRI memory paradigms designed to activate the mesial temporal structures have
been used with varying levels of success to predict post-surgical memory declines (Frings, et
al. 2008b, Rabin, et al. 2004, Richardson, et al. 2006, Wagner, et al. 2007). Their general
finding was that increased fMRI activation in the mesial temporal lobe ipsilateral to the
surgical resection was correlated with increased post-surgical declines, thus supporting the
“functional adequacy model” of hippocampal function. This model predicts that severity of
decline depends on the function of the region resected and not on the ability of the

www.intechopen.com



90 Management of Epilepsy — Research, Results and Treatment

contralateral region to support function after surgery (“functional reserve model”) (Chelune
1995). These studies report positive predictive values of 56 to 100% (Richardson, et al. 2004)
for fMRI to predict post-surgical change in memory neuropsychological scores.
Interestingly, some more recent reports show that evaluating multiple regions of the
language and memory networks, including those in the frontal and lateral temporal lobes,
can improve this prediction (Binder, et al. 2008a, Binder, et al. 2010, Bonelli, et al. 2010,
Everts, et al. 2010). Bonelli, et al. (Bonelli, et al. 2010) found that in their cohort the positive
predictive value of memory fMRI activation asymmetry in the anterior temporal lobe was
20-35%, but when fMRI language lateralization, calculated using multiple regions across the
frontal and temporal lobes, and pre-operative neuropsychological scores are included, the
positive predictive value rose to 70-100%.

While fMRI activation of long range regions is informative, it is likely that probing the
functional connectivity across language and/or memory networks may be a more direct
measure of cognitive function or predictor of post-surgical function. However, the
appropriate choices for regions and task paradigm (or none) remain unknown. Studies
performed thus far have varied significantly in these study parameters, and so consistent
results are few. One promising repeated finding is that the functional connectivity between
the anterior cingulate and the left inferior frontal gyrus was found to be decreased in TLE
compared to healthy controls during rest (Waites, et al. 2006) and during block-design
performance of a word-generation task (Vlooswijk, et al. 2010). Similarly, the functional
connectivity of the left hippocampus and other regions involved with memory was also
decreased relative to controls (Addis, et al. 2007). Generally, these decreases in functional
connectivity were associated with diminished cognitive performance as measured by the
neuropsychological testing. In support of the functional adequacy model, higher fMRI
connectivity of the ipsilateral hippocampus to the superior temporal gyrus was associated
with greater decline of verbal memory performance after surgery (Wagner, et al. 2007).
While fMRI has great potential to identify noninvasive markers of language and memory
cognition and post-surgical outcome, there are many possible sources of error and
variability in fMRI methods. First, there can be much variability in task performance. Many
patients have cognitive deficits which reduce their ability to cooperate, understand and
remember the directions of the task. Including children in the patient population increases
this variation even more. For many cognitive tasks, it is difficult to impossible to monitor
externally how well the tasks are being performed. Also, fMRI analysis methods are not
standard. Differences in statistical thresholds and regions of interest used to calculate
laterality indices can also lead to uncertainty (Abbott, et al. 2010, Branco, et al. 2006, Sidtis
2007, Suarez, et al. 2008). Research focused on resolving these issues is required before it will
be possible to utilize fMRI for assessing surgical risk of cognitive deficits.

3.2 The default-mode network

There are regions of the brain that have been regularly observed to reduce fMRI activity
(deactivate) during performance of demanding cognitive tasks or goal directed behavior
(Fox, et al. 2005). When studied in a wakeful resting state using positron emission
tomography (PET), increases in cerebral metabolic rate for oxygen (CMROy) and cerebral
blood flow (CBF) are detected in these regions over other regions of the brain (Raichle, et al.
2001). The data suggest the existence of a baseline activation level in these areas at rest
above the mean level of the brain, which may reflect internal modes of cognition, such as
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mind wandering or daydreaming in this state. This collection of regions is commonly
referred to as the “default-mode network” (DMN, network 2, Figure 1) and typically
include the following regions (Buckner, et al. 2008): ventral medial prefrontal cortex,
posterior cingulate/retrosplenial cortex, bilateral inferior parietal lobule, lateral temporal
cortex, dorsal medial prefrontal cortex, and hippocampus.

In addition to being identified as a network of regions deactivated during goal-oriented
cognitive tasks, this same network can reliably be identified by performing independent
component analysis on resting state fMRI data (Damoiseaux, et al. 2006, De Luca, et al. 2006)
and by seed region based functional connectivity analyses (Greicius, et al. 2003). Inter-
subject variability in the functional connectivity across the DMN is influenced by factors
such as age (Grady, et al. 2010), cognitive load (i.e. eyes open vs. eyes closed) (Yan, et al.
2009), genetics (Glahn, et al. 2010), level of consciousness (Greicius, et al. 2008) and sleep
(Horovitz, et al. 2008). It has been directly correlated in part to EEG delta and beta power
(Hlinka, et al. 2010). However, the robustness of this network and its implications on
baseline cognitive function and consciousness make it a frequent focus of investigations of
neurological disease (Broyd, et al. 2009).

The relationship between DMN and epilepsy was first reported in activation studies of
generalized spike-and-wave (GSW) bursts in patients with idiopathic generalized epilepsy
(IGE) (Archer, et al. 2003, Gotman, et al. 2005, Hamandi, et al. 2006, Laufs, et al. 2006, Salek-
Haddadi, et al. 2003). In these studies, simultaneous measures of EEG and fMRI (Gotman, et
al. 2004) were acquired in individual or groups of IGE patients with frequent GSW bursts on
EEG. The EEG was used to determine the timing of any GSW bursts occurring during fMRI
scanning. These times were then used to localize the regions of the brain in which the fMRI
signal increased (activation) or decreased (deactivation) concurrently with the GSW bursts.
While the results were somewhat variable across subjects, there was an overarching finding
of positive activation located bilaterally in the thalamus and deactivation found in regions of
the DMN. These findings suggest that the activation in the thalamus indicated this region’s
involvement in the generation or spread of generalized epileptic discharges. Furthermore,
the authors propose that the combination of the activation of the thalamus with the
deactivation of the DMN may lead to the lapse in responsiveness associated with absence
seizures in IGE (Gotman, et al. 2005, Hamandi, et al. 2006). Conversely, there is evidence
that the functional connectivity across the DMN assessed in IGE patients during time
periods without GSW is not significantly different from healthy controls (Moeller, et al.
2011), indicating that this is primarily an ictal effect.

In order to verify the existence of a correlation between impaired consciousness and fMRI
changes with GSW bursts, Berman et al. (Berman, et al. 2010) had a group of patients with
typical childhood absence epilepsy perform a continuous performance task during the
simultaneous EEG and fMRI acquisition. They used any interruption of task performance
during the acquisition as an indicator of impaired consciousness. They then determined
fMRI changes due to GSW bursts with interruption of the task and those without. During
GSW bursts associated with interruption of the task, expected regions in the thalamus and
cortex were activated and DMN regions were deactivated. However, when GSW bursts
were not associated with task interruption, little fMRI change was detected. This suggests
that the deactivation of the DMN and activation of the thalamus may be directly related to
the impaired consciousness in absence seizures. On the other hand, in a case report of a
study with similar methods, the expected fMRI activations and deactivations were detected

www.intechopen.com



92 Management of Epilepsy — Research, Results and Treatment

in response to GSW bursts without task interruption (Moeller, et al. 2010b). The case study
detected GSW bursts with an average duration of 4.2 seconds and with an fMRI temporal
resolution of 2250 msec, whereas the group study included GSW bursts with an average
duration of 6.2 sec and an fMRI temporal resolution of 1550 msec. One may expect that the
increased temporal resolution and longer periods of GSW of the group study may increase
detectability of fMRI signal changes even without task interruption, if they were present.
Further study is required to clarify this issue.

More recent studies have attempted to resolve timing differences between fMRI changes in
the DMN and other regions in response to GSW bursts (Carney, et al. 2010, Moeller, et al.
2010a). Both studies showed fMRI deactivations in DMN generally occurring prior to the
increased thalamic response. In several instances fMRI signal change in the DMN started
prior to the event onset on EEG. Another study (Szaflarski, et al. 2010) found parietal (but
not necessarily DMN) activation occurring prior to thalamic activation and also detected
similar causal links using Granger causality measures of fMRI data (Deshpande, et al. 2009,
Goebel, et al. 2003). Another causal methodology, dynamic causal modeling (Friston, et al.
2003), can estimate the influence of one system on another. This method was used to
determine which of three models including the ventromedial prefrontal cortex, the thalamus
and the precuneus best fit the fMRI time series data when assuming the GSW bursts on EEG
as the input (Vaudano, et al. 2009). The results over the group of IGE patients indicated that
the GSW bursts initially influenced the precuneus and then the other two regions. These
may infer the role of the DMN in the initiation of absence seizures, contradicting previous
theories of thalamic generation of GSW bursts. Overall, the current literature provides
convincing evidence for the potential link between function of the DMN and absence
seizures and GSW bursts, but the direct mechanism of this relationship remains unknown.
There is a smaller, but growing, body of work linking activity in the DMN with focal
epilepsy. Using the simultaneous EEG and fMRI protocol, deactivation has been detected in
DMN regions in response to interictal EEG spiking (Kobayashi, et al. 2006, Laufs, et al.
2007). Using the data-driven method, 2dTCA (Morgan & Gore 2009, Morgan, et al. 2008), we
have detected robust fMRI transient signal changes during resting, interictal periods in the
DMN (Morgan, et al. 2007, Morgan, et al. 2010) in TLE patients.

Independent component analysis can assess the functional connectivity across the DMN in
the interictal state, without temporally associating changes directly with interictal spiking.
In unilateral TLE patients, this method has revealed decreased connectivity between the
hippocampus (predominantly ipsilateral to the epilepsy) and the rest of the DMN as
compared to healthy controls (Zhang, et al. 2010a). Similar finding were reported using a
seed-based functional connectivity analysis in unilateral TLE patients performing a verbal
memory task (Frings, et al. 2009). Linearly relating these changes in connectivity with
epilepsy duration suggests that the mechanism of the disease is at least partly responsible
for the dysfunction.

3.3 Perception and attention networks

While the language, memory and default-mode networks are the most commonly studied
with fMRI in relation to epilepsy, this condition can have effects on other known networks
across the brain that may possibly result in sensory or cognitive deficits. One such network
is the auditory system in the bilateral superior temporal lobes including Heschl’s gyrus,
planum temporale and the temporal poles (part of network 3, Figure 1). Auditory function is
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integral in language (i.e. auditory sentence comprehension) and memory (i.e. verbal
memory), which are known to be impaired in TLE (Fisher, et al. 2000, Helmstaedter, et al.
2003). However, auditory processing itself may also be impaired in these patients as
suggested by increased errors, response times and latencies of electrical event-related
potentials in response to auditory stimuli (more pronounced in IGE than TLE) in humans
(Verleger, et al. 1997), and in auditory discrimination deficits in rat models of epilepsy
(Neill, et al. 2005). These effects were explored in an fMRI functional connectivity study
using independent component analysis that revealed decreased connectivity in auditory
cortex networks in a group of bilateral mesial TLE patients as compared to healthy controls
(Zhang, et al. 2009a). Furthermore, the decrease in connectivity across the auditory cortex
was linearly correlated with increase in duration of disease (i.e. longer duration was
associated with lower connectivity).

Type of fMRI findings and uses
Network epilepsy (activation and connectivity)
Language TLE Language fMRI tasks are effective in lateralizing and

potentially localizing dominant language regions; FC
across this network is decreased compared to controls

Memory TLE Memory fMRI paradigms have mixed results in
localizing memory functions; Memory and/or language
tasks activating mesial temporal structures and beyond
may be effective in predicting post-surgical memory
deficits; Most studies show increased activation is
associated with decreased post-surgical performance;
Decreased FC compared to controls; Increased FC from
ipsilateral hippocampus is correlated with decreased
post-surgical verbal memory performance

Default-mode IGE Deactivation in response to GSW bursts; May be related
to impaired consciousness; May be generator of GSW
bursts

Default-mode TLE Deactivation in response to interictal spiking

Auditory TLE Decreases in FC across network positively compared to
controls; Decrease correlated with duration of disease

Sensorimotor TLE Decreases in FC at rest compared to controls; Decrease
correlated with duration of disease

Visual TLE Increases in FC in primary visual cortex, decreases in FC

across higher order visual regions such as MT+
compared to controls at rest
Dorsal TLE Decreases in FC at rest correlated with decreased scores
Attention on the Trail Making Test
TLE = temporal lobe epilepsy, IGE = idiopathic generalized epilepsy, FC = fMRI functional
connectivity, GSW bursts = generalized spike-and-wave bursts on EEG

Table 1. Summary of effects of epilepsy on brain networks determined using fMRI

In the same fMRI study (Zhang, et al. 2009a), the authors also compared connectivity across
the sensorimotor cortex (part of network 3, Figure 1) in the pre and post-central gyri in the
frontal lobes between bilateral TLE patients and controls. Like the auditory network, the
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sensorimotor network connectivity was diminished in the TLE group as duration of disease
increased.

In the visual cortex (network 1, Figure 1), the functional connectivity findings in the same
study were mixed (Zhang, et al. 2009a). The results showed increases in connectivity in TLE
in primary visual cortex, coupled with decreases in higher order visual processing regions
such as MT+ when compared to controls that decreased with duration of disease. These
findings may be consistent with behavioral results that showed no differences between
reaction time or accuracy responding to visual stimuli in IGE (Verleger, et al. 1997) or TLE
(Grant, et al. 2008); but deficits in processing of visual stimuli detected by EEG studies of
visual evoked potentials (Lucking, et al. 1970) and event-related potentials (Verleger, et al.
1997).

The dorsal attention network is another set of regions that is repeatedly and reliably
identified in healthy subjects (part of network 4, Figure 1). This network is made up of the
intraparietal sulcus and the junction of the pre-central and superior frontal sulcus (or frontal
eye field) in each hemisphere (Fox, et al. 2006) and is involved in attention orienting in
searching for a target among non-targets (Shulman, et al. 2003). This function can be
assessed using a neuropsychological test called the Trail Making Test (Reitan & Wolfson
1995) in which the subject connects numbers or letters in numerical or alphabetical order in
a timed fashion. This and similar tests have been used in epilepsy to quantify the effects of
different anti-epileptic drugs such as topiramate (negative effects) (Kockelmann, et al. 2003),
zonisamide (negative effects) (Park, et al. 2008), lamotrigine (positive effects) and
oxcarbazepine (positive effects) (Seo, et al. 2007) on cognition. Using the same ICA methods
as in their previous work in perceptual networks above, Zhang et al. compared the resting
functional connectivity in the dorsal attention network between patients with bilateral TLE
and controls (Zhang, et al. 2009b). They found decreases across most of the network in TLE
which correlated with decreased scores on the Trail Making Test. Interestingly, they also
found an increase in the right superior frontal sulcus which also correlated with decreases in
the Trail Making Test scores across patients.

4. Unique epilepsy related networks

In addition to the changes in known resting-state networks, epilepsy can alter connections
between regions, thereby identifying networks unique to this condition. These networks
may delineate seizure propagation, or impairment or compensatory mechanisms to
structural and/or functional damage across the brain. The changes may be a result of the
seizures or epilepsy, or may play a part in the underlying epileptogencity of a region.
Furthermore, it may be more difficult to define these altered networks because they may be
different even between patients with similar disease characteristics. Currently, most of the
work in this area has focused on TLE and hippocampal networks.

4.1 Intrahemispheric mesial temporal lobe networks

It is known that the hippocampus and surrounding structures are most commonly the
generators of seizures in mesial TLE. The networks that are comprised of these regions are
potentially the most affected by the condition. Studies by Bettus et al. (Bettus, et al. 2010,
Bettus, et al. 2009) have investigated intrahemispheric mesial temporal lobe networks in TLE
at rest with the objective to determine whether resting-state functional connectivity can be
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used to determine the epileptogenic hemisphere. They identified five mesial temporal
regions of interest in each hemisphere including the anterior and posterior hippocampus,
amygdala, entorhinal cortex and the temporal pole. Intrahemispheric connectivity between
these regions was compared to a group of healthy controls. Interestingly, there were
decreases in connectivity between regions in both hemispheres in many subjects, but
increases in connectivity compared to controls occurred primarily in the hemisphere
contralateral to the seizures. This increase in resting functional connectivity, speculated to
be a compensatory effect, was shown to have 63% sensitivity and 90% specificity in
lateralizing the TLE.

4.2 Interhemispheric mesial temporal lobe networks

In addition to the intrahemispheric networks involving mesial temporal lobe structures in
TLE, the network between the left and right hippocampus may very likely be one of the
most susceptible to changes due to long term seizure propagation effects. However, the
direct consequences of these effects on functional connectivity are not clear. In left TLE, the
interhemispheric hippocampal network was found to be almost non-existent in a resting
fMRI study of nine patients (Pereira, et al. 2010). In the same study, the connectivity
between the hippocampi was stronger in a group of nine patients with right TLE than in left
TLE, but both patient groups were significantly less than the strong interhemispheric
hippocampal connectivity detected in the nine healthy controls. Another investigation
quantified the interhemispheric connectivity in TLE during a spatial memory task which
would utilize the network between these two regions (Frings, et al. 2008a). They found that
hippocampal connectivity during the memory task significantly increased as age of onset of
epilepsy increased; and that as disease duration increased hippocampal connectivity
decreased. This suggests a negative effect of repeated seizures or hippocampal damage
across this network during the task, which may be reflected in the poorer memory
performance of TLE patients in general. However, the different behavioral states (resting vs.
task) of the two studies and the lack of disease duration information in the resting study,
make these difficult to interpret together.

In an attempt to reconcile these two studies, we recruited 15 TLE patients with left temporal
ictal and interictal EEG, and 7 TLE patients with right temporal interictal and ictal EEG. We
performed resting fMRI on a 3T MRI scanner using a 2 sec temporal sampling rate
(compared to 2.0T MRI with a 2 sec sampling rate (Pereira, et al. 2010), and 1.5T MRI
scanner with a 4 sec sampling rate (Frings, et al. 2008a)) and computed interhemispheric
hippocampal connectivity using structurally defined hippocampal regions of interest similar
to above. While no additional physiological noise corrections were performed in the two
published studies, we linearly regressed motion and a global time course from the seed time
courses before performing correlations. We compared connectivity to 12 healthy controls
and found that there was no significant difference between the connectivity of controls and
TLE patients, especially those patients with a shorter duration of disease (Figure 2, left). We
also computed a linear correlation between connectivity and duration of disease. This
revealed no significant correlation across the group of all TLE patients, but a significant
decrease in connectivity as duration increased in the left TLE patients (correlation coefficient
=-0.531, p = 0.042) (Figure 2, left).

Therefore, we were not able to duplicate the results of Pereira et al. to find decreased
interhemispheric connectivity in the TLE patients, unless the patients in their study all had
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extensively long duration of disease (which is not stated). But, we were able to duplicate in
left TLE at rest what Frings et al. showed during the memory task; that hippocampal
connectivity decreased as duration of disease increased. However, it is clear that further
study is required to fully understand this network and the effects of epilepsy on it. We
believe that it is likely that the choice of hippocampal region of interest may have a
significant effect on these results. To investigate this we identified functionally defined
regions in the anterior left and right hippocampus that were about one-half the volume and
completely within the structurally defined regions. The interhemispheric connectivity result
from these regions was different from what was seen with anatomically defined regions
(Figure 2, right). With the functionally-defined restricted regions, the connectivity across all
TLE patients increased as duration of disease increased (correlation coefficient = 0.465, p =
0.029). However, the connectivity across the group was not different from that in controls,
possibly because the epilepsy was greater than 20 years in duration in several patients. This
suggests that the anterior and posterior portions of the hippocampus are functionally
distinct and that, perhaps, the effects of TLE occur initially in the anterior portion of the
hippocampus.
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Fig. 2. Interhemispheric hippocampal connectivity at rest in TLE patients and controls
correlated with duration of disease. (Left) Measures calculated with structurally defined
regions between the entire left and right hippocampus. Connectivity in Left TLE decreased
as duration of disease increased (p = 0.042). (Right) Measures calculated with functionally
defined regions in the anterior portion of the left and right hippocampus. Connectivity
across all TLE patients increased as duration of disease increased (p = 0.029). Functionally
defined regions are about one-half the volume of the structurally defined regions.

Hippocampal connectivity measures calculated using correlation coefficients as above, do
not yield information regarding the direction of influence across the network. This can be
determined using Granger causality analyses of fMRI data (Goebel, et al. 2003, Roebroeck, et
al. 2005, Rogers, et al. 2010), but are most effective using faster temporal sampling
(Deshpande, et al. 2010). Therefore, we performed a Granger causality analysis on fMRI
data with a 500 ms temporal sampling rate using the functionally defined anterior
hippocampal regions discussed above (Morgan, et al. 2011). We also determined the
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hippocampal connectivity measures using the faster sampled data. The results revealed that
during the interictal state the interhemispheric hippocampal connectivity initially is
disrupted and then linearly increases with the epilepsy duration longer than 10 years. This
increase in connectivity appears to be due to the hippocampus contralateral to the
epileptogenic focus exerting more influence over the ipsilateral hippocampus. These
findings may have implications in understanding the functional development of epileptic
networks in mTLE.
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Fig. 3. Direction of hippocampal influence in TLE determined by Granger causality
measures using high temporal resolution fMRI at rest. Direction and size of arrows
represent direction and relative magnitude of influence between hippocampi at different
periods of the epilepsy duration. At the longest duration, the hippocampus contralateral to
the epileptogenic focus exerts more influence over the ipsilateral hippocampus.

5. Other fMRI analysis methods applied to epilepsy network investigation

5.1 Clustering methods

In addition to the ICA methods discussed, other types of data-driven techniques such as
hierarchical clustering (Cordes, et al. 2002, Stanberry, et al. 2003) and fuzzy clustering
(Baumgartner, et al. 2000, Dimitriadou, et al. 2004, Meyer-Baese, et al. 2004) use clustering of
similar fMRI signal time courses to group and determine voxel time courses of interest. They
are based on the assumption that BOLD stimuli will create a response in multiple voxels
simultaneously. These techniques also are effective in fMRI data and have been applied to
epilepsy data in animal models (Keogh, et al. 2005).

Temporal clustering analysis (TCA) is a method for determining times at which a
significantly large number of voxels experience a similar response such as signal increase
(Liu, et al. 2000, Lu, et al. 2006). This is done by creating a histogram of the number of voxels
that individually reach their maximum (or contain some other shape of interest) at each time
point of an imaging series. In other words, a plot of the number of voxels reaching a
maximum or shape of interest (y-axis) versus time point in the series (x-axis) is created.
Peaks in the histogram indicate the timing of many voxels experiencing the shape of interest
indicating brain activity in response to whatever stimulus was present. The basis of this
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technique is that the probability of maximal signal intensity of each voxel is equal for all
times unless the response to some stimulus occurs. Therefore, if no stimuli were present, the
histogram would be relatively flat. Liu et al. first developed this method to identify time of
maximal activation after eating (Liu, et al. 2000). The advantage of this technique is that it
can detect specific time course characteristics of interest.

Any of the data-driven approaches above could be used to search for the BOLD responses of
epileptic discharges in fMRI time series. When using ICA type methods, the results will
include all components of the signal, regardless of amplitude or shape. Further
investigations would be required to determine which of these components contain the
signals of interest (De Martino, et al. 2007). In the case of interictal activity, the signal of
interest is based on the hemodynamic response of the electrical spike activity. The TCA
techniques can be “tuned” to this signal of interest. However, for success of any clustering
algorithms we must assume that these discharges give rise to significant BOLD signal
changes. This is supported by the work of Krakow et al. (Krakow, et al. 2001) in which they
found, using EEG-triggered fMRI, that 34.9% of interictal spikes in a subject were associated
with significant focal fMRI activation (signal intensity increases) consistent with results from
several spikes averaged together. In fact, TCA has been used relatively successfully to
localize epileptic discharges in animal models (Makiranta, et al. 2005) and in humans
(Morgan, et al. 2004).

However, the original TCA methods map all signal changes of the desired shape into one
histogram and therefore, they are highly sensitive to motion, physiological noise and other
sources of signal change that may have the signal shape of interest (Hamandi, et al. 2005).
Therefore, we have developed of a two-dimensional TCA technique (2dTCA) which creates
separate histograms for groups of voxels with a similar timing of transient signal increases
(epileptic spike). Using the 2dTCA technique we have developed, multiple histograms are
created as columns on a two-dimensional grid. Thereby, groups of voxels with different
timing patterns will be grouped in different “components”. We evaluated the performance
of 2dTCA in simulated functional MRI datasets (Morgan, et al. 2008). Comparisons were
made with TCA and a freely-distributed ICA algorithm. The results suggest that the
increased sensitivity of 2dTCA over TCA in detecting this particular signal of interest is
comparable to detection with ICA, but with fewer other signals detected. We further
validated it in healthy volunteers with controlled stimulus timing (Morgan & Gore 2009).
Finally, we were able to implement this method to detect regions of activation in the left
mesial temporal lobe, bilateral insula and default-mode network in a group of left TLE
patients (Morgan, et al. 2007, Morgan, et al. 2010). Using the region of activation in the
mesial temporal lobe as the seed, we were able to calculate functional connectivity to the rest
of the brain to detect changes from healthy controls (Morgan, et al. 2010). This revealed a
network including the thalamus, brainstem, frontal and parietal regions consistent with the
“network inhibition hypothesis” (Norden & Blumenfeld 2002, Yu & Blumenfeld 2009). This
theory proposes that complex partial seizures originating in the mesial temporal lobes may
propagate to the medial thalamus and upper brain stem which inhibits function of the
frontal and parietal cortices causing loss of consciousness.

5.2 Graph theory applied to fMRI network analysis
One method to model the complex structural and functional networks of the brain is by
using graph theoretical analysis (He & Evans 2010). This method is described as a powerful
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mathematical framework for characterizing the organization of the complicated networks.
He et al. (He & Evans 2010) describe how structural and functional brain networks can be
modeled using various MRI and EEG techniques. This theory assumes that the brain
consists of nodes (voxels or regions) and edges (the connections between the nodes).
Characteristics about the nodes and edges are determined such as the presence of hubs, or
highly connected nodes. Other characteristics include shortest path lengths and clustering
parameters. Liao et al. (Liao, et al. 2010) used graph theory to compare fMRI data from TLE
patients and controls by identifying 90 cortical and subcortical nodes across the brain. They
found that the TLE patients had increased connectivity within the mesial temporal lobes and
decreased connectivity in the frontal and parietal lobes, consistent with several other
methodologies discussed in this chapter. They also found decreases in the number of
connections in the DMN in the patients. Overall, this is a potentially powerful, quantitative
method for assessing small-world properties and network robustness in the brain.

5.3 Regional homogeneity (ReHo) analysis

The regional homogeneity (ReHo) analysis is an fMRI analysis method to probe the most
local connections in a given region of the brain first developed by Zang et al. (Zang, et al.
2004). The ReHo is measured by determining the local coherence of the fMRI time series of a
given voxel to all of its directly neighboring voxels using Kendall’s coefficient of
concordance (Kendall & Gibbons 1990). The assumption is that increases in the ReHo value
will reflect changes in neuronal activity, however the direct link is not known. This method
has been used in numerous studies including those in autism (Shukla, et al. 2010),
depression (Liu, et al. 2010) and intelligence in healthy controls (Wang, et al. 2011). In a
group of non-lesional children with TLE, increased ReHo was found in the posterior
cingulate and the right medial temporal lobe. Decreased ReHo was detected in right frontal
gyrus and the cerebellum. There were also differences between those patients with
abnormal EEG and those without. The significance of these ReHo changes are not known,
but the authors suggest that this increased local synchronization aids in the spread of
epileptiform activity (Mankinen, et al. 2011).

5.4 Amplitude of low frequency fluctuation (ALFF) analysis

It has been determined that the spontaneous fluctuations measured using functional
connectivity analyses are in the low frequency range (0.01-0.08 Hz) (Cordes, et al. 2001).
Therefore, it is possible that the power of these low frequency fluctuations can be
informative regarding the characteristics of the underlying neuronal activity generating
these signals (Duff, et al. 2008). From this idea, Zang et al. developed the “amplitude of low
frequency fluctuation” (ALFF) analysis. The general method is to do a voxel-wise
calculation of the low-frequency power, and to statistically compare this power across the
brain or other series. This method has been used to compare visual states in healthy controls
(Yang, et al. 2007) and to study schizophrenia (Hoptman, et al. 2010, Huang, et al. 2010) and
attention deficit disorder (Zang, et al. 2007). The approach was used to compare a group of
unilateral TLE patients to healthy controls (Zhang, et al. 2010b). Similar to other methods of
connectivity, increases in the TLE patients were detected in the bilateral hippocampi,
amygdala, temporal pole, midbrain and lateral temporal and parietal regions. Decreases in
ALFF in TLE patients were detected in the DMN. The patients also showed an asymmetry in
their ALFF measures in the mesial temporal lobes and thalamus, possibly indicating the
epileptogenic region.
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6. Conclusions and future directions

In this chapter we have discussed the numerous ways in which epilepsy can affect the
functional networks of the brain and the various fMRI methods used to determine this. We
also explained how these changes may be related to behavioral, cognitive or disease
characteristics. In parallel to the functional connectivity work being pursued, a large effort
has been devoted to examining the same issues in relation to MRI measured structural
connectivity (Focke, et al. 2008). The comparison between functional and structural
connectivity in epilepsy may provide answers that neither method can individually (Voets,
et al. 2009). We believe that large scale neuroimaging studies that incorporate both
structural and functional imaging with genetic, physiological and neuropsychological
testing, like those for controls (The Human Connectome Project,
www.humanconnectome.org) and Alzheimer’s Disease (Alzheimer’s Disease Neuroimaging
Initiative (ADNI), University of California, San Francisco, USA) already underway, may
provide the greatest potential in uncovering the mechanisms and effects of network
alterations in the brain in epilepsy.

7. Abbreviations

ADNI - Alzheimer’s Disease Neuroimaging Initiative
ALFF - amplitude of low frequency fluctuations
BOLD - blood oxygen level dependent

CBF - cerebral blood flow

CMRO2 - cerebral metabolic rate for oxygen

DMN - default mode network

EEG - electroencephalography

fMRI - functional Magnetic Resonance Imaging

GSW - generalize spike-and-wave

IAT - Intracarotid Amobarbital Test

ICA - independent component analysis

IGE - idiopathic generalized epilepsy

MEG - magnetoencephalography

PET - positron emission tomography

ReHo - regional homogeneity

SPECT - single photon emission tomography

TCA, 2dTCA - temporal clustering analysis, two-dimensional temporal clustering analysis
TLE - temporal lobe epilepsy
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