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Summary

Temporal lobe epilepsy (TLE) is typically described as a neurologic disorder affecting a cerebral
network comprising the hippocampus proper and several anatomically related extrahippocampal
regions. A new level of complexity was recently added to the study of this disorder by the
evidence that TLE also appears to chronically alter the activity of several brain-wide neural
networks involved in the control of higher order brain functions and not traditionally linked to
epilepsy. Recently developed brain imaging techniques such as functional magnetic resonance
imaging (fMRI) analysis of resting state connectivity, have greatly contributed to these
observations by allowing the precise characterization of several brain networks with distinct
functional signatures in the resting brain, and therefore also known as “resting state networks.”
These significant advances in imaging represent an opportunity to investigate the still elusive
origins of the disabling cognitive and psychiatric manifestations of TLE, and could have important
implications for its pathophysiology and, perhaps, its therapy. Herein we review recent studies in
this field by focusing on resting state networks that have been implicated in the pathophysiology
of psychiatric disorders and cognitive impairment in patients with epilepsy: the default mode
network, the attention network, and the reward/emotion network.
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Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy in humans
(Téllez-Zenteno & Herndndez-Ronquillo, 2012). Two main forms of TLE were classically
distinguished: mesial TLE (mTLE) where seizure activity was assumed to originate from a
hippocampal or parahippocampal focus, and neocortical TLE (nTLE) where the epileptic
focus is located in lateral temporal lobe neocortex (Kennedy & Schuele, 2012; Tatum,
2012). mTLE accounts for the majority of cases, whereas nTLE represents only about 10%
of TLEs (Téllez-Zenteno & Herndndez-Ronquillo, 2012). The traditional hypothesis that in
focal epilepsies seizure activity originates in a specific, anatomically isolated epileptic focus
has been subsided by a more complex view where “focal epileptic seizures are
conceptualized as originating within networks limited to one hemisphere” (Berg et al.,
2010). Most of this change in perspective derived from studies performed in mTLE. It was
shown, indeed, that in this form of epilepsy, ictal and interictal discharges can originate from
multiple distinct foci located not only in the hippocampus proper but also in
extrahippocampal regions (Spencer & Spencer, 1994; Alarcon et al., 1997; Wendling et al.,
1997; Chabardes et al., 1999; Spencer, 2002; Bartolomei et al., 2005, 2008).
Electrocorticographic and neuroimaging studies in humans and experiments performed in
animal models of TLE have thus led to the concept of a large mTLE network composed not
only of the hippocampus but also of limbic structures (i.e., entorhinal and perirhinal cortices
and the amygdala), subcortical regions such as the thalamus, and neocortical regions such as
the frontal lobes, especially the orbitofrontal region, and the superior, mid, and inferior
temporal gyri (Lieb et al., 1991; Spencer & Spencer, 1994; Avoli et al., 2002; Spencer, 2002;
Bartolomei et al., 2005). Each of the brain structures included in this network has been
found to originate epileptic discharges or contribute to their propagation (Bragin et al., 2000;
Spencer, 2002; Briellmann et al., 2004). Therefore, although traditionally classified as a
focal disorder, mTLE in fact involves large portions of the brain.

In recent years, evidence has been accumulating to suggest a much more complex scenario.
A major breakthrough in the study of TLE has been the recent demonstration that it affects
the spontaneous activity of a group of brain networks known as resting state networks. These
networks have been identified in functional magnetic resonance imaging (fMRI) studies in
normal subjects as discrete groups of brain structures showing a spontaneous synchronized
activity that is evident at rest and is modulated during specific functional tasks. Available
data strongly support the idea that resting state networks are involved in controlling higher
order brain functions such as consciousness, cognition, affective behavior, or attention
(Seeley et al., 2007; Buckner et al., 2008; Harrison et al., 2008; Sheline et al., 2010; van den
Heuvel & Hulshoff Pol, 2010; Clemens et al., 2011). These networks include brain areas that
are often far from the hippocampus proper and thus not traditionally considered as part of
the TLE network.

The evidence that TLE affects resting state networks has important implications for
understanding why TLE is often accompanied by an impairment of higher order brain
functions that are dependent on the coordinated activity of multiple brain regions. Clinicians
have known for decades that TLE symptoms are not necessarily “focal,” but psychiatric
impairments in these patients have yet to be explained (see Table 1 for a recent classification
of psychiatric disorders in epilepsy). TLE complications such as these occur frequently and
may significantly impair the quality of life of patients with epilepsy (Gaitzis et al., 2004;
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Zeber et al., 2007). It has been estimated that 24—72% of patients with TLE have depressive/
dysphoric symptoms and 10-19% may present with psychosis (Gaitzis et al., 2004;
Nadkarni et al., 2007; Miller et al., 2008). Similarly, cognitive impairment is common in
TLE, although precise data on its incidence are missing (Elger et al., 2004). This
complication of epilepsy has been described both in adults and in pediatric patients, and
often manifests itself as poor performance at school (Dodrill, 2002; Elger et al., 2004;
Helmstaedter & Kockelmann, 2006; Gottlieb et al., 2012; Wilson et al., 2012). The concept
of TLE as a resting state network disease opens a new perspective for the understanding of
the psychiatric and cognitive complications of TLE and for their pharmacologic treatment.
Herein we review the evidence of resting state network dysfunction in TLE, and recent data
that suggest its involvement in cognitive and psychiatric complications occurring in this
epileptic disorder. The majority of the studies that we review were performed in mTLE
patients, but some of them evaluated heterogeneous groups composed of both mTLE and
NnTLE patients; in others no detailed information on the composition of TLE patient group is
reported.

Resting State Networks in Normal and Epileptic Brain

The concept of resting state network originated from the seminal work of Biswal et al.
(1995), who were investigating the source of noise in fMRI signals during a simple motor
task. Using an experimental paradigm that alternated finger tapping and rest periods, they
identified in motor cortex low frequency fluctuations of fMRI signal unrelated to heart beat
or respiration. These fluctuations occurred at rest and showed a high degree of correlation,
with similar fluctuations in contralateral motor cortex (Biswal et al., 1995; Biswal 2012).
Similar coherent fluctuations were also observed in other functionally connected brain
regions such as language and visual cortices and were interpreted as an indication of
functional connectivity among distant brain regions active also at rest (Biswal, 2012). The
fluctuations identified by Biswal et al. (1995) are caused by spontaneous changes in the
blood oxygenation level-dependent (BOLD) signal. BOLD signal depends on the changes in
the magnetic properties of oxygenated hemoglobin, and thus represents an index of oxygen-
and blood flow—dependent neural and glial activity (van den Heuvel & Hulshoff Pol, 2010).
Multiple regions show coherent BOLD fluctuations and therefore are believed to be
functionally connected and form discrete resting state networks (Biswal et al., 1995; Fox et
al., 2005; Damoiseaux et al., 2006; Sadaghiani et al., 2010; van den Heuvel & Hulshoff Pol,
2010; Tomasi & Volkow, 2011). Although resting state networks have been identified due to
their activity at rest, they are also relevant for many other aspects of normal brain
functioning. It appears that their activity is modulated by internal or external “stimuli.” For
example, activation of the default mode network decreases in response to external stimuli,
whereas the activity of the other resting state networks increases with similar cues (Fox et
al., 2005; Buckner et al., 2008). Therefore, resting state networks can be classified on the
basis of their response during different and specific behaviors, and may be subdivided into
two groups (see Table 2). The first group includes networks involved in motor and sensory
processes. They are the sensorimotor, the visual, and the auditory networks (Xiong et al.,
1999; van den Heuvel & Hulshoff Pol, 2010). A second group is made of networks
associated with higher order brain functions. Among them, there are the default mode

Epilepsia. Author manuscript; available in PMC 2016 May 25.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

Cataldi et al.

Page 4

network mentioned above, the dorsal and ventral attention networks, the salience network,
the executive control network, the reward/emotion network, and the language networks
(Protzner & McAndrews, 2011; Tomasi & Volkow, 2011; Li et al., 2013; Fig. 1). A certain
degree of overlap does exist among different networks, as some brain regions belong to
many networks. Although there is some evidence that networks involved in motor and
sensory processes networks could be dysfunctional in TLE (Zhang et al., 2009a), here we
focus on the group of networks that participates in higher order functions due to more
widespread evidence of their involvement (see Table S1 for a schematic list of the main
nodes of the resting state networks covered in this review).

The hypothesis that TLE affects resting state networks is based on several converging lines
of evidence. First, fMRI studies showed differences between patients with epilepsy and
healthy controls in the spontaneous activity of specific nodes of these networks (Zhang et
al., 2010a). Second, in mTLE, there is diffuse impairment in the functional connectivity in
nodes of these networks, evaluated as decreased coherence in BOLD fluctuations (Liao et
al., 2010; Fahoum et al., 2012). A third, indirect line of evidence is based on studies showing
that structural damage may occur in resting network nodes or in the white matter bundles
connecting them. Such damage may result from excitotoxicity and consequent sclerosis due
to seizure activity (Bonilha et al., 2010a,b). This structural damage may partly account for
the decrease in functional connectivity occurring in mTLE. It has been demonstrated,
indeed, that functionally linked resting-state networks largely reflect the underlying
structural, white matter connectivity architecture of the human brain (van den Heuvel et al.,
2009), although functional connectivity can also be found among brain regions not directly
connected by corticocortical fibers (Honey et al., 2009). Because the activity of a network is
dependent on the functional interaction of its nodes, even small changes in connectivity may
cause dysfunction in global brain networks. In TLE, there is the impairment not only of long
range but also of short distance connectivity (van Dellen et al., 2009; Liao et al., 2010).
Short distance connectivity is essential for the normal activity of the brain, particularly for
cognition (Sporns & Zwi, 2004; Stam & Reijneveld, 2007). In keeping with this evidence,
the severity of short distance connectivity impairment and the cognitive decline appear
correlated in patients with TLE (Vlooswijk et al., 2011; Vaessen et al., 2012).

Abnormalities in the Default-Mode Network

The default-mode network (DMN) is composed of the medial prefrontal and medial, lateral,
and inferior parietal cortices, the precuneus, and the cerebellum; it is still controversial
whether the medial temporal lobe, including the hippocampus and the parahippocampal
cortex, also belongs to this network (Damoiseaux et al., 2006; Buckner et al., 2008;
Fransson & Marrelec, 2008; Table S1; Fig. 1A). The activity of the DMN increases during
cognitive tasks, memory retrieval, envisioning the future, theory of mind (i.e., interpreting
beliefs or intentions of other people), and expressing moral judgments (Buckner et al.,
2008). Conversely, its activity is reduced in response to external challenges and during goal-
oriented tasks. In TLE, the DMN alterations that have been described so far may result from
the rich connections that exist between the hippocampus and several key structures of that
network, such as the posterior cingulate cortex (important for memory retrieval) (Greicius et
al., 2004; Buckner et al., 2008).
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As shown in Fig. 2A, the overall area of activation of the DMN is reduced in mTLE patients,
especially in the prefrontal cortex (Zhang et al., 2010b). Moreover, both the activity of the
DMN and the functional connectivity of its nodes are decreased in mTLE as compared with
healthy subjects (Liao et al., 2010, 2011; Fig. 2B), reflected as diminished coherence of the
spontaneous BOLD fluctuations occurring in these brain structures. The mechanisms
responsible for this decrease in connectivity are unknown but could result from
accumulating structural damage due to seizures. This hypothesis is supported by evidence
showing that the decrease in connectivity is proportional to both duration and severity of
mTLE (Liao et al., 2010; Voets et al., 2012). In addition, studies performed with diffusion
tensor imaging (DTI) demonstrated relevant damage in white matter bundles connecting the
different DMN nodes (Liao et al., 2011; Fig. 2C). Finally, significant alterations in DMN
connectivity were observed in mTLE patients with unilateral or bilateral hippocampal
sclerosis (Zhang et al., 2010b; Pittau et al., 2012). Recently, Haneef et al. (2012) proposed
that the most characteristic alteration of DMN in both left and right lateralized TLE was the
loss of the functional connectivity between its anterior and posterior regions including the
ventromedial prefrontal cortex and the precuneus, respectively. Although functional DMN
connectivity is generally decreased in mTLE, few nodes are actually hyperconnected. This
hyperconnectivity occurs, for instance, in the case of posterior cingulate cortex or right
middle frontal gyrus (Zhang et al., 2010b; Pittau et al., 2012), and it may play a
compensatory role for the loss of functional connections in other regions of the network. An
alternative hypothesis to explain hyperconnectivity is “dynamic diaschisis,” that is, the
change in functional properties occurring in anatomically remote brain regions after focal
brain lesions (Price et al., 2001; Campo et al., 2012). Dynamic diaschisis is considered the
consequence of disturbed integration among functionally connected brain regions and has
been proposed already as an explanation of the hyperconnectivity between inferior frontal
cortex and medial temporal lobe in the contralesional hemisphere of patients with in
temporal lobe epilepsy and left hippocampal sclerosis (Campo et al., 2012).

The DMN activity in patients with TLE is decreased by epileptic activity that causes DMN
deactivation in a similar fashion to natural sensory stimulation. Electroencephalography
(EEG)-fMRI studies performed by simultaneously recording BOLD and EEG signals
showed that the activity of the DMN decreases simultaneously with appearance of interictal
discharges on EEG (Kaobayashi et al., 2006; Laufs et al., 2007; Fahoum et al., 2012; Fig.
1C). In particular, a significant decrease in BOLD signal was observed in posterior
cingulate, precuneus, and left and right frontal and parietal lobes (Kobayashi et al., 2006;
Laufs et al., 2007; Fahoum et al., 2012). Less information is available about the
consequences of ictal discharges on DMN activity. The only available data derive from one
single-photon emission computed tomography (SPECT) study that showed a decrease in
blood perfusion in areas belonging to the DMN during ictal seizure activity (Blumenfeld et
al., 2004). These data suggest that epileptic discharges may deactivate the DMN, but it
remains to be firmly established how DMN responds to physiologic stimuli in patients with
TLE. However, one study has shown that the DMN response to a visuospatial memory
challenge was significantly lower in patients with TLE than in healthy controls (Frings et al.,
2009).
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Alterations in the physiologic activities controlled by DMN such as abstract thinking,
cognitive tasks, or memory retrieval are observed in TLE as well as in other conditions such
as Alzheimer’s disease, autism, and attention deficit/hyperactivity disorder (Broyd et al.,
2009). In light of this evidence, it was posited that loss in DMN connectivity along with its
recurrent deactivation by interictal discharges may have a role in decreasing the cognitive
performance in patients with TLE (Laufs et al., 2007). This is further supported by findings
suggesting that the degree of DMN impairment in these clinical settings is correlated with
the severity of cognitive loss (Broyd et al., 2009; Miao et al., 2011; Binnewijzend et al.,
2012; Brier et al., 2012). Due to the involvement of DMN in memory retrieval (Buckner et
al., 2008; Spreng & Grady, 2010; McCormick et al., 2013), its dysfunction could also have a
role in memory deficits commonly observed in TLE patients (Bell & Giovagnoli, 2007).
Finally, recent evidence has demonstrated that the increase in connectivity that occurs in
restricted DMN regions may have clinical implications in TLE, since temporo-prefrontal
connectivity in the hemisphere with predominant seizure-onset activity is higher in psychotic
than in nonpsychotic patients (Canuet et al., 2010, 2011a,b).

Abnormalities in the Activity of Attention Networks

When a human subject directs his attention toward the external world, the DMN
systemically deactivates, whereas attention networks become active. This pattern of activity
strongly suggests that these two systems operate in an opposing fashion in the human brain
(Fox et al., 2005). The first system controls internally directed activities, such as
introspective thought, whereas the second is responsible for responsiveness to the external
world (Fox et al., 2005; Buckner et al., 2008). Two main attention networks have been
identified: the ventral and the dorsal attention networks (Corbetta & Shulman, 2002; Fox et
al., 2006). The dorsal attention network mediates the top-down attention, that is, the process
in which the subject voluntarily directs his attention to a specific object during a cognitive
task such as examining a specific aspect of a painting (Corbetta & Shulman, 2002). In
contrast, the ventral attention network mediates bottom-up attention, that is, the attentive
process triggered by sudden, unexpected sensory stimulations such as a ringing bell
(Corbetta & Shulman, 2002). The likelihood of the attention networks being activated is
regulated by another system known as the alertness network (Fan et al., 2005; Sadaghiani et
al., 2010; Clemens et al., 2011; Petersen & Posner, 2012).

Changes in the ventral and dorsal attention networks as well as in the alertness network (see
Fig. 1B and Table S1) have been described in TLE. For instance, Zhang et al. (2009b)
showed that the functional connectivity of the different areas of the dorsal attention network
during a top-down attention task is significantly lower in mTLE patients than in normal
controls (see also Liao et al., 2010; Yang et al., 2010). Bocquillon et al. (2009) also reported
evidence of a dysfunction of the ventral attention network in TLE patients by using high-
density EEG recordings to compare the sources of P300 wave during an “oddball paradigm.”
Source analysis showed a marked decrease in P300 sources in frontal and temporal areas of
the patients, suggesting an impairment of the ventral attention network.

Recently, Zheng et al. (2012) reported dysfunction in the alertness network occurring in TLE
patients. Specifically, they found that the overall area and intensity of BOLD responses to a
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specific alertness test were smaller in patients with TLE than in healthy controls (Zheng et
al., 2012). It is important to note that the severity of the impairment of the alertness network
correlated well with poor performance in the behavioral attention test. Functional
connectivity among the different nodes of this network may also be impaired in TLE as
demonstrated for the frontal lobe and right cerebellum (Yang et al., 2010). This evidence
suggests that the impairment in attention networks might explain why patients with TLE
often have worse performances than healthy controls in attention tests (Fleck et al., 2002;
Stella & Maciel, 2003; Zheng et al., 2012).

Abnormalities in the Executive Control Network

The executive control network (see Fig. 1 and Table S1) is responsible for the control of
executive functions (Seeley et al., 2007). This broad term encompasses diverse aspects in the
execution of goal-directed behaviors including motor and ideational planning, initiation, and
sequencing (Seeley et al., 2007). Both structural and functional abnormalities in the
executive control network have been observed in TLE. For example, a significant thinning at
voxel-based morphometry has been described in areas of this network including the
ventrolateral and dorsolateral prefrontal cortices and frontal operculum (Seidenberg et al.,
2005; Lin et al., 2008; McDonald et al., 2008; Riederer et al., 2008; Bernhardt et al., 2009,
2010; Bonilha et al., 2010a). In addition, the atrophy of several subcortical nuclei belonging
to the executive control network including caudate and striatum was also observed (Dreifuss
etal., 2001; Bouilleret et al., 2008). Evidence of impaired activity of the executive frontal
network was first reported in 1997 by Jokeit et al., who reported a marked hypometabolism
in prefrontal cortex at fluorodeoxyglucose—positron emission tomography (FDG-PET).
More recently, Vlooswijk et al. (2011) found a reduction in functional connectivity at fMRI
in the executive control network in patients with TLE showing impairment in working
memory.

Impairments in problem-solving ability, in abstract reasoning, and in working memory
capabilities are also frequently observed in patients with TLE (Martin et al., 2000).
Although a role in the genesis of these symptoms has also been attributed to hippocampal
damage, brain structures of the executive control network, such as the prefrontal cortex, may
additionally be involved (Martin et al., 2000). Their participation in executive dysfunction of
TLE is supported by the close correlation between the severity of network damage and the
impairment of executive function. Specifically, Keller et al. (2009) demonstrated a linear
relationship between the volume of the prefrontal cortex and the performance at the working
memory component of the Wechsler Memory Scale test, and at the Controlled Oral Word
Association Test (measuring verbal fluency). Moreover, in mTLE patients, the performance
at the Wisconsin Card Sorting Test, a well-accepted measure of cognitive flexibility and
adaptability (Heaton et al., 1993), seems to be related to the volume of the caudate (Riley et
al., 2011). In the same study, the score in the Trail Making Test B, evaluating psychomotor
speed and ability to manage parallel tasks (Kortte et al., 2002), was inversely related to the
damage of white matter connections between prefrontal cortex and caudate measured with
DTI (Riley et al., 2011). Finally, in patients with cryptogenic TLE, the decrease of
functional connectivity measured with fMRI between the prefrontal cortex, anterior
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cingulate cortex, and inferior frontal gyrus correlated with the impairment of working
memory evaluated with the Sternberg paradigm (Vlooswijk et al., 2011).

Executive dysfunction is characteristic of schizophrenia and is thought to be central to the
disorganization of thought typical of psychosis (Boeker et al., 2006; Eisenberg & Berman,
2010). Based on these observations, it has been proposed that damage in the executive
control network could be involved in the genesis of the so-called psychosis of epilepsy
(Table 1). Canuet et al. (2010, 2011b) recently reported several arguments in support of this
hypothesis. They performed magnetoencephalographic recordings during the execution of
the Sternberg test in TLE patients with psychosis and found that the severity of both working
memory impairment and psychotic symptoms correlated with magnetoencephalographic
signs of prefrontal cortex dysfunction (Canuet et al., 2010, 2011b).

Abnormalities in the Reward/Emotion Network

The reward-emotion network (see Fig. 1C and Table S1) controls mood, affective behavior
and the response to emotional stimuli (Sheline et al., 2010; Tomasi & Volkow, 2011).
Among resting state networks, the reward-emotion network is the one with the weakest
spontaneous activity (Tomasi & Volkow, 2011). It can be, however, significantly activated by
exposing the subject to emotional or motivational cues (Kinnison et al., 2012). The
amygdala, which has a well-established role in the seizure genesis (Gloor, 1992, 1997), is
the hub of this network that shows the largest potential overlap with the DMN (Sheline et al.,
2010; Tomasi & Volkow, 2011). Voxel-based morphometry has shown changes in volume of
the amygdala in TLE (Pitké&nen et al., 1998), whereas BOLD fMRI showed higher resting
activity in patients than in controls (Zhang et al., 2010a). In addition, a marked decrease in
the functional connectivity of this region with the ventromedial prefrontal cortex was
reported (Pittau et al., 2012). Not only basal but also evoked BOLD activity seems to be
abnormal in mTLE. Indeed, in lateralized TLE, BOLD responses evoked in the amygdala by
images of fearful faces are lower than normal ipsilaterally to the epileptic focus, especially if
it is located in the right lobe (Meletti et al., 2003, 2009; Schacher et al., 2006a; Hlobil et al.,
2008). Finally, the coactivation with amygdala of other nodes of the reward/emotion network
is decreased in TLE patients as compared with normal controls (Broicher et al., 2012; Fig.
3A).

mTLE is also typically associated with damage in the hippocampus and extrahippocampal
regions. A rich literature on this issue exists and will not be examined here. The interested
reader may find detailed information in recent extensive reviews (Malmgren & Thom, 2012;
Ozkara & Aronica, 2012). Significant alterations in the functional connectivity between the
hippocampus and prefrontal cortex have also been reported (Pittau et al., 2012). In TLE, a
decreased gray matter volume was also observed at voxel-based morphometry in
orbitofrontal cortex, another key node of the reward/emotion network that is richly
connected with the amygdala (Barbas & De Olmos, 1990; Riederer et al., 2008).

The above-described alterations in reward/emotion network could have a role in causing
some of the disturbances in the affective behavior reported to occur in TLE patients. A
severe atrophy of the amygdala was observed in a subgroup of patients with intermittent
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explosive disorder, a condition consisting of paroxysmal episodes of violent aggression
(Tebartz van Elst et al., 2000). The amygdala was also atrophic in TLE patients with ictal or
postictal fear, anxiety, or frank panic (Cendes et al., 1994), but not in those with interictal
psychosis of epilepsy where affective symptoms predominate (Tebartz Van Elst et al., 2002).
The functional impairment of the amygdala could cause the aforementioned inappropriate
social behavior by decreasing theory of mind abilities of the epileptic patient, that is, his
ability to decode thoughts and behavior of other human beings (Schacher et al., 2006b). As
mentioned above, the amygdala BOLD response to fearful faces is impaired in TLE (Meletti
et al., 2003, 2009; Schacher et al., 2006a; Hlobil et al., 2008). Recently, Broicher et al.
(2012) showed that this impairment in fear recognition strongly correlates with the poor
performance in behavioral tests evaluating the theory of mind abilities.

An enlargement of the amygdala has been frequently observed in depressed patients with
epilepsy, correlating with the severity of the disease (Richardson et al., 2007). In TLE
patients with affective somatoform dysphoric disorder (Table 1) the volume of the amygdala
is larger than normal when the depressive symptoms predominate, whereas it is smaller than
average when aggressiveness and irritability are preponderant (Tebartz van Elst et al., 2009).
As with major depression, the hippocampus is atrophic in TLE, and its atrophy seems to be
particularly severe in epileptic patients with depression (Baxendale et al., 2005; Shamim et
al., 2009; Kanner, 2011). A recent study showed that the orbitofrontal cortex that, as
mentioned in the introduction, is one of the first propagation sites of mesial temporal
epileptic discharges (Lieb et al., 1991), is thickened in depressed mTLE patients (Butler et
al., 2012). Of interest, the severity of depression was linearly correlated with the thickness of
this region (Butler et al., 2012). The hypothesis that the orbitofrontal cortex could be
affected in depressed mTLE patients is consistent with the evidence of its marked
hypometabolism at FDG-PET in these subjects (Bromfield et al., 1992; Salzberg et al.,
2006). Moreover, fTMRI connectivity analysis showed that in depressed mTLE patients, the
functional connectivity between the anterior prefrontal cortex and the limbic system and the
temporal cortex is significantly reduced in comparison to nondepressed mTLE patients and
in healthy controls (Chen et al., 2012; Fig. 3B). Depressed mTLE patients also have altered
resting activity of some nodes of the resting emotion/reward network and/or DMN.
Specifically, the activity of the left amygdala and of left medial prefrontal cortex is lower,
whereas that of bilateral caudate, thalamus, and insula, and of right anterior cingulate cortex
is higher than in nondepressed TLE patients and in healthy controls (Chen et al., 2012; Fig.
3B).

Conclusions and Future Perspectives

The evidence reviewed here shows important differences in the activity of the major resting
state networks in patients with TLE when compared to normal subjects. Remarkably, these
differences are present interictally. These observations suggest that TLE modifies
chronically the activity of brain networks that control basic functions such as attention,
emotion, and cognition. This represents a major change in perspective from the classical
view of TLE as a disease of a discrete set of structures involved in seizure generation and
propagation. Most of the data reviewed here were made possible by advancement in
functional brain imaging. In epileptology, as in many other fields of clinical neurology,
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fMRI is providing a new powerful tool to explore network activity in living patients. The
information obtained with this technique can be combined with that of simultaneous high-
resolution EEG, structural MRI, DTI, or magnetoencephalography. With this integrated
approach, a through functional evaluation of brain function of the epileptic patients in
absence of seizure activity is also possible. The evidence that TLE affects resting state
network activity could help understanding of some of the clinical manifestations of TLE that
are currently unexplained. As recently emphasized by Laufs (2012), who proposed a
“network heuristic” of epilepsy, the involvement of large extratemporal networks could
explain, for instance, the appearance of nonfocal symptoms in “focal” epilepsy or why the
clinical presentation of epilepsy may be evolving with time as the pattern of the interested
networks changes. Many of the studies reviewed here indicate that the dysfunction of resting
state network could have a role in the genesis of the cognitive or psychiatric complications
of TLE. This hypothesis, however, remains largely speculative. Its demonstration will
require clinical studies designed to directly assess the correlation between the severity of
these clinical conditions and resting state network impairment.
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Figure 1.
Schematic representation of the main brain networks affected in TLE. (A) The figure shows

connectivity maps of the default, dorsal attention, executive control (A), alertness (B), and
reward emotion networks (C) in normal subjects. Connectivity in resting state networks can
be quantified by measuring the strength of the correlation of BOLD signals in various
portions of the brain in relation to a region of interest or “seed.” The seed regions used to
extract the resting state networks shown in panel A are indicated as blue circles. The
alertness (B) and the reward emotion networks (C) were identified using as seed regions the
dorsal and the subgenual anterior cingulate cortex, respectively. The different colors used in
each panel indicate different strength of correlation in BOLD fluctuations between specific
brain regions and seed regions, according to the pseudocolor scales in the insets.
Specifically, the pseudocolor bar in panel B indicates the values of #obtained in second level
one-sample #test analysis on contrast images corresponding to the seed regressors. The scale
in panel C reports, instead, z-score values evaluated with the r to z Fisher transformation.
Panels A—C are reproduced with permission from Woodward et al. (2011) Schizophr Res
130:86-93, Sadaghiani et al. (2010) J Neurosci 30:10243-10250, and Sheline et al. (2010)
Proc Natl Acad Sci USA 107:11020-11025.
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Figure2.
TLE affects activity and connectivity of the default mode network (DNM). (A) Comparison

of the DMN in control subjects, and right and left TLE patients. The images represent the
averages of DMN signals reconstructed from the analysis of BOLD coherent fluctuations, in
29 control subjects, 27 right and 25 left TLE patients. Note the significantly smaller areas of
the dorsal medial prefrontal cortex, and of the mesial and inferior temporal lobe in TLE
patients in comparison with controls. Reproduced with permission from Zhang et al. (2010b)
Brain Res 1323:152-160. (B) The connectivity among different regions of the default mode
network is lower in TLE than in normal subjects. The top of the panel reports a schematic
representation of fMRI functional connectivity between precuneus/posterior cingulate cortex
(in red) and medial prefrontal cortex (in yellow), right (in magenta), and left (green) mesial
temporal cortex. Functional connectivity was evaluated measuring the correlation
coefficients of BOLD fluctuations in the aforementioned regions. The different strengths of
correlations are represented as different thickness of the segments connecting these regions
as specified in the inset of panel. Note that the connectivity between precuneus/posterior
cingulate cortex and both right and left temporal lobes is weaker in TLE patients than in
controls. The bottom of the panel shows a DTI reconstruction of the white matter fiber
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bundles connecting the same regions. Note that the thickness of these fibers is reduced in
TLE patients as compared with normal controls. Reproduced with permission from Liao et
al. (2011), Hum Brain Mapp 32:883-895. (C) Areas of the brain where BOLD signal
decreases during the propagation of interictal epileptic activity. The panel shows the mean
decreases in BOLD signals recorded during interictal epileptic discharges in nine different
patients with TLE undergoing simultaneous fMRI and EEG monitoring. The data were
expressed in pseudocolor using an arbitrary scale, and projected as colored areas onto axial
slices (Z coordinates given below each slice) of a template average brain. Reproduced with
permission from Laufs et al. (2007), Hum Brain Mapp 28:1023-1032.
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Figure 3.
TLE affects the reward/emotion network. (A) Areas coactivated with the amygdala in TLE

patients and in healthy controls in response to the vision of fearful faces. The areas that
coactivate with the amygdala in healthy controls (HC) are colored in red. They include left
temporal pole, left inferior frontal gyrus, left superior medial frontal gyrus, left anterior
cingulate cortex, left middle temporal gyrus, and right cerebellum. The regions showing less
activation in left TLE patients are indicated in green (left hippocampus, left superior
temporal gyrus, and right inferior frontal gyrus), whereas those showing less activation in
right TLE are in blue (left hippocampus, left temporal pole, and left anterior cingulate
cortex). The regions showing less activation in right than in left TLE are in yellow (right
temporal pole, and left inferior frontal gyrus and right middle temporal gyrus). Reproduced
from Broicher et al. (2012) J Neurol 259:2546-2554. (B) Differences in resting activity of
the reward/emotion network in TLE patients with depressive symptoms (PDS), in TLE
patients without depressive symptoms (nPDS), and in healthy controls (HC). The colored
areas represent regions showing significant differences when performing a voxel-based
comparison of the maps of low-frequency BOLD fluctuation amplitude between nPDS and
PDS (panel 1 and 2) or HC and PDS (panel 3). Note that PDS have higher resting activity
compared to nPDS in right anterior cingulate and in bilateral thalamus and insula (panel 1),
whereas nPDS have higher resting activity compared to PDS in left amygdala and left
medial prefrontal cortex (panel 2). The panels in 3 show that PDS have higher resting
activity compared to HC in right anterior cingulate and bilateral caudate and insula.
Reproduced with permission from Chen et al. (2012), Neuroimage 60:299-304.
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Classification of psychiatric disorders of epilepsy according to the proposal of the ILAE Commission on
Psychobiology of Epilepsy (Krishnamoorthy et al., 2007, Epilepsy Behav 10:349-353)

Clinical presentation

Difference from psychiatric
disordersin nonepileptic
patients

Psychiatric comorbidity

Psychopathology as presenting
symptom of epileptic seizures

Interictal psychiatric disorders
that are specific to epilepsy

Anxiety and phobic disorders; Minor and major depression; Obsessive
compulsive disorder; Other somatoform, dissociative, and neurotic
disorders.

Altered awareness, confusion, disorientation, memory disturbances,
anxiety, dysphoria, hallucinations and paranoid syndromes.

Cognitive dysfunction including memory complaints.

Psychoses of epilepsy may occur as interictal, postictal, or alternative.
Significant affective component but little or no emotional flattening in
the interictal form. Hallucination, paranoid delirium, and behavioral
disturbances in the postictal or alternative forms.

Affective somatoform “dysphoric” disorders (irritability, depressive
moods, anergia, insomnia, atypical pains, anxiety, phobic fears, and

euphoric moods); they may occur as prodromal, postictal, or interictal.

Personality disorders (hyperethical, viscous, labile, mixed, and other).
Anxiety and phobias specific to epilepsy.

Not different from the range of
common mental disorders
prevalent in the community and
in clinic/hospital populations

Occurring as part of partial,
simple partial and absence status

Disorders that are seen
specifically in patients with
epilepsy
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The main resting state networks of the human brain

Motor and sensory networks
Visual network
Auditory network

Sensorimotor network

Default mode network
Attention networks
Dorsal attention network
Ventral attention network
Alertness network
Salience network
Executive control network
Reward emotion network

Language networks

Networks mediating higher brain functions
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