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Abstract

Mesial temporal lobe epilepsy (mTLE) is a neurological disorder in which patients suffer from
frequent consciousness-impairing seizures, broad neurocognitive deficits, and diminished quality
of life. Although seizures in mTLE originate focally in the hippocampus or amygdala, mTLE
patients demonstrate cognitive deficits that extend beyond temporal lobe function—such as decline
in executive function, cognitive processing speed, and attention—as well as diffuse decreases in
neocortical metabolism and functional connectivity. Given prior observations that mTLE patients
exhibit impairments in vigilance, and that seizures may disrupt the activity and long-range
connectivity of subcortical brain structures involved in vigilance regulation, we propose that
subcortical activating networks underlying vigilance play a critical role in mediating the
widespread neural and cognitive effects of focal mTLE. Here, we review evidence for impaired
vigilance in mTLE, examine clinical implications and potential network underpinnings, and
suggest neuroimaging strategies for determining the relationship between vigilance, brain
connectivity, and neurocognition in patients and healthy controls.
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INTRODUCTION

Epilepsy is a common and debilitating neurological disorder that affects a similar number of
patients as breast cancer in women or lung cancer in men.! Mesial temporal lobe epilepsy
(mTLE) is the most common epilepsy syndrome in adults, and approximately 40% of mTLE
patients continue to suffer from seizures despite optimal medical therapy.12 mTLE is
classified as a “focal” epilepsy, as seizures originate from a discreet brain region termed the
epileptogenic zone, which is the hippocampus and/or amygdala in mTLE. Increasingly,
however, mTLE is being recognized as a brain network disorder, and the detrimental effects
of seizures extend far beyond the mesial temporal lobe.3 mTLE patients often experience a
wide range of cognitive, psychiatric, and behavioral problems that interfere with activities of
daily living, limit the ability to work, affect interpersonal relationships, and dramatically
impair quality of life.# Therefore, it is clinically important to study not only seizure
origination and propagation pathways in mTLE, but also network perturbations underlying
its cognitive and behavioral sequelae.

Some neurocognitive impairments in mTLE can be explained by temporal lobe dysfunction,
and may help diagnostically to localize seizure onset for surgery. For instance, verbal
memory or language decline are common in mTLE of the language dominant side, whereas
visuospatial memory problems are found in nondominant mTLE.57 However, many
neurocognitive deficits in mTLE cannot be explained by temporal lobe disruption,8° and
may more often be associated with frontal or parietal lobe dysfunction. These include
problems with executive function, cognitive processing, concentration, and social
recognition.19-12 Furthermore, mTLE patients demonstrate diffuse neocortical
hypometabolism, numerous brain connectivity perturbations, and multifocal gray matter
atrophy.3:13.14 |n one study using voxel-based morphometry analysis of serial magnetic
resonance imaging (MRI) scans in mTLE patients, gray matter reduction was noted not only
in limbic structures, but also in frontal, parietal, and occipital cortices, as well as bilateral
thalamus (Figure 1).15 These observations may suggest a common subcortical source (or
sources) of widespread network dysfunction in mTLE.

In mTLE patients'6-17 and rodent models of limbic seizures,18-20 our group and other
collaborators previously demonstrated network alterations involving subcortical brain
structures important for vigilance regulation, and have found relationships between these
network changes and neuropsychological deficits.18:17 In general, these “subcortical
activating structures” may refer to nuclei in the brainstem ascending reticular activating
system (ARAS), the basal forebrain region including nucleus basalis, the intralaminar
thalamic nuclei, the pulvinar, and the posterior hypothalamus.21-23 Taking recent findings
from animal and human studies together with observations of psychomotor slowing,
sustained attention problems, and excessive daytime sleepiness in mTLE,24-26 we propose
that networks underlying vigilance play a critical role in mediating global network effects of
focal mTLE. Specifically, recurrent consciousness-impairing focal seizures may lead to
abnormal connectivity between subcortical vigilance structures and neocortex, causing
vigilance impairments that contribute to poor neurocognitive function in mTLE. Because the
majority of mTLE studies focus on temporal lobe and limbic structures, the role of
subcortical vigilance centers in mTLE has been underexamined despite indications of its
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potential importance. In the remainder of this article, we will review evidence for impaired
vigilance in mTLE, examine clinical implications and potential network underpinnings, and
suggest neuroimaging strategies to further evaluate vigilance in patients and healthy
controls. We will primarily focus this review on mTLE and not include other focal epilepsy
syndromes (eg, lateral temporal, focal neocortical). The networks discussed herein have
been best characterized in mTLE, although the differential effects of other epilepsy
syndromes on vigilance will be an important focus in other works.

21 WHAT IS VIGILANCE?

Although definitions of “vigilance” vary, it is often defined as “the ability to sustain
attention to a task.”2” Whereas both “vigilance” and “arousal” involve a state of neocortical
activation, the latter refers more simply to the physiological sleep-wake cycle without
requiring behavioral responsiveness.2”:28 “Alertness” also overlaps with “arousal” but
requires a cognitive component, which may be phasic (relating to a specific response) or
tonic.29:30 In addition, “attention” refers to cortical activation that enhances information
processing that may be selective (to a particular factor or time) or sustained.242% Vigilance
will herein be considered synonymous with “sustained attention” or “tonic alertness,” as is
common in the literature.3! Nonetheless, sustained attention is closely intertwined with
arousal and sleep-wake states, as the ability to maintain arousal is a key component of the
ability to maintain attention to a task3!; therefore, studies of arousal will also be emphasized
below. Vigilance (and arousal) are often measured statically using a psychomotor vigilance
task (PVT) or other tasks requiring sustained attention, or dynamically using
electroencephalography (EEG) or eye behavior.32:33

31 CLINICAL STUDIES DEMONSTRATING IMPAIRED VIGILANCE IN
EPILEPSY

Several studies have noted impairment of vigilance in mTLE and other focal epilepsies,
particularly in individuals suffering from frequent consciousness-impairing focal seizures.
One longitudinal study demonstrated marked declines in psychomotor speed and sustained
attention in 50 patients over 5 years that was related to disease duration and severity.24
Another investigation found sustained attention deficits in epilepsy patients suffering from
predominantly consciousness-impairing focal seizures.?> Many other studies have further
demonstrated impaired sustained attention in focal epilepsy.34-36 Furthermore, although
antiepileptic medications have known cognitive side effects, several studies have shown that
psychomotor speed and attentional deficits in epilepsy cannot be fully explained by
medications alone, and are also present in patients not on medications.3”-39 For instance, one
study of 50 patients and 69 controls showed progressive psychomotor slowing in patients
that was not related to medication levels,26 and an aforementioned longitudinal investigation
of epilepsy patients demonstrated that decline of sustained attention was not related to
medication type, number, or changes.24 To our knowledge, the potential differential effects
of right versus left mTLE on vigilance have not yet been explored in detail.

Next, focal epilepsy patients often suffer from excessive daytime sleepiness (EDS) and
sleep-wake disturbances that further suggest problems with arousal networks. In one study
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of 39 mTLE patients, the most frequent complaint (85%) was EDS, and parasomnias and
decreased rapid eye movement sleep were also common.#? Many other studies have found
high rates of EDS, sleep fragmentation, and disturbed sleep architecture in focal epilepsy, as
well as increased risk of obstructive sleep apnea.*1"43 Furthermore, several investigations
have found that EDS and sleep disturbances are not solely related to antiepileptic
medications,*4-46 but instead are closely associated with severity and/or duration of disease,
45-47 and may be accompanied by decline in quality of life.#448 Overall, these clinical
studies suggest potential impairment of vigilance networks in focal epilepsy patients.

41 THE EXTENDED NETWORK INHIBITION HYPOTHESIS

Mechanistically, how might mTLE lead to subcortical network connectivity problems and
impaired vigilance? We postulate that limbic seizures directly disrupt subcortical structures
involved in vigilance, and that over time, recurrent seizures (“ictal” events) may lead to
chronic long-term (“interictal”) disruption of subcortical-cortical network connectivity. The
Network Inhibition Hypothesis was first proposed by Blumenfeld to explain ictal neocortical
inhibition during limbic seizures,*90 and we have since extended this hypothesis to help
explain interictal subcortical-cortical connectivity reductions in mTLE (Figure 2).

At baseline, vigilance requires normal neocortical activation via direct and indirect
ascending excitatory projects from subcortical regions (Figure 2A). During transition to the
ictal period, seizure activity begins in the hippocampus, and may initially remain confined to
the hippocampus and not disturb normal cortical activity, generating a small focal seizure
with spared consciousness (Figure 2B). However, when seizure activity spreads to involve
subcortical activating structures, the normal excitatory input from the subcortical regions to
the neocortex is perturbed, and the neocortex defaults to a sleeplike inhibited state, resulting
in a focal seizure with impaired consciousness (Figure 2C). This state of ictal neocortical
inhibition was demonstrated in previous human intracranial EEG studies, which showed that
consciousness-impairing focal seizures are accompanied by slow delta-range sleeplike
rhythms in frontoparietal neocortex (Figure 3A), whereas smaller consciousness-sparing
focal seizures show preserved normal neocortical EEG rhythms (Figure 3B).5!

The withdrawal of afferent excitation during consciousness-impairing focal seizures is also
associated with reduced neocortical cerebral blood flow, which is distinct from increased
cerebral blood flow seen in brain areas directly impacted by seizure spread.>2 Furthermore,
previous rodent studies showed that decreased neuronal firing, cerebral metabolism, and
excitatory neurotransmission are observed in the neocortex during this state of withdrawn
excitation.18.20 |t was also demonstrated that reduced neocortical activity only occurs when
seizure activity spreads to subcortical activating structures—such as basal forebrain,
thalamus, and brainstem ARAS nuclei—and both neocortical inhibition and behavioral
impairment can be averted by preventing seizure spread from the hippocampus to subcortical
activating structures with a fornix lesion.1920 These findings strongly support the network
inhibition hypothesis ictally, but what about the interictal period?

At the end of a consciousness-impairing focal seizure, vigilance is slowly restored as
subcortical activating structures regain normal cortical excitation (from Figure 2C to 2A).
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Over time, however, recurrent consciousness-impairing focal seizures may lead to
progressive dysfunction of subcortical activating structures and chronically reduced
connectivity between these regions and the neocortex (Figure 2D). Decreased connectivity
between subcortical activating structures and the neocortex may produce long-term
reductions in neocortical activation, neocortical activity, and impairment of vigilance (Figure
2D). Progressive long-term neocortical dysfunction is supported by previous magneto-
encephalographic studies demonstrating decreased interictal frontoparietal-insular functional
connectivity in mTLE patients that is quantitatively related to higher frequency of
consciousness-impairing seizures and longer duration of epilepsy.>3

INTERICTAL CONNECTIVITY PERTURBATION OF SUBCORTICAL

VIGILANCE NETWORKS IN MTLE

Our Extended Network Inhibition Hypothesis posits that mTLE may result in long-term
interictal connectivity problems between subcortical vigilance structures and the neocortex,
which may contribute to neurocognitive deficits and diffuse neural perturbations. It is
worthwhile to note that given the novelty of this field, and the modest number of studies
exploring vigilance networks in mTLE to date, our hypothesis remains preliminary at this
time. Important subcortical structures that contribute to vigilance include ARAS, basal
forebrain, intralaminar thalamic nuclei, pulvinar, and posterior hypothalamus.?1-23
Neuroanatomically, mammalian cognitive functions are typically localized to neocortical
networks. However, there is evidence that subcortical vigilance networks may also influence
cognition and behavior. For example, atrophy of the basal forebrain and its projections has
been demonstrated in individuals with mild cognitive impairment.>* Patients with Parkinson
disease treated with pedunculopontine nucleus (PPN) deep brain stimulation for motor
symptoms have been shown to also have improvements in executive function and working
memory,>® as well as attentional processing.?® Human functional MRI (fMRI) studies have
demonstrated reduced activation of the ventral tegmental area (VTA) during decision-
making in schizophrenia.®’ In rats, high-frequency stimulation of the central intralaminar
thalamic nucleus may result in improved performance on attention and memory tasks.28 In
summary, relating subcortical vigilance center connectivity to neurocognitive function may
be relatively novel, but potential relationships should not be surprising, given that ascending
excitatory projections are required for normal neocortical activation.

Recently, our group examined fMRI functional connectivity patterns of eight
pontomesencephalic brainstem ARAS nuclei in preoperative mTLE patients versus controls.
Overall, mean ARAS connectivity was significantly lower in mTLE patients than controls,
and the greatest connectivity perturbations were observed in the cuneiform/subcuneiform
nuclear complex, PPN, and VTA.16 Across the brain, the largest decreases in functional
connectivity seeded from ARAS in mTLE patients were found in frontoparietal association
neocortex, posterior temporal cortex, and insula (Figure 4).17 Marked decreases in diffusion
tensor imaging structural connectivity between these three ARAS nuclei and the neocortex
were also noted in patients versus controls.1” Importantly, decreases in fMRI functional
connectivity between ARAS nuclei and frontoparietal neocortex were associated with worse
performance in attention, cognitive processing speed, and executive function, along with
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other domains such as verbal and visuospatial memory.16 We also noted relationships
between higher frequency of consciousness-impairing seizures and greater magnitude of
both ARAS functionall® and structural connectivityl’ impairments. Furthermore, another
group recently reported reductions in gray matter connectivity in both the rostral brainstem
(where ARAS nuclei are located) and caudal brainstem in focal epilepsy patients (Figure 5).
58 These connectivity reductions were correlated with impaired heart rate variability,
suggesting brainstem perturbations in these patients may also contribute to the autonomic
instability reported in these patients.>®

In another recent study, we found that fMRI functional connectivity between the central
lateral thalamic nucleus (an intralaminar nucleus known to receive input from ARAS nuclei
and project broadly to cortex®%) and the occipital lobe was abnormal and more positive in
mTLE patients compared to controls.61 Whereas fMRI correlations between ARAS and
frontoparietal neocortex are typically positive in healthy controls, fMRI correlations between
thalamus and occipital lobe in healthy controls are known to be strongly negative—a
pathway that may be related to visuoperceptual attention and the posterior dominant EEG
rhythm.62-64 patients also had abnormal connectivity between ARAS and central lateral
thalamic nucleus, and abnormal brainstem-thalamic connectivity was associated with
impaired performance on visuoperceptual attention tasks.5 Overall, these studies suggest
long-term abnormalities in subcortical-cortical vigilance networks in mTLE. Taken together,
(1) progressive neurocognitive deficits, (2) vigilance and wakefulness problems, (3) diffuse
neocortical hypometabolism, and (4) widespread cortical gray matter atrophy in mTLE are
observations that helped prompt the Extended Network Inhibition Hypothesis to explain
long-term interictal neocortical dysfunction in this disorder.

NEUROIMAGING STUDIES OF VIGILANCE

Although studies relating brain connectivity to vigilance state have not been performed in
epilepsy patients, to our knowledge, recent work by our group and others has begun to probe
dynamic network fluctuations related to vigilance in healthy controls and nonhuman
primates. Such studies have focused largely on the dimension of vigilance relating to
arousal, or drowsiness and sleep-wake states.32:33.65Although scalp EEG has long been the
primary technique for studying arousal in the human brain, fMRI studies have begun to
demonstrate how activity and network connectivity across the whole brain—and at
millimeter-scale spatial resolution—are modulated with levels of wakefulness in the healthy
brain. State-dependent fMRI signals have been investigated by experimentally inducing
different arousal states (including pre- versus postcaffeine86 and sleep deprivation), or by
recording established indicators of natural fluctuations in arousal throughout the fMRI scan
(including EEG and pupil dilation).67-69

Drawing upon such neuroimaging techniques, we and others have demonstrated that changes
in arousal are accompanied by changes in coherence within and between major cortical
resting-state networks.33.70.71 For instance, by assessing fMRI functional connectivity in
temporal sliding windows, we observed that the strength of connectivity between default
mode and dorsal attention networks varied together with EEG spectral markers of arousal
(Figure 6).32 In addition, ongoing fluctuations in arousal have been consistently found to
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covary with widespread modulation of cortical fMRI signal levels, together with opposing
signal changes in subcortical structures such as thalamus and brainstem.33.71.72 By
combining pharmacological inactivation and fMRI in macaque monkeys, we demonstrated
causal evidence that focal disruptions of one major arousal region—the nucleus basalis—
elicited marked, large-scale alterations in cortical fMRI signals, particularly during states of
reduced arousal (Figure 7).73 Together, these findings offer more direct evidence that
subcortical arousal nuclei may drive widespread fluctuations in brain activity, and emphasize
the need to more fully characterize subcortical, vigilance-dependent connections in the
human brain.

Whereas brain regions implicated in arousal state have been identified in animal studies,
much less is known about the network-level interactions between vigilance/arousal systems
and areas supporting high-level cognition in humans.”*7> Most human fMRI studies do not
measure or account for these states, due in part to the practical challenges of setting up and
monitoring arousal indicators (such as EEG) in the MRI scanner. Furthermore, to our
knowledge, those studies that do examine state-dependent connectivity have focused heavily
on neocortical networks and often do not segment small subcortical structures (eg, Chang et
al,32:68.76 Tagliazucchi et al 32:68.76 Wang et al32:68.76) owing in part to technical challenges
of acquiring high-quality fMRI data in small brainstem and forebrain nuclei.””:’8 Ongoing
developments in image acquisition, noise reduction, and advanced segmentation techniques
may allow for more readily imaging subcortical arousal regions that are prone to signal
dropout and physiological artifacts.”®-81 Finally, because components of vigilance relating to
cognition, motivation, and task performance are not directly probed during the task-free
resting-state condition, future studies can also incorporate externally focused tasks during
EEG-fMRI.

Overall, a growing body of research indicates that human brain signals and large-scale
networks can be extensively modulated with vigilance. This highlights the importance of
monitoring vigilance in neuroimaging studies, and of investigating subcortical arousal
networks—especially in neurological disorders that may involve altered vigilance regulation.

71 RELATING VIGILANCE, CONNECTIVITY, AND NEUROCOGNITION IN

MTLE

As discussed above, we hypothesize that widespread cognitive deficits observed in mTLE
may arise from seizure-induced disruptions to subcortical brain structures involved in
vigilance regulation. However, the degree to which subcortical activating networks mediate
the neural and cognitive effects of focal mTLE has not yet been directly examined.
Multimodal neuroimaging, combined with in-depth neurocognitive assessments, may
provide fruitful avenues for bridging this gap and identifying connectivity perturbations that
influence vigilance state and contribute to neurocognitive decline.

To provide a baseline for assessing mTLE patients, it is important to first obtain a more
complete characterization of vigilance-dependent functional connectivity in healthy controls.
However, to date, detailed knowledge of the connections between subcortical vigilance
centers and neocortical networks implicated in attentional and cognitive processing is
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currently lacking. Further studies that incorporate concurrent recordings of EEG and fMRI
may provide a means for characterizing fMRI connectivity across a spectrum of vigilance
states (Figure 8), and for determining interregional fMRI connections that are most strongly
modulated with vigilance. Such information would enable vigilance-dependent network
dynamics to be directly compared with those of mTLE patients, and acquisition of diffusion
tensor imaging data would additionally allow for relating structural connectivity
disturbances with aberrant vigilance-dependent functional connectivity.

Furthermore, whereas neuropsychological decline in mTLE patients has been well
documented, the relationship between neurocognition and vigilance has not been
investigated in detail. In addition to neuroimaging studies, we suggest that
neuropsychological evaluations may be related to standard behavioral tests of vigilance and
arousal, including a PVT82:83 and the Epworth Sleepiness Scale (ESS)—a questionnaire to
measure excessive daytime sleepiness.84:85 Modeling factors such as ESS and PVT scores
could enable the statistical decomposition of neurocognitive deficits into components that
are more closely linked to altered vigilance, and those that are more closely related to
seizure focus (eg, executive function, cognitive processing). In such a framework, one may
also attempt to partial out the effects of vigilance to isolate purely cortical effects, to the
extent that such effects are linearly separable.

Finally, neuropsychological test results may be integrated with functional neuroimaging data
to examine how vigilance-related cognitive deficits in mTLE are linked with disturbances in
subcortical-to-cortical brain connectivity. We hypothesize that the neurocognitive deficits
that are most closely related to vigilance will show the strongest statistical associations with
disrupted subcortical-cortical connectivity.

REAL-WORLD CLINICAL SIGNIFICANCE OF STUDYING VIGILANCE

NETWORKS IN MTLE

8.11

Many studies in mTLE focus on limbic networks and seizure origination and propagation
pathways, given clear clinical implications for diagnosis, localization, and treatment in this
disorder. However, we believe that investigating vigilance networks in mTLE has several
clinically relevant implications.

Uncovering neuromodulation targets

Although seizures are refractory to medications in 40% of mTLE patients, many of these
patients are candidates for resection or ablation of the mesial temporal lobe, leading to a
60%-80% chance of seizure freedom.188 For those who are not candidates for resection (eg,
epileptogenic hippocampus is dominant for memoryy), palliative neurostimulation treatment
may significantly reduce seizure frequency and severity, and improve attention and
cognition.87-89 Studies of vigilance networks may help uncover novel neuromodulation
targets in subcortical activating structures to reduce morbidity. For example, previous rats
studies have shown that deep brain stimulation (DBS) of intralaminar thalamus and PPN can
prevent behavioral impairment and neocortical inhibition in limbic seizures.9° Also, in
humans with Parkinson disease, DBS with a PPN target has been shown to improve
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vigilance, working memory, executive function, and sleep-wake disturbances.%:56 To our
knowledge, at least one study evaluating the role of DBS in preserving consciousness during
seizures in human epilepsy patients is currently in its early stages.

8.21 Understanding and preventing sudden unexpected death in epilepsy

mTLE patients have a 5-10 times increased mortality rate compared to the general
population, in large part due to sudden unexpected death in epilepsy (SUDEP).! It has been
proposed that SUDEP mechanisms may involve dysfunction of excitatory serotonergic
projections from brainstem ARAS nuclei, resulting in depressed arousal and breathing.%!
This hypothesis is supported by recent experiments showing diminished single unit
brainstem recordings during and after seizures in a rodent model of mTLE.%2 Furthermore,
studies of mouse models have demonstrated higher risk of SUDEP during impaired
vigilance state,% and brainstem atrophy has been observed in MRI of mTLE patients who
ultimately succumbed to SUDEP.%4 Thus, studying arousal system dysfunction has
important implications for understanding and preventing this devastating consequence of
mTLE.

8.31 Behavioral or pharmacological therapies

Whereas cognitive behavioral therapies aimed at improving attention and executive function
are relatively common in patients with attention-deficit/hyperactivity disorder, they are less
often considered in epilepsy treatment.95:96 Nonetheless, recent studies suggest that
behavioral and psychological treatments may enhance quality of life in epilepsy.%’
Medications to improve alertness might also be explored in this patient population, although
the potential for lowering seizure threshold would need to be cautiously considered.
Defining vigilance impairments in mTLE and associated network disturbances may open the
door for further behavioral or pharmacological therapies in this disorder.

8.4 1 Earlier surgery

The average duration of epilepsy prior to surgery is 20 years, and only approximately 1% of
potential candidates are referred for surgery.1:98 Uncovering strong evidence of progressive
decline in network connectivity and cognition in epilepsy patients may provide further
impetus to speed the pathway to surgery in refractory patients. Revealing progressive
disturbances in network connectivity, cognition, and/or vigilance with recurrent seizures
may prompt earlier surgical evaluation and intervention to prevent further decline.

91 POTENTIAL CONFOUNDING EFFECTS OF MEDICATIONS

mTLE patients take antiepileptic medications that may influence vigilance level,
neurocognitive performance, and potentially even brain connectivity. This is likely a critical
confounder in vigilance studies in mTLE, but we do not know to what extent, because nearly
all behavioral and neuroimaging studies of refractory epilepsy have been performed with
patients on medications. Nevertheless, it is unlikely that diseased-related effects of mTLE
are solely related to medications. In one recent neuroimaging study of mTLE patients after
epilepsy surgery, we noted that certain functional connectivity alternations recovered to
levels resembling those of controls in patients who became free of seizures, regardless of
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whether they were still taking medications.® Furthermore, several studies have noted
impaired vigilance,28:39 neurocognitive deficits,24:37:38 and EDS#446 in epilepsy patients
that are not fully explained by medications and often present in the absence of medications.
Therefore, distinguishing the contributions of medications and subcortical network
impairments to vigilance and cognition is critical to understand their clinical implications in
mTLE treatment. One possible strategy to address the confounding effects of medications
might be to repeat neuroimaging network studies in patients who are admitted to the
epilepsy monitoring unit and temporarily weaned off of medications, to evaluate for
differences in functional connections. Finally, it is important to note that even if certain
vigilance and connectivity problems result from medication effects, these will be equally
important to understand given their clinical implications in mTLE treatment.

CONCLUSION

Although it is not yet clear why mTLE patients demonstrate broad neurocognitive problems
that extend beyond the temporal lobe, studies in both animals and humans have begun to
point to a critical role for subcortical activating networks underlying vigilance. At the same
time, fMRI studies have revealed that dynamic changes in vigilance level are accompanied
by widespread changes in brain activity and functional connectivity that are driven in part by
subcortical arousal regions. Taking these findings together, we propose that seizure-induced
damage to subcortical activating networks contributes to diffuse neural and neurocognitive
dysfunction in mTLE. We suggest that multimodal neuroimaging studies of vigilance-
dependent brain connectivity, combined with in-depth neurocognitive assessments, may
allow for directly linking subcortical-to-neocortical functional connectivity, vigilance states,
and neurocognition. Such studies would help to fill a critical gap in our understanding of the
network mechanisms underlying neurocognitive dysfunction in mTLE, as well as help to
inform clinical treatment decisions.
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Key Points

mTLE patients demonstrate cognitive deficits, neocortical atrophy, and
hypometabolism that extend beyond the temporal lobe

The role of subcortical vigilance networks in contributing to pathophysiology
and cognitive problems in mTLE is underappreciated

Progressive problems with vigilance and arousal in mTLE cannot be
explained by antiepileptic medications alone

Developing novel treatments for epilepsy requires an understanding of both
seizure networks and disturbances in distal connections
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FIGURE 1.
Voxel-based morphometry (VBM) analyses comparing first and second magnetic resonance

imaging (MRI) of left and right mesial temporal lobe epilepsy (mTLE) patients and controls.
The VBM analysis (paired ftest of MRI1 vs MRI2) of patients with left mTLE (row A)
demonstrated significant gray matter reduction in the ipsilateral hippocampus,
parahippocampal gyrus, and temporal lobes; bilateral frontal regions and cerebellum; and
contralateral occipital region, fusiform gyrus, and cingulate. Patients with right mTLE (row
B) had a significant reduction in gray matter volume in the ipsilateral uncus, fusiform gyrus,
cerebellum, and occipital and frontal regions; bilateral thalamus and frontal region; and
contralateral parietal region. A paired #test comparing the first and the second MRI of the
control group (row C) showed only a small significant area of volume reduction in the right
temporal lobe white matter. The minimum interval between the baseline and follow-up MRI
was 7 months (range = 7-85 months, median = 39 months, SD = 27.5 months). Colored bars
show zscores. Hot colors indicate gray matter; cold colors indicate white matter. Modified
with permission from Coan et al'®
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The “Extended Network Inhibition Hypothesis” addressing impaired vigilance in mesial
temporal lobe epilepsy. Description is provided in the text. Modified with permission from

Englot and Blumenfeld>®
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FIGURE 3.
Ictal neocortical slow activity from intracranial electroencephalographic (EEG) recordings

during a consciousness-impairing, but not consciousness-sparing, focal seizure in mesial
temporal lobe epilepsy. A, During a consciousness-impairing focal seizure, large elevations
in fast beta activity are seen in the mesial and lateral temporal lobe during the event,
representing regions of seizure onset and propagation, respectively. Increased delta activity
is most dramatic in the frontal and parietal association cortices, where there is no fast seizure
activity, as well as in the mesial and lateral temporal lobe, where fast seizure activity is also
present. The occipital and perirolandic areas are relatively spared. B, During a
consciousness-sparing focal seizure, elevations in fast beta activity are seen in the mesial
temporal lobe, the site of seizure onset, with minimal lateral temporal involvement.
Increased delta activity is seen in the mesial temporal lobe, in the same region as the ictal
beta activity, but the neocortex is relatively spared. Data shown are fractional change in beta-
or delta-range EEG signal power during the entire seizures versus a 60-second uninterrupted
baseline, overlaid on a three-dimensional reconstruction of the patient's preimplant magnetic
resonance imaging. Only the ipsilateral (right) hemisphere is shown. Modified with
permission from Englot et al®!
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FIGURE 4.
Ascending reticular activating system (ARAS) functional connectivity decreases in mesial

temporal lobe epilepsy patients. Surface (left) and axial (right) views are shown of voxelwise
functional connectivity differences in patients compared to controls, seeded from cuneiform/
subcuneiform nucleus (CSC; A), pedunculopontine nucleus (PPN; B), and ventral tegmental
area (VTA,; C). Seed-to-voxel functional connectivity (bivariate correlation) maps comparing
patients and controls (Ztest) were generated for each ARAS region using the CONN toolbox
17 (https://www.nitrc.org/projects/conn/). In all three regions, connectivity decreases in
patients are observed in insular, frontal, temporal, and parietal neocortical areas, with larger
changes on the right side. Decreases appear most prominent in PPN-seeded connectivity
maps, also involving subcortical structures such as thalamus and basal ganglia. No increases
are seen in patients. Data represent ftests in 26 patients versus 26 matched controls
(parametric cluster threshold level £< .01, with false discovery rate correction of multiple
comparisons to reduce the false-positive rate). Modified with permission from Englot et all”
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FIGURE 5.
Brainstem atrophy in focal epilepsy patients destabilizes brainstem-brain interactions. Data

demonstrate reductions in gray matter connectivity between brainstem and other brain
regions that were present in epilepsy patients and correlated with impaired heart rate
variability. Functional connectivity measurements are taken from 12 focal epilepsy patients
undergoing task-free functional magnetic resonance imaging. FDR, false discovery rate.
Modified with permission from Mueller et al®®

Epilepsia. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Englot et al.

nomalized eeg power [a.u.]

1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
titne window &

FIGURE 6.
Vigilance-dependent cortical connectivity. Top: Temporally normalized fluctuations in

electroencephalographic (EEG) alpha and theta power, measured in window sizes of 40
seconds throughout a functional magnetic resonance imaging (fMRI) scan. Arrows indicate
windows selected for visualization of seed-based correlations in the bottom panel. Bottom:
Temporal variations in fMRI functional connectivity, calculated within the indicated time
windows. Functional connectivity was calculated with respect to a seed region in the default
mode network (posterior cingulate cortex), and correlations were computed for each voxel in
the default mode network and dorsal attention network. This figure shows data from a single
subject, and is intended as an illustration. Adapted with permission from Chang et al32

Epilepsia. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Englot et al.

Page 23

[ Ch4am
overlap
Ché4al

FIGURE 7.
Disruption of subcortical neural activity alters cortical functional magnetic resonance

imaging (fMRI) patterns. Transient pharmacological inactivation of two subregions in the
nucleus basalis, Ch4al and Chd4am (A), induced spatially distinct changes in the amplitude of
cortical fMRI signals (B) in the macaque. For anatomic reference, superimposed on the map
in B are areal boundaries of the Saleem and Logothetis atlas. Adapted with permission from
Turchi et al”3
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FIGURE 8.

Subcortical to cortical functional connectivity across vigilance states. Example scan from
one control subject illustrates how (A) electroencephalogram (EEG) acquired during
functional magnetic resonance imaging indicates a clear shift from higher vigilance to sleep
onset, indicated by the loss of alpha power; and (B, C) functional connectivity (correlation)
can be calculated between individual ascending reticular activating system (ARAS) nuclei
and cortex during epochs corresponding to different EEG-defined arousal states. B,
Correlations from a seed region in the ARAS ventral tegmental area (VTA). C, Correlation
between ARAS nuclei and 48 cortical regions of interest (ROIs). DR, dorsal raphe; LC,
locus coeruleus; PPN, pedunculopontine nucleus
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