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Consciousness is an essential core feature of human life, so it is not surprising that disorders
of consciousness have a major impact. Recent work has demonstrated that epilepsy shares
many features with other disorders of consciousness. When patients lose consciousness
during epileptic seizures they exhibit no meaningful responses to external stimuli; however,
the eyes are usually open. In addition, although there is insufficient time to determine
whether sleep-wake cycles are present, patients may exhibit orienting responses or other
simple behaviors. Therefore, impaired consciousness during seizures resembles other
disorders of consciousness such as vegetative state or minimally conscious state and, less so,
coma. The major difference from these other disorders of consciousness is that (with the
exception of status epilepticus) seizures typically last for minutes rather than days, months,
or years. The transient nature of epileptic seizures provides a unique opportunity for
determining the anatomic and physiologic basis of impaired consciousness and its recovery.

Seizures and other disorders of consciousness converge on a common set of cortical and
subcortical structures. These structures constitute the “consciousness system,” defined in the
next section as the bilateral medial and lateral fronto-parietal association cortex and
subcortical arousal systems. Recent neuroimaging, intracranial EEG, and animal models
demonstrate that the consciousness system forms a common anatomical substrate for all
seizure types causing impaired consciousness. The main types of seizures causing
transiently impaired consciousness include absence seizures, generalized tonic-clonic
seizures, and temporal lobe complex partial seizures. This article will discuss the clinical
and behavioral features, as well as recent neuroimaging and electrophysiology studies which
have begun to shed light on the pathophysiology of impaired consciousness in these seizure
types. The impact of impaired consciousness on quality of life in patients with epilepsy, and
potential treatment strategies will also be discussed.
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"Department of Neurology, Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06520-8018.
hal.blumenfeld@yale.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blumenfeld

Page 2

THE CONSCIOUSNESS SYSTEM

Following the tradition of Plum and Posner,! it has been useful to separate consciousness
into systems that are important for the confent of consciousness, and those that control the
level of consciousness. The content of consciousness can be thought of as the subject matter
or substrate on which systems controlling the level of consciousness act. Thus, the content
of consciousness includes all the information encoded in our hierarchically organized
sensory and motor systems, as well as in the systems dedicated to memory and emotions.
The level of consciousness is controlled by a specialized system of cortical and subcortical
structures, which regulate alertness, attention, and awareness (mnemonic: AAA).23 In
analogy to other nervous system networks serving specialized functions such as the motor,
sensory, and limbic systems, the networks regulating the level of consciousness should
logically be referred to as the “consciousness system.”34

The consciousness system comprises cortical regions important for higher-order integration
including the lateral frontal and parietal association cortex, as well as the medial frontal,
anterior, and posterior cingulate, and medial parietal (precuneus, retrosplenial) cortex (Fig.
1). Subcortical structures participating in the consciousness system include the activating
systems of the upper pons and midbrain, the thalamus, hypothalamus, and basal forebrain
(see Fig. 1). Numerous studies have shown that these structures are crucial for normal
alertness, attention, and awareness.>® In addition, disorders of consciousness including
coma, vegetative state, and minimally conscious state are known to be associated with
dysfunction in these cortical and subcortical brain networks’: (see also articles by N. Schiff
and J. Giacino elsewhere in this issue). The sections that follow will provide evidence that 3
types of epileptic seizures—namely absence, generalized tonic-clonic, and temporal lobe
complex partial seizures—all converge on the consciousness system when they cause
impaired consciousness (see Fig. 1). Although the anatomic regions causing impaired
consciousness in these 3 seizure types appear to be the same, the physiologic mechanisms
may differ. Thus, different patterns of abnormal increases or decreases in activity can occur
in different seizure types, but they all lead to impaired consciousness by affecting the same
set of anatomic structures.

ABSENCE SEIZURES

Absence (petit mal) seizures are typically brief 5- to 10-second events consisting of staring
and unresponsiveness. Electroencephalography (EEG) during absence seizures shows
widespread bilateral 3- to 4-Hz spike-wave discharges (Fig. 2A). Absence seizures usually
last 5 to 10 seconds, with abrupt onset and end of EEG changes and behavioral deficits.
Seen most commonly in children as part of childhood absence epilepsy, absence seizures
occur less often in adolescents and adults. Before the initiation of treatment, seizures can
recur up to hundreds of times per day, causing significant impairment in school and work
performance.

Behavioral changes during absence seizures consist of arrest of ongoing movements, and
lack of response to questions and commands. Absence seizures appear as if someone has
“pushed the pause button” on the patient’s behavior and responsiveness. Episodes are
commonly accompanied by minor eyelid, mouth, or finger movements, but more significant
motor activity is not part of typical absence seizures. The eyelids may droop but remain
open: in fact if the eyes are closed before onset they tend to open during seizures.® Onset
and end are usually abrupt, and patients do not usually show significant postictal deficits,
although subtle impairment has been reported in some studies for a few seconds after
seizures end.1%-14 The usual duration of absence seizures is 5 to 10 seconds, and some
classify episodes lasting less than 3 seconds as interictal epileptiform activity rather than
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seizures.1516 However, this arbitrary cutoff is not fully supported by the available data,
because even very brief episodes of spike-wave activity lasting a second or less may cause
behavioral deficits when evaluated by careful testing.10-17-19 The time course of impairment
during absence seizures exhibits a “trough” (see Fig. 2B) with maximal deficits occurring
within about a second of seizure onset, and performance then gradually improving toward
the end of the seizure.18:20-25 |t has been reported that task performance is relatively spared
during the last 2 to 3 seconds of longer seizures,18:22:25-27 glthough the exact ending time of
longer seizures may be difficult to determine electrographically because the spike-wave
pattern often gradually merges into a period of generalized slowing without spikes. Memory
for new information presented to patients during absence seizures is usually (but not always)
lost, and some studies have reported a short period of anterograde amnesia during which
information from a few seconds before the seizure also cannot be retrieved.21.23.28-32

Many patients retain the capacity to perform simple tasks such as repetitive finger tapping
during absence seizures.17:18:20.32-34 | general, tasks that require greater decision making,
such as selecting a particular letter on visual presentation or responding to verbal questions,
are most severely impaired during absence seizures, whereas simpler more automatic tasks
may be relatively spared (reviewed in Ref.3%) (see Fig. 2B). One patient reported that she
could continue to play the violin during absence seizures as long as the passage was not very
difficult or new to her, and another reported that if he had an absence seizure while
swimming he would come to the surface and tread water until it was over. In addition to
variations in the severity of impairment depending on the task, there is a large degree of
variability in impairment on the same task both between patients and from one seizure to the
next within the same patient.2> The cause of this variability is not known. Therefore,
investigating the relationship between variable task performance and variable EEG and
neuroimaging involvement of specific brain regions may provide crucial insights into the
mechanisms of impaired consciousness in absence seizures.

Absence seizures electrographically are accompanied by 3- to 4-Hz spike-wave discharges
that have a widespread distribution, but tend to have a larger amplitude in more anterior
head regions (see Fig. 2A).36-38 The frequency and amplitude of the discharges gradually
decreases toward the end of seizures. Recent source localization studies using high-density
EEG recordings or magnetoencephalography (MEG) have reported maximal involvement of
focal regions of the medial frontal, or bilateral lateral frontal cortex.3%-42 Along with
measurements from animal models also showing focal involvement in bilateral cortical and
subcortical structures,*3-46 these findings support the growing notion that “generalized”
seizures are not truly generalized.*”48 Rather, absence seizures appear to involve focal brain
regions most intensely while sparing others.

A few aspects of the EEG signal have been investigated in relation to behavioral impairment
during absence seizures. First, as already noted, some studies report that longer EEG
duration is related to more severe behavioral impairment in absence seizures.22:32:49.50
However, others have described deficits even with very brief spike-wave discharges on
careful testing.10:17 Several studies have examined other features of the EEG and have found
that spike-wave amplitude, rhythmicity, frontocentral distribution, or “generalization”
predicted more severe behavioral impairment during absence seizures.10:32:33.51.52 Of
importance, some of the variable performance from one seizure to the next may also be
related to the timing of tasks relative to spike-wave onset and end because, as already noted,
impairment may be maximal shortly after spike-wave onset and less severe toward the end
of seizures.

Neuroimaging of absence seizures has been greatly facilitated in the past 10 years by use of
functional magnetic resonance imaging (fMRI), which has better spatial and temporal
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resolution than methods used in earlier studies (reviewed in Ref.53). Combining EEG with
fMRI has allowed the analysis of fMRI changes during absence seizures, demonstrating
mainly increases in the thalamus, whereas cortical areas have shown a mixture of fMRI
increases and decreases (Fig. 3). Cortical fMRI decreases during absence seizures involve
mainly the so-called default mode network including the posterior cingulate/precuneus,
lateral parietal, and medial frontal cortex.>4-57 Meanwhile, cortical fMRI increases are
variably seen mainly in primary cortical areas including primary visual, primary auditory,
and primary sensorimotor cortex, as well as in the frontal association cortex (see Fig. 3).17
Recent work has demonstrated that conventional fMRI analysis methods do not adequately
capture the true time course of fMRI signals during absence seizures,29-58-61 which in
addition to the aforementioned areas also show biphasic fMRI changes in the lateral frontal
association cortex.20 Also of note, the relationship between fMRI changes and neuronal
activity is not fully known during absence seizures. Studies from animal models suggest that
fMRI increases are related to increased neuronal activity.*4:4%62 However, the underlying
neuronal activity in regions (including the default mode network) showing decreased fMRI
signals during absence seizures is not known, and will require further investigation with
better models.

To summarize, fMRI studies have revealed a complex sequence of fMRI changes in absence
seizures including the main structures of the consciousness system (see Fig. 1). Thus, the
thalamus shows mainly fMRI increases, the medial frontoparietal and lateral parietal cortex
mainly decreases, and lateral frontal cortex biphasic changes.2? Changes in primary cortical
areas may also contribute to impaired consciousness during absence seizures.

fMRI has the potential to explain the anatomic basis of the variable behavioral performance
from one seizure to the next, which could provide crucial insights into the specific structures
involved in impaired consciousness. Variability in the fMRI pattern has been observed in
different seizures and different patients.1”-63 However, very few studies have directly
investigated the relationship between variable performance and fMRI. Studying variable
ictal behavior and fMRI in children presents substantial challenges, and many subjects are
needed to obtain sufficient seizures for meaningful analysis. To date, two studies have
shown that absence seizures with impaired responsiveness tend to have more fMRI changes
in the cortex and thalamus than seizures without impaired responsiveness.1”:64 However,
both studies were limited by relatively small sample sizes, and by the lack of specific
changes in defined anatomic regions to explain the impairment. An additional single case
was reported with relatively spared function during absence seizures and asymmetric fMRI
changes affecting the right hemisphere more strongly.®° Finally, another recent study
examined the timing of behavioral impairment relative to EEG and fMRI and found that
fMRI changes appeared to both precede and outlast the more transient behavioral and EEG
changes.20 Despite the inherent challenges, additional work is clearly needed to relate
behavior and fMRI in absence epilepsy.

Overall, the behavioral impairment and anatomic regions involved in absence seizures are
similar to other more chronic disorders of consciousness.”8 Like the minimally conscious
state,56:67 patients have their eyes open and are variably capable of simple responses at
times, but do not show consistent evidence of functional interactive communication or
object use. Anatomic regions affected during absence seizures also resemble other disorders
of consciousness, because there is dysfunction in the bilateral association cortex and upper
brainstem/diencephalic arousal systems comprising the consciousness system (see Fig. 1).
However, further work will be needed to identify the specific anatomic and physiologic
differences between absence seizures with complete behavioral arrest and those that leave
some behavioral responses intact.
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GENERALIZED TONIC-CLONIC SEIZURES

Generalized tonic-clonic (grand mal) seizures are dramatic convulsive episodes. Patients
exhibit sustained tonic limb extension, followed by rhythmic clonic jerking of all limbs and
deep unresponsiveness both during seizures and in the postictal period. Generalized tonic-
clonic seizures can occur in primary generalized epilepsy or can arise when partial seizures
spread and secondarily generalize. These seizures are also provoked by a variety of
physiologic derangements (electrolyte imbalance, hypoglycemia, toxin exposure, electrical
shock, and so forth) in patients who do not have habitual seizures.

The behavior in generalized tonic-clonic seizures usually includes complete lack of
responsiveness to questions, commands, or other stimuli, and amnesia for the both the ictal
and postictal periods. As in the vegetative state, the eyes are open during generalized tonic-
clonic seizures, but in most other ways the lack of meaningful response to external stimuli is
similar to coma. Postictally the eyes close, and the patient is often in an unresponsive
sleeplike state for a variable period of time. The motor activity in tonic-clonic seizures
typically lasts about 2 minutes. This period includes a tonic phase lasting about 30 seconds,
which gives way to a “vibratory” phase, followed by more discrete jerks in the clonic
phase.88-71 |t is interesting that many seizures do not exhibit the classic pattern of tonic
followed by clonic activity. Instead patients may initially have clonic jerks then tonic
activity, followed by another phase of clonic jerks, or the tonic phase may be incompletely
expressed or not occur at all. These observations suggest that, like absence seizures,
“generalized” tonic-clonic seizures do not homogeneously involve the whole nervous
system; rather, selective networks may be most intensely involved while others are relatively
spared. Work from animal models also supports relatively intense involvement of specific
brain regions during generalized tonic-clonic seizures.’?

Consciousness is spared in a minority of patients who have episodes that are otherwise
behaviorally indistinguishable from generalized tonic-clonic seizures.”3-7> Tonic-clonic
seizures with spared consciousness are often described as being quite unpleasant or painful
by patients unfortunate enough to experience these episodes. The mechanism for spared
consciousness in these patients is not known, but it has been speculated that their seizures
may arise from bilateral motor or supplementary motor regions while largely sparing the
association cortex.”3

The scalp EEG during generalized tonic-clonic seizures shows high-frequency polyspike
activity during the tonic phase, which gives way to rhythmic polyspike and slow-wave
activity in the clonic phase. Postictally, while patients usually lie flaccid and unresponsive,
the EEG shows generalized suppression, consisting of relatively low-amplitude EEG
activity. Of interest, intracranial EEG recordings have shown that generalized tonic-clonic
seizures do not involve the whole brain, and that some regions can be relatively spared.’6
One important study that has not yet been done, to the author’s knowledge, would be to
examine the intracranial EEG of the rare patients who have preserved consciousness in
generalized tonic-clonic seizures, and to determine how the anatomic distribution of the
discharges differs from patients with impaired consciousness.

Neuroimaging of generalized tonic-clonic seizures cannot readily be done with fMRI
because convulsions require close clinical attention and induce significant movement
artifacts. Instead, insights have been gained from ictal single-photon emission computed
tomography (SPECT) as well as positron emission tomography (PET).”” PET cerebral blood
flow imaging also requires imaging during the convulsion. With SPECT, on the other hand,
injection of radiopharmaceutical during the seizure is taken up within 20 to 30 seconds by
the brain, providing a map of relative blood flow at the time of the injection. Therefore,
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imaging can be done later when the patient is clinically stable and no longer moving. Ictal
SPECT is analyzed by comparison with baseline interictal SPECT in the same patients.’8.79
SPECT imaging of generalized tonic-clonic seizure has been done in both electroconvulsive
therapy—induced seizures8%-85 and in spontaneous secondarily generalized
seizures,8:71.82,86-88 \yith similar results.

Electroconvulsive therapy—induced seizures have the advantage of controlled timing and
relatively consistent seizure onset. Seizures are induced by placement of electrodes in fixed
locations either in the bilateral frontotemporal, bilateral frontal, or right unilateral regions.84
Early cerebral blood flow (CBF) increases occur near the region of the electrodes,
presumably reflecting seizure onset.83 CBF maps of the whole seizure show changes that
overlap with the consciousness system, including increases in the lateral frontal and
mediolateral parietal cortex, decreases in the inter-nemispheric medial frontal and cingulate
cortex, and increases in deep structures including the thalamus (Fig. 4).81-84 Similar
regional changes were also found in a study using PET CBF imaging.”’

SPECT imaging in epilepsy patients during secondarily generalized tonic-clonic seizures has
also shown involvement of the consciousness system (see Fig. 1), including increases in the
lateral frontoparietal cortex, upper brainstem, and thalamus, and decreases in the
interhemispheric regions.8.71.82 As in absence seizures, these so-called generalized tonic-
clonic seizures produce changes that are not homogeneous throughout the brain, but rather
affect some regions more intensely than others.

Of note, some brain regions show relative CBF decreases during both spontaneous and
induced generalized tonic-clonic seizures, particularly in the interhemispheric frontal and
cingulate regions (see Fig. 4). In the postictal period, when patients remain deeply
unresponsive, these CBF decreases become more pronounced and also include the medial
and lateral frontoparietal association cortex.58 Our group has observed that there are CBF
increases in the cerebellum that progressively increase at late times during generalized tonic-
clonic seizures and into the postictal period (Fig. 5).68 This increased CBF in the cerebellum
is correlated with CBF increases in the thalamus and upper brainstem, as well as with CBF
decreases in the medial and lateral frontoparietal association cortex (see Fig. 5). These
findings suggest that, in agreement with prior work in animal models,®° strong activation of
inhibitory cerebellar Purkinje cells late in seizures may inhibit thalamocortical networks,
contributing to seizure termination as well as to impaired cortical function and suppressed
consciousness in the postictal period.

In summary, generalized tonic-clonic seizures usually cause complete unresponsiveness but
the eyes are open, making the behavior resemble a transient vegetative state. Anatomic
involvement of the consciousness system includes abnormal increased activity in the upper
brainstem and diencephalon, decreases in the medial frontal and cingulate cortex, and
increases in the lateral frontal and mediolateral parietal association cortex. Postictal
depressed cortical function may have a functional relationship with increased activity in the
cerebellum. Further investigations are needed to better understand the mechanisms of
selective network involvement in generalized tonic-clonic seizures, and the cortical-
subcortical interactions governing postictal suppression of physiology and behavior.

TEMPORAL LOBE COMPLEX PARTIAL SEIZURES: NETWORK INHIBITION
HYPOTHESIS

Impaired consciousness is classically seen in disorders that involve bilateral cortical-
subcortical networks. It is therefore not entirely surprising that absence seizures and
generalized tonic-clonic seizures cause impaired consciousness, perhaps through bilateral
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involvement of the consciousness system as already noted. However, why focal temporal
lobe seizures should so often cause impaired consciousness is more puzzling. During
temporal lobe seizures, patients are typically unresponsive to questions and commands for 1
to 2 minutes, and then remain confused for a variable period of time postictally. Scalp EEG
recordings during seizures show rhythmic theta frequency discharges usually of greatest
amplitude over one temporal lobe. The “network inhibition hypothesis,” described in greater
detail in the discussion that follows, proposes that focal temporal lobe seizures inhibit
subcortical arousal systems, leading to depressed cortical function and impaired
consciousness.

Onset of a temporal lobe seizure may be heralded by an aura or warning consisting of a
fearful premonition, rising feeling in the stomach, or other unusual sensations such as déja
vu. Patients usually retain normal responses to question or commands, at least initially. In
terminology that was adopted in 1981 and remains widely used, if consciousness is spared
throughout the seizure it is called simple partial, whereas if consciousness is impaired it is
called a complex partial seizure.?9 (See also Ref.%9 for a more recent discussion of epilepsy
classification.) In complex partial temporal lobe seizures there is typically behavioral arrest,
staring, and automatic repetitive behaviors called automatisms including lip smacking,
chewing, and picking or rubbing movements of the hands. During this time the eyes remain
open and patients do not respond to questions or commands. However, they may show
simple responses to stimuli including orienting or grasping responses called reactive
automatisms.92 After the seizure ends, patients usually have a period of continued decreased
responsiveness, confusion, and amnesia for events around the time of the seizure. The lack
of meaningful responses during complex partial seizures, but with preserved eye opening
and simple orienting movements, resembles a transient form of vegetative state,93-9
However, the presence of manual automatisms may be considered more similar to behaviors
seen in the minimally conscious state.56.67

Like tonic-clonic seizures, SPECT imaging has been a more practical way of performing
neuroimaging in patients than fMRI during temporal lobe complex partial seizures. As
expected, in temporal lobe seizures SPECT imaging shows increased CBF in the temporal
lobe on the side of seizure onset.”9:87:96 However, there is also decreased CBF in bilateral
regions of the lateral and medial frontoparietal association cortex (Fig. 6A, B).97-101 |n
addition, increased CBF in the upper brainstem and medial diencephalon has been observed
in temporal lobe seizures (see Fig. 6B).97:102-105 Of importance, it has been found that the
CBF decreases in the frontoparietal association cortex, as well as CBF increases in the upper
brainstem and medial diencephalon, are associated with impaired consciousness in partial
seizures.97:103 Simple partial seizures, in which consciousness is spared, tend to exhibit
more limited CBF changes confined to the temporal lobe. In addition, increased CBF in the
medial thalamus was found to be correlated with decreased CBF in bilateral medial and
lateral frontoparietal association cortex,®’ suggesting a mechanistic link between cortical
and subcortical changes in temporal lobe epilepsy. Of note, the midline subcortical
structures as well as the medial and lateral frontoparietal cortex regions affected in temporal
lobe complex partial seizures again correspond to the same anatomic regions involved in
absence and tonic-clonic seizures, namely the consciousness system (see Fig. 1).

Intracranial EEG recordings are often performed as part of surgical planning in patients with
temporal lobe epilepsy, and provide an opportunity to more directly study the physiologic
changes in the association cortex during temporal lobe seizures. Although the temporal lobe
shows high-frequency alpha (8-12 Hz), beta (13-25 Hz), and higher-frequency polyspike-
and-wave discharges during temporal lobe seizures (see Fig. 6C), the frontoparietal
association cortex shows delta (1-4 Hz) and slower oscillations (see Fig. 6D).106.107 These
neocortical slow waves more closely resemble the EEG of coma, encephalopathy, or slow-
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wave sleep than ictal patterns on intracranial EEG.108-110 The anatomic distribution of ictal
neocortical slow waves in temporal lobe seizures includes the bilateral lateral frontal, orbital
frontal, medial frontal, cingulate, and lateral parietal cortex, corresponding to the same
regions in which decreased CBF is observed on SPECT imaging.%7:106.107 Sjow wave
activity and CBF decreases in the frontoparietal association cortex were significantly greater
in complex partial than in simple partial seizures.%”:107 Both the neocortical slow waves and
CBF decreases in frontoparietal association cortex persist into the postictal period, during
which time patients often remain confused.

These findings support the network inhibition hypothesis for impaired consciousness in
temporal lobe epilepsy (Fig. 7).3:107.108,111-115 The network inhibition hypothesis proposes
that temporal lobe seizures propagate to subcortical structures, leading to inhibition (through
mechanisms still being investigated) of subcortical arousal systems (see Fig. 7A-C). This in
turn removes the normal activation of the frontoparietal association cortex, leading to
depressed neocortical function and impaired consciousness (see Fig. 7D). Of note, in the
network inhibition hypothesis the neocortex enters a sleep-like (or minimally conscious-
like) state, not due to direct seizure propagation but because of remote network effects on
subcortical arousal systems. Another way of describing these long-range effects of seizures
on other parts of the brain is “ictal diaschesis.”114.115

The fundamental changes occurring in neocortical, subcortical, and limbic networks have
recently been investigated in rodent models of hippocampal seizures. As in human temporal
lobe epilepsy, rats with spontaneous limbic seizures following pilocarpine-induced status
epilepticus as well as acute seizures induced by hippocampal stimulation exhibit fast activity
in the hippocampus but slow 1- to 3-Hz activity in the frontoparietal cortex, associated with
behavioral arrest.112 This neocortical slow activity differs fundamentally from seizure
activity measured in the same animals. Seizure activity in the hippocampus or neocortex is
associated with increased neuronal action potential firing, CBF, cerebral blood volume,
blood oxygen level-dependent fMRI signal, and cerebral metabolic rate of oxygen
consumption.112 By contrast, neocortical slow activity during hippocampal seizures is
associated with decreases in all of these parameters, closely resembling slow-wave activity
in deep anesthesia,109.110.112

The rat model has also begun to shed important insights into the network mechanisms of
ictal neocortical slow waves. High-field fMRI mapping during hippocampal seizures
demonstrated increased fMRI signal in the hippocampus, decreases in orbital frontal,
anterior cingulate, and retrosplenial cortex, and subcortical increases in the medial thalamus
and lateral septal nuclei.112:113 Because the lateral septal nuclei contain a large population of
y-aminobutyric acid (GABA)ergic inhibitory neurons, it was hypothesized that activation of
the lateral septal nuclei and other GABAergic subcortical structures during seizures could
inhibit the subcortical arousal systems (network inhibition hypothesis). In support of this,
local stimulation of the lateral septal nuclei produced neocortical slow waves and behavioral
arrest mimicking the effects of hippocampal seizures.113 In addition, animals in which the
hippocampus was disconnected from the lateral septal nuclei (by cutting the fornix) had
focal seizures in the hippocampus without neocortical slow activity and without behavioral
arrest.113 These findings further support the network inhibition hypothesis, and suggest that
hippocampal seizures produce neocortical slow activity and impaired consciousness through
network effects critically involving subcortical structures.108

In summary, temporal lobe complex partial seizures cause unresponsiveness with the eyes
open and some automatic repetitive movements, most similar to a transient vegetative or
minimally conscious state. Like absence and generalized tonic-clonic seizures, abnormal
brain activity again converges on the anatomic structures of the consciousness system (see
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Fig. 1). Thus, temporal lobe complex partial seizures are associated with abnormal increased
activity in the upper brainstem and diencephalon, and decreased activity in the medial
frontal, cingulate, precuneus, and lateral frontoparietal association cortex, which persists
into the postictal period. Both human data and animal models support a network inhibition
hypothesis in which limbic seizures propagate to subcortical structures, which inhibit
subcortical arousal networks, in turn causing neocortical slow waves and impaired
consciousness. Additional mechanistic studies are needed to determine in greater detail how
subcortical structures are inhibited during temporal lobe seizures to produce the impaired
consciousness seen in temporal lobe seizures.

IMPACT OF IMPAIRED CONSCIOUSNESS ON QUALITY OF LIFE IN

EPILEPSY

Impaired consciousness has a major negative impact on quality of life in patients with
epilepsy. In large patient series the major factors that determined impaired quality of life in
epilepsy were frequency and severity of seizures.116.117 |mpaired consciousness is a crucial
determinant of seizure severity and can have numerous adverse consequences including
motor vehicle accidents, burns, falls, drowning, other accidental injuries, loss of productivity
at work or school, and social stigmatization. One of the more challenging aspects of the
sudden impaired consciousness in epilepsy is the unpredictable times at which this can

occur, disrupting ongoing activities and producing fear that a seizure could happen at any
time. 118,119

Because many adults depend on driving to reach work or other daily activities, loss of
driving privileges has a large effect on quality of life. Though laws vary based on location,
in most places patients are prohibited from driving if they have uncontrolled seizures
associated with impaired consciousness. Several studies have looked at the risk of driving in
patients with epilepsy, and have found variable results. Risk of motor vehicle accidents in
patients with epilepsy may not be higher than in other patients with chronic illnesses such as
diabetes.120.121 Although more limited, there are data to suggest that patients with
uncontrolled seizures are at greater risk of motor vehicle accidents,120.122-124 gnd that
certain seizure types such as generalized tonic-clonic or complex partial seizures may pose a
greater risk than simple partial or myoclonic, or perhaps absence, seizures.125:126 |n
examining these seizure types, it is likely that several factors including impaired
consciousness, seizure duration, and motor deficits could affect driving safety. A recent
study used a computer game—based driving simulator to prospectively evaluate driving
performance during seizures.12” Patients were instructed to play a realistic driving game
using a steering wheel and gas/brake pedal controllers during inpatient video/EEG
monitoring while performance metrics were collected continuously. Collisions and other
evidence of loss of control (sustained decrease in steering-wheel velocity, gas pedal use, or
car velocity) were most evident for generalized tonic-clonic seizures, whereas no significant
deficits were observed in subclinical seizures.12 Partial seizures (including both simple
partial and complex partial seizures) and absence seizures caused impairment of driving in
some but not all seizures. Additional prospective data of this kind may make it possible to
determine specifically which patients are at greatest risk of motor vehicle accidents during
seizures, and could be useful for advising patients and physicians.

TREATMENT STRATEGIES

Although the best way to prevent impaired consciousness in epilepsy would be to stop all
seizures, in patients with medically refractory epilepsy this cannot always be achieved. For
these patients it would be a welcome improvement in lifestyle to at least prevent impaired
consciousness during seizures. Several treatment modalities could be considered for
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preventing or reducing impaired consciousness in epilepsy. For example, because cortical
slow oscillations in complex partial seizures are similar to slow-wave sleep, medications that
promote the awake state, such as modafinil, 128129 could be tested to determine whether they
improve alertness during and following seizures. Deep brain stimulation is being
investigated for the prevention of seizures,130-134 put stimulation of thalamic arousal
circuits has also been used to improve alertness in disorders of consciousness, 135136 5o
could potentially be tested for this purpose in epilepsy as well. Disconnection procedures
were found in rodent models to prevent neocortical slow waves and to improve
responsiveness in limbic seizures.113 The specific disconnection procedure used was fornix
transection, which may not be feasible in humans because of potential memory side
effects?37:138 (although see also Ref.139). However, this at least demonstrates that in
principle a procedure of this kind could ultimately prevent epileptic unconsciousness when
the underlying circuits and mechanisms are better understood.

Finally, it will be important to study behavioral interventions that may increase awareness
by patients and families of impaired consciousness during seizures. This approach could
help in the development of practical strategies for improving quality of life. In addition to
impaired consciousness during seizures, patients with epilepsy commonly are unaware of
the fact that they have had seizures and tend to underreport them.140-144 Improved
prospective measures are needed to determine and evaluate impaired consciousness during
seizures,14° and to relate impaired consciousness or other variables to patient recognition
and report.146 Behavioral or educational interventions may be particularly helpful in
increasing seizure recognition and report by patients, which could be highly valuable in
improving their clinical care.

SUMMARY AND FUTURE DIRECTIONS

Recent human neuroimaging studies, intracranial EEG analysis, and animal model
investigations have greatly increased our understanding of the fundamental mechanisms of
impaired consciousness in epilepsy. The 3 seizure types causing impaired consciousness,
namely absence, generalized tonic-clonic, and complex partial seizures, all converge on a
final common set of anatomic structures we refer to as the consciousness system, consisting
of medial and lateral frontoparietal association cortex and subcortical activating networks.
These same anatomic structures in the consciousness system are also affected in other states
of impaired consciousness, including sleep, anesthesia, coma, vegetative state, and
minimally conscious state.”-8

In behavioral terms absence or complex partial seizures often resemble a transient vegetative
state, in which patients exhibit no meaningful behavioral responses, yet have open eyes and
maintain some rudimentary postural tone and orienting responses. Other absence or complex
partial seizures more closely resemble a transient minimally conscious state, because
patients may show automatisms or variable simple responses yet do not demonstrate
consistent functional interactive communication or object use. Generalized tonic-clonic
seizures resemble coma because orienting responses and postural stability are lost, yet unlike
most cases of coma, the eyes do remain open.

The anatomic and physiologic changes in the consciousness system associated with seizures
can be summarized as follows. Absence seizures exhibit fMRI signal increases in the
thalamus, decreases in the anterior cingulate, medial frontal cortex, and precuneus, and a
mixture of increases and decreases in the lateral frontoparietal association cortex.
Generalized tonic-clonic seizures produce CBF increases in lateral frontal and mediolateral
parietal cortex, decreases in medial frontal and cingulate cortex, and increases in the
thalamus and upper brainstem during seizures. Postictally after generalized tonic-clonic
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seizures there is decreased CBF in medial and lateral frontoparietal association cortex.
Temporal lobe complex partial seizures show increased activity in the medial diencephalon,
with decreased activity in the medial frontal, cingulate, precuneus, and lateral frontoparietal
association cortex.

Work to date has provided some insights into the fundamental network mechanisms for
these changes, but there is much that remains to be done. For example, an elegant temporal
sequence of cortical and subcortical fMRI changes are seen beginning 5 to 10 seconds
before and continuing over 20 seconds after absence seizures,29:°8.61 pyt the
neurophysiologic basis of these changes is not known. In generalized tonic-clonic seizures,
cerebellar CBF increases continue into the postictal period and are correlated with CBF
decreases in the forebrain,8 but the role of these networks in seizure termination or postictal
depression has not been thoroughly investigated. In temporal lobe seizures, evidence from
human patients and animal models support the network inhibition hypothesis in which
disruption of subcortical arousal systems leads to depressed neocortical function,107.112.113
but the exact cellular and neurotransmitter mechanisms for these changes require further
investigation.

Additional work is also needed to relate variable deficits in consciousness with specific
regions involved or spared during seizures. For example, it is not clear why profound
deficits in consciousness occur in some absence seizures and some generalized tonic-clonic
seizures but not in others. Further work with behavioral tasks and neuroimaging during
absence seizures or intracranial recordings during tonic-clonic seizures may help clarify
these unresolved questions.

Finally, improved treatments are needed to prevent impaired consciousness in epilepsy,
particularly for patients in whom seizures cannot be stopped. Advances in understanding the
fundamental mechanisms of impaired consciousness in epilepsy will be crucial for
developing novel treatments targeting this major source of patient disability. Further work in
this field will, it is hoped, lead to medications, surgical procedures, and behavioral
interventions to reduce impaired consciousness and greatly improve the quality of life of
patients with epilepsy.
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The consciousness system. Anatomic structures involved in regulating the level of alertness,
attention, and awareness. (A4) Medial view showing cortical (b/v€) and subcortical (red)
components of the consciousness system. (B) Lateral cortical components of the
consciousness system. Note that other circuits not pictured here, such as the basal ganglia
and cerebellum, may also play a role in attention and other aspects of consciousness.
(Reproduced from Blumenfeld H. Neuroanatomy through clinical cases. 2nd edition.
Sunderland (MA): Sinauer Associates; 2010; with permission.)

Neurol Clin. Author manuscript; available in PMC 2012 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Blumenfeld Page 20

A FP1| : * } n AT u T~ B
FP2 SETN— ﬂ M 1'{'\1 j } TV ‘\.—‘ ------
F7 e AT MV H AV ] 100 e-a-0-0-9-0-0- -0 B N e Y .
T q- ‘mﬂl'n W }m LALAAA K
‘, } V1Y ! VIV s |
‘H ‘1%\‘{1{11‘1”,1 PV ey 80r
NPT I—— N L L G A s
IR «-.-‘ﬂﬂ,w‘h I Y A Y I o A A At o] .
o ) . it A A A I VY I e e £ 60r
CZ} T T A Y Y Y Y I Y e Y e o
C4+ e AT T A Y Y T Y Y e §
Td bt et A A AN A AN AN RN AN A A el 8 40
B ek a o T T T o T |
P3 AV IR S e
PZ } A A A A A AR 4 20+ OCPT
P4 | - - “N AT AV LAYV I Y VI I A e RTT
T6 + AR A A A B e R e ANy A - I
0 L T r ULV N P v e W s (11 1)) ol [CSeizure
02 L PRI S e T e g i e e e A sl
Response | 2 2 |
Sti':nuli | F XE xo Al XX BZMEBGCGC. 181614121086420]4(:)6810121416182022
48 49 50 51 52 53 54 55 56 57 58 59 60 61 52535455565768
Time (s)
Fig. 2.

Electroencephalography (EEG) and behavior during typical absence seizures. (A) EEG
showing typical 3- to 4-Hz spike-wave discharge during an absence seizure. Amplitude is
maximal in frontal electrodes (FP1, FP2, F7, F3, FZ, F4, F8) and lower in more posterior
occipital regions (01, O2). A series of letters were presented to the patient (Stimuli) in a
continuous performance task. Prior to the seizure the patient pushed the button (Response,
voltage deflections) correctly to each target letter (X). However, when the target letter X
occurred during the seizure, the patient was unable to respond. Linked-ears referential EEG
recording. Functional magnetic resonance imaging (fFMRI) changes for this seizure are
shown in Fig. 3. (B) Average behavioral impairment during absence seizures. Percent
correct responses are shown over time (2-second time bins) before, during, and after seizures
(shaded region, normalized to mean seizure duration of ~6 seconds). Results are shown for 2
different tasks: in the continuous performance task (CPT) random letters appeared once per
second and patients were instructed to push a button each time the target letter X appeared
(see also A); in the repetitive tapping task (RTT) patients were instructed to push the button
for every letter regardless of its identity. Performance on the more difficult CPT task
declined rapidly for letters presented just before seizure onset and recovered quickly after
seizure end. Impaired performance on the RTT task was more transient than on CPT, did not
begin until after seizure onset, and was less severely impaired during seizures than the CPT
task (F=15.3, P=.017; analysis of variance). Results are based on a total of 53 seizures in
8 patients; 41 seizures in 5 patients during CPT and 12 seizures in 4 patients during RTT.
([A] Reproduced from Berman R, Negishi M, Vestal M, et al. Simultaneous EEG, fMRI,
and behavioral testing in typical childhood absence seizures. Epilepsia 2010;51(10):2011-
22; with permission; and [B] Bai X, Vestal M, Berman R, et al. Dynamic time course of
typical childhood absence seizures: EEG, behavior, and functional magnetic resonance
imaging. J Neurosci 2010;30:5884-93; with permission.)
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Fig. 3.

fMRI changes during a typical absence seizure involve the consciousness system and
primary cortices. Blood oxygen level dependent (BOLD) fMRI changes are shown from a
12-second seizure in a 14-year-old girl with childhood absence epilepsy (EEG for this
seizure is shown in Fig. 2A). The consciousness system demonstrates BOLD fMRI increases
in the thalamus, decreases in the interhemispheric regions (anterior cingulate, precuneus),
decreases in the lateral parietal cortex, and increases in the lateral frontal cortex. In addition,
fMRI increases are present in the primary cortices including the primary visual (occipital),
primary auditory (superior temporal), and primary sensorimotor (Rolandic) cortex. fMRI
decreases are also seen in the pons, basal ganglia, and cerebellum. Results were analyzed in
SPM2 (http://www fil.ion.ucl.ac.uk/SPM) using a #test to compare seizure versus baseline
with uncorrected height threshold (P=.001) and extent threshold (k = 3 voxels).
(Unpublished data Courtesy of R. Berman).
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Fig. 4.

Generalized tonic-clonic seizure induced by bilateral frontotemporal electroconvulsive
therapy. Ictal single-photon emission computed tomography (SPECT) image for a single
generalized tonic-clonic seizure compared with interictal baseline (red'= cerebral blood flow
[CBF] increases; green= CBF decreases). (A) Lateral view. (B) Medial view. Changes in
the consciousness system include CBF increases in lateral frontotemporal cortex, lateral
parietal and medial parietal cortex. CBF increases were also present in the thalamus (best
seen in cross sections, not shown), as well as in the cerebellum. CBF decreases were present
in the medial frontal and cingulate cortex, as well as in lateral cortical regions. SPM extent
threshold k = 125 voxels; height threshold: £=.01. (Modified from Blumenfeld H, McNally
KA, Ostroff RB, et al. Targeted prefrontal cortical activation with bifrontal ECT. Psychiatry
Res 2003;123:165-70; with permission.)
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Fig. 5.

Frontoparietal CBF decreases and thalamic increases are correlated with increased CBF in
the cerebellum during and following generalized tonic-clonic seizures. Network correlations
are shown for spontaneous secondarily generalized tonic-clonic seizures imaged with ictal
SPECT in epilepsy patients during video/EEG monitoring. Positive (red) and negative
(green) correlations are shown between CBF changes in the cerebellum and the rest of the
brain across patients (n = 59 seizures in 53 patients). Significant positive correlations were
found between the cerebellum and the upper brainstem tegmentum and thalamus. Negative
correlations were found with the bilateral frontoparietal association cortex, anterior and
posterior cingulate, and precuneus. Images were analyzed with SPM extent threshold k =
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125 voxels, and height threshold P=.01. (Reproduced from Blumenfeld H, Varghese G,

Purcaro MJ, et al. Cortical and subcortical networks in human secondarily generalized tonic-
clonic seizures. Brain 2009;132:999-1012; with permission.)
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Fig. 6.

CBF and EEG changes in temporal lobe complex partial seizures. (A, B) Group analysis of
SPECT ictal-interictal difference imaging during temporal lobe seizures. CBF increases are
present in the temporal lobe (A) and in the medial thalamus (B). Decreases are seen in the
lateral frontoparietal association cortex (A) and in the interhemispheric regions (B). (C, D)
Intracranial EEG recordings from a patient during a temporal lobe seizure. High-frequency
polyspike-and-wave seizure activity is seen in the temporal lobe (C). The orbital and medial
frontal cortex (and other regions, EEG not shown) do not show polyspike activity, but
instead large-amplitude, irregular slow rhythms resembling coma or sleep (D). Vertical lines
in Cand D denote 1-second intervals. Note that the EEG and SPECT data were from similar
patients, but were not simultaneous, and are shown together here for illustrative purposes
only. ([A, Bl Modified from Blumenfeld H, McNally KA, Vanderhill SD, et al. Positive and
negative network correlations in temporal lobe epilepsy. Cerebral Cortex 2004;14:892-902;
with permission; and [C, D] Blumenfeld H, Rivera M, McNally KA, et al. Ictal neocortical
slowing in temporal lobe epilepsy. Neurology 2004;63:1015-21; with permission.)
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Fig. 7.

Network inhibition hypotheses for impaired consciousness during temporal lobe complex
partial seizures. (A) Under normal conditions, the upper brainstem-diencephalic activating
systems interact (yellow arrows) with the cerebral cortex to maintain normal consciousness.
A focal seizure involving the mesial temporal lobe begins unilaterally (red region). If it
remains unilateral then a simple-partial seizure will occur without impairment of
consciousness. (B) Propagation (red arrows) of seizure activity from the mesial temporal
lobe to the ipsilateral lateral temporal lobe and the contralateral temporal lobe. (C). Spread
of seizure activity from bilateral temporal lobes to midline subcortical structures. (D).
Inhibition (b/ue arrows) of the midline subcortical structures, together with the resulting
depressed activity in bilateral frontoparietal association cortex in complex-partial seizures,
leads to loss of consciousness. (Reproduced from Englot DJ, Yang L, Hamid H, et al.
Impaired consciousness in temporal lobe seizures: role of cortical slow activity. Brain
2010;133(Pt 12): 3764-77; with permission.)
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