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The cyclical structure of epilepsy was recently (re)-discovered through years-long intracranial electroen-
cephalography (EEG) obtained with implanted devices. In this review, we discuss how new revelations
from chronic EEG relate to the practice and interpretation of conventional EEG. We argue for an electro-
graphic definition of seizures and highlight the caveats of counting epileptiform discharges in EEG
recordings of short duration. Limitations of conventional EEG have practical implications with regard
to titrating anti-seizure medications and allowing patients to drive, and we propose that chronic moni-
toring of brain activity could greatly improve epilepsy care. An impending paradigm shift in epilepsy will
involve using next-generation devices for chronic EEG to leverage known biomarkers of disease state.
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1. Introduction

Following its first application to the human scalp by Berger in
the 1920s (Berger, 1931), electroencephalography (EEG) developed
rapidly, beginning with discoveries of pathological epileptiform
discharges (Gibbs et al., 1935) as well as physiological sleep
(Davis et al., 1938) and wake oscillations (Jasper and Carmichael,
1935) that revolutionized our understanding of brain activity. Sub-
sequent milestones in the evolution of EEG (Jasper, 1948) included
the digitization of recordings with increased temporal resolution,
an increased number of scalp electrodes for better source localiza-
tion (Brodbeck et al., 2011), and placement of intracranial elec-
trodes (Jasper, 1949) for improved spatial resolution.

Clinical observations led early neurologists to define epilepsy as
the recurrence of spontaneous seizures (Gowers, 1881). The advent
of EEG bolstered clinical diagnosis of epilepsy, as seizures and
interictal discharges could be objectively measured with millisec-
ond precision, but short-duration recordings largely obscured neu-
ral dynamics operating over longer timescales. A century later,
conventional EEG is widely available but remains highly limited,
severely under-sampling long timescale phenomena whose rele-
vance to clinical epilepsy has recently become clear.

We (Baud et al., 2018) and others (Karoly et al., 2016; Maturana
et al., 2020; Spencer et al., 2016) have used months- to years-long
Fluctuations of epileptic brain activity. a: months- long recording of chronic EE
and daily counts of interictal epileptiform activity (IEA), respectively. b: days-lo
e, black rectangles, and wanes during daytime, white rectangles. Starting day

returning to baseline, delineating a pro-ictal state during which two seizures occu
s occur during these periods, indicating heightened seizure risk during these p
t days, reveal strikingly different counts of interictal epileptiform discharges.
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intracranial EEG recordings to unravel the temporal organization of
interictal epileptiform discharges and seizures (Fig. 1). These find-
ings have potentially profound consequences for the practice of
clinical electrophysiology in epilepsy. The goal of this review is
to challenge current EEG practice in light of recent discoveries on
cycles of epileptic brain activity that cannot be observed through
short-term recordings. Because seizure timing depends critically
on these cycles, we anticipate that EEG practice will evolve
towards continuous monitoring of epileptic brain activity, analo-
gous to the recent development of implantable loop recorders for
rare cardiac events. Accessing the quantitative era of epilepsy care
will require collaboration with the device industry to develop min-
imally or non-invasive devices that are capable of providing
chronic recordings of cycles of epileptic activity.

2. Current practice

Classically, epilepsy is a clinical diagnosis and EEG provides
supportive information. For example, EEG can help confirm an
epileptic etiology for clinical spells and may be useful to monitor
for seizure recurrence following medical (Lamberink et al., 2017)
or surgical therapy (Rathore and Radhakrishnan, 2010). In current
practice, the main uses of EEG can be divided into diagnostic, local-
izing, and monitoring applications.
G in one illustrative subject demonstrating circadian and multidien fluctuations in
ng recording in the same subject emphasizing circadian cycles: IEA waxes during
7, an underlying slow oscillation (multidien cycle) increases overall IEA for 5 days
r. Five days later, another shorter pro-ictal state takes place leading to one seizure.
hases of the multidien cycle. c: one-minute long EEGs taken at the same hour on
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2.1. Diagnosing epilepsy with EEG

EEG is the most important paraclinical modality to inform a
diagnosis of epilepsy. Indeed, recording a seizure on EEG is the
most direct proof for epilepsy and enables a refined electroclinical
characterization (Beniczky et al., 2016), which often has diagnostic
and therapeutic consequences. For example, it can rule out a non-
epileptic cause for seizures. EEG often captures interictal epilepti-
form activity (IEA) in the form of spikes, sharp-waves or other
epileptiform discharges that typically do not provoke any symp-
toms. Thus, in the appropriate clinical context, detection of epilep-
tiform discharges on EEG helps secure the diagnosis of epilepsy
(Wirrell, 2010), even in the absence of a recorded seizure.

Routine outpatient EEG typically involves a 20-min recording,
which can be repeated every few months, for initial diagnosis of
epilepsy or to monitor epileptic brain activity. Diagnostic yield
can be increased with ‘‘activating methods,” including photic stim-
ulation, hyperventilation, which facilitate the recording of epilepti-
form activity (Pillai and Sperling, 2006; Schwarz and Zangemeister,
1978). Routine EEG is also often performed after a night of sleep
deprivation to favor the emergence of sleep and interictal activity
during a 45- to 60-minute recording (Rossi et al., 2020). The prac-
tice of routine EEG is cumbersome and requires highly-specialized
personnel for electrode application, artifact mitigation, and data
recording and handling (Sinha et al., 2016). For 20 min of EEG, no
less than 45–60 min are spent in total, from application of elec-
trodes to the scalp until unmounting. The interpretation of a rou-
tine EEG by an expert provider takes 5–15 min, depending on the
complexity of the traces. Routine EEGs are performed several times
per day in University hospitals or in private practice and the tech-
nique has been standardized (Jasper, 1958; Klem et al., 1999) and
perfected over decades. Guidelines also include recommendations
for high-yield montages, such as those including lower temporal
electrodes (Seeck et al., 2017).

Inpatient EEG, often practiced on the neurology ward or in spe-
cialized epilepsy monitoring units (EMUs), powerfully comple-
ments outpatient EEG by enabling longer recordings, including
during sleep, and increase the chance of capturing seizures. This
practice is utilized either to confirm a diagnosis of epilepsy or for
presurgical seizure localization. In recent years, home-based
long-term video-EEG solutions have been proposed (Goodwin
et al., 2014; Kandler et al., 2017) to mitigate the high costs of inpa-
tient investigations. These solutions help capture rare seizures in a
natural environment but cannot go beyond a few days and still
require involvement of technicians to maintain EEG signal quality.
2.2. Localizing seizures with EEG

When patients with focal epilepsy become pharmacoresistant,
an attempt at localizing seizures (Foldvary et al., 2001) and deter-
mining the feasibility of resective surgery is indicated. Typically,
inpatient EEG is augmented by concurrent video-recordings and
dynamic neurological examination in the ictal and/or post-ictal
phase for refined electro-clinical correlations (Beniczky et al.,
2016; Hamandi et al., 2017). The quality of recordings in this set-
ting hinges upon the continued presence of EEG technicians, who
intervene periodically to ensure electrode integrity and minimize
artifact (Sinha et al., 2016). Ictal scalp EEG has lateralizing or local-
izing value, often at the lobar level and sometimes at the sub-lobar
level. Other advances have been made to localize the source of
epileptiform discharges from scalp signals (Brodbeck et al., 2011)
combined with individualized head models (van Mierlo et al.,
2017). But when scalp EEG inadequately localizes seizures,
intracranial EEG (icEEG) is often unavoidable to record activity
directly from brain parenchyma, either with subdural sheets of
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electrodes placed on the cortical surface or with penetrating depth
electrodes (Zijlmans et al., 2019).

2.3. Monitoring epileptic brain activity with EEG

2.3.1. Monitoring Interictal epileptiform activity
It has been long suggested that quantifying IEA—for example,

counts of discharges per hour, or the duration or frequency of sin-
gle discharges—could help measure fluctuations in excitability of
epileptic cortex (Jasper, 1949). Indeed, IEA fluctuates over time,
as can be seen in continuous inpatient EEG at different times of
the day (Fig. 2), depending on the momentary vigilance stage, or
over the course of the hospital stay, sometimes in relation to phar-
macological adjustments. From one routine EEG to the next, the
number of recorded discharges may also vary greatly. Active
research is ongoing to determine the prognostic value of routine
EEGs in regard to seizure recurrence. In the idiopathic generalized
epilepsies, three recent studies converged in showing that pro-
longed epileptiform discharges (Arntsen et al., 2017; Jensen et al.,
2019) and the presence of generalized polyspikes in sleep (Jensen
et al., 2019; Sun et al., 2018) are markers of drug resistance. Specif-
ically in Juvenile Myoclonic Epilepsy, performing routine EEG in
the morning may be more useful than at other times of the day
to capture IEA (Labate et al., 2007). In practice, fluctuations in
IEA are often used to make momentous clinical decisions, such as
gauging response to a new anti-seizure medication (ASM), deter-
mining whether a patient is safe to drive, or estimating risk of sei-
zure recurrence after tapering off ASMs. Unfortunately,
interpretation of EEG in these settings is severely limited by the
intrinsic variability of IEA, and overinterpreting the results of a
brief EEG is a common pitfall for clinicians (Fig. 2). Truly monitor-
ing IEA involves a continuous and exhaustive count of interictal
epileptiform discharges, as their occurrence is under the combined
influences of cycles at multiple timescales (Baud et al., 2018).
While scalp EEG is a specific method, it is highly insensitive. Some
patients with poorly controlled epilepsy never have epileptiform
discharges on scalp EEG, even with serial recordings. The sensitiv-
ity of intracranial EEG for discharges is higher (Tao et al., 2005), but
some patients show a paucity of discharges while others have
near-continuous discharges. Whereas the absolute count of interic-
tal spikes may be a poor marker for seizure burden, their fluctua-
tion over time bears important information, as discussed in
Section 3.

2.3.2. Monitoring seizures
For the neurophysiologist, seizures are stereotyped electro-

graphic patterns that unfold in time and space. For patients, sei-
zures are the paroxysmal symptoms that recur sporadically over
time. Rarely do these two views match perfectly, and their incon-
gruence is captured by the term, ‘‘subclinical seizures,” referring
to the fact that the patient did not notice or did not remember
the seizure and/or that it was not externally visible (Elger and
Hoppe, 2018). However, it is highly questionable whether ‘‘subclin-
ical seizures” exist in the true sense (Gotman, 2011), and it might
be more prudent to use the term, ‘‘electrographic seizure.”

The issue of under-reporting (and over-reporting) seizures has
been discussed in the recent literature (Elger and Hoppe, 2018;
Karoly et al., 2018). In the opinion of many experts, EEG remains
the best starting point to count seizures because it is objective.
Symptom burden for patients may be equally important in the con-
text of therapeutic management. While electrographic and self-
reported seizures may not match perfectly at the timescale of
hours, they bear the same relationship with cycles of IEA, as dis-
cussed next. Self-reported seizures may only represent the ‘tip of
the iceberg,’ and there is a need to quantify seizures reliably in a
natural environment (Quigg et al., 2020).



Fig. 2. Interictal epileptiform activity through different temporal lenses. a: Serial routine EEGs randomly timed at different phases of an underlying cycle reveal very
different numbers of interictal epileptiform discharges over the same duration of recording. b: Longer term EEGs randomly timed at different phases of an underlying long
cycle only capture the shorter cycle (circadian), albeit oscillating with different magnitude. EMU: epilepsy monitoring unit. c: Only chronic EEG tracks the short (circadian)
and long (multidien) cycles by measuring IEA at all time-points. Grey dotted trace: arbitrary counts of IEA over time undergoing cyclical fluctuations at two timescales.
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3. Cycles in epilepsy

Historical observations (Bercel, 1964; Gowers, 1881; Griffiths
and Fox, 1938; Langdon-Down and Brain, 1929 have established
that robust cycles of seizures exist in many people with epilepsy,
beyond catamenial seizures in women (Herzog et al., 2015). Recent
studies (Baud et al., 2018; Karoly et al., 2016; Maturana et al.,
2020; Spencer et al., 2016; Leguia et al., 2021) have unraveled
the cyclical nature of IEA and seizures.

3.1. Circadian cycle

Circadian modulations in epilepsy have been widely reported in
the literature dating back to Gowers in the 19th century and his
‘dirunal’ and ‘nocturnal’ epilepsies (Gowers, 1881). Although not
necessarily present on every cycle, seizures have preferential times
of occurrence in any given patient. A combined influence of brain
states and circadian time is likely, and certain epilepsy syndromes
are characterized by seizures arising from sleep (Licchetta et al.,
2017). For example, in children with continuous spike-wave during
slow-wave sleep, epileptic brain activity is essentially dependent
on brain state. In contrast, some people with epilepsy have seizures
that consistently occur in the evening but never in the morning,
despite the fact that they are awake at both times, pointing to an
influence of time of the day or phase of the circadian cycle.

Abrupt changes in IEA are visible with changes in brain states
(e.g. falling asleep), and, since the latter are cyclical (sleep-wake
cycle), IEA is not uniformly distributed over 24 h. IEA too seems
to be under the combined influence of the sleep-wake cycle and
44
the circadian cycle. The timing of ASMs could also play a role but
cannot fully explain the phenomenon.

At the circadian level, peak seizure times and peak IEA are not
necessarily synchronous and their exact relationship varies on an
individual basis (Baud et al., 2018 Karoly et al., 2016; Leguia
et al., 2021). Although some authors have postulated an effect of
seizure localization on seizure timing (Spencer et al., 2016), there
is currently no clear explanation as to why seizures occur at differ-
ent times in different patients despite the relative similarity in cir-
cadian IEA cycles across patients.

3.2. Multidien cycle

Using years-long chronic EEG recordings, we found subject-
specific multidien cycles of IEA that were robust over time, fre-
quently with periodicity of 7, 15, or 20–30 days (Baud et al.,
2018; Leguia et al., 2021). The device used for this study (RNS� Sys-
tem, NeuroPace, Inc.) is a cranially-implanted neurostimulator
approved in the U.S. for treatment of certain forms of drug-
resistant focal epilepsy (Bergey et al., 2015). Intracranial lead wires
enable the device to detect seizures at their source(s) and to deliver
responsive electrical stimulation that promotes normalization of
brain activity (Sun and Morrell, 2014). This approach has shown
promising therapeutic results (Nair et al., 2020), but chronic
recordings of brain activity stored by the device also have powerful
diagnostic potential. Extending our analyses to more than 200
patients with chronic EEG data collected during the clinical trials
of the device, we found that multidien IEA cycles exist in � 60%
of patients (Leguia et al., 2021), less prevalent than ubiquitous cir-
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cadian cycles but just as robust as circadian cycles and occurring
equally in men and women. Thus, multidien cycles of IEA cannot
be explained only by catamenial effects (Herzog, 2015).

Most importantly, seizures tend to occur when IEA is rising over
days (Figs. 1 and 2; Baud et al., 2018; Leguia et al., 2021; Maturana
et al., 2020). Thus, these cycles of IEA reflect cycles of varying sei-
zure risk (i.e. the likelihood of a seizure). Seizure risk is heightened
during the days when IEA increases, a state termed ‘pro-ictal’
(Baud et al., 2020). Pro-ictal states last �3–7 days and can increase
relative risk of seizures by 10-fold (Proix et al., 2020). Within these
pro-ictal states, peak circadian times for seizures are found, illus-
trating the shared influence of both cycles on seizure risk. Pro-
ictal states likely reflect slow changes in cortical excitability,
although direct evidence for this is lacking.
3.3. Circannual cycle

A subgroup of subjects also demonstrates increased seizure
rates during certain seasons, although the strength of this particu-
lar cycle is lower than circadian and multidien seizure cycles
(Leguia et al., 2021).
3.4. The relationship between IEA and seizures

Earlier studies employing short-term EEG recordings reported
apparently conflicting evidence of decreased or increased IEA
before seizures (Avoli et al., 2006; Gotman and Marciani, 1985;
Janszky et al., 2001; Krishnan et al., 2014), and, similarly, changes
in IEA can vary after seizures (Gotman and Marciani, 1985; Janszky
et al., 2001). When viewed through a wider temporal lens, the
source of this discrepancy becomes evident. Circadian timing of
seizures and peak IEA can be different in a patient-specific manner
(Baud et al., 2018; Karoly et al., 2016). Thus, a general rule for the
behavior of IEA in the hours before and after seizures does not exist
at the population level. In sharp contrast, daily IEA that cumulates
all events over 24-hours (thereby leveling out circadian variation)
systematically increases in the days around seizures across indi-
viduals (Baud et al., 2018, Fig. 3). This relationship between rising
daily IEA and seizures holds true within and across human subjects
from separate cohorts (Baud et al., 2018; Maturana et al., 2020), as
well as in animal models of epilepsy (Baud et al., 2019; Gregg et al.,
2020).
Fig. 3. Cyclical relationship between IEA and seizures. a: Cyclical fluctuations of IEA
seizures (red dots) occur at different times, which corresponds to different phases of the t
in the falling phase (arrow). c: Condensed average long cycle and preferred seizure timi
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3.5. The precise timing of seizures

The discovery of cycles in epilepsy helps define periods of
increased seizure risk. Seizures can occur at any time during these
periods, or not occur at all. Seizure timing may be increasingly
well-defined when taking into account co-existing cyclical factors
that can align temporarily, such as time of day and phase of mul-
tidien cycles (Proix et al., 2020). In addition, non-cyclical factors,
such as patient-specific seizure provoking factors (e.g. stress, sleep
deprivation, ASM non-compliance, etc.) may play a key role in sei-
zure timing during high-risk periods but fail to precipitate a sei-
zure during low-risk periods. In a state permissive for seizures, a
very small external perturbation can push brain networks into
the ictal state (Baud et al., 2020).

3.6. Vanishing IEA

A recent study showed that the addition of ASMs leading to self-
reported improvements in seizure burden was paralleled by a
decreasing trend in IEA, although rhythmicity persisted (Quraishi
et al., 2019). In a more extreme scenario, when ASMs achieve com-
plete seizure freedom, multidien fluctuations of IEA vanish (Fig. 4),
suggesting that sustained absence of multidien IEA cycles may be a
biomarker of remission in epilepsy (Baud et al., in preparation).

4. Practical consequences for current practice

Important limitations of recent studies on cycles in epilepsy
relate to the fact that they only included patients with drug-
resistant focal epilepsy who were implanted with devices for icEEG
(Baud et al., 2018; Karoly et al., 2016). Thus, it is not formally
established that people with primary generalized epilepsies would
have the same trends over several days, but we suspect that this
may be the case, as earlier clinical observations on seizure cycles
did not distinguish generalized versus focal epilepsies (Gowers,
1881; Griffiths and Fox, 1938; Langdon-Down and Brain, 1929).
Also, it is currently unknown whether fluctuations in IEA can be
detected extracranially, as scalp EEG typically only reveals a frac-
tion of the epileptiform discharges seen by icEEG (Baumgartner
et al., 1995; Tao et al., 2005).

Still, there is clearly a striking mismatch between the temporal
windows afforded by most forms of EEG and the timescales over
which epilepsy dynamics operate. By analogy, understanding a
(grey dotted line) with intermingled short (orange) and a long (blue) periods. Five
wo co-existing cycles. b: Expanded average short cycle and preferred seizure timing
ng in the rising phase (arrow).



Fig. 4. Monitoring epilepsy with chronic versus serial EEGs. a: IEA fluctuations (dotted grey line), seizures (red dots), and brief routine EEGs. b: Hypothetical scenario,
where serial routine EEGs lead to certain interpretations and therapeutic decisions (lower rows) based on too short information. c: Hypothetical scenario, where chronic EEG
may enable different interpretation leading to smoother therapeutic decisions and better outcome. ASD: anti-seizure drug. The single versus multiple arrows represent
smooth vs. abrupt changes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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musical piece by hearing only three notes is difficult; one can haz-
ard a guess at the genre and artist, or even occasionally identify the
piece, but understanding the full structure of the verse, chorus, and
instrumental accompaniment cannot be achieved with so few ele-
ments. This under-sampling has significant clinical implications.

4.1. Consequences for the interpretation of routine EEGs

The value of EEG for capturing IEA and supporting a diagnosis of
epilepsy is not questioned (Wirrell, 2010). However, the interpre-
tation of changes in IEA in serial 20-minute routine EEGs must
be carefully evaluated. For example, observing three versus one
interictal epileptiform discharge(s) in serial EEGs and concluding
that this reflects clinical worsening is not warranted (Fig. 2). Small
(and larger) changes in IEA result from ‘‘natural” fluctuations,
including the influence of time of the day when the recording
was done (Karoly et al., 2016). Scheduling sequential EEGs at the
same time of day may even out some fluctuations (Labate et al.,
2007) but would not account for those linked to multidien cycles
of IEA (Baud et al., 2018). Furthermore, the occurrence of individual
epileptiform discharges is best understood as a stochastic process
with different rates at different times (Baud et al., 2020). Thus, in
our opinion, quantitative changes in IEA on serial routine EEGs
have limited clinical value.

One possible exception involves the case when IEA is entirely
absent on successive routine EEGs (i.e. IEA tends to zero). Because
scalp EEG is insensitive, it is impossible to know if an underlying
cycle persists with infrequent epileptiform discharges that are sys-
tematically missed (Tao et al., 2005). However, a clear change from
high to zero IEA on serial routine EEGs could reflect a favorable
change in the dynamics of the epileptic brain. Importantly, the
absence of IEA on routine EEG was shown to be a positive predictor
for continued seizure freedom after ASM withdrawal (Lamberink
et al., 2017). In generalized epilepsy, the duration of sustained
interictal epileptiform discharges may be of prognostic factor
(Arntsen et al., 2017; Jensen et al., 2019). Whether longer-term
EEGs (e.g. 24-hours) may refine this risk-stratification has not been
investigated, to our knowledge.
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4.2. Consequences for the interpretation of inpatient EEG

The goal of inpatient EEG is typically to capture seizures. If the
risk of seizures fluctuates cyclically in epilepsy, the diagnostic yield
of inpatient EEGs may be determined by their timing. Indeed, non-
diagnostic inpatient admissions may result from unfortunate tim-
ing when seizure risk is low. If seizure risk was known for an indi-
vidual, this could increase the yield of inpatient monitoring.

Most inpatient admissions are of sufficient duration (�3–
14 days) to capture circadian cycles of IEA and seizures (van
Campen et al., 2015) but usually too short to capture full multidien
cycles (�7–60 days) and characterize their periodicity (Fig. 2). Cir-
cadian timing of seizures established during inpatient EEG may not
always reflect what patients experience at home. Unless the circa-
dian effect is very strong, peak-times for seizures can only be eval-
uated in the form of a distribution over 24-hours, requiring a
minimum number of dozens of observations for a robust result.
Moreover, inpatient epilepsy workup may lead to non-
stationarities in cortical excitability, as ASMs are frequently chan-
ged to hasten the occurrence of seizures or, by contrast, to rapidly
control seizures.

Incomplete sampling of multidien cycles during short inpatient
admissions may also confound interpretation of fluctuations in IEA
and seizures. For example, a drastic decrease in seizures during an
inpatient admission may be attributed to ASM changes but actually
relate to the falling phase of a multidien cycle. In light of recent
discoveries on cycles in epilepsy (Baud et al., 2018), interpretation
of changes in IEA over successive days and correlation with thera-
peutic changes should be made with caution.

4.3. Consequences for treatment titration

Changes in IEA should not be used to guide treatment titration,
at least not until the broader phenomenon is more fully under-
stood. Basing treatment decisions on an under-sampled biomarker
is problematic because over- and under-treatment could result in
side-effects and seizure recurrence, respectively. To smoothly
reach a steady state in the epileptic brain—a dynamical system—
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continuous monitoring of adequately-sampled IEA would enable
understanding of changes in real-time and titration of ASMs in
rational ways (Fig. 4). These concepts are formally captured in
pharmacology (Donnet and Samson, 2013), intensive care medi-
cine (Daun et al., 2008), and control engineering in the form of dif-
ferential equations. In practical terms, having a biomarker obviates
the need to wait for seizures to know whether or not the desired
anti-seizure effect was attained (Karoly et al., 2018).
4.4. Consequences for prognostication

When IEA cycles over days, seizures recur during certain peri-
ods. But, can EEG be informative about long-term seizure freedom?
Using chronic icEEG, we recently found that IEA tended to stabilize
around zero (or very low values) when medication changes lead to
complete seizure freedom (Baud et al., in preparation, Fig. 4c).
Thus, absent IEA in long-term EEG may be an objective sign of sei-
zure freedom. On the contrary, given that persistence of IEA after
surgical treatment is associated with relapses (Rathore and
Radhakrishnan, 2010), recurrence of IEA after a long period of sei-
zure freedom might motivate adjustment of ASMs. When chronic
EEG is unavailable, we suggest that EEG-based treatment decisions
and prognostication should be reserved for clear-cut cases of
absent vs. present IEA.
4.5. Consequences for driving

In some countries, traffic legislation has included the notion of
an ‘‘EEG compatible with driving” to deliver a driver’s license to a
person with epilepsy (Markhus et al., 2020). Although ‘compatibil-
ity’ is subject to the clinician’s interpretation, sustained epilepti-
form discharges lasting a few seconds are typically considered
incompatible. Given the cycles of IEA described above, various rou-
tine EEG performed in the same patient may be interpreted as
compatible with driving when recorded at certain times, and
incompatible when recorded at other times. One practical concern
in the context of accumulating more data for better epilepsy care is
that unraveling the full extent of IEA and, in some cases, electro-
graphic seizures in many people with epilepsy will lead them to
lose their driver’s license, a stigmatization that will likely only be
avoided with a better understanding of transient cognitive impair-
ments related to ‘subclinical’ epileptiform activity (Kleen and
Kirsch, 2017).
5. A paradigm shift

Glycemic fluctuation in diabetes can culminate in attacks of
altered consciousness, similar to epilepsy. Monitoring of a simple
biomarker with high sampling rate—blood glucose, in this case—
ensures that values remain under control, as diabetic patients
can adjust their medication on that basis.

Tight disease control based on a wealth of objective data is pre-
cisely what is lacking in the current approach to epilepsy. Epilepti-
form discharges are readily identified in EEG, and monitoring them
can provide a biomarker for anticipating seizures (Baud et al.,
2018; Maturana et al., 2020; Proix et al., 2020) and prognosticating
the effects of a new medication (Quraishi et al., 2019. Yet, accurate
methods to count seizures are crucially missing from daily neuro-
logical practice (Elger and Hoppe, 2018). These limitations reveal
an unmet need for constant access to epileptic brain activity so
as to leverage long-established biomarkers of epilepsy for clinical
care. Currently available scalp EEGs are impractical for this goal,
but the design of next-generation recording devices holds consid-
erable promise.
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5.1. Chronic continuous EEG monitoring

Several centers and companies around the world have devel-
oped new systems for chronic EEG. The FDA-approved RNS� Sys-
tem involves a neurostimulator that provides a limited form of
electrocorticography constrained by on-board storage limitations.
The PerceptTM PC device (Medtronic, USA) received FDA approval
and CE-labeling in 2020 for thalamic neurostimulation and
BrainSenseTM technology that provides minutes-long recordings
(from thalamus) but lacks a built-in detector for epileptiform dis-
charges. Contrasting with these devices designed primarily for
therapeutic applications, other less-invasive technologies are
focused on diagnostic applications. The 24/7 EEGTM SubQ recorder
(UNEEGTM Medical, Denmark) features two bipolar electrodes and
has received CE-labeling in 2019 as the first sub-scalp EEG system
for long-term ambulatory monitoring. Four other sub-scalp record-
ing devices are currently in development in the USA, Switzerland,
Finland, and Australia (Duun-Henriksen et al., 2020).

5.2. EEG anywhere, anytime

Clinical EEG remains largely a qualitative tool, requiring visual
interpretation by an expert. Yet, digital EEG is a method well-
suited for quantitative and automated analyses (Baud et al.,
2017; Burrello et al., 2018; Gotman et al., 1979; van Mierlo et al.,
2017). In addition to recording devices, cloud-based systems that
are capable of housing and analyzing vast amounts of data will
be needed, and their outputs must be validated by expert annota-
tions of the EEG (Baldassano et al., 2019). This will require a collab-
orative effort between industry and academia. Future
developments will be driven by the need for monitoring the
dynamics of epilepsy to improve treatment in a closed-loop para-
digm, as successfully implemented for other chronic diseases. Peo-
ple with epilepsy will be empowered to take on active roles,
providing feedback on their symptoms and benefiting from direct
access to information about their health (Baud and Rao, 2018).

6. Conclusion

Epilepsy is a neurological disorder characterized by its temporal
dynamics, and growing awareness that epilepsy is a cyclical disor-
der has consequences for the practice of clinical neurophysiology.
Interictal discharges are key biomarkers of epilepsy, however their
variable occurrence over time should not be over-interpreted. Elec-
trographic seizures must become the objective gold-standard to
count seizures, with emphasis on the symptoms they produce (or
the lack thereof) to guide clinical decisions. Smooth titration of
ASMs, prognostication of seizure relapses, and forecasts of seizure
timing will increasingly become feasible as sufficient data becomes
available.
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