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Abstract
Clinical studies of rescue medications for seizure clusters are limited and are designed to satisfy regulatory requirements, which may not fully consider the needs
of the diverse patient population that experiences seizure clusters or utilize rescue medication. The purpose of this narrative review is to examine the factors
that contribute to, or may influence the quality of, seizure cluster research with a
goal of improving clinical practice. We address five areas of unmet needs and provide advice for how they could enhance future trials of seizure cluster treatments.
The topics addressed in this article are: (1) unaddressed end points to pursue in
future studies, (2) roles for devices to enhance rescue medication clinical development programs, (3) tools to study seizure cluster prediction and prevention, (4)
the value of other designs for seizure cluster studies, and (5) unique challenges of
future trial paradigms for seizure clusters. By focusing on novel end points and
technologies with value to patients, caregivers, and clinicians, data obtained from
future studies can benefit the diverse patient population that experiences seizure
clusters, providing more effective, appropriate care as well as alleviating demands
on health care resources.
KEYWORDS
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I N T RO DU CT ION

A seizure cluster (acute repetitive seizure) describes a series of distinct seizures separated by short interictal periods
that occur over a span of 24 h.1 At present, however, no specific definition has been adopted.2 (See Haut and Nabbout,
Recognizing Seizure Clusters in the Community: The Path
to Uniformity and Individualization in Nomenclature and
Definition for more details on components defining seizure clusters.3) All rescue medications for seizure clusters
utilize benzodiazepines, with rectal and intranasal formulations approved by the US Food and Drug Administration

(FDA), whereas oral formulations have been used off-
label. (See Gidal and Detyniecki, Rescue Therapies for
Seizure Clusters: Pharmacology and Target of Treatments
for more details regarding clinical trial information for approved rescue medications of seizure clusters.4) Clinical
studies of rescue medications for seizure clusters are often
focused on specific populations, which may affect the generalizability of the results, and they are designed to satisfy
regulatory requirements. There is an unmet need to evaluate rescue medications and to determine how these are integrated with other strategies that are utilized for seizure
cluster management in clinical practice.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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What follows is a narrative review of questions of relevance to clinicians, patients, and caregivers/care partners,
and although terminology for specific seizure conditions
(e.g., seizure clusters are not recognized by the European
Medicines Agency as a discrete condition) and the approved medications for those conditions may differ across
regions, these concepts offer future opportunities for research. Each question is addressed with the data available,
along with expert insights and discussions. The intent is
that future studies will answer these queries, resulting in
improved quality of care for all patients with epilepsy who
experience seizure clusters.

2 | WHICH PREVIOUSLY
UNADDRESSED OR UNDERUTILIZED
END POINTS SHOULD BE PURSUED IN
FUTURE STUDIES?
Authors: Enrique Carrazana, MD, and Adrian L.
Rabinowicz, MD

2.1

|

Primary end point

Seizure clusters have been associated with emergency-
related hospitalizations and risk of progression to status
epilepticus with potential associated mortality risk.5,6
Successful control would be expected to reduce this medical burden, leading to improvements in quality of life (QoL)
for patients and caregivers.7 Therefore, prompt and durable control of the seizure cluster for 24 h as well as safety
are the essential end points. The 24-h duration of control
is critical in providing reassurance that the seizure cluster
has been terminated, thus affording the patient and caregiver the opportunity to resume daily activities with less
concern about a recurrence. Primary end points that focus
on the magnitude of improvement compared with no treatment may be appropriate in studies that include patients
with diverse seizure cluster characteristics and treatment
objectives. Safety end points that address the maximum
number of rescue doses in a 24-h period or how soon a
second dose can be administered following a recurrence
would be of value to both clinicians and families.

2.2

|

Secondary end points

2.2.1 | Outcomes related to seizure
cluster control
Secondary outcomes associated with seizure cluster control could provide a more comprehensive picture of rescue

Key Points
• Seizure cluster studies are designed to address
regulatory requirements, which may not be representative of clinical practice
• Future studies should involve broad inclusion
criteria consistent with the patient population
that would use rescue medication
• Seizure cluster control for a 24-h period is a critical end point for these types of studies
• Devices used for seizure detection, evaluation,
treatment, prediction, and prevention of seizure clusters could improve study quality

medication effectiveness and acceptance. These outcomes
include ease of use (rated by patient, caregiver, or others [e.g., school nurse]), acceptance by patient, return to
baseline activity/level of functioning, number of clusters
requiring use of a second dose or timing of repeated doses,
number of seizures in a cluster after treatment, and/or
other events (e.g., emergency medical services [EMS] code,
emergency department [ED] visit) following treatment or
the initial seizure (Table 1). It is important for time-based
outcomes to determine a clinically meaningful duration of
time between events. For example, a time to next seizure
of 4 h might still result in continued anticipatory anxiety
over the potential for recurrence. The determination of
minimal, clinically important thresholds (e.g., 12 h, 24 h)
requires further investigation. Another set of outcomes
is the absence of secondary events (particularly EMS call
or ED visit), which could be compared with patients who
TABLE 1

Outcomes related to seizure cluster control

Outcomes
1. Number of doses (e.g., proportion of clusters for which a
second dose is used)
2. Changes in dose frequency or requirements over time
3. Time to next dose (if given in same 24-h period)
4. Time to next seizure or delay in time to next seizure
5. Time from start of first seizure in cluster or cluster
recognition to administration of medicine—influence on
seizure cluster control over 24 h (e.g., number of seizures
occurring in a cluster prior to treatment)
6. Time to resumption of normal activity
7. Seizure cluster interval (e.g., seizure cluster frequency
change from weekly to monthly)
8. Duration of seizures within a cluster
9. Reduction in antiseizure medication use
10. Use of emergency medical services or the emergency
department
11. Ease of use (patient, caregiver)
12. Acceptance by patient
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do not receive rescue medication or in the same patient
from a baseline period prior to treatment (e.g., 6 months,
1 year). Correlating the type of seizure(s) in the cluster
with treatment outcomes would also be of interest. The
development and validation of a scale to assess seizure
cluster severity with and without treatment, which could
include several characteristics of the cluster (e.g., seizure
number and length, interval between seizures in a cluster,
interval between clusters [Seizure cluster interval]) and
show changes in an individual or group, might capture
useful data of importance to patients and families.

2.2.2 | Clinical, quality of life,
pharmacoeconomic outcomes
The effectiveness of seizure cluster control—the primary
end point—is intertwined with a number of important
outcomes that affect patients and caregivers. For example,
outcomes of injury or mortality could be representative
of the quality of seizure cluster control. Although seizure
clusters have been reported to negatively impact patient
mood, independence, and the ability to participate in daily
activities,8 there is no validated QoL instrument designed
to measure the specific burden of seizure clusters (e.g.,
anxiety, mood, fear), which would be anticipated to align
with the effectiveness of seizure cluster control. Finally,
because seizure clusters are associated with emergency-
related hospitalizations,5 the rates of hospitalizations over
time could be suggestive of seizure cluster control.

2.2.3

|

Long-term safety and effectiveness

Chronic benzodiazepine use can lead to a reduction in its
physiological effects (i.e., tolerance),9 and a proportion of
patients that utilize rescue medication also receive daily
benzodiazepine treatment (e.g., clobazam in Lennox-
Gastaut syndrome).10 Identifying potential effects with differing concomitant medications is important in establishing
the long-term safety and effectiveness of rescue medication. The effects of long-term use of intermittent benzodiazepine treatment of seizure clusters have not been fully
explored. The effectiveness of some rescue medications
over extended durations (24 h)11 is suggestive of additional
mechanisms apart from bioavailability alone. Evaluation
of seizure cluster interval over time could provide an expanded perspective of seizure cluster control (Table 1).
Transient, modest change in cognitive function has
been reported with benzodiazepine use, with more rapid
onset (minutes) and restoration of function noted with
intravenous diazepam administration as compared to rectal.12 Therefore, a suitable time course for the expected
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or potential changes in cognitive function must be determined relative to the route of administration in order to
design a cognitive assessment strategy. The timing of cognitive assessments should be considered relative to the
postictal state as well. Moreover, the suitability of cognitive
assessments for functional domains, such as those associated with memory, concentration, and motor function,
would have to be evaluated relative to baseline function in
the study population. Patient-centered outcomes might include the ability and time needed to return to some daily
activities or no longer requiring caregiver supervision (e.g.,
caregiver can return to prior activities). The development of
a scale to report patient and/or caregiver satisfaction with
time to recovery could provide additional information regarding patient-or caregiver-perceived functional status.

2.2.4

|

Specific patient subgroups

Analyses of patient subgroups are crucial in obtaining a
clear evaluation of an agent's effectiveness and safety. For
example, treatments that require active participation (i.e.,
a conscious patient) may be more suitable for patients that
experience prolonged aura or focal aware seizure onset.
Prolonged seizures, including those that are difficult to
distinguish from seizure clusters, as well as rapid repetitive seizures, may benefit from intranasal, intramuscular,
or rectal formulations of midazolam or diazepam, or from
inhaled alprazolam. Nonrapid repetitive seizures (e.g.,
clusters with recovery between seizures) would be suited
for oral disintegrating clonazepam, sublingual lorazepam
solution, buccal midazolam, oral diazepam, or lorazepam tablet or liquid. (See Gidal and Detyniecki, Rescue
Therapies for Seizure Clusters: Pharmacology and Target
of Treatments for information on rescue medications.4)
Other analyses of possible treatment subgroups include
those by underlying condition (e.g., encephalopathies,
catamenial seizure clusters, complex febrile seizures) and
frequency (e.g., more/fewer than two events per month).
Differences in outcomes according to self-administration
versus caregiver administration would be important to
characterize, especially in patients who experience prolonged auras or focal aware seizures. Assessing the ability
of rescue medication to shorten individual seizure duration in those patients with prolonged seizures would also
be of value to clinicians and patients.

2.2.5

|

Composite end points

The use of composite end points that could consist of the
outcomes discussed above (e.g., seizure occurrence by
time of day, pharmacoeconomics, QoL), especially those
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that include patient, family, and caregiver experiences
and beliefs regarding rescue medication, could provide
more meaningful information than traditional end points.
Composite end points that incorporate these different
groups could include patient-and family-centered questions: Is treatment better than no treatment or emergency
department visit? Do they want to continue with this treatment? Which treatment option would the family prefer?
Other questions could be focused on outcomes important
to professional caregivers (e.g., school nurse, long-term care
facility staff), including preferred formulations or routes of
administration and time to resumption of normal activities.

2.3 | Other considerations and
limitations of prior studies
2.3.1

|

Seizure cluster definition

Seizure cluster definitions are varied; therefore, the seizure
cluster definition must be considered carefully during the
design phase of the study. Specifically, how many seizures
per episode constitute a seizure cluster and what is the total
duration of the cluster (i.e., will it span 6, 12, or 24 h; 2 or
3 days)? A 12-to 24-h time period for children and adults, respectively, has been proposed as a critical window of time for
when the majority of seizures are most likely to take place.13
Statistical methods, such as the web-based ClusterCalc algorithm, that can account for a patient's baseline seizure
frequency to detect true seizure clusters not attributed to
random fluctuation (differentiate from natural seizure variation) may provide a more individualized definition.14

2.3.2

|

Patient selection

To preserve the quality of the study, even at the expense
of increased variability within the sample, it would
be prudent not to exclude subjects based on prior status epilepticus, specific seizure type (e.g., focal, tonic,
atypical absence, and myoclonic seizure clusters), high
seizure frequency, age group (e.g., infants or young children), concomitant treatments, or epileptic encephalopathies (Lennox-Gastaut syndrome, Dravet syndrome).
Maintaining the heterogeneity of the population allows
for broader applicability of findings.

2.3.3 | Time frame considerations relative to
seizure treatment
It is important to recognize that most seizures associated with a cluster are self-limiting and of short duration (a few minutes).15 Therefore, an end point of

seizure termination would present a challenge due to
the number of patients needed to treat. Although there
is an urgency to terminate the seizure for patients and
caregivers, the value of these data should be weighed
against the challenges of obtaining the data during the
development of the study design. As a practical matter,
studies of seizure clusters typically measure termination of the cluster rather than the duration of a single
seizure. Providing additional data, such as how many
seizures occurred after the rescue was given, would help
inform treatment options for families (i.e., not just the
need for a second dose). This contrasts with studies of
prolonged seizures, which can last for several minutes
and would be more amenable to the outcomes of individual seizure termination.

2.3.4 | How to measure adherence with
rescue medication
Determining adherence with treatments for unpredictable conditions possesses certain challenges. For example,
some caregivers may not see a need to interrupt seizure
clusters, which could affect the use of rescue medication.
Conventional approaches include counting pills or devices and pharmacy records to assess adherence; however,
these approaches are not well suited for rescue medications. Adherence to rescue medication for treating asthma
has been studied using electronic medication monitors
(EMMs), which can reveal when a medicine has been
used.16,17 The ability to integrate EMMs into smart device
applications,18 such as a seizure diary, could allow for improved, albeit indirect, adherence monitoring of rescue
medication. Another approach would be to compare the
number of refills with seizure cluster history recorded in
the seizure diary over a specified time period. If partial
adherence is documented, the rationale for treating only
certain seizure clusters, rather than all, may inform future
trials or allow strategies to improve patient care.

2.3.5

|

Other questions for clinical trials

Another consideration for clinical trial design is how to
address the natural variability in seizure cluster occurrence as well as triggers, such as illness, alcohol use, and
changes in medication and sleeping patterns, which could
contribute to noise in a study.1 In addition, it would be
helpful to know if the rescue efficacy is the same regardless of whether the cluster was spontaneous or provoked.
Studies to date have not incorporated the consideration of
changes in QoL. Improvements in QoL are key outcomes
with respect to treatment efficacy and have been assessed
by various scales19–22; however, there is no validated,
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seizure cluster–specific instrument for assessing QoL for
either patient or caregiver. A survey to assess the ease of
use and patient/caregiver satisfaction could be an important evaluation. Optimal time to administration, medication errors, safety events related to the agent or route of
administration, and the specific reasons for patient withdrawal are all crucial to an appropriate interpretation of
efficacy and safety profiles.

Noninvasive seizure detection devices couple smart applications (including machine-
learning algorithms) with
multiple noninvasive modalities, such as accelerometry,
heart rate, electromyography, electrodermography, and bed
movement (reviewed by Shum and Friedman, 2021).32–35
These are designed primarily to detect tonic-clonic seizures,
and although performance is not well characterized, the
field of noninvasive seizure detection is rapidly evolving.35

3 | H OW C A N DE VICE S
P OT E N T I A L LY E N HAN CE
C L I N I C A L TR IALS OF
P H A R M ACOLOG IC T R E AT M E N T
FOR S E I Z U RE CLU ST E R S AN D
P ROV I D E C L IN ICALLY U SE F U L
RES U LT S TO CLIN ICIAN S,
PAT I E N T S , AN D CAR EG IVE R S/
C A RE PA RT NE R S?

3.2

Author: Gregory L. Krauss, MD
The objective assessment of seizure cluster onset and duration can be difficult to ascertain, with caregivers often
reporting individual patterns imprecisely. A technology to
accurately assess these parameters may be possible with
the development of seizure detection devices, which could
improve the characterization of seizure clusters in clinical
trials and guide the implementation of therapy.23

3.1

|

Seizure detectors

Instruments for seizure detection utilize both invasive
and noninvasive technologies. Currently, responsive neurostimulation (RNS) is the only neurostimulation device
that directly assesses abnormal electrographic activity.24
However, RNS has limited spatial sampling, and patient-
specific detection settings programmed on the device may
not capture all seizures.25 Few patients with seizure clusters
are suited for RNS26; thus, benefits with this device would
be limited to a relatively small patient population. Sub-scalp
electroencephalography (EEG) is a less invasive instrument
and can be configured to work with smart applications and
cloud networks.27,28 Machine-learning algorithms can be
paired with this technology to enhance seizure detection.
Artifact from large muscle movements of the head (e.g.,
chewing) can impact data quality,27 but artifacts can be removed by filtering and regression or by decomposing the
EEG data into other domains.29 The combination of EEG
with video provides a more comprehensive analysis.30
Moreover, video-based devices that can be utilized at home
exhibit good performance during nighttime detection.31

|

Smart devices and apps

Seizure detectors could have roles in clinical development
of pharmacological treatments for seizure clusters. These
devices could increase the likelihood of prompt administration of medication in tonic-clonic seizures. In addition, cognitive function tests, heart rate, movement, and
seizure timing can be measured by some of these devices
and can provide additional data that could be used to determine treatment response and return to baseline. App
systems that utilize seizure detectors can help identify seizure types and triggers using postictal surveys conducted
on smart devices after cognitive recovery from seizures.36
Cognitive tests37 customized to the patient's developmental or cognitive profile could be used to evaluate cognitive
recovery following seizures (e.g., test for alertness, progressing to matching patterns in short-term memory puzzles).
Thus the time course for a return to normal function could
be determined as well as whether normal cognition was attained interictally. Return to normal responsiveness during
seizure clusters could be determined and serve as a guide for
selecting rescue medications, e.g. for spaced out versus rapid
repetitive seizures. A short cognitive scale could be developed that the caregiver could utilize at specified times and
standardized in a protocol to evaluate clusters. However,
this may be difficult for caregivers to deliver while assisting
in treating cluster seizures and testing responsiveness and
recovery with smart devices may be more reliable.
Seizure detection devices could complement seizure
action plans and acute seizure action plans. (See Patel
and Becker, Introduction to Use of an Acute Seizure Action
Plan for Seizure Clusters and Guidance for Implementation
for more details regarding acute seizure action plans.38 )
Seizure detection devices can notify caregivers of a seizure,37 potentially improving response times, likelihood
of seizure termination, and better characterization of the
seizure/seizure cluster (e.g., start time, duration). Seizure
detectors could prompt medication administration or
electrical stimulation at defined intervals and could be
customized according to the patient's individual patterns.
Goals for seizure detection devices are low false detection (alarm) rates and the ability to differentiate between
epileptic and nonepileptic seizures. A major challenge for
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non-EEG seizure detectors is the detection of focal unaware
seizures. Devices that combine modalities with individualized detection algorithms may have sensitivity to non-motor
seizures (e.g., electrodermal activity, EEG, behavior).39,40

4 | W H AT TY PE S OF TOOLS O R
M ET H O D S WOU LD B E N E E DE D TO
S UP P O RT F UT U R E ST U DIE S OF
S E I Z U RE C LU ST E R PR E DICT IO N
A N D P R E V E N T ION ?
Author: Vikram R. Rao, MD

4.1
4.1.1

|

Variables to assess

|

Cyclical nature of epilepsy

Recent evidence suggests that seizure timing in epilepsy
exhibits cyclical characteristics (e.g., daily, multi-
day,
41
yearly) and does not occur by chance alone. Interictal
epileptiform activity can fluctuate cyclically over multiple
time scales,42 helping to define periods of high and low
seizure risk.43 Increasing interictal epileptiform activity
over days is associated with seizures or seizure clusters.41
Prediction of a seizure cluster could provide an opportunity to prepare for, and potentially even begin, rescue
treatment. There are several factors that could be involved
in cycles of interictal epileptiform activity, such as circulating metabolites or hormones, endogenous/external
cues, and patient-specific biological clock mechanisms.
These types of assessments may be suitable to better characterize and predict seizure clusters.

4.1.2

|

Triggers and biomarkers

Biological rhythms have been characterized in sleep patterns and endocrine physiology, which could be exploited
to predict when seizure clusters may happen. Interictal
epileptiform discharges (IEDs) can occur during sleep,
with greater IEDs noted in non–rapid eye movement versus rapid eye movement sleep.44 Sleep deprivation can
lead to increased IEDs and the occurrence of seizures.44,45
In contrast, greater durations of sleep have been associated with a lower probability of seizure in some people
with epilepsy.46 Although sleep–wake cycles operate in a
circadian pattern, sleep duration and insomnia have both
been reported to exhibit multi-day variation, and variation
can be unique to the individual.47,48
Multi-day variation has been described for some hormones, such as sex steroids (estradiol, testosterone),

aldosterone, and cortisol49–51; as such, hormones are potentially useful biomarkers for seizure. Cortisol response
to stress has been reported to be higher in people with
epilepsy who are prone to stress,52,53 and seizures and
IEDs have been associated with cortisol levels in these
patients.52,53 In contrast, long-
term (multi-
day) seizure
patterns have been observed in both male and female patients,43 which could suggest that sex steroid fluctuations
do not fully explain seizure patterns. Neurosteroids, such
as allopregnanolone and tetrahydrodeoxycorticosterone,
can alter γ-
aminobutyric acid subtype A (GABAA) receptor function, which can influence excessive neuroexcitation,54 and low levels of allopregnanolone have been
associated with seizure.55 An approach to further elucidating relationships between hormones and seizures would
be to sample hormone status in patients with RNS or subscalp EEG and to examine hormone levels during brain
states of high and low seizure risk. These studies would
increase our understanding of the phenomena but may
have limited bedside utility.

|

4.1.3

External and endogenous cues

External cues (e.g., light–
dark cycles) are involved in
regulation of the circadian rhythm via direct retinal innervation to the suprachiasmatic nucleus.56 There are no
obvious cues that regulate (or operate on) multi-day cycles (e.g., 7-day, 21-day); however, an endogenous cue is
likely.57,58 Other external cues, such as abrupt weather
changes (atmospheric pressure, air humidity), may also
contribute to seizure occurrence.59

4.2

|

Methods for evaluation

Seizure diary data can be used independently or in combination with data obtained from devices to evaluate seizure
risk. Seizure diaries have been used to track patient self-
assessment of seizure risk in addition to seizure events
(e.g., counts, duration), which have been used to predict
seizures up to 24 h in advance as well as for characterizing seizure cycles.60–62 Qualitative assessment of mood
fluctuations and cognitive function could potentially be
investigated for use as markers of brain activity and possible transitions to high seizure risk. In addition, chronic
EEG (RNS and subscalp and video-EEG) can be used for
seizure evaluation.24 Subscalp EEG could be of value for
future studies because it may be more practical to scale
and have greater brain coverage than RNS.24 Comparing
intracranial RNS data with concurrent subscalp EEG
could help characterize the sensitivity of subscalp EEG for
epileptiform activity.

WHELESS et al.

4.3

|

Methods for prediction

Seizure prediction is challenging owing to the heterogeneity of epilepsy, and the best device options currently
are invasive and cannot be widely utilized. Nevertheless,
longitudinal study designs would be appropriate to adequately characterize seizure risk patterns over time. A
model (statistical or machine learning) could be developed
based on RNS or subscalp EEG data and the associated
outcomes in a patient cohort. Then the model could be
used for seizure prediction for that same cohort over a follow-up period and validated on a separate cohort. Several
longitudinal studies have used implanted EEG devices
for seizure forecasting,63,64 yielding effective forecasting
models, with better-than-chance forecasts obtained up to
3 days prior to seizures in some individuals.63 The addition
of seizure diary information, biomarkers, and machine-
learning methods could optimize the model. Limitations
include poor generalizability owing to a narrow patient
population with these devices. However, advances in seizure forecasting with wearable devices may circumvent
these limitations in the future.37,65
An important question is what value seizure forecasting holds for the patient. Would there be an identifiable
threshold for seizure risk (e.g., 25%, 50%, 75%) that would
warrant a change in the patient's daily routine or initiation of abortive therapy? Moreover, the ability to estimate
seizure risk may have unprecedented ethical and medicolegal implications.66

4.4

|

Methods for prevention

Reductions in seizure frequency with long-term neurostimulation suggest that the actions of neurostimulation
(vagus nerve stimulation [VNS], RNS, and deep brain
stimulation [DBS]) can result in less excitable brain states.
Although the exact mechanisms are unclear, interictal
neurostimulation induces network reorganization (neuroplasticity) over time.67,68 Indeed, reductions in median
seizure frequency reached 66% at year 669 and 75% over a
9-year period in an RNS cohort.70 Similar rates of reduction in seizure frequency were noted in patients following 7 years of thalamic DBS,71 whereas median seizure
frequency was reduced by 66% in patients with VNS following 3 years of exposure.72 Although evidence is limited
(e.g., case reports), VNS has also been associated with reductions in frequency, intensity, or termination of seizure
clusters.73,74 Neurostimulation (RNS, DBS, VNS) has also
shown effectiveness in reducing the frequency of, or terminating, status epilepticus,75–77 with a systematic review
of VNS reporting termination of status epilepticus in 74%
of patients following acute implantation of the device.77
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Neurostimulator settings (charge density, frequency)
can stabilize or stimulate transitions to brain states of low
seizure risk78; however, these are preset by the clinician.
A device that could modulate stimulator settings in real
time according to specific brain states and conditions (e.g.,
seizure cluster) would advance the field, resulting in an
instrument that could be used for both prevention and termination of an event.

5 | COMPARED WITH CURREN T
STUDY DESIGNS FOR TREATM E N T
OF SEIZURE C LUSTERS, WHAT IS
THE POTENTIAL VALUE OF OTHE R
DESIGNS TO PROV IDE DATA
IMPORTANT TO C LINICIANS,
PATIENTS, AND CAREGIV ERS/
C ARE PARTNERS?
Author: Daniel Friedman, MD
Randomized, double-blind, placebo-controlled trials are
considered the gold standard of evidence; however, considerations specifically relevant to studies pertaining to
prolonged seizures and seizure clusters should inform
study design.

5.1

|

Placebo control

A placebo control arm is appropriate for studies examining new end points or new types of seizure emergencies for
which there is no precedent or approved therapy. Placebo
would be unethical if an established treatment is available,
especially if withholding appropriate treatment could result
in harm to the patient. However, some types of seizure clusters have low risk of harm (e.g., those that consist of only a
few short seizures spaced across the course of a day that are
not expected to progress to status epilepticus), and a placebo
would provide the greatest chance to detect separation between experimental treatments. In contrast, placebo would
be ethically problematic for patients with epileptic encephalopathies (Lennox-Gastaut syndrome, Dravet syndrome) or
complex febrile seizures when there is an accepted need
for and standard of treatment. In these patients, an active-
control arm would be appropriate for patient safety and
care, although these trials have inherent limitations.79

5.2

|

Active control

Compared with placebo control, active control ensures that
all patients receive therapy. However, the end point must
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be selected carefully as it could be difficult to detect separation between the treatment and active control. Primary end
points should be those that are most likely to reveal separation between treatments, such as seizure recurrence, need
for second dose, recovery from dose, QoL, and caregiver
preference. Other comparisons of which the magnitude of
separation is uncertain would be defined as secondary end
points. The active control should be accepted by clinicians,
which can be a limitation, as a consensus on appropriate
active control, including dosage, may be elusive.79

5.3

|

Design considerations

Rescue medication should be prescribed to all patients with
a history of seizure clusters.2 Therefore, initial inclusion
and exclusion criteria should be broad (e.g., patients who
have prolonged seizure clusters or predictable cluster patterns; see Section 2.3.2 for further discussion on inclusion/
exclusion criteria). Some of the selection criteria could be
driven by the pharmacology of the rescue drug. However,
studies of rescue medications must enroll patients who
meet a threshold of treatable events so that study objectives can be adequately assessed. Where feasible, the addition of a screening or baseline period (e.g., 8 weeks) to the
traditional study design would allow all patients to provide
historical or baseline data to meet a threshold for treatable
events. Event types used for screening would be specific to
the treatment under consideration; however, some examples related to seizure cluster could be:
• Patients who have two seizures in a predefined period
(e.g., 6 or 12 h) will experience a third seizure.
• If a seizure lasts 3 min, it will go on for 10 min.
• An aura or prodrome with particular characteristics will
precede a seizure cluster.

• Seizure duration or number of seizures after index seizure (or treatment).
• Cluster onset from sleep (vs. daytime or wake onset).
The effect of sleep duration on seizure clusters is of
interest, and multisensory wearable devices (e.g., smart
watches) possess the functionality to track sleep and are
widely available. However, these devices are relatively
new, and few have been validated for sleep detection.80
The threshold for treatable events can be more stringent
for initial trials. In a phase 2 trial, for example, the screening period could identify patients who experience a high
proportion of treatable events (e.g., 80% of total events are
treatable events), whereas less stringent thresholds could
be used for larger phase 3 studies (e.g., 50% are treatable
events). Patients not meeting inclusion criteria could remain in the safety analysis, providing information on
community use.
The use of a placebo can control for the confounding
effects of seizures that terminate spontaneously. Patients
could be randomized to treatment or control arms using
the established standard of care as a second dose for seizure clusters that persist following an initial dose of the
experimental treatment or placebo control (Figure 1).
Common routes of administration for treatment and
control would allow for blinding of both investigators
and patients. The use of electronic diaries and electronic
patient-
reported outcomes may help in conducting a
single-blind study when using interventions with different routes of administration.

5.3.1
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Other design types

Other study designs may have limitations with respect to
seizure clusters. Placebo run-in involves administration
Experimental
Standard of care
rescue treatment rescue treatment

Randomizaon

5 min

Treatment Group

Seizure cluster

Placebo
Standard of care
rescue treatment rescue treatment

Baseline Period
(8 weeks)

5 min

Control Group

Seizure cluster

Treatment Period
(6 months)
FIGURE 1

Potential study design for rescue medication.
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of placebo to all subjects during a screening period to
determine adherence to treatment81; however, its usefulness may be questionable for intermittent conditions, and
there could be an increased risk of harm for some patients
owing to the potential for progression to status epilepticus.5 In addition, studies with placebo comparison may
have intentional or unintentional unblinding that may
introduce bias.82 Delayed start designs examine the effect of treatment as compared to control/placebo but also
characterize the disease-modifying effect over time after
those who receive control/placebo are transitioned to the
experimental treatment.83 The stochastic nature of seizure
clusters, though, may not be well suited for this design.
Multi-arm crossover84 could be a reasonable choice for
studies of seizure clusters but would require patients with
relatively frequent seizure clusters, potentially affecting
generalizability, and trial duration would have to be sufficient to detect separation between treatments. There are
few appropriate data sets available for historical control
studies for seizure clusters. In addition, studies conducted
over different time periods are likely to have dissimilar patient populations, including different concomitant medications. Moreover, historical controls may not be available
for novel types of seizure exacerbations or end points.

5.4

|

Electronic medical records

Electronic medical records (EMRs; electronic health records) are convenient to use and contain a wide variety
and large quantity of patient data; however, patient records can be imperfect (missing data, incorrect codes).
Changes in health care providers and insurance can lead
to gaps in the patient record. When selecting patients for
studies of seizure clusters using EMRs, it is important to
consider strategies (e.g., excluding patients with no activity in the medical record for 6 months) to minimize the
impact of missing and invalid data, as these can substantially alter study results. An International Classification of
Diseases (ICD) code was recently created for seizure clusters (acute repetitive seizures; 8A67),85 which along with
physician/chart notes and prescription information, may
lead to greater utilization of medical records for seizure
cluster research in the future. Integration of data from patient diary apps and detection devices into the EMR would
provide an improved means of tracking response to therapy or lack thereof.

5.4.1

|

Patient selection

Inclusion criteria using EMR data could include emergency room visits for seizures, status epilepticus, or seizure
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clusters along with prescription information. Prescription
for rescue may differ from usage, however, due to the variability of occurrence of seizure clusters and because some
patients may have prescriptions for peace of mind rather
than anticipated use.

5.4.2

|

Outcomes

Data from EMRs can be used to determine health care utilization and hospitalizations. An outcome of rescue medication failure would most likely require physician/chart
notes, and it is unclear how consistently rescue medication failure is recorded in this format. Nevertheless, the
newly added ICD code for seizure clusters may create new
opportunities to examine the effectiveness of rescue medication through EMRs.

6 | LOOKING INTO FUTURE
TRIALS, WHAT NEW PARADIGM S
DO YOU SEE EMERGING FOR
TREATMENT OF SEIZURE
C LUSTERS? WHAT ARE THE
UNIQUE C HALLENGES?
Author: Michael R. Sperling, MD

6.1 | Seizure cluster prediction and
detection of increased vulnerability
The goal of a prediction device or algorithm is to anticipate the majority of seizure clusters (see Section 4
for an expanded discussion on methods for prediction).
In addition to predicting the initial seizure of a seizure
cluster, a device could also be used to assess the likelihood that more seizures will occur. This could advance
clinical care as patients and their families are left weighing the need for rescue medication versus the odds that
further seizures are likely to occur. Challenges include
balancing false-
positive and false-
negative rates and
the effect of patient age, seizure type, and other factors
on accuracy. For example, a method using machine
learning has demonstrated some success forecasting
focal-and generalized-onset seizures using noninvasive
devices (e.g., wrist), with alerts provided approximately
half an hour in advance in those patients.86 In addition,
absence seizures have been detected using a noninvasive EEG-wearable device that utilizes machine learning,87 as well as with a glasses-monitoring eye tracker
method.88 Modalities such as photoplethysmography,
electrocardiography, respiration, motion, electrodermal
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activity, electromyography, and EEG (especially subscalp EEG),27,65,89–94 along with additional data sets for
algorithm training, will improve prediction and detection performance of wearable devices.

|

6.2

Predicting response to treatment

The potential for a particular treatment to successfully
abort a seizure cluster is unpredictable for the individual.
Some patients are nonresponsive to benzodiazepines but
instead respond to sodium channel blockers, or there
could be responses specific to certain benzodiazepines but
not others. Functional magnetic resonance imaging, EEG
(e.g., high-frequency oscillations), heart rate variability, or
other biomarkers could provide insights as to the potential
of success for some therapies.65,95,96

|

6.3

Disease modification

Neurostimulation is associated with increasing reduction in seizure frequency with longer exposure, and it
would be useful to determine if neurostimulation influences the frequency of seizure clusters, number of seizures per cluster, interval between seizures in a cluster
and interval between clusters, and other end points. It
is also unclear if or how long the effects of long-term
neurostimulation may persist in the absence of neurostimulation. Evidence supports an indirect mechanism,
perhaps manifested by alterations in functional connectivity, independent of direct stimulation events.67,68 The
impact of rescue medication use over time to modify
future seizure clusters, including the duration of seizure cluster interval, is poorly understood and worthy
of future investigation. Other experimental treatments
that hold the therapeutic potential to modify seizure
clusters may include cell transplants, which involve the
transplantation of inhibitory interneurons; gene therapy, including optogenetics; and new drugs and delivery systems, such as infusion pumps that deliver drugs
directly to the bloodstream, brain ventricle, and/or cerebrospinal fluid.97–100

7

|

CO N C LUSION

New clinical studies utilizing new study end points
or technology have the potential to improve care
for patients with seizure clusters. Patients with epileptic encephalopathies (e.g., Dravet syndrome) are
typically not included in clinical studies of rescue medication. However, they constitute a clinically relevant

proportion of patients with seizure clusters who could
benefit from more inclusive designs. Federally supported extramural grants should be utilized to support
research of special groups and new technologies. The
intent of rescue medication is to empower patients,
family members, and caregivers to manage care for
seizure clusters outside of an emergency department
setting, similar to at-home management of acute exacerbations of asthma with inhalation agents. By focusing
on novel end points and technologies with value to patients, caregivers, and clinicians, data obtained from future studies can benefit the diverse patient population
that experiences seizure clusters, providing more effective, appropriate care as well as alleviating demands on
health care resources.
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