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SCIENTIFIC COMMENTARY

Focal seizures unfold variably over time
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This scientific commentary refers to 
‘Chronic intracranial EEG recordings 
and interictal spike rate reveal multi
scale temporal modulations in seizure 
states’ by Schroeder et al. (https://doi. 
org/10.1093/braincomms/fcad205).

A central dogma in clinical epilep
tology holds that seizures are random 
in their time of occurrence but stereo
typed in the symptoms they produce. 
Both features have relevance for peo
ple living with epilepsy: seizure unpre
dictability is a major source of 
disability,1 and stereotypy helps distin
guish epileptic seizures from other par
oxysmal neurological events. Yet, 
clinicians have long had clues that ca
nonical notions of randomness and 
stereotypy belie the complexity of sei
zures. For example, observations of 
cyclical patterns in seizure occurrence 
date back to antiquity,1 and electrocli
nical manifestations can vary from one 
seizure to the next (Fig. 1). Indeed, fun
damental tenets in epilepsy have been 
challenged recently by growing evi
dence for an underlying temporal 
structure that both explains seizure 
timing and creates seizure variability.

A contemporary, probabilistic con
ception of seizure timing posits the ex
istence of alternating high and low 
states of seizure likelihood, defined in 
relation to cyclical fluctuations in epi
leptic brain activity.2–7 The availabil
ity of chronic intracranial EEG 
recordings over years in some people 
with focal epilepsy has revealed that 
interictal epileptiform activity (IEA) 
fluctuates periodically over multiple 
timescales, from circadian (∼24 h) to 
longer cycles of about-weekly to 
about-monthly duration, so-called 

multidien (multi-day) cycles.2,3,5

Seizures preferentially occur at certain 
times during each cycle, most likely 
when critical phases of co-existing cir
cadian and multidien cycles align.3

Whether seizures occurring at different 
phases may have phase-specific charac
teristics has remained an open question. 
Conceivably, the ‘seizure pathway’— 
the spatiotemporal dynamics with 
which a seizure unfolds—may also 
demonstrate temporal variability. In 
other words, do cycles of IEA help de
termine how a seizure manifests in add
ition to when it occurs? Does the type 
of seizure depend on the time of the 
seizure? The answers to these questions 
have relevance for the network theory 
of epilepsy8 but also implications that 
bear directly on clinical practice. For 
example, to the extent that electro
graphic patterns relate to salient semi
ology, such as duration, loss of 
awareness, and convulsions, methods 
to predict the clinical manifestations 
of seizures could enable tailored, time- 
varying therapies. The discovery of cy
cles in epilepsy has made seizure fore
casting a near-term reality,1 but the 
ability to anticipate nuanced features 
of seizures would help align the inten
sity of preventative interventions with 
the expected severity of seizures.

Recently in Brain Communications, 
Schroeder and colleagues9 addressed 
some of these questions by analysing 
long-term human intracranial record
ings from the NeuroVista trial, a 
unique dataset that has yielded funda
mental insights on seizure dynamics.2,4

Despite its modest sample size (N = 10 
participants were analysed for this 
study), strengths of this dataset include 

its chronicity (185–767 days of record
ing time) and a large number of events 
(57–452 seizures/participant), which 
enable analyses of seizure variability 
within individuals. Using a soft- 
clustering technique called non- 
negative matrix factorization, applied 
here on six frequency bands (delta to 
high-gamma), the authors decon
structed seizures into sequences of a fi
nite number of seizure network states 
(SNSs). Thus, every seizure is ex
pressed as an ordered progression of 
some or all SNSs, each with a duration 
that can be quantified and a time that 
can be related to momentary phases 
of circadian and multidien IEA cycles.

Seizures in the 10 participants were 
reduced to sequences of three to seven 
SNSs. Although focal seizures within 
an individual tended to start with the 
same SNS, the occurrence across sei
zures of subsequent SNSs was more 
variable in sequence and duration (up 
to 20-fold variation). As expected, all 
participants had circadian cycles of 
IEA (spike rate).2,3 In addition, six 
participants showed circadian modu
lation in the occurrence or duration 
of at least one SNS, showing that seiz
ure characteristics can systematically 
vary according to time of day. Eight 
of the 10 participants had multidien 
cycles of IEA, with periodicities remin
iscent of those found in a distinct data
set:3,5 6 days, 10–15 days, and 28–29 
days. Multidien IEA cycle phase 
modulated the occurrence or duration 
of specific SNSs in five participants, 
showing that seizure pathways can 
have cyclical variation over days to 
weeks. These effects were quantified 
using circular statistics, including the 
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phase-locking value (occurrence of a 
SNS, discrete variable) and rank 
linear-circular correlations (duration 
of a SNS, continuous variable), tested 
against null distributions drawn from 
surrogate time-series. In this statistic
ally robust approach,10 chance-level 
values are obtained by randomly shuf
fling the time of occurrence of seizures 
to quantify chance-alignments with 
the original underlying cycle. Over 
years of recording, new SNSs can ap
pear (here, in 8/10 participants), sug
gesting that pathological networks 
underlying focal seizures may evolve 
at very long time-scales.11

Overall, these results can be dis
tilled to two main take-home points: 
(i) seizures within individuals are 
stereotyped to the extent that they 
combine a set of SNSs, the preva
lence and duration of which may 
progressively increase or decrease 
over time; and (ii) in some indivi
duals, this stereotypy is modulated 
by certain phases of circadian and 
multidien IEA cycles. Taken to
gether, these findings advance our 
understanding of seizure variability 
by revealing cyclical dynamics in 
seizure pathways.

This study has some limitations, 
which are acknowledged by the authors, 
including the small sample size and 
limited spatial coverage of intracranial 
electrodes. Unfortunately, the SNS com
position of seizures was not directly relat
able to seizure severity or clinical 
semiology, such as the occurrence of sec
ondary generalization, a principal deter
minant of seizure-related morbidity. 
Hence, the clinical utility of knowing 
when certain SNSs are more or less likely 
to occur remains theoretical. Finally, 

although this study does well to highlight 
the existence and multidimensionality of 
seizure variability, the results do not fully 
explain this variability. To this end, the 
authors propose several other features 
that could be analysed in future work, in
cluding high-frequency oscillations and 
other patterns of neural activity besides 
spikes.

Like much work in the field, this 
study focuses on seizures, the most 
obvious expression of epilepsy. Yet, 
the fact that cyclical patterns of 
activity in the interictal state correlate 
with both seizure timing and seizure 
pathways suggests that seizures may 
be co-modulated by factors that influ
ence interictal network fluctuations. 
Seizures are increasingly understood 
as expressions of dynamic epileptic net
works as opposed to chaotic perturba
tions of unwavering ‘normal’ activity.8

As such, it will be critical for future 
studies to dissect network behaviour 
in the interictal state by identifying 
drivers of cyclical phenomena and by 
characterizing the effects of relevant 
clinical variables, like anti-seizure med
ications. For now, the elegant work of 
Schroeder et al. provides considerable 
inspiration for the work that lies 
ahead.
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Last week’s small seizure
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This week’s big seizure

Figure 1 Time-varying focal seizures. Electrographic seizures and their accompanying symptoms may vary from one occurrence to another.
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