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REVIEW

Microelectrode recordings in human epilepsy:
a case for clinical translation

Aswin Chari,'’? Rachel C Thornton,? Martin M Tisdall''? and Rodney C Scott'*

With their ‘all-or-none’ action potential responses, single neurons (or units) are accepted as the basic computational unit of the
brain. There is extensive animal literature to support the mechanistic importance of studying neuronal firing as a way to under-
stand neuronal microcircuits and brain function. Although most studies have emphasized physiology, there is increasing recognition
that studying single units provides novel insight into system-level mechanisms of disease. Microelectrode recordings are becoming
more common in humans, paralleling the increasing use of intracranial electroencephalography recordings in the context of presur-
gical evaluation in focal epilepsy. In addition to single-unit data, microelectrode recordings also record local field potentials and
high-frequency oscillations, some of which may be different to that recorded by clinical macroelectrodes. However, microelectrodes
are being used almost exclusively in research contexts and there are currently no indications for incorporating microelectrode
recordings into routine clinical care. In this review, we summarize the lessons learnt from 65 years of microelectrode recordings in
human epilepsy patients. We cover the electrode constructs that can be utilized, principles of how to record and process microelec-
trode data and insights into ictal dynamics, interictal dynamics and cognition. We end with a critique on the possibilities of incor-
porating single-unit recordings into clinical care, with a focus on potential clinical indications, each with their specific evidence
base and challenges.
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Introduction

With their ‘all-or-none’ action potential responses, single
neurons (or units) are accepted as the basic computation-
al unit of the brain (McCulloch and Pitts, 1943; Zador,
2000; Buzsaki, 2004; Kreiman, 2004). Spatiotemporal
patterns of action potential firing within neuronal micro-
circuits are system-level mechanisms of brain functions
such as movement, memory and sensory perception.
Existing literature from animal models affirms the im-
portance of studying neuronal dynamics, evidenced by
the award of the Nobel Prize in 2014 for the identifica-
tion of spatial navigation systems in the rodent brain
using single-unit electrophysiological approaches (O’Keefe
and Dostrovsky, 1971; O’Keefe, 1976; Buzsaki, 2004).

Perturbations of the brain by disease (gene mutations,
brain injury, developmental and degenerative disorders)
can lead to changes in the functional architecture of ac-
tion potential firing with emergent neurological symptoms
including seizures and associated morbidities. Therefore,
studying patients with epilepsy at the level of microcircuit
action potential behaviour has enormous potential for
increasing the understanding of mechanisms that predis-
pose to seizures and those that predict adverse cognitive
and behavioural outcomes.

Invasive recording techniques associated with the
neurosurgical investigation and treatment of focal epilepsy
(Jayakar et al., 2014; Rasul et al., 2017; Vakharia et al.,
2018) provide an ideal opportunity to record neuronal

firing patterns in the human brain. Established techniques
of electrophysiological recording during presurgical evalu-
ation [using clinical macroelectrodes in the form of sub-
dural grid and stereoelectroencephalography (SEEG)
electrodes] and resective surgical procedures (using elec-
trocorticography) have enabled the concurrent placement
of microelectrodes that can sample single-unit activity
and multiunit activity (Engel et al., 2005; Abbott, 2009;
Rasul et al., 2017). To date, these have been exclusively
placed in research contexts in a small proportion of
patients undergoing intracranial evaluation
(Supplementary Fig. 1A), with the majority of the work
assessing neuronal correlates of cognition (Supplementary
Fig. 1B).

Sixty-five years after single units were first recorded in
the human brain; there remain no established clinical
indications for microelectrode recordings in the presurgi-
cal evaluation of patients with epilepsy (Cash and
Hochberg, 2015). This is contrasted by multiple studies
that have demonstrated that, despite the increased use of
intracranial electrophysiology in presurgical evaluation,
seizure freedom outcomes following epilepsy surgery have
remained largely stable around 70% over the last
20years (Baud et al., 2018; Barba et al, 2020).
Therefore, there is a clear need to improve our localiza-
tion strategies (be that to a specific brain region or net-
work-level change) and we argue that microelectrode
recordings have the potential to complement traditional
imaging and macroscale electrophysiology by adding an
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additional layer of data at a different scale that could
contribute to improved outcomes.

In this review, we discuss lessons learnt from microelec-
trode recordings in humans undergoing presurgical evalu-
ation or resective epilepsy surgery, with a focus on how
these findings have impacted our biological understanding
of epilepsy and cognition. We cover principles of how to
record and process microelectrode data and insights into
ictal and interictal dynamics. We end with a critique on
the possibilities of incorporating single-unit recordings
into clinical care, with a focus on potential clinical indi-
cations, each with their specific evidence base and
challenges.

Historical perspective

Prior to the 1950s, technological limitations precluded
the recording of single units in humans during neurosur-
gical procedures. Intracellular microelectrode recording
(Hodgkin et al., 1952) and, later, patch clamping
(Sakmann and Neher, 1984) were too cumbersome to be
implemented in the time-limited setting of an operating
theatre and were necessarily destructive to the tissue that
was being recorded. The development of extracellular
glass micropipette electrodes (Renshaw et al., 1940)
opened the door to single-unit recordings in the live
human brain, a technique first reported in 1955 (Ward
and Thomas, 1955). In the first account of such record-
ings, Ward and Thomas reported their ability to record
single-unit action potentials in a patient with epilepsy
using glass micropipettes filled with 3 M potassium chlor-
ide (Ward and Thomas, 1955). They recorded from ‘scar’
and ‘normal’ tissue surrounding a temporo-occipital focus
but were unable to make any comparisons between the
firing characteristics of neurons in different areas. These
glass micropipettes were fragile and could only be used
for a limited time in the intraoperative setting and the re-
sultant recordings were confounded by the effects of con-
current or recent anaesthesia (Ward and Thomas, 1955;
Ward and Schmidt, 1961; Rayport and Waller, 1967).
Subsequently, the routine use of chronic extraoperative
implanted electrodes in presurgical evaluation together
with a number of microelectrode designs has facilitated
successful recording of single-unit activity in awake,
asleep, interictal and ictal states from a variety of brain
regions (Table 1) (Buzsaki et al., 2012; Toth et al., 2016;
Hong and Lieber, 2019).

Recording techniques and
safety

The technical details of how microelectrode recordings
are performed are relevant in the context of the proposed
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clinical translation and are therefore covered briefly. In
our systematic literature search (see Supplementary mater-
ial), chronic extraoperative recordings were more com-
mon than intraoperative recordings (86.4% versus 13.6%
of studies), with the majority of the intraoperative studies
occurring prior to 2000 and in the context of recording
from tissue that was to be resected.

The key to microelectrode recording has been the de-
velopment of small contact sizes (in the region of 20-
50 um) facilitating the delineation of extracellular action
potentials from neurons. High-input impedance research
amplifier systems are required to optimize power transfer
to the recording amplifier and the signal-to-noise ratio is
optimized by preamplification systems placed very close
to the electrode itself, minimizing signal decay from long
cables and interference from other electrical appliances.
Recording units from different brain regions has required
a number of electrode designs (Table 1) (Prasad and
Sanchez, 2012).

Initial techniques were limited to recording single or, at
maximum, 10s of neurons at a time. The development of
linear and 2-dimensional microelectrode arrays (MEAs),
alongside our ability to handle large datasets, has facili-
tated the recording of 100-1000 s of individual neurons
simultaneously in chronic extraoperative settings (Harris
et al., 2016; Hong and Lieber, 2019). Although they pre-
sent their own unique data processing challenges, these
novel devices allow two key functions. First, they allow
the recording of unit activity from multiple brain layers
or regions, allowing the study of coordinated firing
across functional areas. Second, devices that have closely
spaced electrodes can detect the same unit from different
electrodes, allowing improved resolution of single-unit
recordings (Jog et al., 2002). Until non-invasive methods
can record coordinated neuronal activity at the whole
brain level as has been achieved in larval zebrafish (Yang
and Yuste, 2017), neuronal recordings will always be
limited by relatively sparse spatial sampling, often deter-
mined by clinical need. However, the explicit purpose of
studying single units is to characterize microcircuits rather
than whole brain networks.

Practical surgical considerations must also be taken
into account, the first of which is choice of electrode.
Whilst some cortical MEAs and depth electrodes
(Behnke—Fried and hybrid design, see Table 1) have regu-
latory approvals (Federal Drug Administration in the
USA and Conformité Européenne marking in the
European Union) to record from the brain for up to
30days, most of the other electrode designs are used
purely in research contexts, requiring project-specific eth-
ical approvals. The increasing use of SEEG (Baud et al.,
2018) suggests that there is more scope for the incorpor-
ation of depth-design electrodes (Behnke-Fried or hybrid
design, see Table 1) into routine presurgical evaluation.
Although there is potential to sample both cortical and
deep areas with hybrid design electrodes, the yield is not
as good as with Behnke—Fried electrodes, with units being
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Microelectrode recordings in human epilepsy

recorded on only a minority of contacts. Microcontact
subdural grids require an open craniotomy for implant-
ation; the indications for subdural grid monitoring seem
to be decreasing and the yield of microcontact grids is
not clear from the current literature. Linear and 2-dimen-
sional invasive arrays also require a craniotomy and, in
addition, cortical penetration; despite reports of safety
(see below), it would be difficult to justify implanting
these into areas of the brain that were not a high chance
of being resected.

Once implanted, successful recording has its own chal-
lenge and there is technical literature surrounding the opti-
mization of human microelectrode recordings in the clinical
setting, focusing on amplifier technology and noise reduc-
tion techniques that maximize signal-to-noise ratio. Groups
have optimized protocols for implantation, preamplification,
securing connections, grounding the circuit and minimizing
interference from other electrical appliances.

In our systematic search (see Supplementary material),
none of the studies examining electrode design and im-
plantation safety reported increased complication rates as
a result of combining research microelectrode recording
with clinical macroelectrodes, illustrating the safety of
these techniques (House et al., 2006; Van Gompel et al.,
2008; Waziri et al., 2009; Hefft et al., 2013; Misra
et al., 2014; Carlson et al., 2018). However, as men-
tioned above, this does not take into consideration add-
itional cortical penetration of MEAs into the brain; it
would be difficult to convince any ethics committee to
allow routine recording using these penetrating devices
from tissue that was not going to be subsequently
resected, especially given the evidence of fine deficits
caused by implantation from the animal literature (Goss-
Varley et al., 2017).

Microelectrode data are sampled at 20-30 kHz, allowing
the recording of wideband EEG, termed microelectroence-
phalography [incorporating traditional local field poten-
tial (LFP, 1-100 Hz) and high-frequency oscillations
(HFOs, 80-500Hz)], multiunit activity and single-unit ac-
tivity (Harris et al.,, 2016). Wideband microelectroence-
phalography LFP recordings have been used in numerous
studies (Staba et al., 2002, 2004; Schevon et al., 2008;
Worrell et al., 2008; Stead et al., 2010), demonstrating
an ability to detect subclinical activity that is not detected
on adjacent macroelectrodes such as pathological HFOs
(specifically in the fast ripple band of 250-500Hz),
microseizures and micro-interictal epileptiform discharges
(IEDs) localized to sub-millimetre-scale tissue volumes, all
of which are promising biomarkers of epileptogenic
regions (Frauscher et al., 2017). In addition to picking
out features in these microelectroencephalography data,
authors have used line-length analyses to detect changes
in activity during pre-ictal and ictal periods in
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comparison to the baseline (Schevon et al., 2008; Worrell
et al., 2008). Linear MEAs have also been used to per-
form current source density analyses to study the current
sources and sinks within cortical layers that provide an
indication of the nature and source of inputs (Ulbert
et al., 2004).

The isolation of units is usually performed off-line after
band pass filtering (usually 300-4000 Hz). Spike sorting
applications (freely available or proprietary) are then
used to sort action potentials by identifying clusters with
similar waveform features. Although these techniques are
limited by the so-called ‘cocktail party problem’ of not
knowing how many sources are being recorded a priori,
it is clear that units can be isolated and analysed in a
biologically relevant way. However, it needs to be recog-
nized that it may not be possible to isolate single neu-
rons, especially during the intense firing associated with
ictal activity (see ‘Ictal dynamics’ section) and, in this cir-
cumstance, it is possible to evaluate multiunit activity.
Modern spike sorting applications incorporate the ability
to monitor neurons over long periods of time, accounting
for changes in action potential shape caused by electrode
drift, waveform drift (after prolonged firing or bursting)
and deconvolve overlapping ‘collided’ spikes from two or
more neurons (Harris et al., 2016; Carlson and Carin,
2019; Merricks et al., 2020).

Various techniques have been used to analyse spike
trains extracted from these spike sorting algorithms,
including measures of:

* Rate dynamics: rate of neuronal firing in relation to a
particular stimulus (in the form of, e.g. peristimulus
time histogram or event filters);

* Timing dynamics: timing of neuronal firing in relation
to the underlying LFP phase (in the form of, e.g. auto-
correlograms, post-spike filters or phase locking with
respect to concurrent LFP spectra); and

* Population dynamics: timing of neuronal firing in rela-
tion to other nearby/distant neurons (in the form of,
e.g. crosscorrelograms or coupling filters).

Abnormalities in these domains have been identified in
animal models of brain disease, supporting the rationale
for examining neuronal dynamics in humans.

Another important aspect of analysing and making
inferences from spike data is ascertainment of cell type.
Traditional approaches differentiated putative interneur-
ons and excitatory neurons based on characteristic shapes
of the action potential waveform and interspike interval
(ISI) histograms. More recent work has taken this a step
further, distinguishing functionally different cell types
using data-driven approaches (Buccino et al., 2018;
Ghaderi et al., 2018; Trainito et al., 2019; Mosher et al.,
2020), although it remains to be seen whether these clas-
sifiers are helpful in distinguishing pathological microcir-
cuit dynamics associated with diseases such as epilepsy.
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Figure | Concepts of the ictal ‘core’ and ‘penumbra’. Schematic representation illustrating the concepts of the ictal ‘core’ and
‘penumbra’, both areas of ictal activity on macroelectrode LFP recordings that lie within the clinically defined SOZ. The ictal onset zone has not
been convincingly recorded on MEA recordings but propagation from that onset area to the core territory is facilitated by the ‘ictal wavefront’.
The core is characterized by intense unit activity as it becomes recruited, whilst the penumbra may display the same LFP activity but
corresponding intense unit activity is not present. Phase-locked high-gamma oscillations have been shown to be a marker of the ‘core’, with the
resection of this region correlated with outcome. Adapted from Weiss et al. (2013) with permission (Schevon et al., 2012; Smith et al.,, 2016).

Neuronal dynamics of
epilepsy

The cardinal symptom of epilepsy is seizures, and therefore,
it is unsurprising that many human studies have studied
single units in the context of seizures, attending to the pre-
ictal, ictal onset, propagating and terminal phases of ictal
events. These dynamics were first described in 1976 when
12 focal seizures were recorded from mesial temporal struc-
tures in 7 patients with mesial temporal lobe epilepsy.
Although quantitative analyses were not performed, it was
noted that neuronal firing rate at seizure onset decreased
with high-amplitude EEG activity and increased with low-
voltage fast EEG activity. Later in the seizure, during the
spike-wave activity, neuronal firing increased during the
spike and remained silent during the slow wave whilst,
postictally, there was variable neuronal activity, with firing
rates returning to baseline within 1minute of the end of
the seizure (Babb and Crandall, 1976).

Since then, studies have independently confirmed sparse
and variable activation patterns of neuronal firing at seiz-
ure onset, including many neurons that do not change
firing rates at all; together, these suggest that seizure initi-
ation at a particular recording site may be more complex
than an instantaneous transition from interictal firing to

coordinated burst firing (Babb et al., 1987; Truccolo
et al., 2011, 2014; Bower et al., 2012; Schevon et al.,
2012; Jiruska et al., 2013; Weiss et al., 2016; Lambrecq
et al., 2017). It is likely that the seizure state is part of
the neural dynamic repertoire in patients with epilepsy
and that the patterns of action potential firing at local
and more distributed scales during seizure initiation have
particular characteristics that have not yet been fully elu-
cidated. Despite some evidence that single-unit activity is
stereotyped between seizures in the same patient
(Truccolo et al., 2011), other data have shown that mul-
tiunit activity firing patterns differ between mesial tem-
poral seizures within the same patient despite similar LFP
activity (Bower et al., 2012), suggesting that these net-
works may be dynamically changing. Others have shown
an increase in inhibitory interneuronal firing associated
with low-voltage fast activity at seizure onset, which
occurs before an increase in excitatory cell firing, further
contradicting the coordinated synchronous excitatory fir-
ing hypotheses of seizure onset (Weiss et al., 2016;
Elahian et al., 2018). Ictal onset HFOs recorded on
microelectrodes have shown an increasing spectral power
in the fast ripple band (200-600Hz) prior to macroelec-
trode seizure onset in certain subtypes of mesial temporal
lobe seizures (Weiss et al., 2016). The future in this area
revolves around developing models that unify and explain
these diverse changes at seizure onset.
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MEA recordings have also investigated the mechanisms
behind ictal propagation (Fig. 1). An ‘ictal wavefront’ trig-
gers coordinated recruitment of unit activity, which is ster-
eotyped between seizures in the same patient (Schevon
et al., 2012; Weiss et al., 2013). This coordinated unit ac-
tivity has been shown to occur in only a subset of areas
affected by ictal LFP activity recorded on macroelectrodes
(the ‘core’), indicating that many areas of ictal LFP activity
may not correspond to actual seizure activity at the unit
level. Unit firing in the core is also characterized by
changes in the spike waveform (Merricks et al., 2020).
This is of clinical significance as it indicates a potential to
refine our EEG-defined concepts of seizure onset zone
(SOZ) localization (Schevon et al., 2012; Jiruska et al.,
2013; Weiss et al., 2013; Smith et al., 2016). Phase-locked
high-gamma activity (80-150 Hz activity phase locked to
low-frequency 4-30 Hz activity) has been found to be a
surrogate of this ‘core’ territory, and the resection of a
larger proportion of contacts with phase-locked high-
gamma activity has been shown to be associated with bet-
ter outcomes (Weiss et al., 2013, 2015).

A number of studies have shown increased unit firing
rates mimicking coordinated hypersynchronous excitatory
activity towards the end of a seizure, followed by a
period of decreased firing (almost silence) that lasts many
seconds before a slow recovery to baseline levels
(Truccolo et al., 2011; Weiss et al., 2016; Lambrecq
et al., 2017). Patterns of cessation have been shown to
be inconsistent with depolarizing block caused by changes
in neurotransmitter or electrolyte concentrations following
rapid firing, suggesting that the hypersynchronous activity
and sudden cessation could be emergent properties of
large-scale networks themselves.

From a methodological perspective, these studies have
demonstrated our ability to consistently record from the
same units before, during and after a seizure, although
the intense spiking activity in the pre-termination phase
may preclude spike sorting and unit isolation (Merricks
et al., 2015, 2020; Smith et al., 2016; Lambrecq et al.,
2017). Despite these significant advances, recording unit
activity in the seizure focus itself is challenging to per-
form and our understanding of this process therefore
remains poor (Cash and Hochberg, 2015).

To date, studies have evaluated changes in firing rate
without evaluating changes in firing patterns with respect
to oscillations and with respect to the other recorded
neurons. Studying the timing and population dynamics
may allow a more complete understanding of microcircuit
behaviour during seizures.

Although features of conventional macroelectrode interic-
tal recordings (such as IEDs and HFOs) have been found
to overlap with the epileptogenic zone, presurgical evalu-
ation of patients still relies upon ictal recordings to iden-
tify the SOZ (Bartolomei et al., 2017, 2018). However,
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the epilepsies are fundamentally brain diseases that dis-
rupt neural circuitry. The behaviour of these disrupted
microcircuits is likely to be manifest as disruptions to sin-
gle-unit firing properties, even in the periods between
seizures. The study of unit activity in humans therefore
holds the promise of being able to identify the SOZ (or
its network correlates) purely from interictal activity, but
this has yet to be realized.

Initial studies focused upon ‘epileptic’ and ‘nonepileptic’
neurons in mesial temporal lobe epilepsy based on the
laterality of recording, identifying increasing bursting ac-
tivity and synchronization on the side of seizure onset
(Babb et al., 1987; Isokawa-Akesson et al., 1987, 1989).
Since then, only one study has attempted to predict the
clinical SOZ from interictal unit recordings, using logistic
regression approaches. This model incorporated the nor-
malized peak height of bursts, burst ISI ratio (ratio of
ISIs <10 ms/ISIs >10 ms) and cellular yield in each me-
sial temporal lobe area. Although they found convincing
results in certain regions (e.g. there was a 12x increase
in the likelihood of being within the SOZ for each unit
increase in the burst ISI ratio in the left hippocampus),
these were not consistent between regions and therefore
not generalizable (Valdez et al., 2012). More sophisti-
cated analyses are likely to generate novel pathophysio-
logical hypotheses on the nature of background networks
that are able to generate spontaneous recurrent seizures.

In addition to predicting the SOZ, authors have
attempted to explain the neuronal dynamics generating
interictal epileptiform activity. IEDs have been linked to
increased neuronal spiking prior to onset, although this
relationship is not always consistent (Altafullah et al.,
1986; Keller et al., 2010; Schevon et al., 2010; Alvarado-
Rojas et al., 2013; Despouy et al., 2019). Others have
used laminar arrays to perform current source density
analysis, identifying distinct patterns of current sources
and sinks of IEDs that are locally generated compared to
those that are propagated from elsewhere (Ulbert et al.,
2004; Fabo et al., 2008). It has also been noted that unit
firing activity may be modulated more in fast ripples in
epileptic mesial temporal lobe, furthering the theory that
fast ripples are pathogenic markers of epileptogenic tissue
(Bragin et al., 1999, 2002). These findings add further
weight to the possibility of understanding the epileptogen-
ic zone by recording interictal unit activity.

Neuronal dynamics and
cognition

The majority of microelectrode recording studies in
human epilepsy have evaluated the neural basis of cogni-
tion, most of them via the use of Behnke—Fried electrodes
in the mesial temporal structures. There is a vast litera-
ture evaluating neural dynamics and cognition in animal
models. Chronic electrode implantation over several days
provides a window for patients to perform cognitive
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tasks and several of the concepts derived from animal
models have now been tested in humans, leading to a
number of ground-breaking discoveries. Although the spe-
cifics of many of these studies have little relevance to the
presurgical evaluation of focal epilepsy, they highlight
that the principles of coding via rate, populating and tim-
ing dynamics are applicable to human single-unit record-
ings too. They act as a proof of concept of how these
analyses may be applied to unit recordings in the context
of epilepsy.

Mesial temporal lobe neurons in the amygdala and
hippocampus are involved in the encoding and retrieval
of memories and timing dynamics have been shown to be
particularly important in this context (Cameron et al.,
2001; Rutishauser et al., 2006, 2008, 2010; Jacobs et al.,
2007; Rey et al., 2018). In agreement with animal data,
a number of human studies have confirmed the import-
ance of phase-locked firing of neurons to the underlying
theta and delta rhythms in cognitive processes, with fur-
ther attentional elements coded through phase locking to
the trough of gamma oscillations (Fries, 2005; Jacobs
et al., 2007; Rutishauser et al., 2010).

The mesial temporal lobe has also been found to
sparsely encode features through rate coding. A seminal
example is the concept cell (the ‘Jennifer Aniston neuron’)
that responds to different pictures and written or spoken
name of the same famous individual (Quiroga et al.,
2005; Quiroga, 2012). These responses may be modu-
lated by perceptual decisions (attention) and controlled
by the patient using real-time neurofeedback (Kreiman
et al., 2002; Cerf et al., 2010; Ison et al., 2011; Quian
Quiroga ef al., 2014). Analysis of latency and selectivity
reveals that the mesial structures (hippocampus, amyg-
dala, entorhinal cortex) have the longest time delay to
peak response and are more selective compared to para-
hippocampal and inferotemporal areas (Mormann et al.,
2008; Quiroga, 2012), implicating the mesial temporal
lobe structures at the top of this cognitive processing
hierarchy. However, it is clear that there is some redun-
dancy/compensatory reserve in these systems as temporal
lobe resections do not often lead to deficits in facial rec-
ognition (Ojemann et al., 1992). Authors have also found
the human correlates of place cells (hippocampus) and
grid/path cells (entorhinal cortex); interestingly, these cells
have also been found to respond during memory re-
trieval, illustrating their role in providing a spatial con-
text (Ekstrom et al, 2003; Jacobs et al, 2010, 2013;
Miller ez al., 2013, 2015).

These studies should be interpreted in the context of
supporting evidence from animal and non-invasive human
studies as, despite contributing significantly to our under-
standing of the neural basis of perception and cognition,
they have a number of limitations. Electrodes are placed
only where is clinically indicated and current techniques
have been limited mostly to sampling mesial temporal
structures. Despite testing to ensure normal cognitive
function, one must consider that these recordings are
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occurring in individuals with epilepsy, whose memory
networks may be affected by the underlying abnormal
dynamics, which are the cause and/or consequence of the
epilepsy (Bower et al., 2015).

Although these cognitive studies are currently of no
relevance in terms of clinical decision-making, they repre-
sent important concepts to consider in the future, when
alternative neuromodulatory strategies to alter neuronal
networks may become available, with the aim of optimiz-
ing both seizure and cognitive outcomes simultaneously.

The future: single-unit
recordings in the clinical
context

Despite the immense gains in the understanding of neuro-
biology in health and disease, microelectrode recordings
in human epilepsy remain limited to research contexts.
This is partly due to the added infrastructure and cost
associated with performing microelectrode recordings,
including the costs of high-frequency amplifier systems,
MEAs and hybrid electrodes and the computing power
required to record and process such large volumes of
data.

Justifying the monetary, logistical and computational
costs of incorporating unit recordings into clinical prac-
tice requires the identification of clear indications. We
discuss the evidence in five potential areas where unit
recordings may become clinically relevant in the investiga-
tion and treatment of focal epilepsy:

(1) Refining the concept of the SOZ network: Although
specific patterns of neuronal firing within and outside
the SOZ have not firmly been established, existing evi-
dence suggests that unit firing in the ‘core’ of the SOZ
may be different to that in the ‘penumbra’ (Fig. 1)
(Schevon et al., 2012; Weiss et al., 2013), indicating
that the microelectrode-defined SOZ could be signifi-
cantly smaller than (or different to) that defined by
macroscale recordings. However, it is unlikely that
this will form the core of the rationale for clinical
translation for a number of reasons. First, these
recordings have all been performed using cortically
implanted MEAs that require a craniotomy for im-
plantation; the increasing use of SEEG, which does
not require a craniotomy, makes implanting MEAs
more difficult. Microelectrodes attached to SEEG elec-
trodes are limited by low yield (hybrid design) or
being able to sample deep structures only (Behnke-
Fried design). Second, markers of this ‘core’ have been
identified in ictal LFP recordings through the phase-
locked high-gamma measure. The resection of con-
tacts where such activity is present has been shown to
correlate well with outcomes (Weiss et al., 2013,
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2015) and it therefore may not be necessary to record
unit activity to define this ‘core’.

Identification of the SOZ network from interictal
recordings: Current invasive evaluation of focal epi-
lepsy relies upon the patient having seizures during
the recording period, requiring long periods of moni-
toring and the reduction in antiepileptic medication.
Analysis of IEDs, which constitute the ‘irritative zone’
(Liders et al., 2006), HFOs and functional and seiz-
ure stimulation tests have provided important adjunct-
ive information with which to guide tailored
resections. In the last few years, quantitative signal
analysis methods have attempted to objectively deter-
mine the SOZ from ictal recordings (Bartolomei et al.,
2008; David et al., 2011; Andrzejak et al., 2015).
Despite these, intracranial electrode-guided resections
are not always successful, with seizure freedom rates
in the range of 50-80% (Wellmer et al, 2012;
Gonzalez-Martinez et al., 2013; Garcia-Lorenzo et al.,
2019; Thorsteinsdottir et al., 2019).

Given that the vast majority of intracranial recordings
are in the interictal state, it would seem logical to try
and utilize these ‘steady-state’ recordings for clinical
localization (Goodale et al., 2020), a concept that is
supported at the neuronal level by animal literature
showing interictal neuronal network abnormalities in
animal models. Early work in interictal microelectrode
recordings attempted to ascertain interictal properties
of ‘epileptic’ and ‘nonepileptic’ neurons in the interic-
tal state (Ward and Schmidt, 1961; Isokawa-Akesson
et al., 1987, 1989), mainly in mesial temporal struc-
tures. Establishing whether there are signatures of
neuronal firing in the interictal period that reliably
predicts the ictally defined SOZ would revolutionize
intracranial monitoring in human epilepsy as it would
obviate the need to wait for spontaneous seizures and
ictal recordings. The assessment of ‘normal’ and ‘ab-
normal’ dynamics of a particular area will be aided by
the production of normal atlases of function in differ-
ent brain regions, something that has been successfully
achieved for macroelectrode SEEG  recordings
(Frauscher et al., 2018).

However, there are significant hurdles that must be
overcome. SEEG electrodes currently allow for (an al-
beit limited) 3-dimensional sampling of the brain.
Microelectrode data have mostly been recoded from
depth Behnke—Fried electrodes (which sample deep
structures) or cortical MEAs (Table 1). Hybrid design
electrodes, which have the microelectrode contacts be-
tween the macro contacts (Table 1), would allow the
construction of 3-dimensional neuronal networks but
have only been used in limited contexts in the litera-
ture so far and the yield of units is purported to be
low using these constructs.

Redefining the concept of the SOZ network: For
many years, seizures and epilepsy have been viewed as
a network disorder rather than a focal disorder and

Onset Zone
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Propagation
Zone
Network

Seizure

Network

Figure 2 Current understanding of network concepts in
focal epilepsy. Schematic representation of our current
understanding of network concepts in focal epilepsy, which has
largely been informed by network analyses of imaging and
intracranial EEG recordings. The schema breaks down the brain
regions (nodes) into groups based on a hierarchical classification of
epileptogenicity into the SOZ networks (areas involved in seizure
generation), propagation networks (less epileptogenic areas
involved in seizure spread) and not involved networks. Adapted
from Bartolomei et al. (2017) with permission.

significant effort has been invested into the modelling
of structural, functional and effective connectivity net-
works in epilepsy using structural imaging, functional
imaging and electrophysiology (Scott, 2016; Wendling
et al., 2016; Bartolomei et al., 2017; Jirsa et al., 2017;
Scott et al., 2018) (Fig. 2). However, current surgical
treatment of focal epilepsy still relies largely on the re-
section of specific foci (the SOZ) rather than modify-
ing more widespread ictogenic (SOZ and
propagation) networks.

It is possible that studying unit-level connectivity, both
ictally and interictally, will provide further insight into
microcircuit network-level disturbances in focal epilepsy.
Specifically, the interaction between neurons at a popu-
lation level (Fig. 2B) may add to LFP-level connectivity
measures, although the rationale for this is currently
purely speculative. In addition, building a 3-dimensional
understanding of these networks would require hybrid
design electrodes that were able to sample deep and
superficial structures in the brain, which, as mentioned
above, have their own limitations in terms of yield.

To be clinically useful this has to translate into tail-
ored network-modifying interventions that disrupt the
pathological network architecture that results in a sus-
ceptibility to seizures. This may not necessarily be in
the form of resective surgical intervention, and it is
plausible that targeted medical and neuromodulatory
therapies may hold more promise in modifying these
network dynamics.

Predicting seizure onset prior to LFP changes: A num-
ber of studies have revealed that unit-level changes
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Surgical
. g

Seizure-Focussed
Interventions

Current paradigm of
surgical intervention
to the SOZ network

Disease-Focussed
Interventions

Network-based
interventions that shift
network dynamics
towards normal

Figure 3 Paradigms of network concepts in epilepsy surgery. Schematic representation of current paradigms of network concepts of
epilepsy surgery, illustrating a normal network (A), an epileptogenic network (B) as in Fig. 2 that results in both seizures and associated
comorbidities including cognitive, psychological and social problems. In terms of treatments, current surgical treatments (C) are focused heavily
on addressing the seizures, which may have some impact on the cognitive and developmental aspects but we envisage a future where surgical and
non-surgical treatments are individually tailored to push the network towards normal dynamics (D), concurrently addressing all facets of the
disease. Adapted from Bartolomei et al. (2017) with permission (Lenck-Santini and Scott, 2015; Scott, 2016).

can occur prior to LFP-defined seizure onset
(Truccolo et al., 2011; Mormann and Jefferys, 2013).
Given the increase in neuromodulatory strategies for
the treatment of epilepsy such as responsive neurosti-
mulation (Matias et al., 2019), microelectrode record-
ings could be incorporated into such real-time
feedback systems, improving seizure detection algo-
rithms and resultant patient outcomes.

(9) Normalizing cognition and development in epilepsy:
The cognitive, behavioural and psychological impair-
ments associated with epilepsy are key determinants
of the quality of life and must form a key focus of our
treatments of this condition (Lenck-Santini and Scott,
2015). Current surgical treatments are largely focused
on seizure freedom, although it is increasingly being
recognized that effective surgical treatment positively
impacts cognitive and developmental outcomes in chil-
dren (Veersema et al., 2019; Braun, 2020). There is a
need to shift the focus of intervention in epilepsy, and
specifically epilepsy surgery, from purely seizure-based
interventions to disease-based interventions that look
to normalize brain network dynamics (e.g. neuronal
dynamics) to address both seizures and associated
comorbidities (Fig. 3).

(10) Studying the neuronal bases of cognitive processes
and how these may be perturbed in epilepsy may add-
itionally allow a tailoring of invasive and non-invasive
neuromodulatory strategies designed to optimize cog-
nitive and developmental outcomes.

All the aforementioned potential clinical indications will
be aided by advances in technology. These include the
development of novel electrode designs that facilitate
recording from a growing number of neurons simultan-
eously, although none of these devices are as yet licenced
for human use (Viventi et al., 2011; Khodagholy ez al.,
2015; Jun et al, 2017; Musk and Neuralink, 2019).
Accompanying advances in our ability to process large
datasets means that there is potential to meaningfully re-
cord from and understand the behaviour of thousands of
neurons at a time. Novel analyses will also be aided by
endeavours to ensure that open datasets are available and
organized in a homogenous fashion, ensuring that the
maximum can be garnered from data that are often diffi-
cult to acquire (Holdgraf et al., 2019; Miller, 2019).

However, there remain significant challenges in making
microelectrode recordings mainstream in patients with
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epilepsy. In addition to the equipment costs mentioned
previously, routine microelectrode recordings would result
in increased demand on infrastructure and computational
resources, which may all be justifiable in the context of
improved outcomes. In addition, incorporating micro-
electrodes into contexts outside presurgical evaluation
(e.g. implantable closed-loop neuromodulation systems)
requires the assessment of long-term stability of these
recordings (Chung et al., 2019) and mitigation of factors
such as the foreign body reaction (Lotti et al., 2017) and
much of this work so far has been conducted in animals
only.

Limitations

The methodology for this review is covered in the
Supplementary material. Although we registered the re-
view and examined the literature systematically identify-
ing 137 studies examining microelectrode recordings in
human patients undergoing surgery for epilepsy, we did
not have two reviewers to independently extract data
from each study and the choice of studies to include in
the manuscript was based on the opinions of the authors.
Of note, the ‘cognition’ field of study, which had the
most number of papers (Supplementary Fig. 1B), was
only superficially addressed as this review was specifically
focused on clinical translation from the perspective of
presurgical evaluation for epilepsy surgery. The review
also did not follow the PRISMA guidance for reporting,
and the risk of bias of the studies was not systematically
assessed. The lack of intervention/diagnostic studies and
focus on biological understanding of human epilepsy and
cognition from these studies to date made it difficult to
follow a clinical systematic review structure and we felt
that our approach gave us the flexibility to discuss evi-
dence towards the potential novel indications we have
proposed for microelectrode recordings in the presurgical
evaluation of patients with focal epilepsy.

Conclusions

Over the last 65 years, intracranial microelectrode record-
ings in human epilepsy have significantly advanced our
understanding of the neuronal mechanisms of human epi-
lepsy and cognition. Theories of microcircuit dynamics
developed from the enormous literature on unit dynamics
in animal models have been translated in many of these
studies. Increasing the number of patients who undergo
single-unit evaluations will allow us to demonstrate which
concepts derived from animal models actually apply in
humans. In addition, novel hypotheses about human cog-
nition and clinical hypotheses about brain dysfunction in
epilepsy are likely to be generated.

There remains a lack of clinical indications for routine
clinical microelectrode recordings. In addition to
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advancing our understanding of the neuronal bases of
cognition, future research must focus on optimizing these
recordings to refine our understanding of both the SOZ
and seizure networks to develop treatments that maxi-
mize both rates of seizure freedom and cognitive/develop-
mental outcomes in patients with medically intractable
focal epilepsy.
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