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Focal seizures appear to start abruptly and unpredictably when recorded from volumes of brain probed by clinical intracranial

electroencephalograms. To investigate the spatiotemporal scale of focal epilepsy, wide-bandwidth electrophysiological record-

ings were obtained using clinical macro- and research microelectrodes in patients with epilepsy and control subjects with

intractable facial pain. Seizure-like events not detectable on clinical macroelectrodes were observed on isolated microelectrodes.

These ‘microseizures’ were sparsely distributed, more frequent in brain regions that generated seizures, and sporadically evolved

into large-scale clinical seizures. Rare microseizures observed in control patients suggest that this phenomenon is ubiquitous,

but their density distinguishes normal from epileptic brain. Epileptogenesis may involve the creation of these topographically

fractured microdomains and ictogenesis (seizure generation), the dynamics of their interaction and spread.
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Introduction
Partial epilepsy is the most common pharmacologically resistant

seizure disorder (Engel et al., 2003). Although the established

electrophysiological signature of partial epilepsy is focal seizures,

little is known about the spatial and temporal scales that define

the neuronal assemblies underlying this emergent pathological os-

cillation. For decades, epilepsy surgery has utilized intracranial

EEG recorded over a narrow bandwidth (1–100 Hz) from large

(�1–10 mm diameter), widely spaced (5–10 mm) electrodes

(Engel et al., 2007). This practice, however, is largely based

upon tradition and the limits of sensor technology when intracra-

nial EEG was first recorded, rather than our knowledge of the

human brain. These technological limitations often frustrate epi-

leptologists looking for discrete, functional ‘lesions’ to remove

during epilepsy surgery, because seizures arising from the neocor-

tex often appear to start abruptly from large regions of brain

(Quesney, 2000). Other applications awaiting better definition of

the neurophysiological generators of seizures are seizure prediction

(Lehnertz, 2005; Mormann et al., 2007), whose controversial per-

formance may be due in part to the poor temporal and spatial

resolution of clinical intracranial EEG, and implantable
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anti-epileptic devices (Sun et al., 2008), whose efficacy might be

improved with better targeting and understanding of seizure gen-

erators. To date the emergence of spontaneous focal seizures in

humans has not been thoroughly investigated at high temporal

sampling rates on sub-millimetre spatial scales.

Wide-bandwidth local field potential recordings using microelec-

trodes (diameter5100 mm) in epileptic human hippocampus and

neocortex have identified several new classes of electrographic

activity localized to sub-millimetre-scale tissue volumes, inaccess-

ible to standard clinical intracranial EEG technology. Pathological

high-frequency oscillations have been localized to microdomains

(51 mm3) in human epileptic hippocampus (Bragin et al., 2002b;

Worrell et al., 2008). Penetrating microelectrode arrays embedded

directly into human epileptic neocortex reveal microperiodic epi-

leptiform discharges (Schevon et al., 2008) and high-frequency

oscillations (Schevon et al., 2009) confined to 200-mm-diameter

tissue regions. There is debate regarding the significance of micro-

periodic epileptiform discharges, however, because they have

morphology and temporal behaviour similar to what is reported

after cortical injury (Ebersole and Pedley, 2003), and they have

not been established as a specific electrophysiological marker for

epileptic tissue.

Work from Goldensohn et al. (1975) in the 1960s describes

microepileptiform discharges obtained from a glass pipette elec-

trode on the surface of cat cortex treated with a focal injection of

penicillin. They demonstrated focal evolving microepileptiform dis-

charges after penicillin injection on single electrodes in an array of

electrodes spaced 2 mm apart with no reflection of the discharges

on adjacent electrodes. The magnitudes of the recorded potentials

were as large as 3 mV and were largest in the superficial cortical

layers when depth profiles were measured.

Material and methods
To investigate the spatial and temporal scales underlying the genesis of

focal seizures, we obtained prolonged local field potential recordings

from brain regions generating spontaneous seizures (ictal onset zone)

and brain regions not generating seizures (non-ictal onset zone) in

patients with epilepsy, and from control brain of patients without epi-

lepsy undergoing similar electrode implantation for experimental treat-

ment of intractable facial pain (Lima and Fregni, 2008). Data were

acquired on a DC capable 320 channel system, sampled at 32 kHz,

with a dynamic range of� 132 mV at 1 mV resolution (Neuralynx, Inc.).

Raw data were converted to a lossless compressed format yielding

average compression ratios of 10% from 32 bit samples (Brinkmann

et al., 2009). Continuous, long-term recordings were obtained from a

total of 780 clinical macroelectrodes (1–10 mm2, 10 mm spacing) and

756 microelectrodes (10�3 mm2, 0.5–1 mm spacing) in 14 patients

with epilepsy and two patients with intractable facial pain and no

history of seizures. Microwire electrodes were incorporated into stand-

ard clinical macroelectrodes in a hybrid arrangement (see the online

Supplementary Material). Candidate seizure events on clinical macro-

and research microelectrodes were identified with an automated seiz-

ure detector applied to all the data (12.5 terabytes) using an adaptive

signal line-length feature (Gardner et al., 2007), and thresholded for

hypersensitive detection (Supplementary data). All candidate seizure

events were confirmed or rejected by expert visual review, based on

the electrographical features of seizures (Schiller et al., 1998;

Lee et al., 2000; Worrell et al., 2004; Bragin et al., 2007) that include

(i) paroxysmal change arising from background intracranial EEG activ-

ity; (ii) temporal and spectral evolution of the seizure discharge; and

(iii) discrete termination of the seizure discharge. In addition, focal

periodic or quasi-periodic epileptiform discharges were detected on

isolated clinical macro- and research microelectrodes. Even when pre-

sent on clinical macroelectrodes, this electrographic pattern was not

associated with clinical seizure activity, and therefore was not labelled

as seizure when occurring on either macro- or microelectrode arrays.

We labelled these events as ‘micro periodic epileptiform discharges’

when they occurred on isolated microelectrodes (Schevon et al.,

2008). Electrographic seizure-like discharges isolated to single micro-

electrodes that demonstrated temporal and spectral evolution com-

monly associated with clinical macroelectrode seizures were labelled

‘microseizures’.

Results
A total of 66 clinical macroelectrode seizures were verified from

the 780 clinical macroelectrodes during the 2256 h of intracranial

EEG. Seizures were identified from the macroelectrode recordings

in all 14 patients with epilepsy, and none were seen in the two

control patients. Of the 14 patients with epilepsy, five patients had

exclusively neocortical onset seizures, seven patients had exclu-

sively mesial temporal (amygdalohippocampal) onset seizures and

two patients had independent neocortical and mesial temporal

onset seizures (Supplementary Table 1). Epileptiform spikes and

seizures recorded on clinical macroelectrodes were simultaneously

observed on adjacent microelectrode arrays in all cases. Frequent

interictal epileptiform activity, however, was recorded on isolated

microelectrodes and was not detected on neighbouring micro- or

macroelectrodes (Fig. 1A and B). Automated seizure detection

identified 75 200 candidate events isolated to individual microelec-

trodes. Subsequent visual review verified 7088 seizure-like events

isolated to single microelectrodes. Epileptiform discharges spatially

isolated to single microelectrodes (Fig. 1C1–5) included microper-

iodic epileptiform discharges (Fig. 1C2), high-frequency oscillations

(Fig. 1C5) and microseizure discharges (Fig. 1C1,3–4). The micro-

seizure discharges were characterized by a paroxysmal local field

oscillation (�1–500 Hz) and temporal and spectral evolution com-

monly seen with macroelectrode seizures. Most often these events

were stereotyped discharges with monotonically decreasing fre-

quency and increasing local field potential amplitude (Fig. 1C1,4),

though other patterns of spectral evolution were also observed

(Supplementary Fig. 7). Both microseizures and microperiodic epi-

leptiform discharges were clinically silent. Microseizures were elec-

trophysiologically distinct from the microperiodic epileptiform

discharge events, and the microperiodic epileptiform discharges

had none of the spectral hallmarks of seizures recorded from clin-

ical macroelectrodes or microseizures.

There was significant variability in the number, duration and

morphology of epileptiform activity isolated to individual micro-

electrodes (Figs 1 and 2). The number of microseizures per

electrode-hour (P = 0.026) and their average duration (P = 0.039)

were increased in patients with epilepsy compared with the two

control subjects. No difference, however, was observed in the

number or duration of microperiodic epileptiform discharge
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Figure 2 Characterization of microseizures (mSz) and microperiodic epileptiform discharges (mPED). (A) The distribution of microseizures

and microperiodic epileptiform discharge event durations in the ictal onset zone (IOZ) compared with the non-ictal onset zone (non-IOZ)

brain regions (including control brain). The modal duration of microseizures was 5.4 s compared with 14.6 s for the microperiodic

epileptiform discharge events, with rare microperiodic epileptiform discharges extending beyond 1000 s. (B) The microseizure events

were more frequent (P = 0.026) and of longer duration (P = 0.039) in patients with epilepsy compared with control subjects without

epilepsy. However, microperiodic epileptiform discharge events did not show a significant difference in frequency of occurrence or duration

in patients with epilepsy compared with controls. (C) Eleven of the 14 patients with epilepsy had microelectrode arrays implanted into both

ictal onset zone and non-ictal onset zone brain regions. In these patients both microseizures and microperiodic epileptiform discharges

were more frequent and longer in duration in the ictal onset zone compared with the non-ictal onset zone. (D) Co-registration of

volume-rendered MRI and subdural hybrid grid from a representative patient with neocortical epilepsy (Patient 6; Supplementary Table 1).

The microseizure event map is projected above the MRI and red corresponds to the regions of high microseizure activity. The region

of high microseizure activity co-localized to the ictal onset zone determined by the location of macroelectrode seizures.

2792 | Brain 2010: 133; 2789–2797 M. Stead et al.



events when comparing epileptic and control brain across all

microelectrodes. Of the 14 patients with partial epilepsy, 11

(78.6%) had microelectrode arrays implanted in both the ictal

onset zone [determined by the macroelectrode seizure onset

(Litt, 2002)] and the non-ictal onset zone outside the brain regions

generating seizures (Fig. 2C and D). In these patients, independent

microseizures and microperiodic epileptiform discharges were iden-

tified in non-contiguous, localized microdomains. In patients with

epilepsy, the number per electrode-hour and duration of micro-

seizures (P = 9.77� 10�4) and microperiodic epileptiform dis-

charges (P = 3.13�10�2) were increased in the ictal onset zone

compared with the non-ictal onset zone. Unlike the characteristic

pattern of spatial evolution seen with macroelectrode seizures,

microseizures and microperiodic epileptiform discharges largely re-

mained spatially stable and localized to isolated microdomains not

detected by clinical macroelectrodes or adjacent microelectrodes.

In 13 of the 66 macroelectrode seizures (19.7%), microseizures or

microperiodic epileptiform discharge activity began prior to and

continued into the clinical seizures (Fig. 3 and Supplementary

Fig. 6). Macroelectrode seizure onsets appeared simultaneously

on several macroelectrodes, while microseizures and microperiodic

epileptiform discharges were asynchronous and spatially dispersed

across individual, non-adjacent microelectrodes.

Based on macroelectrode intracranial EEG, 11 of the 14 patients

with epilepsy were determined to be good candidates for surgical

treatment and underwent focal neocortical resection (n = 6) or an-

terior temporal lobectomy (n = 6) (one patient is counted in both

groups). The pathology of resected tissue included cortical dyspla-

sia, oligodendroglioma, astrocytoma, non-specific and subpial glio-

sis and mesial temporal sclerosis (Supplementary Table 1).

We studied patients with neocortical and mesial temporal partial

epilepsy with a range of tissue pathologies (Supplementary

Table 1) and control patients without a history of seizures. Note

that only primary motor and premotor cortices were sampled from

the control patients, whereas the epileptic patients were sampled

from other cortical regions as well. Independent of tissue

Figure 3 Seizure generation is preceded by a build-up of seizure-like activity on the microelectrodes. Top: hybrid subdural strip containing

clinical macroelectrodes (blue) and microelectrodes (red). Top right: transition from non-seizure activity, interictal state, to seizure. The

onset of seizure activity recorded by the clinical macroelectrode is at 95 s. The macroelectrode seizure is preceded by microseizure activity

beginning at �27.5 s. Independent, asynchronous microseizure activity is recorded on microelectrodes well before the seizure becomes

apparent on the clinical macroelectrodes. Bottom: expanded time scale of the top figure. The expanded tracing (centred �65 s) shows an

ongoing microperiodic epileptiform discharge that started 10 min prior to the onset of seizure. Prior to the onset of seizure there is

increased microelectrode epileptiform spiking evident on the two lower tracings. (Recording with a common distant scalp reference for

microelectrodes and macroelectrodes. Two microelectrodes were not recording and are not displayed.)

Microseizures in human partial epilepsy Brain 2010: 133; 2789–2797 | 2793



pathology, asynchronous microseizures and microperiodic epilepti-

form discharges were observed on microelectrodes over wide re-

gions of brain and their spatial density, rate and duration were

increased within the ictal onset zone. The normalized ratio of

microseizure counts was 2.02 times higher within the ictal onset

zone compared to non-ictal onset zone regions. Additionally,

microseizures were recorded on a limited number of microelec-

trodes, with 90% of all microseizure events recorded from

18.8% of microelectrodes and 90% of all time within microsei-

zures (total microseizure duration) isolated to 0.6% of all micro-

electrodes. These results suggest that human epileptic brain is

topographically fractured (i.e. composed of non-contiguous,

sparsely distributed microdomains (51 mm diameter) generating

pathological local field potential oscillations) and that increased

microseizure and microperiodic epileptiform discharges are electro-

physiological signatures of epileptic networks (Fig. 2).

Discussion
The findings described here suggest that clinical seizures begin

from sub-millimetre scale epileptiform activity that spreads to

neighbouring regions before a sufficient population of synchron-

ously firing cells is recruited to be detectable on the

macroelectrodes.

The lack of statistical specificity of microperiodic epileptiform

discharges for epileptic brain, and their similarity to activity

described after local tissue trauma, suggests that the mechanism

of seizure generation involving microperiodic epileptiform dis-

charges may be different than for microseizures, and perhaps re-

sponsible for generating post-traumatic seizures.

In previous studies, microelectrode recordings capable of prob-

ing epileptic microdomains were limited to isolated regions (51 cm

diameter) of hippocampus or neocortex, and included patients

with a limited range of tissue pathologies, particularly mesial tem-

poral sclerosis and non-specific gliosis (Bragin et al., 2002b;

Schevon et al., 2008, 2009; Worrell et al., 2008). Because these

studies were limited to patients with epilepsy, the specificity of

interictal microdomain discharges to epileptic brain could not be

explored. Additionally, the spatiotemporal and spectral evolution

of microdomain discharges in relation to seizures recorded on clin-

ical macroelectrodes could not be evaluated because sufficient

simultaneous recordings were not available. In this study, micro-

seizures were observed in all patients with epilepsy and were

increased in the ictal onset zone. This suggests that microseizures

are pathological and probably ubiquitous within the ictal onset

zone, because the microelectrode arrays dramatically undersample

the volume of tissue under an implanted grid. Although the ob-

servation of microperiodic epileptiform discharges in control brain

could be associated with electrode-related tissue damage, rare

microseizures were also observed in control brain, suggesting

that potentially pathological microdomain activity can be present

in normal brain. It is unlikely that either microseizures or micro-

periodic epileptiform discharges arise solely from tissue damage,

because microseizure and microperiodic epileptiform discharge rate

and duration were increased in the ictal onset zone and �20% of

clinical seizures were preceded by evolving microdomain activity.

In a rat model of epilepsy created by intra-hippocampal kainic

acid injection (Bragin et al., 2000), pathological high-frequency

oscillations emerged in microdomains (51 mm3) weeks to months

before spontaneous seizures developed. Epileptogenesis was pro-

posed to be initiated by local cellular injury, resulting in small

clusters of pathologically interconnected neurons. Bragin et al.

(2000) hypothesize that pathologically interconnected neurons

generate hypersynchronous discharges that kindle the brain

through the creation of new pathological microdomains, and the

emergence of an interacting network of pathologically intercon-

nected neuron clusters. The results presented here, from human

epileptic brain, are consistent with this hypothesis. The fact that

they are independent of tissue pathology suggests that the

topographically fractured functional organization may underly

the process of epileptogenesis.

The progression of normal brain tissue to epileptic tissue capable

of generating spontaneous seizures (epileptogenesis) may reflect a

continuum of increasing density or connectivity of pathological

microdomains. Similarly, the transition from normal brain activity

to seizure (ictogenesis) may involve the interaction and spread of

pathological microdomain activity (Fig. 4). In this model of seizure

generation, the earliest local field potential oscillations of seizures

are multifocal, asynchronous microseizures and microperiodic epi-

leptiform discharges that recruit surrounding microdomains until a

critical volume or network of tissue progresses into a large-scale

seizure. Our observation of both microseizures and microperiodic

epileptiform discharges in normal brain supports the hypothesis

that epileptiform activity can occur in non-epileptic tissue but is

controlled by homoeostatic mechanisms or is insufficient in spatial

or temporal density to initiate a seizure. That focal seizures arise in

normal individuals after exposure to conditions such as hypergly-

caemia, electrolyte abnormalities and toxic exposures strengthens

the hypothesis that an individual’s ‘seizure threshold’ may be a

function, in part, of the volume of tissue generating microseizures

and microperiodic epileptiform discharges.

Although these results implicate pathological microdomains in

epileptogenesis and ictogenesis, the anatomical and cellular sub-

strate of epileptic microdomains cannot be elucidated from our

data. We can suggest that the microseizures and microperiodic

epileptiform discharges we recorded from our neocortical micro-

wires are probably generated in superficial cortical layers given

their proximity to the pial layer and the density of synaptic cur-

rents known to occur there. We cannot speak to the origins of

these events from our hybrid depth electrodes that are typically

implanted in the three-layered archicortex of the mesial temporal

structures.

The extracellular local field potentials recorded by microwires is

primarily a manifestation of the co-operative activity of the local

neuronal population. Until recently, the local field potential was

thought to exclusively reflect the summation of post-synaptic cur-

rents because of their relatively slow dynamics. This is the reason

that extracellularly recorded action potentials—with the fast Na+

current being the largest contributor—are detected only if the

microwire is close to the cell. The amplitude of the extracellular

action potential falls off rapidly with distance, and the events are

unlikely to constructively sum because of their brief duration.

However, it has been recognized that there are additional sources

2794 | Brain 2010: 133; 2789–2797 M. Stead et al.



of local field potentials not associated with synaptic currents and

they can be significant [reviewed in Buzsaki et al. (2003)]. They

include Ca2+-mediated action potentials generated in dendrites

(Wong et al., 1979), slow long-lasting calcium-mediated potas-

sium currents, voltage-dependent intrinsic oscillations in neurons

(Leung and Yim, 1991) and currents related to glia–neuron

interactions (Tian et al., 2005). Understanding the cellular mech-

anisms underlying the generation of microseizures and microper-

iodic epileptiform discharges is important and a focus of

our current research but is beyond the scope of the work

described here.

In support of epileptiform activity inherently originating at the

microscale, previous work from our group and others (Schevon

et al., 2008; Worrell et al., 2008) has demonstrated in situ epi-

leptiform activity on scales as small as 1 mm3 or less; similar di-

mensions have been observed in animal models (Bragin et al.,

2002a; Supplementary Fig. 6). Recent work in resected human

epileptogenic cortex demonstrated runs of epileptiform spikes in

0.5 mm in vitro slices, the approximate width of a human cortical

column (Mountcastle, 1978). This spontaneous activity bears

morphologic similarity to the microseizures and microperiodic epi-

leptiform discharges described in this work. Furthermore, the

in vitro activity was necessarily generated by highly localized neur-

onal networks, and was dependent on gap junction connections

between neurons, suggesting a non-synaptic generator of some

forms of epileptiform activity (Roopun et al., 2010). Also, realistic

computational models of single cortical columns have been shown

to be capable of generating a rich array of physiological and epi-

leptiform discharges (Traub et al., 2005).

A potential concern regarding these phenomena is that, because

of their frequent restriction to single microwires, they are a form

of artefact. There are several observations that make this unlikely

however.

(i) On occasions we see spread to adjacent microwires

(Figs 1A4, 3 and Supplementary Fig. 6). Such spread has

also been shown by others with more tightly placed micro-

wires e.g. �400mm apart (Schevon et al., 2008).

(ii) As can be seen by example in Fig. 1A2, we observe micro-

periodic epileptiform discharges occurring simultaneously,

Figure 4 Hypothetical model of the ictal onset zone composed of sparse, non-contiguous, pathological microdomains that are

characterized by the ability to generate microseizures, microperiodic epileptiform discharges and high-frequency oscillations. Left: the

macroscale ictal onset zone determined by the region generating seizures detected on clinical macroelectrodes (blue). The arrays of

microelectrodes are positioned between macroelectrodes and record multi-neuronal unit activity and local field potential oscillations.

Centre: three successive times (Time 1, Time 2, and Time 3) and spatial evolution of sub-millimetre (51 mm3) microdomains that generate

microseizures. The clinical ictal onset zone contains microdomain islands (red) generating microseizures that are initially detected on the

microelectrodes, but not the clinical macroelectrodes. As the volume of tissue involved in the microseizure discharge increases (Time 3),

the seizures are detected on the clinical macroelectrode. Right: enlarged view of the sub-millimetre domains of pathologically

interconnected neurons generating microseizures.

Microseizures in human partial epilepsy Brain 2010: 133; 2789–2797 | 2795



yet asynchronously, with different periods on separate

microwires effectively excluding an exogenous source of

this artefact. Also arguing against exogenous artefact

sources is the fact that microseizures occur asynchronously

on independent microwire channels.

(iii) Between events we record ‘morphologically conventional’

EEG on these channels making electrode damage, high im-

pedance and channel-restricted electronic failure quite un-

likely. Furthermore, we have recorded from a saline–gelatin

solution simultaneously with a patient recording, thus expos-

ing the electrodes and electronics to all the same noises

present in the patient recording milieu. No microseizures

or microperiodic epileptiform discharges were detected

over 4 days of recording in the saline–gelatin, while these

events were detected in the patient.

(iv) These signals localize the clinically determined ictal onset

zone, a finding whose most conservative probability esti-

mate of occurring by chance was50.03, as shown in Fig. 2.

(v) These phenomena display morphologic and spectral struc-

tures that are not seen as common sources of artefact in

electrophysiologic recording such as 60 Hz line noise and

movement artefact. We do see these types of artefact and

they are easily identified visually or algorithmically and

excluded from the analysis.

Multiple investigators have hypothesized that the functional cor-

tical column may play a fundamental role in the initiation and

propagation of seizures (Ebersole and Levine, 1975; Gabor

et al., 1979; Reichenthal and Hocherman, 1979). In this study,

we observe microscale electrophysiology whose spatial extent is

consistent with the scale of cortical columns. Cortical columns

have sufficient recurrent excitatory inter-connections (Ayala

et al., 1973) to provide the cortical substrate for pathologically

interconnected neuron clusters. Therefore, we hypothesize that

relatively sparse pathological cortical columns are the anatomical

substrate of focal neocortical epilepsy, ‘the sick column hypoth-

esis’. Although archicortex does not exhibit columnar organization,

pathologically interconnected neurons could serve as the ‘sick

column’ substrate in these structures.

The observation that focal seizures begin on spatial and

temporal scales not probed by current clinical intracranial EEG sys-

tems may explain the difficulty in identifying a focal discrete

region of seizure onset, the apparent random nature of seizure

occurrence and the limited success of first-generation responsive

stimulation devices that attempt to detect and abort seizures.

Microseizures could provide interictal biomarkers of epileptic

tissue, possibly improving the efficacy of epilepsy surgery. They

may also illuminate the process of ictogenesis, and thereby open

new therapeutic windows for seizure warning and preventive

stimulation devices.
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