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Abstract

Epilepsy is characterized by recurrent seizures and may also have negative influence on cognitive
function. In addition to ictal activity, the epileptic brain also gives rise to interictal epileptiform
discharges (IEDs). These IEDs constitute the diagnostic hallmark of epilepsy, and have been linked
to impaired memory formation and negative effects on neurodevelopment. The neurophysiological
dynamics underlying IED generation seem to resemble those underlying seizure development.
Understanding the neurophysiological characteristics surrounding and preceding IED development
would hence provide valuable insights into the pathophysiology of the epileptic brain. In order to
improve this understanding, we aimed to characterize the dynamical activity changes that occurs
immediately prior to an IED onset. We used magnetoencephal ography (MEG) recordings from nine
focal epilepsy patients to characterize the oscillatory activity preceding IED onsets. Our results
showed a systematic and gradual increase in oscillatory delta and theta band activity (1-4 Hz and 4-8
Hz, respectively) during this pre-IED interval, reaching a maximum power at IED onset. These
results indicate that the pre-IED brain state is characterized by a gradual synchronization that
culminates in the neuronal hypersynchronization underlying IEDs. We discuss how IED generation
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might resemble seizure development, where physiological brain activity similarly undergoes a
gradual synchronization that terminates in seizure onset.
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1 Introduction
Epilepsy is one of the most common neurological disorders with prevalence of 4.3-7.8 per 1000
persons in developed countries, and with atotal European yearly cost of disease closeto EUR 15
billion (Pugliatti et al., 2007) Possible clinical manifestations include sei zures, cognitive impairment
and affected neurodevel opment. These symptoms can result from epileptic brain activities, including
seizures and interictal epileptiform discharges (IEDs) (Badawy et al., 2012; Avanzini et al., 2013;
Horak et al., 2017). However, although IEDs constitute one of the most important diagnostic
hallmarks of epilepsy and can be used to localize epileptogenic foci (Asano et al., 2003; Gotman and
Pittau, 2011) the relationship between the brain’s function during ictal and interictal phenomena
remainsinconclusive. Furthermore, IEDs appear able themselves to induce global network changes
(Wilke et al., 2011; Malinowska et al., 2014; Lagarde et al., 2018) , even mediating epilepsy-
associated cognitive impairment and affecting normal neurodevelopment in childhood (Kobayashi et
a., 2005, 2006; Fahoum et al., 2012; Ibrahim et al., 2014). For instance, large-scale physiological
network communication is disrupted by IED-induced oscillations (Dahal et al., 2019), resulting in
impaired memory formation (Gelinas et al., 2016; Tong et al., 2019).

In epilepsy, brain function can be considered a changeable state that can go from a normal
state, to a state of IED generation, to a seizure state. An individual 1ED is considered to reflect a
hyper-synchronized firing of a neuronal population (Jirsa et al., 2014; Jacob et a., 2019). In support
of thisview, several computational and animal models have demonstrated that IEDs and their cellular
correlate, the paroxysmal depolarizing shift, can be triggered to occur momentously by increasing the
excitation/inhibition ratio (Ayala et a., 1970; Schwartzkroin and Prince, 1979; Voskuyl and Albus,
1985; Mccormick and Contreras, 2001). However, analysis of human IED generation demonstrate
that that there are additional changesin the brain state prior to IED onset, indicating that the context
surrounding IED events develop over a longer time scale (Keller et al., 2010; Faizo et al., 2014;
Bourel-Ponchel et al., 2017). Hemodynamical activation, for instance, peak one second before IEDs
occur (Haweco et al., 2007; Jacobs et al., 2009; Rathakrishnan et al., 2010). Such changes are seen not
only in the region generating IEDs — the so-called irritative zone (Jehi, 2018) — but also at distant
regions, accompanied by altered connectivity patterns (Kobayashi et al., 2006; Faizo et al., 2014).
Similarly, an HD-EEG study on benign childhood epilepsy with centrotemporal spikes (BECTS)
demonstrate that the pre-IED state can be characterized both by increased synchronization and
desynchronization (Bourel-Ponchel et al., 2017). Although it is unclear whether these pre-IED
changes cause the IED generation, or whether they are mere reflections of the neural population

activity resulting in IEDs, such changes further indicate that the neuronal activity build-up occurs
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dowly. In sum, the literature indicates that IEDs are not merely transient, momentous events
confined to the irritative zone, but are generated in the context of slowly changing brain states that in
turn influence the function of both epileptic and non-epileptic brain areas. However, such pre-IED
brain state changes have yet to be fully characterized. Although pre-1ED activity changes have been
characterized in BECTS, this epilepsy diagnosis constitutes a specific, self-limited and age-related
syndrome (Heljbd et al., 1975). Other epilepsies with different underlying etiologies (Manford,
2017) might exhibit different pre-IED changes. Furthermore, the temporal evolution of pre-1ED brain
state changes have not been characterized for any epilepsy diagnosis, and an increased understanding
of this process might give an insight into the dynamical changes that mediate IED generation.

In this study, we aimed to analyze IED-related brain state fluctuations across focal epilepsies
of different origin and patient age. More specifically, we aimed to characterize the temporal
characterigtics of the pre-lED sate. For this purpose, we used magnetoencephalography (MEG)
measurements from nine focal epilepsy patients undergoing MEG as part of non-invasive clinical
epilepsy evaluation. Using these data, we explored changes in the oscillatory brain activity occurring
prior to IED onset, and compared the characteristics of these periods to the oscillatory activity during

periods free from IEDs.

2 Material and methods
2.1 Ethical approval

The experiment was approved by the Swedish Ethical Review Authority (DNR: 2018/1337-31), and

was performed in agreement with the Declaration of Helsinki.

2.2 Patients

Nine patients diagnosed with pharmacoresistant focal epilepsy underwent a clinical MEG recording
as part of epilepsy evaluation at the department of clinical neurophysiology at Karolinska University
Hospital during 2017-2018 agreed to and were included in the study. Both children (n=2) and adults
were included (median age = 33 years, 3 females). For demographics and focus localization, see
Table 1.

2.3 MEG data acquisition and procedure

An Elekta Neuromag TRIUX 306-channel MEG system with 204 planar gradiometers and 102
magnetometers was used to record MEG data. Recordings were carried out at Karolinska Institutet
(NatMEG facility) in a two-layer magnetically shielded room (Vacuumschmelze GmbH, model
Ak3B). Data was sampled at 5000 Hz with an online 0.1 Hz high-pass filter and a 1650 Hz low-pass
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filter. Head-position indicator coils (HPI) were used to sample head movement during the recording.
These were attached to the patients head and digitalized using Polhemus Fastrak motion tracker.
During the recording, patients were positioned in supine position, with eyes closed and were asked to
stay awake. The recording lasted approximately one hour.

2.4 Data preprocessing

Data pre-processing was performed using MaxFilter (Taulu and Simola, 2006) signal-space
separation with buffer length 10 seconds and cut-off correlation coefficient 0.98. Raw data was
bandpass filtered at 1-40 Hz using a Butterworth filter.

2.4.1 |ED source reconstruction

IEDs were located by visual inspection performed by an experienced physician (KW, the main
author). Source reconstruction of interictal spikes/sharp waves and spike and slow wave complexes
[Imoniemi, 1994). Polyspike source reconstruction was performed using beamformer Dynamic
Imaging of Coherent Sources (DICS) (Gross et al., 2001). The patients’ clinical MRI were utilized to
create a full segmentation of the head and brain, which was performed using FreeSurfer (Dale et al.,
1999; Fischl et al., 1999). The MNE-C software watershed algorithm (Gramfort et al., 2013)
determined skin, skull and brain surface boundaries based upon this segmentation. A source space
and a single compartment volume conductor model based upon the surface boundaries were also
created using MNE-C.

2.5 Data analysis

Data preceding IED onset, defined as the first visible deflection from baseline, was analyzed
alongside IED-free data. To this end, pre-lIED epochs and | ED-free epochs were created. One-second
windows ending at IED onset and staring at |least three seconds after any preceding IED constituted
the pre-IED epochs. IED-free epochs were one-second windows taken from IED-free data at least
three seconds away from any IED. The irritative zone was defined as the region to which the IEDs
were located using source reconstruction. Pre-IED epochs were quantified for spectral and power
composition in the irritative zone using four different methods described below. IED-free epochs
were used for comparison. All analyses were performed using Python library MNE Python (Gramfort
et al., 2013)

2.5.1 Beamformer analysis:

Oscillations in the pre-IED and IED-free epochs were analyzed using beamforming DICS (Gross et
al., 2001; Hillebrand and Barnes, 2002). The number of IED-free epochs matched the number of pre-
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IED epochs. Frequency bands 1-4 Hz, 4-8 Hz, 8-13 Hz, 13-25 Hz corresponding to delta, theta, alpha
and beta activity were analyzed.
2.5.2 Event-related synchronizati on/desynchroni zation:

In order to evaluate any neuronal synchronization or desynchronization of the irritative zone prior to
|ED formation, event-related synchronization/desynchronization (ERS/ERD) of the delta, theta, alpha
and beta band of the pre-IED epochs were determined (Pfurtscheller and Lopes Da Silva, 1999). For
each channedl, a non-parametric cluster level paired t-test (Maris and Oostenveld, 2007) was
performed to test whether any consistent power change occurred across epochs.

2.5.3 Power spectral density (PSD) fluctuations:

Source space data from the irritative zone located using source reconstruction as described above was
extracted usng MNE Python built-in functions (Gramfort et al., 2013). PSD of pre-IED and IED-free
epochs was determined. The frequency band exhibiting pre-IED synchronization using DICS

beamforming and/or event-related synchronization was analyzed. For both conditions, an array of
maximum PSD of each epoch was created. For these two arrays, the minimum, maximum, mean,
median and standard deviation were determined. The region contralateral to the irritative zone was
analyzed in all patients.

2.5.4 Temporal evolution of pre-IED frequency content

Averaged pre-IED irritative zone source space data was convoluted with sinus functions with
frequencies 2-7 Hz, (one sinus function per integer frequency 2,3,4,5,6,7 Hz). Any frequency
predominant in both time series will be enhanced in the resulting, convoluted time series, and all
other frequencies will be damped. Amplitude of the resulting convoluted signal reflecting the
temporal evolution of the neural time series frequency content was extracted as a function of time. A
linear fit was performed in order to capture the temporal development of frequency-specific

amplitude changes during pre-1ED epochs.

3 Results

3.1 Source reconstruction

Patient demographics, number of IEDs, type and localization of IEDs can be found in Table 1.

3.2 Beamformer

Application of DICS beamformer revealed that six patients exhibited an enhanced theta band (4-8
Hz) and two patients exhibited an enhanced oscillatory delta band (1-4 Hz) activity at the irritative
zone during pre-IED epochs compared to the rest of the cortical surface. In addition, a weaker
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oscillatory activity over the irritative zone was seen in four patients during the IED-free epochs
compared to the rest of the cortical surface. See Figure 1 for two illustrative cases.

3.3 ERD-ERS

Six patients exhibited an increased synchronization within the theta or delta band in the pre-IED
epochs in sensors covering the IED-generating zone. See Figure 2 for examples of such
synchronization.

3.4 PSD fluctuations

All but two patients exhibited a higher median PSD in pre-IED epochs compared to PSD in non-1IED
epochs. Of the six patients with unilateral epileptic foci, five exhibited the same pattern on the
contralateral side. For all patients with unilateral foci, the median PSD levels of the pre-IED epochs
were higher than those of the contralateral side. (See Table 2 and 3 for epileptogenic focus and the
contralateral brain region in patients exhibiting unilateral epileptogenic foci; Table 4 and 5 for |eft
and right hemisphere foci in patients exhibiting bilateral epileptogenic foci).

3.5Temporal evolution of pre-IED frequency content

In al but one patient, the power of oscillations within frequency band 4-6 Hz increased during the
pre-IED epoch, reaching a maximum at |[ED onset. No such increase in power was seen outside of

thisinterval.

4 Discussion
The aim of this study was to characterize the dynamics of oscillatory brain activity occurring prior to
IED onset in the irritative zone. MEG measurements from nine focal epilepsy patients were used to
characterize changes in oscillatory activity prior to IED onset. Such pre-IED epochs were compared
to IED-free epochs. Our results show that IEDs were preceded by a power increase in low-frequency
oscillations, thus demonstrating that the brain goes through a pre-1IED state that is characterized by a
low-frequency synchronization in the irritative zone (Timofeev and Steriade, 2004; Schnitzler and
Gross, 2005). Furthermore, the power of these low-frequency oscillations grew throughout the pre-
IED epoch, reaching its maximum at IED onset. This build-up indicates that the pre-IED state is
characterized by a gradually increasing focal synchronization that culminates in an IED event. The
result presented here thus indicate that IED generation resembles the gradual synchronization that has
been observed during trangition from normal brain activity to seizure activity (Lehnertz and Elger,
1995; Le Van Quyen et al., 2005; Mormann et al., 2000).

In mathematical models of seizure generation, the epileptic brain moves from a
normal state to a seizure state that is characterized by sustained hypersynchronization (Wendling et
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a., 2005; Stefan and da Silva, 2013; Jirsa et al., 2014; Naze et al., 2015). Patient EEG data indicates
that this transition is characterized by a long-lasting (up to hours) state of increased oscillatory
activity (2-30 Hz) (D’ Alessandro et al., 2003; Mormann et al., 2000; Le Van Quyen et al., 2005).
Under these circumstances, brain activity perturbations such as fluctuating synaptic noise or changes
in inhibition/excitation ratio can bring the epileptic brain into a state of increasing synchronization,
eventually evolving into seizure activity (Cook et al., 2013; Jirsa et a., 2014; Wendling et al., 2005).
Similarly, both mathematical and animal models indicate that corresponding dynamical brain
network activity changes might underlie also IED generation (Jefferys and Haas, 1982; Hufnagel et
a., 2000; Janszky et al., 2001; Wendling et al., 2002; Chaing et al., 2013; Jirsa et al., 2014; Naze et
a., 2015; Uva et a., 2015). Furthermore, brain activity perturbations can also induce localized
oscillations that spread throughout the cortical network, possibly mediating seizure devel opment
(Stacey et al., 2011). It is conceivable that the build-up in oscillatory activity seen in this study could
be induced by such perturbations, and that this activity increases in power by gradually recruiting the
irritative zone until a synchronization level sufficient to allow an IED onset is generated. In support
of this view, our data showed that median power levels of delta and theta activity were increased
during the pre-IED epochs compared to the IED-free epochs, suggesting that IEDs do not occur
unless the irritative zone has reached a threshold level of synchronization. Similarly, microelectrode
recordings from single neurons from the irritative zone demonstrate that a subregional increased
neuronal firing occurs prior to IED onset (Keller et al., 2010). However, generation of an IED
identifiable on scalp EEG recordings require simultaneous firing of at least 3 cm? cortex (Tao et al.,
2005), suggesting that the synchronized neurona firing begins in small scale and then spread
throughout the irritative zone until it reaches an extension where it can also be recorded with scalp
EEG. The gradual increase in low-frequency power seen in our MEG recordings might correspond to
such an increased involvement of the irritative zone. It is possble that the pre-IED state described
here resembles the increased synchronization seen prior to seizure onset (Campora et al., 2019),
indicating that generation of both IEDs and ictal activity might share common underlying
neurophysiological dynamics.

4.1 Conclusion

Previous studies have shown that changes in synchronization of oscillatory brain activity occurs prior
to IED onset (Keller et a., 2010; Faizo et al., 2014; Bourel-Ponchel et a., 2017). However, it has not
been clear whether these pre-lED oscillations exhibit a dynamical evolution, with increasing
synchronization in the irritative zone. In this study, we found evidence that IED onsets are preceded

by a gradual power increase in low-frequency oscillations. These results resemble models of seizure
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development, where brain activity gradually becomes increasingly synchronized until an epileptic
seizure is generated. It is noteworthy that pre-ictal changes are long-lasting, sometimes visible by
visual inspection (Mormann et al., 2000; D’Alessandro et al., 2003; Le Van Quyen et al., 2005;
Lehnertz et al., 2009), while the pre-IED changes reported here occur on a shorter time scale and
requires averaging across epochs. It is conceivable that both IEDs and seizures arise from gradually
increasing synchronization, but that the amount of synchronization determines whether a seizure or
an |ED occurs.
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6 Tables
Table 1. Patient demographics, number of IEDs, type and localization of IEDs.

Demographics | ED sourcelocalization No of IEDs Typeof IED
Patient 1,female, born 2011 |Left frontal lobe 27 Spike and wave complex
Patient 2, Right parietal/temporal lobe |34 Polyspikes

male, born 2006

Patient 3, Right medial orbitofrontal |17 Polyspike

male, born 1999

Patient 4, Left temporal 14 Spike/sharp wave

female, born 1973

Patient 5, Right temporal 4 Spike

male, born 1993

Patient 6, Right postcentral 17 Polyspike

male, born 2002

Patient 7, Frontal/temporal lobe, 7 Spike/sharp wave

bilateral
male, born 1984

Patient 8, Temporal lobe, bilateral 7 Spike/Sharp wave

female, born 1987

Patient 9, maleborn 1979 | Temporal lobe, bilateral 7 Spike/sharp wave
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Table 2: PSD from the irritative zone in patients exhibiting unilateral epileptic foci

Pre-lED PSD |ED-free PSD Per centageincrease pre-
(fT/cm?/Hz2) (fT/cm?/Hz2) |ED vs|ED-free
Median Median Median

Patient no Frequency band

Patient 1 Theta 993.6 826.2 20%
Patient 2 Theta 37.0 21.3 74%
Patient 3 Theta 3998.9 28433 41%
Patient 4 Theta 1084.6 819.9 32%
Patient 5 Theta 45.6 16.7 173%
Patient 6 Theta 135 6.4 111%

Table 3: PSD from the brain region contralateral to the irritative zone in patients exhibiting unilateral

epileptic foci
Pre-lED PSD |ED-free PSD Per centageincrease pre-
(fT/cm?/Hz2) (fT/cm?/Hz2) IED vs|ED-free
Median Median Median

Patient no Frequency band

Patient 1 Theta 596.2 517.9 15%

Patient 2 Theta 20.0 125 60%

Petient 3 Theta 2746.5 2014.9 36%
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Patient 4 Theta 31.0 321 -3%
Patient 5 Theta 6.2 5.9 5%
Patient 6 Theta 7.3 55 33%

Table 4: PSD from epileptic foci of the left hemisphere in patients exhibiting bilateral epileptic foci

Pre-lED PSD |ED-free PSD Percentageincrease
(fT/ecm?Hz2) (fT/ecm?Hz2) pre-lED vs|ED-free
Median Median Median
Patient no Frequency band
Patient 7 Theta 11.7 12.0 -3%
Patient 8 Delta 4.0 13 208%
Patient 9 Delta 17.0 22.2 -23%

Table 5: PSD from epileptic foci of the right hemisphere in patients exhibiting bilateral epileptic foci

Pre-lED PSD |ED-free PSD Percentageincrease pre-
(fT/cm?/Hz2) (fT/cm?/Hz2) |ED vs|ED-free
Median Median Median
Patient no Frequency band
Patient 7 Theta 11.7 12.0 -3%
Patient 8 Delta 3.9 21 86%
Patient 9 Delta 35 4.6 -24%
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7  Figure Legends
Figure 1. Two examples of theta oscillations located by DICS beamforming in patient 4 (Fig. 1A)
and in patient 6 (Fig. 1B) during pre-1ED epochs and during IED free epochs. Unit: Amperemeter

Figure 2: Two examples of event-related synchronization during pre-IED and IED-free epochsin
two sensors covering the irritative zone in patient 1 (Fig 2A) and patient 3 (Fig 2B). The colorbar
(red: synchronization, blue: desynchronization) indicates percent change in power (uWV4Hz)
compared to baseline (3 seconds preceding averaged pre-IED epochs).
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