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Abstract 80 
High gamma (HG, 80-150Hz) activity in macroscopic clinical records is considered a 81 

marker for critical brain regions involved in seizure initiation; it is correlated with pathological 82 

multiunit firing during neocortical seizures in the seizure core, where multiunit spiking correlates 83 

with seizure activity. However, the effects of the seizure’s spatiotemporal dynamics on HG 84 

power generation are not well understood. Here, we studied HG generation and propagation, 85 

using a three-step, multi-scale signal analysis and modeling approach. First, we analyzed 86 

concurrent neuronal and microscopic network HG activity in neocortical slices from seven 87 

intractable epilepsy patients. We found HG activity in these networks, especially when neurons 88 

displayed paroxysmal depolarization shifts (PDSs) and network activity was highly 89 

synchronized. Second, we examined HG activity acquired with microelectrode arrays (MEAs) 90 

recorded during human seizures (n=8). We confirmed the presence of synchronized HG power 91 

across microelectrode records and the macroscale, both specifically associated with the seizure’s 92 

core region. Third, we used volume conduction based modeling to relate HG activity and 93 

network synchrony at different network scales. We showed that local HG oscillations require 94 

high levels of synchrony to cross scales and that this requirement is met at the microscopic scale, 95 

but not within macroscopic networks. Instead, we present evidence that HG power at the 96 

macroscale may result from harmonics of ongoing seizure activity. Ictal HG power marks the 97 

seizure core, but the generating mechanism can differ across spatial scales.  98 

 99 

 100 

 101 

 102 

 103 
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Significance 104 

 We demonstrate that ictal HG power (80-150Hz) in cortical measurements is increased in 105 

the seizure core and appears on clinical recordings as a result of volume conduction and 106 

synchrony between harmonics generated during ongoing seizure activity. The accuracy of ictal 107 

HG activity to localize the core is superior to that of the lower frequency seizure activity since 108 

these are generated across much larger cortical areas. Therefore, detection of HG power provides 109 

a promising tool for surgical evaluation of patients with epilepsy.  110 

  111 
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Introduction 112 

Epilepsy is a common neurological disorder, affecting ~1% of world’s population. 113 

Importantly, one third of the patients diagnosed with epilepsy will not respond to medication 114 

(Kwan and Brodie, 2000). For drug-resistant epilepsy, potential treatments options are limited to 115 

vagus nerve /deep-brain stimulation or surgical removal of seizure initiating tissue. Focal 116 

epilepsy is an extremely heterogeneous disease (Berg et al., 2010). Therefore, identifying the 117 

seizure onset zone (SOZ) can be a non-trivial undertaking (Rosenow and Luders, 2001). Current 118 

practice utilizes low frequency local field potentials (LFPs) from electrocorticographic 119 

recordings (ECoG) to define the SOZ, but these slower rhythms can occur across a wide area of 120 

cortex and may overestimate the SOZ. Several studies suggest that activity in the beta (16-30 Hz) 121 

and gamma ranges (30-80 Hz) as well as high frequency activity between 80-500 Hz, both 122 

during seizures (ictal) and between seizures (inter-ictal), can help to localize the SOZ (Einevoll 123 

et al., 2013; Cho et al., 2014; Fujiwara et al., 2012; Jacobs et al., 2012; Modur et al., 2011; Weiss 124 

et al., 2013; Zakaria et al., 2012; de Curtis and Gnatkovsky, 2009). A sub-range of high 125 

frequency activity from 80-150 Hz, termed high gamma (HG) activity here, is of particular 126 

interest given that activity in this frequency range has been related to epileptic activity (e.g. 127 

Miller, 2010; Einevoll et al., 2013), and specifically correlated with pathological multi-unit burst 128 

firing during neocortical ictal activity (Schevon et al., 2012; Weiss et al., 2013). While 129 

pathological HG activity is a promising tool for detection of the SOZ, the effects of the seizure’s 130 

spatiotemporal dynamics on HG power generation are not well understood.  131 

Physiological HG activity has been well described and appears to relate to synchronization of 132 

activity from inhibitory interneurons, gap junctions and excitatory synapses onto interneurons 133 

(Bartos et al., 2007, Buzsaki 2006; Buzsaki and Koch 2012; Ray and Maunsell, 2010, 2011). In 134 
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contrast, various hypotheses exist for the development of ictal HG activity and very little is 135 

known about the precise relationship between HG activity, pathological synchrony, and seizure 136 

generation (e.g. Menendez de la Prida and Trevelyan, 2011). While some hypotheses on ictal HG 137 

generation suggest similar mechanisms to those that describe physiological activity (Trevelyan 138 

2009; Traub et al., 2001), ictal HG activity has also been correlated with pathological small 139 

clusters of pyramidal cells and the presence of paroxysmal depolarizing shifts (PDSs) in 140 

populations of neurons. (Bragin et al., 2000; Grenier et al., 2003).  141 

PDSs are considered a hallmark of seizure activity at cellular scale. A neuron is considered to 142 

be in the PDS state when the soma membrane is strongly depolarized, ~30 mV above resting 143 

potential. At this level of depolarization, neuronal action potentials have a significant decrease in 144 

intra-burst spike rate and spike amplitude (Li, 1959; Marcuccilli et al., 2010; Matsumoto and 145 

Marsan, 1964a, 1964b). Recently, a theoretical study provided compelling evidence that PDSs, 146 

which had previously only been confirmed in experimental models of epilepsy, are also present 147 

during human ictal activity (Meijer et al., 2015). Additionally, this study suggested that PDSs 148 

were localized to an area of brain tissue termed the core, characterized by high levels of 149 

correlation between multiunit spike activity and LFP amplitude. While PDSs are markers of 150 

cellular epileptic activity and HG activity is representative of epileptic network activity, the 151 

unique relationship linking the two scales in human seizures has yet to be determined.  152 

Here, we test the hypothesis that ictal HG activity in the seizure core is related to   153 

pathological PDS activity generated in small (sub-millimeter) networks. Furthermore, we 154 

propose that ictal HG activity at the clinical macroelectrode (centimeter-scale) is due to a 155 

combination of volume conduction and synchronized low frequency seizure activity. To 156 

accomplish a multiscale analysis, we investigate the PDS-HG activity relationship at the 157 
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microscale in an in vitro model of human epileptic cortex. Next we employ in vivo MEA 158 

recordings of human seizure activity to link HG power in micro- and macroelectrode signals. 159 

Results are evaluated using a modeling approach to mathematically describe the relationship 160 

between neuronal activity, locally synchronized network activity, and macroscopic HG activity. 161 

We present and discuss evidence that PDS activity is associated with increased HG activity, and 162 

confirm that pathological, increased synchrony plays a role in the development of HG power. 163 

However, since synchrony levels decrease with network size, we suggest different mechanisms 164 

underlying HG power in micro- and macroelectrode recordings.  165 

  166 
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Materials and Methods 167 

A. Neocortical brain slice preparations and electrophysiological recordings 168 

Seven surgery patients (4 female, 3 male, Table 1) in this study met the standard of care 169 

criteria for pharmacologically intractable epilepsy, defined as having persistent epileptic seizures 170 

that do not cease after treatment with three or more antiepileptic drugs. The area targeted for 171 

resection was identified as the seizure focus using subdural electrocorticography. In all cases, it 172 

took less than 10 min to transport the surgically removed neocortical tissue from the operating 173 

room to the research laboratory. The tissue was transported in ice-cold artificial cerebrospinal 174 

fluid (ACSF) saturated with medical grade carbogen (95% O2 + 5% CO2). ACSF contained (in 175 

mM): 118 NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2*6H2O, 25 NaHCO3, 1 NaH2PO4 and 30 d-176 

glucose, equilibrated with carbogen (95% O2 and 5% CO2, pH=7.4). All chemicals used to 177 

prepare ACSF were obtained from Sigma (St Louis, MO, USA). 178 

Neocortical slices (400µm thick) were prepared with a VT1000S microtome (Leica, 179 

Germany), and stored in carbogen-saturated ACSF at room temperature (22˚C). Slices were used 180 

within 10h following resection. During recordings, human neocortical brain slices were 181 

submerged under circulating ACSF, saturated with carbogen in recording chambers (flow rate 182 

15mL  ⁄ min, total circulating volume 200mL , recording chamber volume 6mL ). Experiments 183 

were performed at 30 ± 0.7˚C using a TC-344B temperature regulator with an in-line solution 184 

heater (Warner Instrument Corporation, Hamden, CT, USA). We raised ACSF [K+] from 3 to 185 

5mM to enhance rhythmic activity (author citation). 186 

The internal review board committees at the [Author University] approved all in vitro 187 

experiments.  Informed consent was obtained from all patients, and surgeries and treatment plans 188 

were not directed by, or altered as a result of these studies.  189 
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 190 

B. In vitro recording and experimental seizures from human brain slices  191 

Whole-cell current-clamp recordings of regular spiking (RS) human neurons were 192 

obtained with a Multi-Clamp 700B amplifier (Molecular Devices), filtered at <10kHz, and 193 

digitized at 20,000 samples/s. During patch-clamp recordings, the discharge pattern of each 194 

neuron was first identified in cell-attached mode and remained similar in whole-cell 195 

configuration. Once in whole-cell configuration, neurons were evaluated on a number of criteria 196 

and accepted for use only if they had a baseline membrane potential below -58mV, access 197 

resistance < 30MΩ and input resistance > 50 MΩ. The baseline membrane potential was 198 

corrected for the liquid junction potential calculated using pClamp 10 software (Molecular 199 

Devices, Sunnyvale, CA, USA). Patch-clamp electrodes were manufactured from filamented 200 

borosilicate glass tubes (Clark G150F-4; Warner Instrument Corporation, Hamden, CT, USA). 201 

Current-clamp electrodes were filled with an intracellular solution containing (in mM): 140 K-202 

gluconate, 1 CaCl2*6H2O, 10 EGTA, 2 MgCl2*6H2O, 4 Na2ATP and 10 HEPES with a 203 

resistance between 3 and 5MΩ. To induce rhythmic population bursts and/or seizure-like 204 

activity, gamma-aminobutyric acid receptors were blocked by bath application of 10µM 205 

bicuculline free base and 15µM N-methyl-D-aspartate (NMDA) was additionally bath applied 206 

(Sigma-Aldrich, St Louis, MO, USA) (author citation). Bath-application of these drugs resulted 207 

in seizure-like bursting in seven brain slices and non-epileptiform activity in five cases. 208 

Simultaneous extracellular population recordings to monitor network population activity 209 

within human neocortical slices were performed (Fig. 1A). Extracellular multiunit population 210 

(network) recordings were obtained with glass suction electrodes (filled with ACSF) positioned 211 

on the brain-slice surface within ~50µm of the whole-cell current-clamp recordings (Fig. 1A). 212 
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The extracellular signals were amplified 10,000-fold and filtered between 3Hz and 1kHz using a 213 

preamplifier built in house and a Model P-55 AC amplifier (Grass Instruments Technologies, 214 

Astro-Med, Inc., West Warwick, RI, USA). The data were digitized at 20,000 samples/s with a 215 

Digidata acquisition system (Molecular Devices, Sunnyvale, CA, USA), stored on an IBM-216 

compatible PC using Molecular Devices software (Med, Inc., West Warwick, RI, USA).  217 

 218 

C. In vivo recordings  219 

Study participants [Author University] consisted of four patients (2 female, 2 male) with 220 

pharmacoresistant focal epilepsy who underwent chronic intracranial EEG studies to help 221 

identify the epileptogenic zone for subsequent surgical removal. All in vivo experiments were 222 

approved by the internal review board committees at [Author University]. Prior to obtaining and 223 

using data for this study, informed consent was obtained. The patients’ surgeries and treatment 224 

plans were not directed by, or altered as a result of these studies.  225 

A 96-channel, 4mm × 4mm microelectrode array (Utah array, Blackrock Microsystems, 226 

Salt Lake City, Utah, USA) was implanted along with subdural electrodes with the goal of 227 

recording from SOZs. Signals from the microelectrode array were acquired continuously at 228 

30,000 samples/s per channel (0.3Hz–7.5kHz bandpass, 16-bit precision, range ± 8mV). The 229 

reference was epidural. Subdural EEG signals were acquired using a standard clinical video EEG 230 

system (Xltek, Natus Medical Inc., Mundelein, IL, USA) with a bandwidth of 0.5-500Hz. 231 

(Fig.1B) 232 

 The HG data shown in Fig. 8C was filtered offline using a 2nd order Butterworth band 233 

filter 80-150Hz. Up to three seizures from each patient were selected for detailed analysis, to 234 
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avoid biasing the data set from the patients from whom many seizures were recorded (Table 2). 235 

Channels and time periods including artifact were excluded.  236 

 237 

D. Analysis  238 

1. Detection of Epileptiform Activity 239 

 We used  intracellular recordings from  in vitro data to categorize records as seizure-like 240 

activity (SLA) if bursts exhibiting paroxysmal depolarization shifts (PDSs) were consistently 241 

observed  (n=7), and as control if the recordings lacked PDSs (n=5). A burst showing a PDS is 242 

characterized by a decrease in the amplitude of the individual action potentials and saturation 243 

plateaus (e.g. Li, 1959; Marcuccilli et al., 2010; Matsumoto and Marsan, 1964a, 1964b). Each 244 

recording included simultaneously recorded network activity. Amplitude thresholds were used to 245 

detect bursts using custom made scripts in MATLAB (MathWorks, Natick, MA, USA). 246 

Intracellular bursts were detected by applying a two-point threshold of >-40mV at t=0 and <-247 

50mV at t= -100ms (100ms prior). Extracellular bursts were detected using a threshold of >2mV. 248 

All detections were verified by reviewing the signals. In vivo seizures recordings were 249 

categorized as “core”, an area defined by correlated low frequency and multiunit activity during 250 

the seizure or as “penumbra”, which includes surrounding tissue that is unrecruited. Thus, we 251 

distinguished core and penumbra using the procedure reported in Weiss et al. (2013).  252 

 253 

2. Volume Conduction and Signal Averaging  254 

Volume conduction effects of brain activity are described by a quasi-static solution of 255 

Maxwell’s equations, meaning delays attributed to volume conduction may be ignored. 256 



 

Multiscale Aspects of High Gamma Activity 13 
 

Therefore, the compound effect of multiple generators such as HG activity at the macroscale can 257 

be modeled as a weighted linear combination of the local currents (Nunez and Srinivasan, 2006):  258 

( ) = ( ) ,                              (1) 259 

where  ( ) is the current of the  source at time ,  is the distance between the electrode and 260 

the current source, and  is the tissue conductivity. Because of the linearity of the volume 261 

conduction process, the frequencies of the locally generated oscillations are preserved when their 262 

combined effect is recorded by an electrode; i.e. only amplitude and phase (and not frequency) 263 

can be affected in linear combinations (e.g. van Drongelen, 2007). Obviously, the magnitude of 264 

the combined generators’ effect at a particular frequency critically depends on the signals’ phase 265 

distribution, i.e. their level of synchrony. Because the weights in the average will not affect our 266 

assessment of the modeled synchrony effects, we have simplified Equation (1) by using a 267 

straightforward unweighted average (i.e. by using uniform weights).  268 

Although in vitro bursting patterns were variable, we consistently recorded either PDS or 269 

non-PDS bursting. In our analysis we used the PDS as a marker for SLA and non-PDS activity as 270 

control. To evaluate compound effects of multiple local sources, we used the serially recorded 271 

bursts in the slices. For the in vivo data, this step was not required since the multiple locations 272 

were truly recorded in parallel. Using the above approach to implement the formalism in 273 

Equation (1), 200ms epochs from the in vitro recordings were extracted and averaged to create 274 

four types of data sets. Set 1 consisted of a single average of synchronous activity, using the 275 

bursts as the synchronizing trigger (Fig. 4A, 4B, black traces). Set 2 was a single average of 276 

desynchronized activity created by randomized selection of epochs from recordings (Fig. 4A, 277 

4B, green traces). Set 3 was a single signal representing baseline activity, averaged from the 278 

randomized selection of epochs in recordings acquired prior to bursting. Set 4 consisted of 500 279 
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averaged signals. These were obtained by controlled application of jitter to the individual epochs 280 

(trials) in the average (details in the section on jitter implementation).  281 

For the analysis of the in vivo data, we produced two of the sets described above. Set 1 282 

was obtained by creating an average of the microelectrodes as depicted in Figure 1B. Set 2 was 283 

omitted, and we did not use an equivalent for set 3 since we made core to penumbra comparisons 284 

for the in vivo data. The equivalent for set 4 consisted of 200 jittered averages.  285 

 286 

3. Jitter Implementation  287 

For our jitter analysis we produced a set of averages in which random delays were 288 

applied to the epochs prior to averaging and then analyzed for HG content (Fig. 2A). An example 289 

can be seen in Fig. 2B. The shifted epochs (black traces) are averaged (red trace) to represent 290 

compound activity with a level of synchrony governed by the maximal amount of jitter (Max 291 

Delay). The Max Delay determines the maximum of the uniform distribution for drawing the 292 

random delays. We created 500 averages for the in vitro data set with a different maximum delay 293 

ranging from 0-1000ms in 2ms steps. Since we used the average as a proxy for volume 294 

conduction (Equation (1)), the maximum delay represented the degree of synchrony, or 295 

desynchronization in the network (Fig. 2D). For the in vivo data set we employed a similar 296 

analysis to create a set of 200 averages with maximum delays that ranged from 0-200ms (in 1ms 297 

steps).  298 

To further examine the results of the jitter analysis, we developed a set of three 299 

alternative models in which we determine how multiple signals in an ensemble generate power 300 

within the HG band of their compound signal. In Model I we determine the effect of a set of 301 

sinusoidal signals within the HG band, Model II is used to determine effects of pairs of 302 
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sinusoidal signals, and Model III describes the effect of an ensemble of non-sinusoidal signals. 303 

To be able to determine the effect of asynchrony across the ensemble on the HG power, we then 304 

applied a controlled level of jitter to the individual signals using a procedure identical to the one 305 

applied to the experimental traces described above (Fig. 2). Thus, both the experimental data and 306 

the model used jitter across an ensemble of signals to mimic asynchrony between generators that 307 

contribute to a compound signal (where the contribution of the individual generator to the 308 

compound signal is governed by volume conduction). For further details on the model 309 

development, see Results, Section C. 310 

 311 

4. Power Spectra and Synchrony Ratio 312 

To reduce the possibility of overestimating HG power, power spectra of individual and 313 

averaged signals were estimated using the multitaper power spectral density analysis, which 314 

minimizes noise and spectral leakage across frequencies (Thompson, 1982). To account for 315 

differences in amplitude between seizure activity in core and penumbra in the in vivo data set, 316 

these recordings were normalized using the sum of squares of the seizure epoch prior to 317 

computing power spectra. Total HG power was obtained by summing the power in the 80-150Hz 318 

band. 319 

 To assess synchrony levels across the MEA electrodes, HG power was determined using 320 

two methods: (1) the HG band power from the average of the spectra of the individual 321 

microelectrodes (Fig.2C, red trace), and (2) the power from the spectrum of the averaged time 322 

domain signals (Fig. 2D, two example red traces). Since the average from the power spectra does 323 

not include phase information while time-averages do, the power obtained in method (2) divided 324 

by the one obtained in method (1) reflects the level of synchrony. For example, if the synchrony 325 
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between locally generated signals is perfect (i.e. the phases of all trials in the average are 326 

identical), the power spectrum of the averaged signal is equal to the averaged power spectrum of 327 

the individual signals (e.g. Fig. 2, Max Delay=0ms): 328 ∑ ( ) = ∑ [ ( )],  (2) 329 

where ( ) is one of the  locally generated oscillations at location , and [… ] denotes taking 330 

the power spectrum of the expression in between the square brackets. However, if synchrony is 331 

less than perfect, the relationship in Equation (2) changes due to phase differences (i.e. jitter) 332 

between the individual signals (e.g. Fig. 2, Max Delay=4ms), thus: 333 ∑ ( ) < ∑ [ ( )],  (3) 334 

and the ratio between the expression left and right of the < sign can be used to quantify 335 

synchrony on a scale 0-1: 336 

= ∑ ( )∑ [ ( )] .    (4) 337 

To avoid spurious results, we only considered this synchrony ratio if the HG power of the time 338 

domain average during the seizure activity exceeded that of the pre-ictal activity by five standard 339 

deviations. 340 

 341 

E. Statistics  342 

         Data obtained from the same patient as well as from activities in the same slice 343 

preparation may include dependencies because they originate from the same sources. To correct 344 

for this possible dependency, and thus avoid underestimating HG variability from in vitro bursts 345 

/ baseline epochs and in vivo microelectrode, signals were analyzed using hierarchical bootstrap. 346 

The technical term for this standard statistical procedure is ‘resampling with replacement.’ 347 
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Briefly, to estimate the mean and standard error of the mean, we generated 5000 datasets by 348 

randomly selecting data points from our original data sets (e.g. the amount of HG power detected 349 

in each burst from a single slice recording or in each microelectrode recording within a given 350 

patient). Since our data shows a 2-tier, hierarchical structure – the first tier comprising a specific 351 

slice/patient and the second tier comprising the HG power detected, we first sampled with 352 

replacement for the first tier and then sampled again with replacement for the second. The means 353 

of these 5000 sets were then used as an estimate of the sampling distribution of the sample mean. 354 

Then, looking at the distribution of the means from the resampled datasets, we could obtain an 355 

estimate of the mean and standard error of the mean for our recorded data. A full description of 356 

this standard, non-parametric method is beyond the scope of this paper, we therefore refer to 357 

Efron and Tibshirani (1993) and Gallas et al. (2009) for further details.  358 

In order to determine if the means between the different recorded data were statistically 359 

significantly different (e.g. intracellular PDS activity vs intracellular baseline), we took another 360 

5000 resampled sets using instead the demeaned data, in essence forcing the bootstrapped data to 361 

satisfy the null hypothesis of being identical, and generated a null hypothesis distribution. From 362 

these null hypothesis distributions, we could then determine a p-value based on the difference of 363 

the means between two groups. These p-values can now be estimated as the proportion: 364 

#                 (10) 365 

The numerator represents the number of times the null hypothesis failed to be true (i.e. the 366 

difference between the means from the null distribution is greater than the original observed 367 

mean difference). The denominator represents the total number of bootstrapped sets that were 368 

tested. Significance was determined if less than 5% of the samples failed the test.  369 
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To test whether HG power was different between the synchronous and asynchronous data 370 

sets, we used the non-parametric Wilcoxon signed-rank test, which accounts for the paired nature 371 

of the data. Unpaired data, such as averaged MEA recordings from the core and penumbra, were 372 

compared using a rank-sum test (Kvam and Vidakovic 2007).   373 

 374 

Results 375 

A. In vitro data 376 

1. Neurons generate HG Activity during Seizures  377 

To study the HG-generating capability of small networks, we recorded experimentally 378 

induced seizure-like activity (SLA, n=7) that included intracellular PDSs and simultaneous 379 

extracellular network activity in human neocortical brain slices (Figs. 3A, 3B, top traces). From 380 

these recordings, pathological activity was detected, extracted and compared to baseline activity 381 

recorded before experimental onset (PDS, SLA and Baseline insets Figs. 3A, 3B). Power spectra 382 

indicated that the experimental seizure activity resulted in a huge increase in HG power (80-383 

150Hz) as compared to baseline, both in the intra- and extracellular signals (Figs. 3A, 3B, 3E, 384 

and 3F;  p<0.05A,B).  385 

 386 

2. HG power is increased in small networks during PDS activity as compared to 387 

non-saturating bursting networks 388 

We compared the power of HG activity seen during pathological SLA to the amount 389 

produced by slices that did not show SLA (n=5). Intracellular recordings from neurons in brain 390 

slices that did not generate SLA exhibited normal, non-saturating, bursts rather than PDSs (Fig. 391 

3C). Single neurons displaying PDSs produced similar amounts of HG power to neurons 392 
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generating normal (non-PDS) bursting (Fig. 3E, p=0.63C); however, extracellular recordings of 393 

the local networks generating SLA as compared to non-SLA networks produced significantly 394 

more HG power (p<0.05D; Figs. 3B, 3D, and 3F). 395 

 396 

3. Synchrony can sustain HG power in a larger network  397 

We then tested if HG activity in a macroscopic cortical area might be explained by 398 

volume conduction of synchronized local HG activity from multiple sources by averaging burst-399 

triggered signals from our in vitro data (Figs. 4A, 4B, black traces). We also averaged randomly 400 

extracted epochs to produce a set of data mimicking volume conduction during asynchronous 401 

neural activity (Figs. 4A, 4B, green traces). Both the intracellular and extracellular power spectra 402 

of the synchronized activity showed about an order of magnitude more HG power than the 403 

spectra from asynchronous activity (Figs. 4A, 4B, bottom graphs, and Figs. 4C, 4D, p<0.05E,F), 404 

and the amounts of HG power in the asynchronous case trended toward baseline (Figs. 4C, 4D, 405 

Extracellular p= 0.076G, Intracellular p= 0.26H).  406 

Since perfect synchrony of neuronal bursting may not be attained in real networks, we 407 

applied varying levels of jitter to the in vitro signals to estimate the effect of desynchronization 408 

on the preservation of HG power (Figs. 4E and 4F). As expected for signals around 100Hz, both 409 

the intracellular and extracellular jittered averages showed the most dramatic decrease in power 410 

within maximum delays of 10ms (75-80 % reduction, Figs. 4E and 4F, inset).  411 

 412 

B. In vivo data 413 

1. Significant amounts of HG power exist in the core 414 
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The presence of HG power in vivo was determined by analyzing microelectrode array 415 

(MEA) recordings from patients undergoing surgical evaluation in two distinct territories:1) the 416 

ictal core (two patients, four seizures) and  2) the ictal penumbra (two patients, four seizures), as 417 

previously defined by Schevon et al. (2012) and Weiss et al. (2013). Typical examples of the 418 

microelectrode activity around the seizures are shown in Figures 5A, 5B. Heat maps for core and 419 

penumbral HG power are depicted in Figs. 5A, 5B. Fig. 5C provides examples of the normalized 420 

power spectra from both territories. Across our data set, total HG power during the seizure was 421 

significantly higher for microelectrodes in the core than in the penumbra (Fig. 5D, p<0.05I). 422 

 423 

2. Pseudo-ECoG signals in the core show increased synchrony and  HG activity  424 

We then averaged the activity across all the microelectrodes in the 4 × 4 mm array to 425 

create a pseudo-ECoG signal, i.e. a proxy for a macroelectrode recording produced by volume 426 

conduction (Equation (1)). With the exception of the low frequency components, our pseudo-427 

ECoG signals were representative of the clinical ECoG recordings from the same patient, even 428 

with a distance of 1 cm between the recording sites (Figs. 6A, 6B, top traces).Evaluating the HG 429 

power within the pseudo-ECoG signal (Figs. 6A, 6B), we found that significant amounts of HG 430 

power were sustained in the core but not the penumbral recordings (Fig. 6C, p<0.05J). Given that 431 

our temporal averaging across the MEA takes into account phase differences between the 432 

microelectrode signals, the preservation of HG power after averaging implies that there is a 433 

larger amount of synchrony between microelectrode channels in the core than the penumbra. We 434 

confirmed this theory by estimating the level of synchrony in both sets of data as a percent (%) 435 

of maximal synchrony using Equation (4) and found a significantly higher level of synchrony 436 
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(mean= 78 ± 3.1%) in the core as compared to the penumbra (mean= 50 ± 6.2%), (Fig. 6D, 437 

p<0.05G).  438 

We then quantified synchrony levels with a 100ms resolution (Fig. 7). Again, the core 439 

territories showed high levels of synchrony as reflected by the similarities between the heat maps 440 

of the averaged spectral activity and the averaged temporal activity and was confirmed using our 441 

synchrony ratio (Fig. 7A, color and grey-scale bars). In contrast, HG activity in the penumbra 442 

showed lower levels of synchrony (Fig. 7B), reaffirming the overall result depicted in Fig. 6. To 443 

explore the effects of varying levels of synchrony on the preservation of HG power at the 444 

macroscale, we applied our jitter analysis to the individual microelectrode recordings prior to 445 

creating our pseudo-ECoG (Fig 7, graphs). The resulting jitter plots from the core showed a 446 

gradual but substantial decrease in HG power (Fig 7A). The jittered penumbral recordings also 447 

show a slight decrease in HG power with increased desynchronization; however, energy levels 448 

were low as compared to those in the core (Fig 7B). Importantly, the effect of jitter on the decay 449 

of HG power in vivo (Fig. 7) clearly differs from the result obtained from the in vitro data (Figs. 450 

4E, 4F).  451 

 452 

C. Computational Modeling  453 

In order to investigate the differences in the slope of the in vitro and in vivo jitter plots 454 

(Figs. 4 and 7 respectively) and explain how the effects of volume conduction on locally 455 

generated signals can vary across different spatial scales, we introduce three analytical models 456 

with increasing levels of complexity (Fig. 8A). The first model is based on the average activity 457 

of a large number of identical HG oscillators. The second model includes combinations of HG 458 

and low frequency oscillations. The third model is based on the average activity of non-459 
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sinusoidal oscillators with frequencies below the HG band. In all three models, we simulated our 460 

jitter analysis and compared the results to our experimental data.  461 

 462 

  1. Model I: Pure High Gamma Activity  463 

In this model, we assume that the HG oscillations observed result from the mass activity 464 

of a large number of oscillators, where each oscillator generates a sinusoidal time series 465 

expressed as 466 ( + ) = sin ( + ) . 
All oscillators have an identical and constant frequency    (e.g. 100 Hz, Fig.8A, Model I) 467 

where the phase differences (i.e. jitter) between the oscillators are given by . We employ 468 

ensemble averaging (Fig. 2) to simulate volume conduction effects of distributed generators 469 

(governed by Equation (1)) with different degrees of synchrony (jitter). To accomplish this we 470 

draw delays  from a uniform distribution ranging from 0 to τmax. Using this procedure, we 471 

generate an ensemble of time domain signals ( + ) that includes a sinusoidal component 472 

with a randomly applied delay. From this ensemble we can obtain an average . To assess the 473 

effect of the degree of synchrony, we repeat this procedure of computing an ensemble average 474 

for a range of values for τmax (Fig. 2A). Therefore the average ( , ) is both a function of 475 

time and τmax. For the stochastic simulation of this model (blue lines in Figs. 8B, 8D), we 476 

averaged an ensemble of 100 oscillators, each at the same frequency, but having randomly 477 

selected delays.  478 

To obtain a corresponding analytical estimate of the ensemble average (red lines in Fig. 479 

8B, 8D), we evenly sample the uniform distribution at delays  so that 0 ≤ ≤  and 480 
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−  is a constant step. If we, for simplicity of notation, set the step size to unity (i.e. express 481 

τmax as a multiple of the step size), we obtain 482 ( , ) = ∑ ( + )     (5) 483 

with > 0. Because we consider a large number of generators and are interested in the 484 

frequency content resulting from their average, we may replace the summation in Equation (5) 485 

by an integral , ( , ) = ( + ) . We evaluate this integral expression using 486 ( + ) = sin ( ( + )), and take the Fourier transform ( ) of the result. Next we estimate 487 

the power spectrum, ( ) = ( ) ( )∗, of the average and get: 488 

( ) = 1 −  1 − ∗ − ,  (6) 489 

with   as the Dirac impulse function and [1 −   ]∗ denoting the complex conjugate of the 490 

expression in between the square brackets. By integrating this expression over the HG band, 491 

using Euler’s formula ( = cos + sin ), and using the sifting property of 492 

the  function (van Drongelen, 2007; Chapter 2), we find the expression for the power in the HG 493 

band ( ) 494 

= 4 1 − cos ( ) .   (7). 495 

We repeat computing the power in the HG band for a range of values of τmax and plot  as a 496 

function of the degree of synchrony, represented by the maximum delay,  (Fig 8B). Both the 497 

analytical estimate and the simulation in the jitter plot of Figure 8B show a sharp drop in HG 498 

power with increase of maximum delay. The expression in Equation (7) shows that the slope of 499 

the steep initial drop over which  attenuates with  depends on the frequency . Here 500 

we used 100Hz as an example, but for frequencies within the HG band the steep drop occurs 501 
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within a range of 6.7ms (for 150Hz) – 12.5ms (for 80Hz). We used the example of a single HG 502 

frequency since the predicted steep drop in  for a signal composed of a series of oscillations 503 

within the HG band is governed by the superposition of the individual results determined by 504 

Equation (7), i.e. the expected steep attenuation occurs in 6.7-12.5ms (an order of magnitude of 505 

10ms). When compared to results from the in vitro data set, this elementary model is an accurate 506 

representation of the < 10 ms decline in HG power observed in our experimental jitter plots from 507 

single neurons and microscopic networks (Figs. 4E, 4F). 508 

 509 

2. Model II: Combined Low Frequency and High Gamma oscillators 510 

While Equation (7) of Model I describes the in vitro data accurately, it cannot explain the 511 

slower drop off observed in our jitter analysis from the in vivo data (Fig. 7). As HG activity has 512 

been shown to be modulated by lower frequencies in both physiological settings (Canolty et al.  513 

2006) as well as during ictal time periods (Ibrahim et al. 2014), we modeled the case where a 514 

low frequency sinusoidal oscillation, sin( ), interacts with an oscillation in the HG band, 515 sin . Within this approach, we examined the following three alternatives (Fig. 8A, Model 516 

II): (a) an additive effect between the oscillators; (b) modulation of the amplitude; and (c) 517 

frequency modulation. For each alternative we then estimated the power in the HG band as a 518 

function of the degree of synchrony (i.e. ). 519 

Neither the use of an additive combination nor the application of frequency modulation 520 

affects the fast drop-off in HG power described by Equation (7). In contrast, the amplitude-521 

modulated HG signal was capable of explaining a slow drop-off as we observed in our in vivo 522 

data. However, this occurred only when the HG rhythms in the modeled signals were 523 

synchronized; i.e. when HG oscillators were allowed to desynchronize, a similar fast drop-off as 524 
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predicted by equation (7) was observed. Such a requirement of HG synchrony was found to be 525 

unrealistic since bandpass filtered (80-150Hz) signals demonstrated that HG activity in vivo still 526 

had a baseline level of asynchrony between microelectrodes (Fig. 8C). Therefore, none of these 527 

scenarios of model II can explain the slow drop-off observed in Fig. 7, and further details of this 528 

model are not reported.  529 

 530 

3. Model III: Harmonics of a Non-Sinusoidal Signal Model  531 

 Since the previous two models could not explain our in vivo jitter results, we then 532 

investigated the hypothesis that the relationship observed is due to harmonics that originate from 533 

non-sinusoidal oscillations. Given the transients in the filtered HG activity from the 534 

microelectrode recordings at the seizure core, it seems plausible that harmonics play a role in the 535 

generation of HG activity at the macroscopic level (Fig. 8C). This third approach was modeled 536 

with a rectangular signal (… ) consisting of a series of pulses. The interval between the 537 

pulses is  and the duration of each pulse is . Each pulse is the difference between two 538 

Heaviside functions (… ): 539 ( ) = ∑ ( − ) − ( − − ).   (8) 540 

This expression represents a time series with pulses at time , with = 0,1, 2, . . . Taking the 541 

limit of many oscillators, similar to the approach explained in Model 1, we obtain for the power 542 

of the harmonics in the HG band, between frequencies:  - , as a function of maximal 543 

jitter delay  544 

= 1 | ( ) − − ( )
+ ( )|  . 
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            (9) 545 

The integral terms in Equation (9) are in the form
∆ = − ∆ (− ∆ ) − ∆

, with ∆ – 546 

a delay term, and  – the exponential integral function.  547 

Finally, in order to make the signals from our third model comparable to the in vivo data 548 

set, we also took into consideration the baseline amount of asynchrony present between the in 549 

vivo microeletrodes (inset Fig. 8C). Observations in our records showed a baseline jitter across 550 

the MEA of up to ~10 ms, corresponding to a propagation velocity < 50mm/s, which is in line 551 

with previously published propagation velocities (Trevelyan et al., 2006). Therefore, a baseline 552 

amount of jitter of 10 ms was included in our modeled signals.  553 

The theoretical jitter results from Model III are depicted in Fig. 8D and show a 554 

reasonable match for the HG-jitter relationship observed in the core (Fig. 7A). This model also 555 

appropriately describes the slow drop-off rates of the low power penumbra jitter plots (Fig. 7B), 556 

making it a suitable explanation for the effects of volume conduction on HG power at the 557 

macroscopic level.  558 

 559 

Discussion 560 

We examined cellular and network epileptiform activity in human neocortex and 561 

established a relationship between paroxysmal depolarization shifts and pathological, 562 

synchronous high gamma activity across different spatial scales. We showed that the 563 

mechanisms underlying the presence of HG activity are scale dependent. In small sub-mm 564 

networks, strict synchrony in the form of minimal phase differences between HG sinusoidal 565 

oscillators is sufficient to generate HG power in the LFP. In contrast, larger macroscopic 566 

networks can generate HG power from harmonics of non-sinusoidal oscillators with frequencies 567 
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below the HG band (40-75 Hz), and strict synchrony is not needed. These scale-dependent 568 

differences in HG activity generation emphasize that both the scale and context of the observed 569 

HG activity should be considered when applying HG power to identify critical brain regions 570 

involved in seizure generation. 571 

We used an established seizure model employing human neocortical slices to examine 572 

and relate single cell and network patterns during evoked epileptiform activity (e.g. Marcuccilli 573 

et al., 2010). We confirmed that neocortical HG activity can be produced in networks at a scale 574 

far below the size of the macroelectrode through microelectrode recordings from small, slice-575 

sized networks (Figs. 3 and 4). We showed that both normally bursting (non-saturating) and 576 

PDS-generating single neurons produced signals with similar levels of HG power (Fig. 3A, 3C). 577 

However, simultaneous LFP recordings showed that small sub-mm networks including neurons 578 

generating PDS bursts produced three times more HG power as compared to bursting networks 579 

with non-saturated single cell activity (Figs. 3B, 3D, and 3F). This finding suggests that the 580 

neuronal generators are more synchronized in the case of networks with PDSs, and it indicates a 581 

link between network and cellular markers of epileptiform activity, HG activity and PDSs, 582 

respectively. While our experimental observations cannot provide direct evidence for a 583 

connection between the PDS and ictal HG activity in the epileptic core in vivo, the comparable 584 

amounts of HG activity in our extracellular in vitro recordings and microelectrode recordings 585 

provide a strong basis for our hypothesis. Furthermore, this hypothesis is supported by analogous 586 

findings in animal models (Grenier et al., 2003), and saturation effects seen during ictal activity 587 

from human MEA recordings (Meijer et al., 2015; their Figures 1 and 11).  588 

We showed that HG preservation due to volume conduction and synchrony is associated 589 

with both experimental and clinical seizure activity. With our jitter analysis, the rapid decline in 590 
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HG power with increased desynchronization of cellular generators (Figure 4E) suggests that the 591 

level of synchrony across the PDS-generating small networks is probably high, with ≤10ms 592 

delays. Considering the rate of neuronal conduction and transmission, synchrony levels of this 593 

order of magnitude are certainly possible within the small network recorded by a single 594 

microelectrode. However, the outcome of the jitter analysis for multiple in vivo microelectrode 595 

signals depicted in Figures 7 and 8 indicates that highly synchronous HG activity is clearly not a 596 

viable explanation for the presence of HG power at the macroscopic level. Obviously, at this 597 

network scale, lower levels of synchrony (above the 10 ms mark) may occur (Fig. 7). While the 598 

delays caused by volume conduction (Equation (1)) are negligible, the delays caused by neuronal 599 

conduction and synaptic transmission at this scale are not negligible and may explain the slower 600 

drop-off (e.g. Buzsaki 2006, Nunez and Srinivasan 2006). Therefore, it can be expected that 601 

synchrony levels within a network decrease with network size.  602 

Using in-silico modeling to assess differences in HG preservation across spatial scales, 603 

we were able to propose a biologically plausible explanation for the generation of HG activity in 604 

a variety of networks. Within a microscopic network, the HG sinusoidal oscillations of Model I, 605 

have been shown to be capable of explaining propagation of HG power, even with the addition 606 

of stochasticity to the system (Fig. 8B). We explored alternative models to explain the 607 

macroscopically observed HG power in the in vivo recordings. Model II provided an alternative 608 

theory for the macroscopic drop-off in HG power, but is not plausible upon the presence of 609 

baseline jitter in vivo. Thus, Models I and II fail to provide a realistic explanation for the slow 610 

drop-off in HG power. Instead, we could explain our observation of HG power drop-off in the 611 

jitter plots by harmonics originating from low frequency non-sinusoidal fluctuations as described 612 
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by Model III (Fig. 8D). This would agree well with previously reported presence of harmonics in 613 

seizure recordings (Alvarado-Rojas et al., 2015; Fink et al., 2015; Foffani et al., 2007).  614 

 Although we employ sinusoidal oscillations in Models I and II, we do not intend to claim 615 

that the HG power in our recordings is due to pure sinusoidal signals. However, we can justify 616 

this simplification because the non-sinusoidal part of any oscillation within the HG frequency 617 

range will show up as a harmonic outside the HG band, while a slight aperiodicity or a non-618 

sinusoidal shape of signals oscillating within the HG frequency band will still contribute to the 619 

power in that relatively wide band. Likewise, with Model III, we do not intend to suggest that the 620 

in vivo signals are periodic rectangular waves but aim to describe the observed drop-off of the 621 

HG power in Figure 7 by using a generic signal capable of generating harmonics. We show that 622 

adding variability to the model does not affect its prediction in a stochastic simulation of 623 

Equation (8) (Fig. 8D). 624 

Based on previous work in the hippocampus (Bragin et al., 1999a; 1999b; 1999c; 2000; 625 

2002; 2011) and the timescales involved in propagation of HG activity across spatial scales, we 626 

propose that HG generation is the results of excitatory connections in small networks with high 627 

levels of synchrony (≤10ms of phase differences). Potential mechanisms for such a scenario 628 

include ionotropic glutamatergic transmission via the AMPA receptors (e.g. Destexhe et al., 629 

1995; Myme et al., 2003), but also possibly direct electrical effects via gap junctions (Draguhn et 630 

al., 1998; Traub et al., 2001) or ephaptic transmission (Jefferys, 1990). Here, it must be noted 631 

that the role of gap junctions between excitatory neurons in the neocortex is not as obvious as 632 

that seen in the hippocampus (Wang et al., 2010). It has also been suggested that inhibition may 633 

play a role in HG generation (Trevelyan, 2009; Timofeev et al., 2002), but we cannot resolve 634 

effects from inhibition by GABAA receptors on HG activity and PDS generation since we 635 
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evoked experimental seizures by disinhibition. However, during a fully developed seizure, i.e. 636 

once ictal activity is present in the epileptic core, a principal role for inhibitory mechanisms is 637 

unlikely, since there is a significant failure of inhibition that is thought to be the very cause of 638 

seizure propagation and activity in this area (Schevon et al., 2012; Weiss et al., 2013; Meijer et 639 

al., 2015). 640 

Although HG activity can be generated by a variety of physiological and pathological 641 

mechanisms, our data show that epileptiform activity is strongly associated with HG activity. 642 

The HG power in both micro- and macroelectrode measurements allows for identification of the 643 

ictal core, while the low frequency signals, such as those currently used for localization, may 644 

represent both core and penumbra territories. HG power is therefore a sensitive and specific 645 

biomarker for the identification of core seizure territories, but the ictal context in which it is 646 

observed must be considered.  647 
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Figure Legends 799 

Figure 1: Methodology. 800 

A- Acute slice recording setup with concurrent extracellular and intracellular recordings. SLA 801 

and PDSs were induced with the addition of bicuculline and NMDA (black arrow).  802 

B- Local seizure activity from patients was recorded with microelectrode arrays (MEAs); cortical 803 

grids measured the electrocorticogram (ECoG). The power of the high gamma activity (HG 804 

activity) was determined in both individual microelectrode signals (magenta) and averaged MEA 805 

activity (blue).  806 

 807 

Figure 2: Jitter Analysis and Synchrony 808 

Cartoon of the jitter analysis in which a randomized delay (shift) was applied to each signal prior 809 

to computing the signal average. The jitter simulates levels of asynchrony between the signals, 810 

while the average represents the effect of volume conduction (Equation (1)). 811 

A- Flowchart of jitter methodology. Each signal within the ensemble is jittered by applying a 812 

randomized delay (τi) ranging from 0-τmax. The jittered signals are then averaged to represent the 813 

compound activity of the signals due to volume conduction. We perform power spectral analysis 814 

on the averaged activity and determine the amount of HG power in the signal. The amount of HG 815 

power is then plotted against the maximum delay (τmax), i.e. the degree of asynchrony. This 816 

procedure is repeated for a range of increasing maximum delays (in this example, a range from 817 

0-8 ms in steps of 2 ms).  818 

B - Set of randomly jittered signals (blue dots mark the center of each signal) drawn from a 819 

uniform distribution characterized by a maximum delay, τmax. The red trace is the time average 820 

of the jittered data set.  821 
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C - The power spectra of the individual signals in the set of panel A, and the average of these 822 

power spectra (in red).  823 

D - The relationship between the power in a time-averaged signal and the degree of asynchrony 824 

determined by the maximum delay (τmax) of the applied jitter. The two grey panels depict 825 

example data sets: one in which the signals are perfectly synchronized (No jitter, i.e. max 826 

delay=0) and one with significant jitter (maximum delay = 4ms). To quantify the amount of 827 

synchrony in a set of signals, we computed the Synchrony Ratio by dividing the power from the 828 

time-averaged power spectrum by the power from the averaged power spectra: i.e. the values 829 

marked as (2) in panel C divided by those marked by (1) in panel B. 830 

 831 

Figure 3: Seizure-like activity produces significant amounts of HG power. 832 

A - Example trace of intracellular activities recorded in an acute slice of human neocortical 833 

tissue. The arrow marks bath application of bicuculline and NMDA. Insets show examples of 834 

PDS and baseline (Base) signals. Intracellular PDSs are characterized by large depolarizations of 835 

~30mV above the resting potential that includes depolarization block. This resulted in reduced 836 

inter-burst spike rates, as compared to physiological bursts, and decreased spike amplitudes 837 

during the burst. Power spectra of intracellular signals show increased power in the HG band 838 

(80-150Hz, grey box) during PDS activity (black trace) as compared to baseline (grey trace).  839 

B - Same as in panel A for the extracellular signal recorded simultaneously with the intracellular 840 

signal. Insets depict SLA and network baseline activity (Base). Power spectra show an increase 841 

in the HG band power during SLA as compared to baseline.  842 
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C - Intracellular, non-saturating bursting activity from acute human neocortical slice. Baseline 843 

(Base) and bursting (Burst) activities are shown in the insets. Power spectra show increased HG 844 

power during bursting over baseline.  845 

D - Extracellular bursting activity simultaneously recorded in the same slice as C. Power spectra 846 

do not show a significant increase of HG power during the network burst.  847 

E - Bar graph of intracellular HG power across states including the mean HG power and standard 848 

error of the mean (SEM) shows a large increase in HG power during both PDSs and non-849 

saturating bursts. Note the discontinuity in the vertical axis. Dark blue – PDS; light blue – 850 

corresponding baseline activity; red – non-saturating bursts; pink – corresponding baseline 851 

activity.  852 

F - Bar graph of extracellular HG power across states shows that extracellular recordings from 853 

networks with SLA (that included single neurons with PDSs) show significantly more HG power 854 

than network recordings from non-saturating cellular bursts . Dark blue – SLA; light blue –855 

corresponding baseline activity; red – network bursting of networks with non-saturating cellular 856 

bursts; pink – corresponding baseline activity. 857 

(** p < 0.02) 858 

 859 

Figure 4: Power of average HG activity depends on synchrony levels 860 

Sequential burst-events from A- intracellular (IC) PDS activity and B- extracellular (EC) SLA 861 

slice recordings were detected and used these to represent signals generated across multiple 862 

locations. Detected burst-events (synchronous case, black traces) or randomly selected epochs 863 

(asynchronous case, green traces) were then superimposed to mimic volume conduction.  These 864 
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superimposed signals were then averaged, and a power spectra were computed (bottom plots; 865 

black – synchronous case; green – asynchronous case; grey boxes – HG band, 80-150Hz).  866 

C, D - Bar graphs of the mean HG power and SEM of the averaged signals (grey – baseline; 867 

green – asynchronous average; black – synchronous average). Result shows a large difference in 868 

the amount of HG power (note the discontinuity in the vertical axes) between the synchronous 869 

and asynchronous scenarios. 870 

(** p < 0.02) 871 

E,F –Jitter plots showing the amount of HG power retained in a series of averages in which the 872 

superimposed signals undergo randomized delays prior to averaging. For each average, these 873 

randomized delays are drawn from a uniform distribution ranging from zero to Max Delay 874 

(abscissa).  Insets detail the drop in HG power retained with maximum delays below 50ms. Both 875 

IC and EC recordings show a dramatic drop in HG power with maximum delays below 10 ms.  876 

 877 

Figure 5: Microelectrodes in the core record higher levels of HG power compared to the 878 

penumbra. 879 

Seizure activity from MEA recordings was separated post hoc into two distinct territories: 1) the 880 

ictal core, defined as the cortical area where low frequency activity is correlated with high levels 881 

of multiunit activity (two patients, four seizures); and 2) the ictal penumbra, where the low 882 

frequency fluctuations are accompanied by uncorrelated and small changes in firing (two 883 

patients, four seizures). 884 

 A –Top: Example microelectrode recording from core territories during a seizure. Bottom: Heat 885 

map of HG power detected in 100ms overlapping epochs across the seizure (50ms overlap). 886 

Channel # corresponds to the single microelectrode channels of the MEA. 887 
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B – Same as in panel A for a recording taken from the penumbral territory. 888 

C- Examples of power spectra from microelectrodes in the core (orange) and penumbra (yellow) 889 

during fully developed seizure. Note that the core shows more power in the HG band.  890 

D – Bar graph of the mean and SEM of the HG power from the entire seizure for microelectrode 891 

recordings in the ictal core compared to those in the penumbra shows significantly more HG 892 

power in the core territories; note the discontinuity in the vertical axis.  893 

(** p < 0.02) 894 

 895 

Figure 6: Averaged MEA activity shows HG power predominantly in the core. 896 

A - Example ECoG trace recorded from a cortical grid electrode 1 cm from the MEA location 897 

(black), Pseudo-ECoG (orange) produced by averaging the microelectrode channels for a single 898 

seizure in the ictal core. Bottom depicts a heat map of HG power of the Pseudo-ECoG in the ictal 899 

core territory. To compute the heat map, we subdivided signals into 100ms overlapping epochs 900 

(50ms overlap). 901 

B - Same as in panel A for a recording in the penumbra.  902 

C - Bar graph of mean and SEM of the HG power of the Pseudo-ECoG activity across the entire 903 

seizure in core and penumbra shows more HG power in the averaged activity of the core; note 904 

the discontinuity in the vertical axis.  905 

D - Since computing the averaged temporal activity takes into account differences in phase 906 

between HG activities at each microelectrode, synchrony was measures as a percentage of the 907 

HG power retained after temporal averaging as compared to the averaged spectra of the 908 

individual microelectrodes. . (Fig. 2; Equation (4)). More power was retained in the core, 909 

suggesting a higher level of HG synchrony between these microelectrodes.  910 
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(* p < 0.05) 911 

 912 

Figure 7: Synchrony is increased during seizure activity in the core. 913 

 (P - patient number; S - seizure number).  914 

A – Pseudo-ECoG recorded from ictal core territories. In the bar labeled Analysis 1, HG power 915 

is determined from the power spectrum of the time average. In contrast, in the Analysis 2 case, 916 

HG power is determined in the average spectrum of the individual power spectra of the MEA 917 

signals. The bar labeled as Synchrony Ratio represents the ratio between the two analyses (Fig. 918 

2; Equation (4)). Heat maps and synchrony were determined in 100ms overlapping epochs 919 

(overlap 50ms). The heat maps represent the averaged spectral activity and the averaged 920 

temporal activity and their synchrony ratio. Right-hand graphs show the result of our jitter 921 

analysis, depicting the amount of HG power (ordinate) as a function of the maximum delay 922 

(abscissa). Jitter plots from core seizures show a slow decline in HG power.  923 

B - Same as in panel A for seizures recorded from penumbral territories. Note different scales 924 

used for the ordinate across the jitter plots.  925 

 926 

Figure 8: HG power observed at micro- and macroelectrode scales may result from 927 

different mechanisms.  928 

A – Example signals of the individual generators in three types of models (I-III) we investigated 929 

in the context of the jitter analysis. Model I consists of generators of sinusoidal frequencies 930 

within the HG band. Model II represents interaction of the HG oscillation with a sinusoidal 931 

oscillator of lower frequency. This model consisted of three subtypes: (a) an additive effect of 932 

the low and high frequency oscillations; (b) the amplitude of the HG oscillation is modulated; 933 
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and (c) the HG frequency is modulated. The model III generators are non-simusoidal, resulting in 934 

harmonics within the HG power band. 935 

B - Model I, Equation (7), predicts a steep decline in the compound HG power when small 936 

amounts of jitter are added to the system. This model result closely matches the rapid depletion 937 

of HG power seen in the jitter analysis of the in vitro signals (Fig. 4). Both the analytical result 938 

(red) and a stochastic simulation of the same model (blue) are plotted. 939 

C –Filtered microelectrode signals from in vivo MEA recordings at the ictal core (filter band: 80-940 

150Hz). This example of HG activity across microelectrodes in the MEA shows significant 941 

bursts of HG power originating from the slower dominant seizure oscillation. In addition, 942 

ongoing HG oscillations show a small amount of baseline desynchronization of ~10ms (inset). 943 

These delays are not unexpected for the network size involved in this measurement. Considering 944 

the dimensions of the array, 96 electrodes distributed in a 4 × 4 mm area, this corresponds to 945 

propagation rates that are bounded ≤50 mm/s, showing a clear overlap with the range of 946 

propagation velocities between 20-100 mm/s observed during disinhibited slice activity 947 

(Trevelyan et al., 2006). 948 

D – Prediction of model III, Equation (9). Analytic and stochastic results are plotted as in A. 949 

Because of the baseline asynchrony in the in vivo recordings (panel B), we ignored delays less 950 

than 10ms in this model. This scenario can explain a drop-off similar to those observed in the 951 

jitter plots of the in vivo data (Fig. 7).   952 
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Table 1: Clinical and Demographic Data for Slice Tissue  953 

PDS- neurons show paroxysmal depolarizing shifts. Burst- neurons show non-saturating burst 954 

firing.  955 

Patient 
Number  

Slice 
Number 

Activity 
Type 

Age at time 
of resection 
/ Sex 

Tissue 
Sample 
Location 

Pathology Seizure 
Type 

1 S1 PDS 12F Left 

temporal  

Cortical 

Dysplasia 

Complex 

Partial, 

Generalized 

tonic-clonic 

-- S2 PDS -- Parietal- 

occipital 

-- -- 

2 S3 PDS 8M Left 

Occipital 

Cortical  

Dysplasia 

Complex 

Partial 

-- S4 Burst -- -- -- -- 

3 S5 PDS 5F Right frontal Nonspecific Complex 

Partial 

4 S6 Burst 8F Right 

anterior 

frontal 

Nonspecific Complex 

Partial 

L clonic 

5 S7 Burst 17F Left parietal Cortical 

Dysplasia 

Complex 

Partial, 

Simple 

partial 

6 S8 Burst 15M Left 

temporal 

Cortical 

Dysplasia 

Complex 

Partial 

7 S9 Burst 18M Right frontal Mild neuronal 

ischemia 

Complex 

Partial 

-- S10 PDS -- -- -- -- 

-- S11 PDS -- -- -- -- 

-- S12 PDS -- -- -- -- 

 956 

  957 
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Table 2: Clinical and Demographic Data for Patients Implanted with MEAs. 958 

Patient 
(age/gender) 

P1 
(32F) 

P2 
(19F) 

P3 
(30M) 

P4 
(39M) 

Implant Location Left lateral and 

subtemporal 

Right lateral 

and 

subtemporal, 

parietal, 

occipital 

Left lateral 

frontal, mesial 

frontal, 

temporal 

Left lateral and 

mesial frontal 

MEA Location Left inferior 

temporal gyrus 

2.5 cm from 

anterior 

temporal pole 

Right posterior 

temporal, 1 cm 

inferior to 

angular gyrus 

Left 

supplementary 

motor area, 3 

cm superior to 

Broca’s area 

Left lateral 

frontal 2 cm 

superior to 

Broca's area 

Seizure Onset 
Zone 

Left 

basal/anterior 

temporal, 

(including MEA 

Site) 

Right posterior 

lateral temporal, 

(including MEA 

Site)  

Left 

supplementary 

motor area 

(including 

MEA site) 

Left frontal 

operculum 

(3x3 cm 

cortical area, 

including 

MEA site) 

Days 
Recorded 

5 28 4 4 

Number of  

Seizures 
Analyzed 

3 1 1 3 

Seizure 

Type(s) 

Complex partial Complex partial 

with secondary 

generalization 

Complex partial 

/ tonic 

Complex partial 

Pathology mild CA1 

neuronal loss; 

lateral temporal 

nonspecific  

Nonspecific N/A (multiple 

subpial 

transections 

performed) 

Nonspecific 

  959 
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Statistics Table 960 

 DATA 

STRUCTURE 

TYPE OF 

TEST 

95% CONFIDENCE 

INTERVALS 

A – Extracellular SLA vs 

baseline 

Bootstrapped Difference of the means 32e3 µV2  :  137e3 µV2

B – Intracellular PDS vs 

baseline 

Bootstrapped Difference of the means 0.82e7 µV2 : 2.1e7 µV2 

C – PDS vs normal bursting Bootstrapped Difference of the means -2.6e7 µV2 : 1.4e7 µV2 

D – SLA vs non-SLA Bootstrapped Difference of the means 21e3 µV2 : 116e3 µV2 

E – Extracellular synch vs 

asynch 

Non-parametric Wilcoxon signed- rank 1 : 1* 

F – Intracellular synch vs 

asynch 

Non-parametric Wilcoxon signed-rank 1 : 1* 

G- Extracellular asynch vs 

baseline 

Non-parametric Wilcoxon signed-rank 0.25 : 1 

H – Intracellular asynch vs 

baseline 

Non-parametric Wilcoxon signed-rank 0.25 : 1 

I – Core vs Penumbra 

microelectrodes 

Bootstrapped Difference of the means 0.49e5 µV2 : 4.2e5 µV2 

J – Core vs Penumbra 

averaged activity 

Non-parametric Wilcoxon rank-sum 1 : 1 * 

K – Core vs Penumbra 

percentage difference 

Non-parametric Wilcoxon rank-sum 1 : 1* 

* Distributions are perfectly separated.  961 
 962 




















