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Abstract 17 

During human seizures organized waves of voltage activity rapidly sweep across the cortex. 18 

Two contradictory theories describe the source of these fast traveling waves: either a slowly 19 

advancing narrow region of multiunit activity (an ictal wavefront) or a fixed cortical location. 20 

Limited observations and different analyses prevent resolution of these incompatible theories. 21 

Here we address this disagreement by combining the methods and microelectrode array 22 

recordings (N=11 patients, 2 females, N=31 seizures) from previous human studies to analyze 23 

the traveling wave source. We find - inconsistent with both existing theories - a transient 24 

relationship between the ictal wavefront and traveling waves, and multiple stable directions of 25 

traveling waves in many seizures. Using a computational model that combines elements of both 26 

existing theories, we show that interactions between an ictal wavefront and fixed source 27 

reproduce the traveling wave dynamics observed in vivo. We conclude that combining both 28 

existing theories can generate the diversity of ictal traveling waves. 29 

Significance Statement 30 

The source of voltage discharges that propagate across cortex during human seizures  31 

remains unknown. Two candidate theories exist, each proposing a different discharge  32 

source. Support for each theory consists of observations from a small number of human 33 

subject recordings, analyzed with separately developed methods. How the different,  34 

limited data and different analysis methods impact the evidence for each theory is  35 

unclear. To resolve these differences, we combine the unique, human microelectrode  36 

array recordings collected separately for each theory and analyze these combined data  37 

with a unified approach. We show that neither existing theory adequately describes the  38 

data. We then propose a new theory that unifies existing proposals and successfully  39 

reproduces the voltage discharge dynamics observed in vivo. 40 
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Introduction 41 

Most observations of human brain activity during seizures consist of non-invasive recordings, 42 

limiting spatial (e.g., scalp electroencephalogram) or temporal (functional magnetic resonance 43 

imaging (Kobayashi et al., 2006)) resolution. Invasive voltage recordings from clinical 44 

macroelectrodes improve spatial resolution (Engel et al., 2005), but provide only macroscopic 45 

views of neural population activity (Buzsáki et al., 2012). Recently, microelectrode array (MEA) 46 

and microgrid data have provided new insights into single neuron and small neural population 47 

activity during human seizures (Truccolo et al., 2011; Schevon et al., 2012; Smith et al., 2016; 48 

Eissa et al., 2017, 2018; Martinet et al., 2017; Kleen et al., 2021). However, new controversies 49 

have also emerged (Truccolo et al., 2011; Merricks et al., 2015; Smith and Schevon, 2016; 50 

Schevon et al., 2019). 51 

In this manuscript, we address one recent controversy: the source of traveling waves during 52 

seizures. Many observations support the existence of traveling waves during the spike-and-53 

wave discharges of focal onset seizures in humans (González-Ramírez et al., 2015; Wagner et 54 

al., 2015; Smith et al., 2016; Martinet et al., 2017; Liou et al., 2020; Diamond et al., 2021). 55 

Localizing this traveling wave source may help identify the epileptogenic zone (Diamond et al., 56 

2021) - the target of surgical resection to treat epilepsy (Lüders et al., 2006). In contrast to 57 

alternative biomarkers of the epileptogenic zone (e.g., high frequency oscillations (Frauscher et 58 

al., 2017) or network-based measures (Li et al., 2021)), detection of traveling waves does not 59 

require recordings from the location of the wave source (Tomlinson et al., 2016; Diamond et al., 60 

2021). This is advantageous when brain activity is undersampled due to limited sensor 61 

coverage. 62 

Two highly-developed theories exist to explain the source of the traveling waves during 63 

seizures. In one theory, a slowly propagating boundary characterized by a high firing rate (called 64 
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the ictal wavefront) emerges at seizure onset and slowly spreads (~1 mm / s) over cortex, 65 

seeding fast-propagating waves that travel in two directions: radially inwards to a recruited core, 66 

and radially outwards into a non-recruited penumbra (Smith et al., 2016; Schevon et al., 2019; 67 

Liou et al., 2020). In an alternative theory, activity at a fixed source increases the concentration 68 

of extracellular potassium, which diffuses to gradually increase excitability throughout the 69 

cortex; this increase in excitability allows activity at the fixed source to propagate as traveling 70 

waves over the entire cortical surface (Martinet et al., 2017). In this fixed source theory, fast 71 

propagating waves travel solely in the outward radial direction from a stationary source. 72 

Observations from epilepsy patients, computational models, and experimental observations in 73 

animal models support both theories (Proix et al., 2018; Diamond et al., 2021). 74 

Resolving these conflicting theories is essential to understanding the spatiotemporal dynamics 75 

of ictal discharges, constraining candidate mechanisms for these dynamics, and ultimately 76 

improving patient care. However, a direct comparison of the evidence supporting each theory 77 

remains challenging. The limited number of subjects (3 in Smith et al. (2016), 3 in Martinet et al. 78 

(2017)) and the different data analysis methods employed may have contributed to the 79 

alternative propagation scenarios identified. We resolve these two conflicting theories by 80 

combining the MEA recordings from Smith et al. (2016) and Martinet et al. (2017), applying the 81 

same analysis methods to these aggregated MEA data, and testing the hypothesis that traveling 82 

waves emerge from a slowly expanding ictal wavefront. 83 

We show in the aggregate data that ictal wavefronts exist in most patients and provide evidence 84 

for a transient relationship between the fast traveling waves and the ictal wavefront. We 85 

conclude that ictal wavefronts seed traveling waves, but do so in conjunction with additional, 86 

possibly fixed, sources. We illustrate this new theory with a computational model that 87 

demonstrates consistency with the in vivo data. By identifying a more complex source of 88 
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neocortical traveling waves during human seizures, these results resolve the conflict between 89 

two existing theories. 90 

Materials and Methods 91 

HUMAN RECORDINGS 92 

Eleven patients (2 females and 9 males) with medically intractable focal epilepsy were 93 

implanted with 4x4 mm microelectrode arrays (MEAs). The arrays were implanted in neocortical 94 

gyri based on presurgical estimation of the ictogenic region. MEAs consist of 96 platinum-tipped 95 

silicon probes arranged in a 10x10 grid, with a length of either 1.0 or 1.5 mm. Histology 96 

suggests that the electrodes record from neocortical layers 4/5, although in some patients (e.g., 97 

P6) the electrode depth was difficult to assess (Schevon et al., 2012). Neural data were 98 

recorded at a sampling rate of 30 kHz on each microelectrode with a range of 68 mV at 16-bit 99 

precision, and a 0.3 Hz to 7.5 kHz bandpass filter on a Neuroport Neural Monitoring System 100 

(Blackrock Microsystems). The reference electrode was either subdural or epidural, chosen 101 

based on recording quality. All patients were enrolled after informed consent was obtained and 102 

approval was granted by local Institutional Review Boards at Columbia University Irving Medical 103 

Center, Massachusetts General Hospital, and Brigham Women’s Hospitals (Partners Human 104 

Research Committee) according to National Institutes of Health guidelines. Clinical 105 

determination of seizure onset zone and seizure spread were made initially by the treating 106 

physicians. The seizure end time was defined as the latest time at which both the 107 

microelectrode and macroelectrode recordings displayed large-amplitude ictal activity. For 108 

detailed patient information, see Table 1. 109 
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TRAVELING WAVE DIRECTION ESTIMATION 110 

All time series are downsampled from 30 kHz to 1000 Hz (using the resample function from the 111 

Signal Processing Toolbox for MATLAB). For each seizure, we first identify and exclude 112 

channels without signal or with excessive noise. We do so by estimating the standard deviation 113 

of the signal on each channel and excluding channels with outlier values. Outliers are detected 114 

using the isoutlier function of MATLAB with the default parameter settings so that an outlier is a 115 

value exceeding three scaled median absolute deviations (sMAD) from the population median. 116 

For a random variable vector X,  117 

 sMAD(X) = MAD(X) / 0.6745 = Median( |X - Median(X)| ) / 0.6745. (1)

The median absolute deviation (MAD) is a dispersion statistic that is more robust to outliers than 118 

the standard deviation, and is scaled by 0.6745, the value of the MAD for a standard normal 119 

distribution (Hoaglin et al., 1983; Maronna et al., 2019). We then identify additional channels 120 

with outlier behavior using principal component analysis. To do so, we project the signal from 121 

each channel onto each of the first three principal components and retain only the largest 122 

cluster of channels in this projection (hierarchical clustering based on Mahalanobis distance to 123 

nearest neighbor with a cutoff threshold of √2). For all seizures, we retain at least 70 electrodes 124 

for analysis. Finally, we bandpass filter (150-order FIR) the signal from [1, 50] Hz or [1, 13] Hz 125 

depending on the method applied to estimate traveling wave direction (max-descent method or 126 

group delay method, respectively, see next section).  127 

TIME OF ARRIVAL (TOA) ESTIMATES 128 

 We apply two methods to estimate traveling wave directions: the “max-descent method” 129 

developed in Smith et al. (2016) and the “group delay method” developed in Martinet et al. 130 

(2017). We briefly describe each method here.  131 
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Max-descent. To identify traveling waves and estimate the direction of propagation using the 132 

max-descent method, we first identify negative voltage peaks in the 1-50 Hz bandpass filtered 133 

LFP signal on each channel (at least 1 standard deviation below the channel mean). We define 134 

a discharge time as a time when at least 30 electrodes possess negative voltage peaks within a 135 

40 ms window. In this way, we choose a low threshold to identify the negative voltage peaks, 136 

but require many channels cross this threshold. We use an interval of 40 ms because waves 137 

traveling at 100 mm/s (Wagner et al., 2015; Smith et al., 2016; Martinet et al., 2017; Proix et al., 138 

2018; Diamond et al., 2021) require 40 ms to cross the MEA. Finally, for each discharge time, 139 

we define the discharge time of arrival (TOA) at each electrode as the time with the steepest 140 

voltage descent (peak negative derivative) within a 100 ms window centered on the discharge 141 

time (Schevon et al., 2012; Smith et al., 2016; Liou et al., 2017). 142 

Group delay. To identify traveling waves and estimate the direction of propagation using the 143 

group delay method, we compute TOAs at 100 ms intervals starting 5 s before seizure onset 144 

and ending 5 s after seizure termination. This method infers the group delay to estimate TOAs 145 

relative to the central electrode (Gotman, 1983; Martinet et al., 2017). Specifically, we compute 146 

the multitaper coherogram to infer the pairwise coherence between the 1-13 Hz LFP signal on 147 

each electrode and that of the central electrode using the Chronux toolbox for MATLAB (Bokil et 148 

al., 2010). Coherence estimates are each computed using 10 s intervals and 39 tapers 149 

(frequency resolution of 2 Hz). Group delay is the slope of the phase versus frequency of the 150 

coherence. We estimate the slope using linear regression on the set of contiguous frequencies 151 

spanning at least 3 Hz for which the coherence exceeds the theoretical confidence level at 95%.  152 

CLUSTERING OF TIME OF ARRIVAL ESTIMATES.  153 

We enforce smoothness on the spatial patterns of TOAs by restricting analysis to the largest 154 

cluster of TOAs, where an observation is the 3-dimensional vector consisting of the (x,y) 155 
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electrode coordinates and the z-scored TOAs (z-scored relative to the set of TOAs across all 156 

electrodes for the given discharge). We generate the clusters using hierarchical clustering 157 

based on Euclidean distance to nearest neighbor with a cutoff threshold of √2.5. This cutoff 158 

threshold ensures that the cluster is spatially connected and the normalized TOAs of 159 

neighboring electrodes differ by less than 0.5 standard deviations. 160 

TRAVELING WAVE VELOCITY ESTIMATES 161 

Linear regression is performed to obtain parameter estimates for T = β0 + βxx + βyy, where T is a 162 

vector containing the largest cluster of TOAs, and x and y are the corresponding electrode 163 

coordinates. Where TOAs are observed on at least 30 electrodes, the coefficients are estimated 164 

using robust regression with the following weighting function: 165 

𝑤  
1

1 |𝑟|
 

where 166 

𝑟 𝑅/ 1.4 ∗ 𝑠 ∗ √1 ℎ , 

and R is the vector of residuals, s = sMAD(R) (Equation 1), and h is the vector of leverage values 167 

from a least-squares fit. Discharges are classified as traveling waves if the coefficients βx and βy 168 

of the 2D linear regression for the series of discharge arrival times are significantly different from 169 

zero (p < 0.05, F-test that the two coefficient estimates are both 0 based on at least 30 arrival 170 

times). The traveling wave velocity ([Vx, Vy]) is the pseudoinverse of [βx, βy]
T. The traveling wave 171 

direction is the four-quadrant inverse tangent of the velocity components [atan2(Vy, Vx)]. 172 

Regression is implemented using the robustfit function in MATLAB and matches the method 173 

applied in Martinet et al. (2017).  174 
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COMPARISON OF DIRECTION ESTIMATES 175 

To compare results from the max-descent and group delay methods applied to in vivo data, we 176 

subtract the max-descent method direction estimate at each detected discharge from the 177 

nearest (in time) group delay method direction estimate (recall that the group delay method is 178 

applied at 100 ms intervals rather than at isolated discharge times). If one or both of the 179 

methods does not detect a traveling wave, then no difference is defined. We compute the mean 180 

angle of the per-discharge differences on sliding 5 s windows (4 s overlap) using the CircStat 181 

toolbox for MATLAB (Berens, 2009). The mean angle estimate from the set {θ1, …, θΝ} of angle 182 

vectors is given by the angle of the resultant vector R(θ): 183 

 R(θ) = ∑ exp 𝑖𝜃 /𝑁. (2)

DIRECTIONALITY INDEX (DI) 184 

To evaluate the stability of traveling wave directions according to each method, we compute the 185 

directionality index (DI) – the magnitude of the resultant vector in Equation (2): DI(θ) = |R(θ)|. 186 

ESTIMATION OF TIME-VARYING CHARACTERISTICS 187 

We compute four time varying characteristics of seizures: 188 

Traveling wave direction. The direction of traveling wave propagation adjusted so that the ictal 189 

wavefront direction is 0°. 190 

Proportion of fast traveling waves. Discharges are classified as traveling waves if the 191 

coefficients βx and βy of the 2D linear regression (see Traveling wave velocity estimates) for the 192 

series of discharge arrival times are significantly different from zero (p < 0.05, F-test that the two 193 
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coefficient estimates are both 0). Lower values indicate fewer discharges classified as traveling 194 

waves. 195 

Root mean square error (RMSE). RMSE of the fitted 2D linear regression model given the 196 

discharge times of arrivals. Lower values indicate better fits. 197 

Directionality index (DI). Magnitude of R in Equation (2). DI ranges from 0 to 1, with lower 198 

values representing less similarity between directions. 199 

To facilitate comparison across different subjects and seizures, we set the time of ictal 200 

wavefront crossing to 0 s. Because seizures from a single patient show similar propagation 201 

patterns, we group seizures by patient, and then compute estimates of the mean of each 202 

characteristic on sliding 5 s intervals (4 s overlap); we note that in this manuscript the mean 203 

traveling wave direction refers to the circular mean, or angle of the vector sum of directions 204 

observed in the given 5 s interval (Equation 2; implemented using the CircStat toolbox for 205 

MATLAB (Berens, 2009)). We then apply a leave-one-out, or jackknife, procedure to estimate 206 

the population mean of each characteristic at each time point where there are at least 10 207 

observations of the characteristic of interest in each of at least 3 patients (see Statistical 208 

analyses, Jackknife estimation). 209 

ICTAL WAVEFRONT DETECTION 210 

We identify candidate ictal wavefront events following the methods described in Merricks et al. 211 

(2021), Wagner et al. (2015) and Smith et al. (2016); we briefly describe those methods here. 212 

We first filter the voltage signal at each electrode to [300, 3000] Hz (150-order FIR filter) to 213 

isolate multiunit activity (MUA), then smooth the MUA rate using a 1 s moving average to 214 

emphasize intervals of persistent high firing rate. To remove synchronous activity across the 215 

MEA, we set the spatial mean to 0 at every time point. We then z-score the smoothed MUA 216 
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rates on each channel, identify electrodes with z ≥ 3, and define candidate ictal wavefront 217 

events as peaks in the number of electrodes with z ≥ 3; peaks must be separated by at least τ 218 

seconds, where τ is automatically determined for each seizure as outlined below (Autodetection 219 

of ictal wavefront width).  220 

For each candidate ictal wavefront event, we define the crossing time for each electrode as the 221 

time of peak smoothed MUA rate within τ/2 seconds of the candidate ictal wavefront event time. 222 

We then cluster these crossing times as described in Clustering of time of arrival estimates, 223 

both to enforce spatiotemporal smoothness and to retain only the largest cluster. Finally, from 224 

this largest cluster, we exclude electrodes whose peak firing rate falls significantly below that of 225 

the other electrodes (at least one standard deviation below the mean of the peak firing rates on 226 

all electrodes in the largest cluster) or less than 30 Hz. If fewer than 30 electrodes remain, then 227 

we exclude this candidate ictal wavefront event from further analysis. 228 

When multiple candidate ictal wavefront events are detected for a seizure, we identify the 229 

primary event as that with the highest summed peak firing rate (sum of peak firing rates from 230 

each participating electrode). We compute the sum rather than the average to weight the 231 

number of electrodes recruited to the ictal wavefront event.  232 

From the crossing times, we estimate the direction of ictal wavefront propagation as described 233 

in Traveling wave velocity estimates. We estimate 95% confidence bounds for the direction 234 

estimates using the procedure outlined in Statistical analyses, Bootstrap estimation of direction 235 

uncertainty.  236 

To identify the time near ictal wavefront crossing with the largest shift in traveling wave direction 237 

alignment, we identify peaks in the cross correlation between a Heaviside step function H 238 

(H(t) := {0 if t ∈ [-5, 0] s, 180° if t ∈ [0, 5] s, undefined otherwise}) and the absolute value of the 239 

mean difference between the traveling wave directions and the ictal wavefront direction 240 
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computed on sliding 5 s intervals (4.9 s overlap). We select the time with the highest peak in 241 

cross correlation occurring within 10 s of the ictal wavefront crossing time. 242 

AUTODETECTION OF ICTAL WAVEFRONT WIDTH 243 

We combine candidate ictal wavefront events separated in time by less than τ seconds. We 244 

allow the threshold τ to differ for each seizure to account for differences in ictal wavefront 245 

propagation speed. Our procedure for choosing τ is as follows: for each seizure, we compute at 246 

each time point the number of electrodes in a high-firing rate state (z-score of smoothed MUA 247 

rate greater than or equal to 3). We then 1) smooth this count using a moving Gaussian window 248 

kernel with standard deviation equal to τ/2 s, and 2) compute the full-width-at-half-maximum 249 

(FWHM) of the tallest peak in the smoothed count of high-firing rate electrodes. While the 250 

FWHM is at least 5% greater than τ, we set τ = FWHM and repeat steps 1 and 2. This iterative 251 

smoothing procedure allows for identification of multiple isolated peaks in the noisy firing rate, 252 

with smoothing parameters appropriate for each seizure.  253 

DETECTION OF STABLE INTERVALS 254 

To examine how the trends in traveling wave directions change through time, we first identify 255 

periods of time with fixed or slowly drifting traveling wave directions, consistent with directions 256 

arising from a single source. To start, we identify times when the traveling wave directions are 257 

locally stable. To do so, we compute the DI on overlapping 5 s windows (4.9 s overlap) and 258 

define the window as stable if the DI is at least 0.5 (0.97), max-descent method (group delay 259 

method). We assign to each stable window a single representative traveling wave direction. For 260 

the max-descent method, we compute the mode of the directions in the 5 s window surrounding 261 

each stable time. We use the group delay method estimates directly since the 10 s intervals 262 

used to compute these estimates already reflect local trends. For both methods, we then 263 
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smooth the time series of representative stable directions using a 5 s-window median smoother. 264 

We define stable intervals as contiguous sequences of stable windows during which only small 265 

changes occur in traveling wave direction (difference in consecutive directions less than 30° and 266 

rate of change of consecutive directions less than 90°). If there is a gap of more than 2 s in an 267 

interval, the interval is divided. For each seizure, we keep only stable intervals with durations 268 

exceeding 2 s. In one seizure, we detect 8 (7) intervals (P9 s2; max-descent and group delay 269 

methods, respectively); in this instance we analyze only the six longest intervals and note that 270 

the durations of the excluded intervals are less than 3 s. Results of this analysis for all patients 271 

are shown in Figures 8 and 9. 272 

FIXED SOURCE COMPUTATIONAL MODEL 273 

To verify that both methods accurately detect the propagation direction of traveling waves, we 274 

simulate the mean-field model of a 2D cortical sheet developed in Steyn-Ross, Steyn-Ross, and 275 

Sleigh (2013) and extended in Martinet et al. (2017). The model consists of excitatory and 276 

inhibitory cell populations with short-range synaptic and electrical (gap junction) coupling. We 277 

simulate a 5x5 cm region of cortex using 50x50 nodes so that nodes are separated by 1 mm. To 278 

model focal seizures, we divide the simulated region into an irritative zone – a region admitting 279 

traveling waves during seizures – and a healthy zone. The irritative zone is implemented as a 280 

circular subregion (diameter 4.3 cm) with a small persistent positive offset to the excitatory 281 

population (+1.2 mV relative to the healthy zone). We simulate a 32 s seizure with 10 s pre- and 282 

post-ictal periods for a total simulation time of 52 s. During the ictal period, we further depolarize 283 

the excitatory population (+1.7 mV) in a 5 mm diameter subregion within the irritative zone. This 284 

region acts as a fixed source of traveling waves throughout the duration of the seizure. We 285 

measure the direction of the waves at a 4 mm by 4 mm subregion (consistent with the size of 286 

the microelectrode array). We repeat the simulation 100 times, each with a different noise 287 
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instantiation and with a different angle between the MEA and the fixed source (i.e., a random 288 

rotation of the MEA location with respect to the fixed source).  289 

We include extracellular potassium dynamics in the model as described in Martinet et al. (2017), 290 

but we modify the equations for the slow changes in gap junction functionality and resting 291 

voltages that result from changes in extracellular potassium concentration ([K+]). In Martinet et 292 

al. (2017), these slow changes are modeled using equations of the form dR/dt = ξR/τR, where R is 293 

the response being modeled, τR is the time constant of the response, and ξ is 1 or -1 294 

corresponding to an increasing or decreasing response, respectively. Here, we instead model 295 

the same responses as sigmoid functions of [K+]: f([K+]) = b / (1 + exp(-c([K+] - a))). In this 296 

notation, the parameters a, b, and c define the sigmoid center, maximum and slope, 297 

respectively; the parameters of the sigmoids are shown in Table 2. We make this modification to 298 

incorporate dependence of the gap junction and resting voltage dynamics on [K+] and limit the 299 

range of the responses.  300 

The remaining model parameters match those listed in Table 1 of Steyn-Ross, Steyn-Ross, and 301 

Sleigh (2013)*, with the exception of the offset to the resting potential (here 𝛥𝑉 , = 0, 1.2, 1.7 302 

mV versus 0, 1.5 mV) to model the healthy region, irritative zone, and fixed source, respectively. 303 

For clarity, we note that the total resting voltage offset (𝛥𝑉 , ) is the sum of the offset based on 304 

the location of the node and the extracellular potassium concentration, as in Martinet et al. 305 

(2017). In simulations, we use a spatial step of 1 mm, and a temporal step of 0.02 ms. 306 

                                                 
* The subcortical flux parameter, <φsc

eb> is listed with a value of 300 s-1 in (Steyn-Ross et al., 2013), but the 
supporting code provided for the simulation uses a value of 1500 s-1. Here, we also use <φsc

eb> = 1500 s-1. 



 

 15

FIXED SOURCE AND ICTAL WAVEFRONT COMPUTATIONAL MODEL 307 

We extend the fixed source model by incorporating an ictal wavefront into the simulation. The 308 

ictal wavefront is modeled as a slowly advancing collapse of inhibition (Trevelyan et al., 2006; 309 

Schevon et al., 2012; Liou et al., 2020), which we implement here as a decrease in the 310 

maximum firing rate of the inhibitory cell population (Qi
max decreases from 60 to 40 Hz). We 311 

model ictal wavefront spread as a contagion: the ictal wavefront starts at a single node and 312 

spreads to neighboring nodes probabilistically at a rate of approximately 1 mm/s (Schevon et 313 

al., 2012; Smith et al., 2016). The maximum inhibitory firing rate collapses and recovers 314 

smoothly following an inverted Gaussian curve (mean 0 s, standard deviation 0.5 s). We shift 315 

the Gaussian so that the maximal collapse in firing rate (extremum of the negative Gaussian) 316 

occurs 1 s after seizure onset; we choose a standard deviation of 0.5 s to match the duration of 317 

the ictal wavefront on each channel (≈2 s; see Table 3).  318 

STATISTICAL ANALYSES 319 

All analyses and modeling were performed using custom algorithms written in MATLAB 320 

(MathWorks, Inc). Algorithms to estimate the traveling wave directions, the ictal wavefront 321 

directions, and simulate the computational model are available for re-use and further 322 

development at: https://github.com/Eden-Kramer-Lab/Seizure-Waves-Validation.  323 

Jackknife estimation. We use a jackknife (leave-one-out) resampling technique to estimate 324 

population means with 95% confidence bounds of several characteristics across patients. To do 325 

so, we compute the set of estimates, 𝑢  of a given characteristic u, where 𝑢  is the 326 

estimate for patient p and P is the number of patients. From this set of P estimates we compute 327 

the set of P resampled estimates 𝑢 , where 𝑢  is the estimate of u derived from the set 328 
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𝑢 , . From the distribution of resampled estimates, we compute û – an estimate the 329 

population mean – with 95% confidence intervals as: 330 

û = Mean({û-p}), 331 

95% 𝐶𝐼 𝑢   
.

  
, 𝑢   

.

  
. 332 

Bootstrap estimation of direction uncertainty. To estimate uncertainty in the direction of ictal 333 

wavefront propagation, we resample with replacement from the set of arrival times (with 334 

corresponding locations) and calculate the propagation direction as described in Traveling wave 335 

velocity estimates. We repeat the resampling 1000 times and estimate confidence bounds by 336 

computing percentiles 2.5 and 97.5. To compute percentiles of angular data, we first subtract 337 

the circular mean from the set of resampled direction estimates, then compute percentiles; we 338 

then add back the circular mean to obtain confidence bounds. 339 

DATA AVAILABILITY  340 

The data for each seizure analyzed here are available online at OSF: https://osf.io/xbqu7/. Files 341 

include local field potential and multiunit activity event times. 342 

Results 343 

Existing methods accurately estimate traveling wave directions in simulations 344 

In existing studies (Smith et al., 2016; Martinet et al., 2017), two alternative methods were 345 

applied to infer the location of the source of fast traveling waves during seizures. In one method, 346 

discharge arrival times were determined by identifying the time of peak negative slope of the 347 

LFP on each electrode (maximal descent or max-descent method; Smith et al. 2016). In another 348 
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method, the group delays between the LFP on the central electrode and the LFP on each other 349 

electrode were used to infer arrival times at 100 ms intervals (group delay method; Martinet et 350 

al. 2017). Both methods then estimated the wave direction by fitting a plane to the measured 351 

arrival times. To characterize the performance of these two alternative methods for estimating 352 

traveling wave direction, we first apply each method to the traveling waves produced in a 353 

computational model of seizure activity. We implement an existing mean-field model, consistent 354 

with the spatial scale of the local field potential (LFP) data observed and shown to reproduce 355 

features of in vivo seizure dynamics (Martinet et al., 2017). The model consists of excitatory and 356 

inhibitory neural populations coupled through synaptic interactions and gap junctions between 357 

spatial neighbors on a two-dimensional (50x50 mm) cortical surface (see Materials and 358 

Methods). The computational model includes both an irritative zone – a subregion that is 359 

susceptible to seizures and admits fast traveling wave dynamics – and a fixed source of fast 360 

traveling waves, both modeled as regions of heightened excitability (see Materials and 361 

Methods). The fixed source generates fast traveling waves that propagate across the irritative 362 

zone, but not far beyond (example in Figure 1A). 363 

To compare the wave direction estimation methods, we select a 4x4 mm subregion (consistent 364 

with the MEA dimensions) and apply each method to the simulated LFP data. Visual inspection 365 

of an example simulation shows that both methods correctly identify the direction of the traveling 366 

waves (Figure 1B). Repeating this simulation (N=100 realizations, each with a different noise 367 

instantiation and fixed cortical source location; see Materials and Methods), we find that both 368 

methods perform well. To assess performance, we compute the average difference and 369 

directionality index for each method and simulation. The directionality index (DI) measures the 370 

consistency of the estimated traveling wave directions; a directionality index of 1 indicates that 371 

all estimates point in the same direction, while lower values indicate greater variability in the 372 

direction estimates (see Materials and Methods). Both methods infer the correct wave direction 373 
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with low error (max-descent method (Smith et al. 2016): median -0.091°, IQR [-0.870, 1.141]°; 374 

group delay method (Martinet et al 2017): median -0.044°, IQR [-0.596, 0.549]°; Figure 1C), and 375 

high DI (max-descent method: median 0.990, IQR [0.9734, 0.9939]; group delay method: mean 376 

0.997, IQR [0.9851, 0.9989]; Figure 1D). 377 

To test how each method responds to a shift in the location of the wave source, we rotate the 378 

location of the source by 90° midway through the simulation (t = 16 s; example in Figure 1E, 379 

direction estimates in Figure 1F). For each method and for each simulation, we compute the DI 380 

in the 5 s interval surrounding the shift. Both methods register the shift as a reduction in DI 381 

(max-descent method median 0.750, IQR [0.705, 0.781]; group delay method mean 0.880, IQR 382 

[0.867, 0.898]; Figure 1G). 383 

To assess how quickly the inferred directions adjust to the direction change, we compute the 384 

difference between the true direction and each estimated direction. We define the adjustment 385 

time as the duration of the interval where this difference is large (sustained above a threshold 3 386 

standard deviations above the mean error in the fixed source simulations; max-descent method 387 

threshold 11.6°; group delay method threshold 3.8°). The adjustment time is an order of 388 

magnitude smaller for the max-descent method (mean 0.022 s; IQR [0.020, 0.064]) compared to 389 

the group delay method (mean 7.65 s, IQR [5.25, 8.70]; Figure 1H). 390 

We conclude that both methods accurately estimate the direction of traveling waves in these 391 

simulations. The group delay method has lower variance (higher directionality index) but is 392 

slower to register changes in the source direction. The max-descent method has higher 393 

variance (lower directionality index), but more quickly tracks changes in the source location. 394 
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Both methods perform similarly on in vivo recordings 395 

Having shown that the two existing methods perform similarly well on synthetic data, we now 396 

apply both methods to in vivo recordings from human seizures (examples in Figure 2A-D; see 397 

Figure 3 for all subjects and seizures). We consider here a combined set of subjects (11 398 

subjects, 31 seizures) collected and analyzed separately in previous studies (Table 1; (Truccolo 399 

et al., 2011, 2014; Kramer et al., 2012; Schevon et al., 2012; Weiss et al., 2013; González-400 

Ramírez et al., 2015; Wagner et al., 2015; Smith et al., 2016, 2022; Martinet et al., 2017; Liou et 401 

al., 2020; Merricks et al., 2021). Visual inspection of the estimated traveling wave directions 402 

(Figure 2A.i-D.i) and the differences between these estimated directions (Figure 2A.ii,iii-D.ii,iii) 403 

reveals cases in which the methods agree (Figure 2A-C) and disagree (Figure 2D). 404 

To understand first whether results from the in vivo and synthetic data agree, we compare the 405 

DI estimated from the in vivo data to that estimated from the fixed source simulations. 406 

Specifically, we estimate the DI on 5 s sliding intervals (4 s overlap) during each seizure and 407 

compare the most stable intervals (DI values exceeding the 90th percentile; P90(DI)) to the 408 

mean DI from the fixed source simulations (Figure 2E.i). Across all seizures, the median value 409 

of P90(DI) is near 1, consistent with the DI from the fixed source simulations for both methods 410 

(max-descent method median 0.92, IQR [0.744, 0.960]; group delay method median 0.999, IQR 411 

[0.997, 0.999]). Repeating this analysis using in vivo DI values exceeding the 50th percentile, 412 

we find that the group delay method continues to infer stable traveling wave directions, while the 413 

max-descent method instead infers directions with substantially more variability (max-descent 414 

method median 0.69, IQR [0.51, 0.80]; group delay method median 0.99, IQR [0.98, 0.99]; 415 

Figure 2E.ii).  416 

Next, we examine in the in vivo data the angular difference between the max-descent and group 417 

delay method direction estimates. For each seizure, we generate a set of per-discharge 418 
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differences – the difference between the direction estimated by the max-descent method at 419 

each discharge and the nearest (in time) group delay method direction estimate – and compute 420 

the mean difference between the estimates on sliding 5 s intervals (4 s overlap). In a majority of 421 

seizures (23/31), the median value of the empirical distribution of differences during the seizure 422 

is less than 45° (median 32.8°, IQR [15.5, 51.4]°; Figure 2F.i). To understand whether direction 423 

estimates from the two methods differ in a consistent way across time, we also examine for 424 

each seizure a dispersion in the differences (measured as the width of the interquartile range). 425 

Large dispersion suggests that the methods produce similar estimates during some intervals of 426 

the seizure, and comparably-many dissimilar estimates during other intervals; small dispersion 427 

indicates a consistent difference between the methods throughout the seizure. Visual inspection 428 

shows that the dispersion tends to increase with the median difference between methods 429 

(Figure 2F.ii). When the median difference between methods is small, consistent estimates 430 

occur throughout the seizure (examples in Figure 2A,B). As the dispersion increases, so does 431 

the median difference (example in Figure 2C). When the median difference between methods is 432 

large, intervals of agreement and disagreement occur in comparable proportions throughout the 433 

seizure (example in Figures 2D). We note that, in rare cases, the median difference is high 434 

relative to the dispersion (2 seizures from patient P10, yellow circles in Figure 2F.ii), suggesting 435 

a persistent difference between the estimates from each method. 436 

We conclude that, while both methods detect intervals with highly stable (DI > 0.9) traveling 437 

wave directions, estimates from the group delay method are more stable than the max-descent 438 

method, consistent with the simulation results. In most seizures, the mean difference between 439 

the methods fluctuates, but tends to be less than 45°. These findings are consistent with the 440 

expected behavior of the methods when traveling wave directions undergo periods of stability 441 

interspersed with rapid changes. During periods of stable traveling wave direction, the methods 442 

agree, with high DI. During rapid changes in traveling wave direction, the methods disagree as a 443 
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rapid change in traveling wave direction appears instantaneously in the max-descent method 444 

and more slowly in the group delay method. 445 

Ictal wavefronts occur in most seizures  446 

The results above show that traveling waves appear during seizures, consistent with previous 447 

studies (González-Ramírez et al., 2015; Wagner et al., 2015; Smith et al., 2016; Martinet et al., 448 

2017; Liou et al., 2020; Diamond et al., 2021). However, the source producing these traveling 449 

waves remains controversial (Smith et al., 2016; Martinet et al., 2017; Proix et al., 2018; 450 

Schevon et al., 2019). One hypothesis posits that traveling waves emerge from an ictal 451 

wavefront - a slowly propagating region characterized by tonic high multiunit activity (MUA; i.e., 452 

high firing rates) and collapsing feedforward inhibition - that delineates the boundary between 453 

penumbral (inhibition intact) and recruited (inhibition collapsed) territories (Schevon et al., 454 

2019). However, high tonic firing does not always demarcate the ictal wavefront (Wagner et al., 455 

2015; Schevon et al., 2019; Merricks et al., 2021) and to identify the ictal wavefront recent 456 

studies have developed additional criteria associated with recruitment (Schevon et al., 2012, 457 

2019; Weiss et al., 2013; Merricks et al., 2021). Because the full collection of optimal features 458 

that characterize the ictal wavefront remains unknown, we here define the ictal wavefront based 459 

solely on the presence of increased tonic firing (i.e., without additional inclusion criteria; see 460 

Materials and Methods). We then characterize the identified ictal wavefronts and compare these 461 

results with existing descriptions. 462 

We identify an ictal wavefront in 20/31 seizures and 8/11 patients (examples in Figure 4A; none 463 

detected in three patients: P2, P10, P11). We note that this set includes those seizures cited as 464 

evidence supporting the original ictal wavefront hypothesis (subjects P4 and P5; Schevon et al., 465 

2012; Weiss et al., 2013; Smith et al., 2016). To compare the identified ictal wavefronts with 466 

previous descriptions, we compute the peak firing rate (average peak firing rate across 467 
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electrodes where the ictal wavefront is detected), duration of the event (average event duration 468 

across electrodes where the ictal wavefront is detected), and propagation speed (magnitude of 469 

velocity associated with plane of best fit; see Materials and Methods). We find that all three 470 

characteristics (Table 3) are consistent with previously reported results (reported firing rates ≈ 471 

100 Hz; reported speeds ≈ 1 mm/s; reported durations ≈ 2 s (Schevon et al., 2012; Smith et al., 472 

2016); Figure 4B). We conclude that an ictal wavefront is a common feature near seizure onset 473 

in these data, in support of existing studies that examined a smaller number of cases (Schevon 474 

et al., 2012; Smith et al., 2016).  475 

The ictal wavefront has a transient impact on traveling wave directions consistent 476 
with the ictal wavefront hypothesis  477 

Under the ictal wavefront hypothesis, traveling wave directions approximately align with the ictal 478 

wavefront direction ahead of ictal wavefront crossing, and then traveling wave directions reverse 479 

after ictal wavefront crossing (Smith et al., 2016; Schevon et al., 2019; Liou et al., 2020). To 480 

characterize how the ictal wavefront affects fast traveling wave directions, we consider the 481 

subset of patients and seizures with an ictal wavefront (20 seizures with an ictal wavefront, 8 482 

patients) and examine the distributions of traveling wave directions before and after ictal 483 

wavefront crossing (examples in Figure 5A). Visual inspection suggests a shift in traveling wave 484 

directions near the ictal wavefront crossing in some (e.g., P3 in Figure 5A) - but not all - 485 

seizures (e.g., P4 in Figure 2A). In addition, before ictal wavefront crossing, traveling wave 486 

directions appear to align with the ictal wavefront direction in some cases (examples in Figure 487 

5A), again consistent with the ictal wavefront hypothesis.  488 

To test the ictal wavefront hypothesis, we first divide each seizure into a pre-wavefront interval 489 

(from seizure onset until ictal wavefront crossing) and a post-wavefront interval (from ictal 490 

wavefront crossing until seizure termination). We then estimate the mean traveling wave 491 

direction within each interval (N=20 seizures with an ictal wavefront, 8 patients). If the ictal 492 
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wavefront hypothesis holds, then we expect to find pre-wavefront mean directions within 90° of 493 

the ictal wavefront direction (found in 12/20 and 15/20 seizures using the max-descent and 494 

group delay methods, respectively) and post-wavefront directions within 90° of the reversed ictal 495 

wavefront direction (found in 12/20 seizures, both methods). We find that both pre-wavefront 496 

and post-wavefront alignment criteria hold in only 6/20 and 7/20 seizures using the max-descent 497 

and group delay methods, respectively (Figure 5B,C). We conclude from these initial results that 498 

only limited evidence exists to support a sustained shift in traveling wave direction at ictal 499 

wavefront crossing.  500 

Two factors may limit our ability to detect a shift in traveling wave direction at ictal wavefront 501 

crossing: 1) uncertainty in determining the ictal wavefront crossing time, and 2) transience of the 502 

ictal wavefront effect on traveling wave direction. To address these factors, we first identify for 503 

each seizure the time near (± 10 s) ictal wavefront crossing with the largest shift in alignment 504 

between traveling waves and the ictal wavefront (see Materials and Methods). Second, we 505 

analyze the evolution of traveling wave direction in sliding 5 s intervals (4.9 s overlap) from 506 

seizure onset to termination using a jackknife procedure (see Materials and Methods). Briefly, 507 

for a given interval, we compute the mean difference between the traveling wave directions and 508 

the ictal wavefront direction for each patient (θp; Figure 5D). We then perform a leave-one-out 509 

procedure (leaving out each patient) to estimate the population mean (θ) with 95% confidence 510 

intervals at each time point (Figure 5E).  511 

With these modifications, we find for both methods an interval of preferentially aligned traveling 512 

waves ahead of the ictal wavefront (θ < 90°, p < 0.05, jackknife procedure; t in [-10, 0] s), 513 

followed by an interval of preferentially reversed traveling waves after ictal wavefront crossing 514 

(θ > 90°, p < 0.05, jackknife procedure; t in [0, 20] s; Figure 5E). Examining traveling wave 515 

directions in limited epochs near the ictal wavefront crossing time (pre: t in [-7.5, -2.5] s; post: t 516 

in [2.5, 7.5] s), we find shifts in traveling wave direction that satisfy the pre-wavefront and post-517 
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wavefront alignment criteria in 12/20 (14/20) seizures (max-descent and group-delay methods, 518 

respectively; compared with 6/20 and 7/20 seizures when considering the full epochs; Figure 519 

5F,G). We conclude that, near ictal wavefront crossing, there exists in a majority of seizures a 520 

shift in traveling wave direction consistent with the ictal wavefront hypothesis.  521 

Beyond the interval of time directly surrounding ictal wavefront crossing, both methods indicate 522 

fluctuations about 90° of the mean traveling wave direction. The transient relationship between 523 

the ictal wavefront and traveling wave directions may result from reduced accuracy of direction 524 

estimation.  Both the group delay method and the max-descent method apply linear regression 525 

to estimate the direction of wave propagation. This regression approach may become 526 

inappropriate as the ictal wavefront moves further from the microelectrode array, reducing the 527 

number of time points with significant direction estimates (see Materials and Methods). To test 528 

for changes in regression accuracy over time, we examine the proportion of traveling waves 529 

detected (Figure 6A) and root mean square error of the linear model fits (RMSE; Figure 6B). 530 

Reduced alignment between fast traveling waves and the ictal wavefront late in seizure may 531 

also result from increasing directional variability as the traveling wave moves further from the 532 

ictal wavefront. To test this, we also examine the directionality index through time (DI, Figure 533 

6C). Computing the slope of each statistic after ictal wavefront crossing (t in [10, 50] s; see right 534 

panels of Figure 6), we find no evidence of a consistent change (p = 0.19, two-tailed t-test; 535 

Table 4). We conclude that insufficient evidence exists to support the hypothesis that reductions 536 

in signal to noise drive the transient relationship between the fast traveling wave directions and 537 

ictal wavefront directions. We note that performing the same analysis yields similar results for t 538 

in [10, 40] s or t > 10 s. 539 

We conclude that, near ictal wavefront crossing, a transient relationship exists between the 540 

traveling waves and ictal wavefront directions, consistent with the ictal wavefront hypothesis: 541 
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just before ictal wavefront passage, the traveling waves and ictal wavefront directions align, and 542 

just after ictal wavefront passage the directions reverse. 543 

Multiple shifts in traveling wave direction occur during seizures  544 

We have shown that a shift in traveling wave directions coincides with ictal wavefront crossing. 545 

However, this relationship is transient; as the seizure progresses beyond ictal wavefront 546 

crossing, relationships between traveling waves and ictal wavefront directions become unclear. 547 

Visual inspection suggests that, in some seizures, multiple shifts in traveling wave directions 548 

occur (examples in Figure 5A). We now consider the properties of these stable traveling wave 549 

directions and their relationships to the ictal wavefront. We expect no more than one discrete 550 

shift in traveling wave directions coinciding with the ictal wavefront crossing over the MEA. More 551 

than one shift in traveling wave directions suggests more complicated dynamics resulting from, 552 

for example, a partially dissipated ictal wavefront or multiple interacting traveling wave sources. 553 

 554 

To assess these relationships, we first identify intervals where the traveling wave directions are 555 

stable. To do so, we measure the directionality index on overlapping 5 s intervals (4.9 s overlap) 556 

throughout each seizure and consider an interval stable if the directionality index exceeds 0.5 557 

(0.97) and lacks abrupt shifts in traveling wave direction (max-descent method and group delay 558 

method, respectively; see Materials and Methods). We illustrate the stable intervals detected in 559 

an example seizure in Figure 7A. In this example, we detect 5 stable intervals, comprising 52% 560 

of the seizure (I*) such that the longest interval (the fourth interval) makes up 34% of the stable 561 

time (I†max). Stable intervals for all seizures are shown in Figures 8 and 9. 562 

 563 

Across all patients and seizures with an ictal wavefront (N=20), the median number of intervals 564 

detected is 3 (Figure 7B) and the median percentage of time stable is 52% (69%; max-descent 565 

and group delay methods, respectively; Figure 7C.i). Before ictal wavefront crossing, the 566 
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median percentage of time with stable traveling wave directions is 31% (55%) compared to 62% 567 

(69%) after ictal wavefront crossing (max-descent and group delay methods, respectively; 568 

Figure 7C.ii,iii). We find that most stable intervals are transient; the average duration of an 569 

interval relative to seizure duration is 16% (24%; max-descent and group delay methods, 570 

respectively; Figure 7C.iv). We also find that a single stable interval dominates the total time 571 

stable; the longest stable interval makes up 66% of the total time stable (77%; max-descent and 572 

group delay methods, respectively; Figure 7C.v). We note that the longest stable interval is the 573 

last stable interval in 15/20 (9/20) seizures (max-descent method and group delay method, 574 

respectively). 575 

 576 

To summarize, we find in a majority of seizures (12/20 max-descent method, 13/20 group delay 577 

method; Figure 7B) at least 3 stable intervals, consistent with dynamics resulting from multiple 578 

focal traveling wave source locations. Traveling wave directions tend to remain stable 579 

throughout large portions of a seizure, more so after ictal wavefront crossing, and the amount of 580 

time stable tends to be dominated by a single stable interval. We conclude that one main 581 

traveling wave source typically dominates the dynamics, accompanied by one or more transient 582 

sources. 583 

A framework to unify the two competing theories of traveling wave origin  584 

While our analysis reveals features of traveling wave activity consistent with the ictal wavefront 585 

hypothesis, we also show that traveling waves arise from multiple source locations. In particular, 586 

we observe in many seizures a dominant source direction combined with one or more transient 587 

source directions. Because this dominant source direction can last as long as 50 s (example in 588 

Figure 10A), we propose an updated hypothesis in which a fixed source and ictal wavefront 589 

interact. To illustrate this proposal, we consider an example (P3 s2, max-descent method) in 590 

which the seizure progresses through three intervals of stable traveling waves, each with a 591 
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distinct direction (Figure 10A). In this example, traveling waves first propagate outward ahead of 592 

the ictal wavefront, and the traveling wave direction is ictal wavefront (IW)-aligned (ΦA, 593 

illustration in Figure 10A.i). Then, as the ictal wavefront crosses the MEA, the traveling wave 594 

direction changes to propagate in the IW-reversed direction (ΦR ; Figure 10A.ii). Finally, as the 595 

influence of the ictal wavefront fades, traveling waves propagate from a fixed source (ΦF ; Figure 596 

10A.iii). 597 

To simulate this proposed scenario, we consider the neural mass model in Martinet et al. 598 

(2017). We model the irritative zone as a subregion with persistent increased drive to the 599 

excitatory cell population (4.1 cm diameter; 1.2 mV increase in the resting membrane potential 600 

of the excitatory population). Within the irritative zone, we model the fixed source as a focal 601 

region with increased excitatory drive during the seizure (5 mm diameter; 1.7 mV increase in the 602 

resting membrane potential of the excitatory population). We model the ictal wavefront as a 603 

slowly expanding (1 mm/s) front of suppressed inhibition (the firing rates of the inhibitory 604 

populations decrease from 60 to 40 Hz), which results in increased excitatory population activity 605 

(Schevon et al. 2012; J. Liou et al. 2020; Trevelyan et al. 2006; see Materials and Methods). We 606 

simulate a 60 s seizure (Figure 10B) with the ictal wavefront source (the location where the ictal 607 

wavefront first appears), fixed source, and MEA located in a triangular configuration with each 608 

approximately 2 cm apart (Figure 10C). At seizure onset, we first briefly detect traveling waves 609 

propagating from the fixed source (Figure 10B, t = 2 s). Then, the ictal wavefront expands and 610 

becomes the dominant source of traveling waves (t in [2, 20] s); traveling waves propagate 611 

away from the ictal wavefront in both directions (inward and outward) so that traveling wave 612 

directions are initially IW-aligned (ΦΑ, Figure 10B.i). After ictal wavefront crossing (t = 25 s), the 613 

traveling wave directions reverse (ΦR, Figure 10B.ii). When the ictal wavefront expands beyond 614 

the irritative zone, the traveling wave directions change again, reflecting the influence of the 615 

fixed source (t > 40 s, Figure 10B.iii). We note the qualitative agreement between this simulated 616 
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seizure (Figure 10B) and the in vivo example (Figure 10A); both display three stable intervals of 617 

traveling wave direction (corresponding to the sequence {ΦA, ΦR, ΦF}), with changes consistent 618 

with both an ictal wavefront and fixed source. 619 

Different placements of the MEA - with unmodified ictal wavefront source and fixed source 620 

locations - produce different time evolutions of traveling wave directions. For example, when 621 

arranged collinearly, the two sources are difficult to distinguish. Locating the MEA between the 622 

ictal wavefront source and the fixed source (Figure 10C, location m1), ΦF equals ΦR, so that 623 

traveling wave directions appear with the progression ΦAΦR (Figure 10D, m1). Locating the MEA 624 

collinear with, but beyond the fixed source and ictal wavefront source (Figure 10C, location m2), 625 

ΦF equals ΦA, so traveling wave directions appear with the progression ΦAΦRΦA (Figure 10D, 626 

m2). Locating the MEA on the boundary of the irritative zone (Figure 10C, location m3) few 627 

traveling waves propagate in the ΦR direction, and the ΦA and ΦF directions dominate. However, 628 

given the geometry in this simulation with ΦA and ΦF less than 45° apart and the MEA located 629 

far from the sources, these directions are difficult to distinguish, resulting in traveling waves 630 

appearing to propagate from a fixed source (Figure 10D, m3). These examples illustrate that 631 

interactions between an ictal wavefront and a fixed source can produce complex progressions 632 

of traveling wave directions, consistent with those observed in the data. In addition, the 633 

placement of the MEA can dramatically change the observed progressions, to produce traveling 634 

wave dynamics consistent with each - or neither - existing theory.  635 

Discussion 636 

While traveling waves appear common during seizures (González-Ramírez et al., 2015; Wagner 637 

et al., 2015; Smith et al., 2016; Martinet et al., 2017; Liou et al., 2020; Diamond et al., 2021), 638 

whether these waves arise from a fixed source (Martinet et al., 2017) or slowly expanding 639 

wavefront (Smith et al., 2016) remains unclear. Due to the limited microelectrode array 640 
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recordings studied by each group (N=3 subjects in Smith et al. (2016), N=3 subjects in Martinet 641 

et al. (2017)), and the different analysis methods developed and applied, whether the conflicting 642 

conclusions reflect patient- or method-specific characteristics remained unclear. To resolve this 643 

dispute, we investigated the relationship between the ictal wavefront and the direction of fast 644 

traveling waves during human seizures using the combined data and methods from both groups 645 

(Smith et al., 2016; Martinet et al., 2017). Doing so, we reproduced many results from the 646 

existing literature, including evidence that traveling waves coordinate with an ictal wavefront 647 

(Trevelyan et al., 2007; Smith et al., 2016; Liou et al., 2020), and evidence of long-lasting 648 

traveling wave sources (Martinet et al., 2017). However, we also found evidence that both 649 

existing theories failed to capture the complete range of spatiotemporal dynamics observed. We 650 

showed that the relationship between the ictal wavefront and traveling waves was transient and 651 

persisted only near the time of ictal wavefront crossing, and that seizures exhibit multiple stable 652 

directions of traveling waves - consistent with an interplay between traveling wave sources at 653 

multiple locations. To address these limitations, we combined the two existing theories in a new 654 

model consisting of both an ictal wavefront and fixed source of traveling waves, and showed in 655 

simulation how this model produced multiple patterns of traveling wave dynamics consistent 656 

with the scenarios observed in vivo. 657 

The ictal wavefront has been proposed as the mechanism driving cortical seizure spread and 658 

termination (Eissa et al., 2017; Parrish et al., 2019; Schevon et al., 2019; Liou et al., 2020). At 659 

the boundary between functional and collapsed inhibition, the ictal wavefront generates the 660 

aberrant traveling wave dynamics associated with propagating ictal discharges observed during 661 

seizures. Here, we present more evidence that a relationship between the ictal wavefront and 662 

traveling wave extends beyond slice recordings (Trevelyan et al., 2006, 2007; Chiang et al., 663 

2018; Wenzel et al., 2019) or a specific small set of patients (Schevon et al., 2012; Weiss et al., 664 

2013; Smith et al., 2016; Liou et al., 2020; Merricks et al., 2021). However, directly testing the 665 
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hypothesis that the ictal wavefront generates ictal traveling waves remains a challenge. We note 666 

that patients with slow or undetected ictal wavefronts tend to produce traveling wave direction 667 

estimates with greater variability and less agreement between estimation methods (e.g., see P7, 668 

P10, and P11 in Figure 2). Clinically, these patients also differ: P7, P10, and P11 all have MEAs 669 

located in the frontal lobe (Table 1). While intriguing, the small number of patients available here 670 

limits confidence in these preliminary observations. 671 

To model the traveling waves that propagate during seizures we simulated both an ictal 672 

wavefront and a fixed source. Doing so, we mimicked many features observed in vivo, including: 673 

the passage of an ictal wavefront with transient traveling wave alignment, the emergence of 674 

multiple stable traveling wave directions, and the existence of a dominant traveling wave 675 

direction. However, we note that no unique solution exists for the observed traveling wave 676 

dynamics. For example, the emergence of a stable traveling wave source after ictal wavefront 677 

passage could result from: the appearance of a co-existing fixed source temporarily obscured 678 

by the ictal wavefront (as we simulated) or uneven dissipation of the ictal wavefront resulting in 679 

a spatially localized traveling wave source. While the ictal wavefront might obscure a co-existing 680 

fixed source, strong excitatory inputs from the ictal wavefront could instead initiate a secondary 681 

fixed source (Liou et al., 2018). Although limited spatial coverage of the microelectrode array 682 

prevents investigation of these different scenarios, application of existing source localization 683 

techniques (Kim et al., 2010; Weiss et al., 2013; Becker et al., 2014; Diamond et al., 2021; Li et 684 

al., 2021) could provide additional insight by identifying the cortical locations of each wave 685 

source. An increase in MUA - which may manifest as high gamma activity (Mukamel et al., 686 

2005; Rasch et al., 2008; Weiss et al., 2013) - at each source would provide additional evidence 687 

to support each traveling wave source. 688 

Beyond the existing hypothesized role of the ictal wavefront, we identified additional cortical 689 

features involved in the progression and maintenance of traveling waves during seizures. 690 
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Specifically, we identified multiple stable traveling wave directions during seizures and proposed 691 

that each stable direction corresponded to a cortical seizure source. This proposal is consistent 692 

with the concept of a seizure network, in which multiple sources of seizure activity (Liou et al., 693 

2018; Diamond et al., 2021) evolve over the large-scale brain network (Davis et al., 2021), a 694 

concept that remains debated (Zaveri et al., 2020; Davis et al., 2021). To analyze this network, 695 

we consider microelectrode array recordings, which reveal only a small portion of the brain 696 

network. However, because macroscopic traveling waves dominate these brain dynamics late in 697 

seizure, the propagation of these waves over the microelectrode arrays provides insights into 698 

their network source. We note that the limited spatial coverage of the microelectrode array also 699 

prevents testing the assumption that similar dynamics occur across cortex. However, the 700 

consistency of results across patients - with different MEA locations - and the consistency of 701 

traveling wave dynamics across MEA and macroelectrode recordings (Martinet et al., 2017) 702 

support the generalizability of these results.  703 

To simulate these multi-source seizures, we developed a biophysically-motivated computational 704 

model that incorporates the two proposed sources of traveling waves: a slowly moving ictal 705 

wavefront (Schevon et al., 2012; Smith et al., 2016; Liou et al., 2020) and a fixed source 706 

(Martinet et al., 2017). The model reproduces the diversity of trends observed in the progression 707 

of traveling wave directions via manipulation of the relative locations of an ictal wavefront, fixed 708 

source, and recording array. This proposal differs from a recently developed phenomenological 709 

model (the Epileptor field model) in which changes in the location of the traveling wave source 710 

result from reorganization of the phases of the neural oscillators (Proix et al., 2018). The two 711 

modeling approaches provide complementary mathematical and biophysical perspectives; 712 

future work may further unify these perspectives. 713 

Surgical treatment for epilepsy remains imperfect; following resective surgery seizures return in 714 

70% of patients without a brain lesion, and up to 40% of patients with a clear structural lesion 715 
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(Rosenow and Lüders, 2001; Cohen-Gadol et al., 2006; Jeha et al., 2007; Wetjen et al., 2009). 716 

We propose that, if the sources of traveling waves serve as fundamental nodes in the seizure 717 

network, then some of the traveling wave sources may provide therapeutic targets in the seizure 718 

network. If a single source generates traveling waves, then targeting this source (i.e., resecting 719 

a fixed source or the initial ictal wavefront source) might reduce seizure recurrence. Targeting 720 

the source of ictal traveling waves (Diamond et al., 2021), the source of propagating interictal 721 

ripples (80-250 Hz events; Tamilia et al. 2021), or the source of propagating interictal 722 

discharges (Alarcon, 1997; Mitsuhashi et al., 2021) has been shown to improve surgical 723 

outcomes. Alternatively, if multiple traveling wave sources exist, then we hypothesize that 724 

treating each source (e.g., as multiple neurostimulation targets (RNS) (Sisterson et al., 2019)) - 725 

or a sufficient subset of sources - may disrupt the seizure network and prevent the pathological 726 

traveling wave dynamics. Whether targeting ictal wavefront sources or fixed sources improves 727 

the chances of successful treatment remains unknown; future work is required to compare 728 

treatment outcomes with the number and type of traveling wave sources removed. Extending 729 

these observations to include dynamics on an anatomical or functional connectome may provide 730 

additional insights (Jirsa et al., 2017; Sinha et al., 2017; Proix et al., 2018; Hashemi et al., 2020; 731 

Mitsuhashi et al., 2021), including pathways for nonlocal traveling wave and source propagation 732 

(Shah et al., 2019; Wenzel et al., 2019), personalized to a patient's brain network model (An et 733 

al., 2019). Continuing work to understand the sources of traveling waves during seizures, and to 734 

link these sources to epilepsy treatment, promises novel therapeutic strategies for patient care. 735 
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Tables 910 

Patient 
Hospi

tal 
Age 
Sex 

Seizure 
type 

MEA location  Seizure onset Pathology 
Surgical 
outcome 

Seizures 
analyzed 

Previous refs

P1 BW 21 M  FIA 
Temporal (left 

superior temporal 
gyrus) 

Left temporal
Mesial temporal 

sclerosis 
ILAE 1 

(46 mo.) 
3 

B1, LFP/MUA 
#22, P45, P46, 

P37, P39 

P2 CU 29 M  FTBTC 
Temporal (left 

anterior/inferior 
temporal lobe) 

Left frontal 
polar / 

orbitofrontal 

Focal cortical 
dysplasia type 2a; 

Reactive astrogliosis

Engel 4 
(1 mo.) 

2  N/A 

P3* MG 45 M  FTBTC 
Temporal (right 
middle temporal 

gyrus) 
Right temporal

Mesial temporal 
sclerosis 

ILAE 1 
(28 mo.) 

3  P16, P27, P19 

P4 CU 19 F  FTBTC 
Temporal (right 

posterior temporal 
gyrus) 

Right posterior 
lateral 

temporal 
Nonspecific 

Engel 1a 
(> 2 yr.) 

1 
c73,4, P48, A10, 

P411, P112 

P5 CU 32 F  FIA 
Temporal (left 

inferior temporal 
gyrus) 

Left basal / 
anterior 
temporal 

Mild CA1 neuronal 
loss; lateral temporal 

nonspecific 

Engel 1a 
(55 mo.) 

3 
c53,4, P38, B10, 

P311, P212 

P6* MG 32 M  FIA 
Temporal (left 

middle temporal 
gyrus) 

Mesial 
temporal 

Mesial temporal 
sclerosis 

ILAE 1 
(40 mo.) 

3 
LFP/MUA #12, 
P35, P26, P17, 

P29  

P7 CU 28 M  FTBTC 
Frontal (left 
premotor) 

Left prefrontal

Mild reactive 
astrogliosis; patchy 

microgliosis; 
Chaslin's marginal 

sclerosis 

Engel 3 
(32 mo.) 

2  P412 

P8 CU 26 M  FIA 
Temporal (left 

posterior inferior 
temporal gyrus) 

Left 
subtemporal / 

lateral 
temporal 

Diffusely infiltrating 
low grade glioma, 

IDH-1 negative 

Engel 4 
(29 mo.) 

6  P512 

P9 CU 30 M  FA 
Temporal (right 
mesial temporal 

gyrus) 

Right 
subtemporal 

Mild astrocytosis 
Engel 1 
(12 mo.) 

2  P611, P712 

P10 CU 30 M  FIA 
Frontal (left frontal 

convexity) 

Left 
supplementary 

motor area 
Nonspecific 

Engel 3 
(>2 yr.) 

3 
c33,4, P28, P111, 

P912 

P11 CU 39 M  FIA 
Frontal (left 

dorsolateral frontal 
lobe) 

Left frontal 
operculum 

Nonspecific 
Engel 1a 
(>2 yr.) 

3 
c43,4, P211, 

P1012 

*probe length is 1.0 mm in all patients except P6 and P3 where it is 1.5 mm 
1(Truccolo et al., 2011) 
2(Kramer et al., 2012) 
3(Schevon et al., 2012) 
4(Weiss et al., 2013) 

5(Truccolo et al., 2014) 
6(Wagner et al., 2015) 
7(González-Ramírez et al., 2015) 
8(Smith et al., 2016) 

9(Martinet et al., 2017) 
10(Liou et al., 2020) 
11(Merricks et al., 2021) 
12(Smith et al., 2022) 

Table 1. Detailed information for each patient. Previous analyses of each patient, and the 

corresponding patient labels, indicated in the last column. FIA = focal impaired awareness, FA 

= focal aware, FTBTC = focal to bilateral tonic clonic, CU = Columbia University Irving Medical 

Center, MG = Mass General Hospital, BW = Brigham Women’s Hospital. 



 

 39

 911 

 912 

Response 
variable 

Sigmoid parameters  
(a, b, c) 

Range for 
 [K+] in [0, 1] Description 

Dii  1 0.3 -4  [0.3, 0.15] Inhibitory gap junction functionality 

𝛥𝑉   0.5 0.5 10  [0, 0.5] Excitatory resting voltage offset 

𝛥𝑉   0.5 0.3 10  [0, 0.3] Inhibitory resting voltage offset 

Table 2. Parameters of sigmoid response functions. 

 913 

 914 

 915 

 916 

 917 

 918 

  919 

 Mean [IQR] 

Firing rate (Hz) 153 [96, 167] 

Duration (s) 1.87 [1.28, 2.19] 

Propagation speed (mm/s) 0.96 [0.30, 1.71] 

Table 3. Characteristics of tonic firing events classified as ictal wavefronts.  



 

 40

 920 

Validation metric TOA method Mean slope [95% CI] p-value 

Proportion TW 
(unitless) 

M 0.0017 [-0.0024, 0.0059] 0.39 

D -0.0003 [-0.0027, 0.0021] 0.8 

RMSE (ms) 
M -0.02 [-0.076, 0.037] 0.48 

D -0.036 [-0.13, 0.06] 0.44 

DI (unitless) 
M 0.0046 [-0.0046, 0.014] 0.31 

D -0.0085 [-0.021, 0.0045] 0.19 

Table 4. Summary of changes in signal characteristics. Estimates of the 

mean and 95% confidence intervals for the collection of slope estimates 

shown in Figure 6. Significance levels (i.e., p-values) are computed using a 

one-sample two-tailed t-test. 

 921 

  922 
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Figures 923 

 924 

Figure 1: Existing methods accurately infer traveling wave directions in simulation. (A) 925 

Example traveling waves in a mean-field cortical surface model. Each frame shows the activity 926 

of the excitatory cell population with a fixed source of traveling waves (red circle) and a 4x4 mm 927 

microelectrode array (red square). Darker shades indicate higher activity. Traveling waves 928 

generated at the source propagate outward (red curve and arrows) until reaching the bounds of 929 

the irritative zone (dotted line). (B) Direction estimates using both methods in one example 930 

simulation. Peaks in the firing rate of the excitatory cell population (gray trace) occur when the 931 

traveling wave source is active (time in [0, 32] s) and indicate traveling waves passing over the 932 

microelectrode array. Dots show the estimated direction (pink, max-descent method; blue group 933 

delay method) of traveling wave propagation through time. The horizontal line at 0° indicates the 934 
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true direction of propagation. (C, D) For estimates of the traveling wave directions for each 935 

method (N = 100 simulations; pink, max-descent method; blue, group delay method) histograms 936 

of the distributions of error (C) and directionality index (D). (E, F) Same as (A, B), but the source 937 

location rotates midway through the simulation (time = 16 s). (G, H) Histograms of the 938 

distributions of the directionality index (G) and adjustment times (H) surrounding a change in 939 

source direction (N = 100 simulations; pink, max-descent method; blue group delay method).940 
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 941 

Figure 2: Existing methods produce consistent traveling wave direction estimates for in 942 

vivo data. (A-D) (i) Example traveling wave directions inferred from four subjects and seizures 943 

estimated through time using both methods (pink, max-descent method; blue, group delay 944 

method; patient ID and seizure number indicated in plot title). Seizure onset occurs at time 0 s. 945 

(ii) Differences between the directions estimated by the max-descent method and the group-946 

delays method (gray dots); traces indicate the mean difference over 5 s sliding windows. (iii) 947 

Summary histograms of the absolute mean differences between the max-descent and group-948 

delay methods; bar height indicates the proportion of means in each bin, and bars are 949 

segmented into darker and lighter regions to indicate positive and negative means, respectively. 950 

Negative bins are also shown using dotted outlines. The marker and whisker indicate the 951 

median and interquartile range of the absolute differences. (A-C) Example seizures with 952 

consistent traveling wave direction estimates between methods (median difference between 953 

methods is less than 45°). (D) Example seizure with inconsistent direction estimates between 954 
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methods. (E) The 90th (i) and 50th (ii) percentiles of the directionality index for each seizure 955 

estimated using each method (max-descent method, horizontal axis; group delay method, 956 

vertical axis). The black ‘x’ indicates the directionality index of the fixed source simulations. (F) 957 

Median and interquartile range (IQR) of the differences between estimated directions in each 958 

seizure. (i) Markers indicate the median difference between estimates; vertical lines indicate first 959 

and third quartiles. (ii) Same as (i), but with medians plotted along the horizontal axis and IQR 960 

along the vertical axis. In (E,F), marker color and shape indicate patient identity (see legend). 961 

Triangular markers indicate surgeries performed in Boston (Mass General Hospital or Brigham 962 

Women’s Hospital); circular and square markers indicate surgeries performed at Columbia 963 

University Irving Medical Center. 964 

965 
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 966 

Figure 3: Traveling wave direction estimates through time using both methods for all 967 

seizures. Dots indicate traveling wave direction estimates (max-descent method pink, group 968 

delay method blue) versus time. Figure titles indicate patient label and seizure number. Seizure 969 

onset occurs at time 0 s. 970 
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 971 

Figure 4. Ictal wavefronts are detected in a majority of seizures. (A) Example recruitment 972 

patterns from each patient with an ictal wavefront. In each subfigure, squares indicate 973 

electrodes organized on a 10x10 microelectrode array. Darker colors indicate later recruitment 974 

times (i.e., time of arrival TOA; see scale bars) and missing squares indicate electrodes where 975 

the ictal wavefront was not detected. Arrows indicate direction of ictal wavefront propagation. 976 

The shaded region of the open circles in the center of each subfigure indicates 95% confidence 977 

intervals of the estimated propagation direction (see Materials and Methods). Insets show ictal 978 

wavefront direction with 95% confidence intervals for each seizure of the patient shown. (B) 979 

Peak firing rate, duration, and propagation speed of the ictal wavefront detected in each seizure. 980 

Marker shape and color indicate patient identity (see legend).   981 



 

 47

982 
Figure 5: Fast traveling waves temporarily coordinate with the ictal wavefront. (A) 983 

Traveling wave directions through time oriented to the ictal wavefront. (i) Examples of traveling 984 

wave directions through time in three seizures. Dots indicate traveling wave estimates (pink, 985 

max-descent method; blue, group delay method) with times and directions adjusted so that the 986 

ictal wavefront occurs at 0 s (vertical line) with direction 0°. Visual inspection suggests that 987 

traveling wave directions shift near ictal wavefront crossing (arrows). (ii) Polar histograms of the 988 

distribution of traveling wave directions before (left) and after (right) ictal wavefront (IW) 989 

passage. In two examples, the post-ictal wavefront distributions appear unimodal in the group 990 

delay method (1st and 2nd rows, blue bars); the other histograms show complex or multimodal 991 

distributions. (B) Changes in mean traveling wave direction during pre- and post-ictal wavefront 992 

epochs in each seizure. Each barbell indicates the pre- and post-ictal wavefront mean traveling 993 
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wave direction (pre-ictal wavefront on the left; pink, max-descent method; blue, group delay 994 

method). The gray barbells illustrate the directions expected under the ictal wavefront 995 

hypothesis. (C) Summary of pre- and post-ictal wavefront directions in all seizures. Histograms 996 

of mean (left) pre- and (right) post-ictal wavefront directions. Outlined bars indicate distribution 997 

of signed mean directions (solid pink line, max-descent method; dashed blue line, group delay 998 

method); shaded bars indicate distribution of absolute value of mean directions (pink, max-999 

descent method; blue, group delay method). In (A-C), all directions are rotated so that the ictal 1000 

wavefront direction is at 0°. (D) Mean difference between traveling wave direction and the ictal 1001 

wavefront direction through time in each patient using each method (pink indicates max-descent 1002 

method, blue indicates group delay method). Time is aligned so that the ictal wavefront occurs 1003 

at t = 0 s; traces indicate the mean on sliding 5 s intervals (4.9 s overlap) for a given patient. (E) 1004 

Mean difference between fast traveling wave and ictal wavefront directions through time. Traces 1005 

indicate jackknife estimates of the mean using estimated means from each patient; shaded 1006 

regions indicate 95% CI of the mean. The vertical bar at 0 s indicates ictal wavefront crossing 1007 

time. Traveling waves are more closely aligned with the ictal wavefront just ahead of ictal 1008 

wavefront crossing (mean < 90° both methods, p < 0.05, jackknife estimator), then shift to more 1009 

closely reversed just after ictal wavefront passage (mean > 90° both methods, p < 0.05, 1010 

jackknife estimator). (D-E) The vertical solid line at 0 s indicates ictal wavefront crossing time; 1011 

vertical dashed lines indicate 5 s before and after ictal wavefront crossing time. (F, G) Same as 1012 

(B, C) but for traveling wave directions in limited 5 s intervals before (t in [-7.5, -2.5] s) and after 1013 

(t in [2.5 7.5] s) time of detected shift. 1014 

  1015 
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 1016 

Figure 6: Reductions in signal to noise do not explain the transient relationship between 1017 

traveling waves and ictal wavefront directions. (Left) Expected proportion of (A) discharges 1018 

classified as traveling waves, (B) root mean square error (RMSE) of linear model fits, and (C) 1019 

directionality index through time. Solid lines indicate estimated mean value; shaded region 1020 

indicates 95% CI (purple indicates max-descent method, blue indicates group delay method). 1021 

(Right) For each metric and for each seizure, the slope of best linear regression fit for [10, 50] s. 1022 

Marker shape and color indicate patient ID; filled (hollow) markers indicate max-descent method 1023 

(group delay method). Ictal wavefront crossing occurs at t = 0 s. 1024 

  1025 
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 1026 

Figure 7: Multiple shifts in traveling wave direction occur during seizures. (A) Example 1027 

stable intervals from one seizure. Estimates of traveling wave directions (small black circles, 1028 

max-descent method) organize into 5 stable intervals (sequences of large pink circles). Seizure 1029 

duration (T) is the time from first to last detected traveling wave. The interval from first traveling 1030 

wave (TW) detection to ictal wavefront (IW) crossing is the pre-IW epoch (Tpre); the interval from 1031 

IW crossing to the last TW detection is the post-IW epoch (Tpost). The duration of each stable 1032 

interval n is denoted In with the longest - or primary - interval denoted Imax. See gray box at 1033 

bottom of figure for example intervals. (B) Number of stable intervals per seizure. Histograms 1034 

oriented with counts on the horizontal axis. Pink (blue) histograms oriented to the left (right) 1035 

indicate results of analysis using the max-descent method (group delay method). Circles 1036 

indicate the median number of stable intervals detected across all seizures. (C) Stability of 1037 

traveling wave direction during seizures. Histograms organized as in (B) and circles indicate 1038 

median values. (i-iii) Proportion of time with stable traveling wave directions during the (i) entire 1039 

seizure, (ii) pre-IW epoch, (iii) post-IW epoch. (iv) Average interval duration relative to seizure 1040 

duration. (v) Duration of primary interval relative to total time stable. 1041 

1042 
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 1043 

Figure 8. Stable intervals and active sources in each patient and seizure computed using 1044 

the max-descent method. Each subplot shows a single seizure with directions estimated using 1045 

the max-descent method. Small black dots show the raw estimates of the traveling wave 1046 

direction (vertical axis) versus time (horizontal axis). Larger dots indicate the traveling wave 1047 

direction is stable within the surrounding 5 s interval (DI > 0.5). Dot color indicates source-group 1048 

assignment (see Materials and Methods); the first identified source-group is assigned the 1049 

brightest color and the last identified source is assigned the dark (gray) color. Time is aligned so 1050 

that ictal wavefront passage occurs at 0 s. The dashed horizontal line indicates the ictal 1051 

wavefront direction. 1052 
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 1053 

Figure 9. Stable intervals and active sources in each patient and seizure computed using 1054 

the group delay method. Same as Figure 8, computed using the group delay method. Larger 1055 

dots indicate the traveling wave direction is stable within the surrounding 5 s interval (DI > 0.97). 1056 

Time is aligned so that ictal wavefront passage occurs at 0 s. The dashed horizontal line 1057 

indicates the ictal wavefront direction. 1058 
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 1059 

Figure 10: A model combining a fixed and ictal wavefront source produces complex 1060 

progressions of traveling wave directions. (A) Example in vivo seizure containing two shifts 1061 

and three stable intervals, each with distinct directions (labelled ΦA,R,F and indicated as light 1062 

blue, red, and dark blue dots, respectively). This progression may reflect the combined 1063 

influences of a fixed source (FS, i-iii, radio tower pictogram) and an expanding ictal wavefront (i-1064 

iii, black dashed line, arrows indicating ictal wavefront propagation). The square grid represents 1065 

the MEA. In this schematic, (i) traveling waves (light blue contours) initially align with the ictal 1066 

wavefront (direction ΦA, light blue arrow). (ii) After the ictal wavefront crosses the MEA, traveling 1067 

waves (red contours) reverse direction (direction ΦR, red arrow). (iii) Once the ictal wavefront 1068 

dissipates, only traveling waves (dark blue contours) from the fixed source remain (direction ΦF, 1069 

dark blue arrow). (B) A simulation reproducing the ΦAΦRΦF progression observed in vivo. 1070 

During a simulated seizure, traveling wave directions (max-descent method, direction 0° 1071 

indicating the ictal wavefront direction) shift from (i) IW-aligned (ΦA, light blue dots), to (ii) IW-1072 

reversed (ΦR, red dots), to (iii) FS-aligned (ΦF, dark blue dots). Horizontal dashed and solid 1073 

lines indicate relative directions of ictal wavefront source (0°, ΦA) and fixed source (45°, ΦF), 1074 
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respectively. The gray trace shows the simulated firing rate of the excitatory cell population. 1075 

Panels above show images of the excitatory cell population activity on the cortical surface at 10 1076 

s intervals; dark (light) shades indicate high (low) activity; the red dashed circle encompasses 1077 

the irritative zone; and the star, square, and radio tower indicate the ictal wavefront source, 1078 

MEA, and fixed source, respectively (see legend). (C) Geometry of the simulation shown in (B). 1079 

The ictal wavefront source (star), fixed source (radio tower), and MEA (grid) organized in a 1080 

triangular configuration. An irritative zone (gray circle) lies within the cortical surface (black 1081 

square). The locations indicated with black squares (labeled m1, m2, m3) correspond to 1082 

alternative MEA placements shown in (D). (D) Alternative placement of the MEA leads to 1083 

different traveling wave direction progressions. When ΦF = ΦR (location m1 in C), the traveling 1084 

wave directions progress ΦAΦR. When ΦF = ΦA (location m2 in C), the traveling waves progress 1085 

ΦAΦRΦA. The MEA at the boundary of the irritative zone (location m3 in C), coupled with the 1086 

geometry here, results in traveling wave directions that appear fixed.  1087 

 1088 






















