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Abstract

Objective: Measuring cortico-cortical evoked potentials (CCEPs) is a promising tool for 

mapping epileptic networks, but it is not known how variability in brain state and stimulation 

technique might impact the use of CCEPs for epilepsy localization. We test the hypotheses that (1) 

CCEPs demonstrate systematic variability across trials and (2) CCEP amplitudes depend on the 

timing of stimulation with respect to endogenous, low-frequency oscillations.

Methods: We studied 11 patients who underwent CCEP mapping after stereo-

electroencephalography electrode implantation for surgical evaluation of drug-resistant epilepsy. 

Evoked potentials were measured from all electrodes after each pulse of a 30 s, 1 Hz bipolar 

stimulation train. We quantified monotonic trends, phase dependence, and standard deviation (SD) 

of N1 (15–50 ms post-stimulation) and N2 (50–300 ms post-stimulation) amplitudes across the 30 
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stimulation trials for each patient. We used linear regression to quantify the relationship between 

measures of CCEP variability and the clinical seizure-onset zone (SOZ) or interictal spike rates.

Results: We found that N1 and N2 waveforms exhibited both positive and negative monotonic 

trends in amplitude across trials. SOZ electrodes and electrodes with high interictal spike rates 

had lower N1 and N2 amplitudes with higher SD across trials. Monotonic trends of N1 and N2 

amplitude were more positive when stimulating from an area with higher interictal spike rate. We 

also found intermittent synchronization of trial-level N1 amplitude with low-frequency phase in 

the hippocampus, which did not localize the SOZ.

Significance: These findings suggest that standard approaches for CCEP mapping, which 

involve computing a trial-averaged response over a .2–1 Hz stimulation train, may be masking 

inter-trial variability that localizes to epileptogenic tissue. We also found that CCEP N1 

amplitudes synchronize with ongoing low-frequency oscillations in the hippocampus. Further 

targeted experiments are needed to determine whether phase-locked stimulation could have a role 

in localizing epileptogenic tissue.

Keywords

Cortico-cortical evoked potentials; Epilepsy; Epileptic spikes; Hippocampal theta; onset zone; 
Seizure

1 | INTRODUCTION

Mapping epileptic brain networks and predicting the effects of surgical treatments present 

major challenges in managing drug-resistant epilepsy (DRE).1–3 The epileptic network is 

defined as a set of interacting, distributed brain areas capable of generating seizures.2 

Identifying epileptogenic tissue with electrical stimulation is a promising approach for 

surgical planning4–6 compared to provoking seizures, which requires lengthy inpatient stays 

and continuous monitoring. Measuring cortico-cortical evoked potentials (CCEPs)6–9 is a 

common technique for stimulation-based mapping, typically performed intraoperatively or 

in the epilepsy monitoring unit in patients with intracranial electrode implants. A CCEP is 

the electrical response observed in one brain area after focal, low-frequency stimulation (<2 

Hz) is applied to another brain area. A related technique, known as single-pulse electrical 

stimulation (SPES), is similar to CCEPs but uses even lower frequency stimulation (1–2 

Hz).7,10 These measurements represent the foundational units of the impulse response of 

neural networks to the simplest form of electrical perturbation. Studying CCEP responses 

may lead to improvements in functional mapping as well as in therapies utilizing open loop 

or responsive neurostimulation.11

A fundamental assumption made in many applications of CCEPs6,12–18 is that the average 

response over many trials reflects underlying, static effective connectivity. A complementary 

hypothesis is that inter-trial variability is not random noise that averaging ought to remove, 

but rather contains important information about brain function and epileptogenicity. Inter-

trial variability in CCEPs is an unexplored measurement that may improve functional 

mapping and stimulation-based therapies for neurologic disorders.
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Both qualitative and quantitative metrics can be derived from CCEPs and SPES and have 

been used extensively to map epileptic networks. We focus on a common quantitative 

approach, which borrows from the event-related potential (ERP) literature to analyze the 

amplitude and latency of two stereotypical peaks. The early N1 and late N2 potentials 

occur 10–50 ms and 50–300 ms post-stimulation, respectively. In general, studies report 

that N1 amplitude is higher when stimulating and recording from the seizure-onset zone 

(SOZ),13,14,19–21 but direct comparison (see Reference (7).7 for a thorough discussion) 

between previous findings is hindered by variability across patient populations, hardware, 

acquisition techniques, post-processing, quantification of N1 and N2, and subsequent 

analysis. High-frequency oscillations and increased gamma power in the evoked signal22 

can also be found in the SOZ, and qualitatively observed pathological delayed responses 

localize to resected tissue in patients with post-operative seizure freedom.4,5 These studies 

have not examined whether systematic inter-trial variability exists during CCEP mapping, 

and whether that variability is increased in epileptogenic tissue.

Variability in single-trial CCEP responses may arise from multiple biological mechanisms. 

Short-term plasticity due to synaptic facilitation,23 long-term potentiation or long-term 

depression,24 and spike-timing dependent plasticity25 could contribute to variable responses 

during CCEP mapping, although these phenomena are typically studied at single neuron 

resolution with higher frequency stimulation (>10 Hz). In addition, theta (4–8 Hz) 

oscillations are thought to represent fluctuating regional excitability due to phase-locked 

oscillations in gamma power and neuronal spiking.26,27 Therefore, the evoked responses 

may vary systematically, as stimulation occurs at different phases of local or hippocampal 

theta oscillations. It remains unknown whether these mechanisms underlie inter-trial 

variability in CCEPs, but further investigation may reveal new insights into epilepsy 

pathophysiology.

Herein, we analyzed the N1 and N2 amplitudes from 10,032 CCEPs at the single trial 

level in a cohort of 11 patients with DRE. We test the hypotheses that (1) N1 and N2 

amplitudes monotonically increase or decrease across subsequent stimulation trials, and (2) 

N1 and N2 amplitude depend on the phase of low-frequency oscillations at the hippocampus 

and recording electrodes at the time of stimulation. We subsequently tested whether these 

measures of systematic variability, as well as trial-averaged N1 and N2 amplitudes, localize 

to epileptogenic tissue. In short, we find that monotonic trends in amplitude occur during 

CCEP mapping, and that N1 and N2 amplitudes are lower but more variable in the SOZ. 

We found that stimulation responses are related to ongoing hippocampal phase, although this 

effect was observed only for a small percentage of CCEP stimulation and recording pairs in 

each patient. These findings introduce new, complementary metrics to CCEP mapping that 

may improve our ability to localize epileptogenic tissue.

2. | METHODS

2.1 | Participants

This study included 11 patients (Table 1) with DRE admitted to the epilepsy monitoring 

unit at the Hospital of the University of Pennsylvania. Patients underwent implantation 

with intracranial stereo-electroencephalography (sEEG) linear depth electrodes (Ad Tech 
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Medical Instruments). Stimulation was performed at varying times throughout intracranial 

recording according to clinical availability. In addition, patients were stimulated at different 

time points in their medication taper. The location of the SOZ was determined by the clinical 

team evaluating the electroencephalographic onset pattern of clinically habitual seizures. We 

use the term “epileptogenic tissue” to refer to the SOZ and any other areas with high rates of 

epileptiform spikes.

2.2 | Electrode localization

In-house software was used to localize electrodes based on pre-and post-implant T1-

weighted MPRAGE (magnetization-prepared radio-frequency pulses and rapid gradient-

echo) magnetic resonance imaging (MRI) studies, as well as post-implant computed 

tomography (CT) images. All electrode localizations were verified by a board-certified 

neuroradiologist (J.M.S.).

We registered all electrode contacts to a three-dimensional (3D) coordinate in Montreal 

Neurological Institute (MNI) space. We defined white matter electrodes as those whose MNI 

coordinate was within 1 mm of any voxel in the FMRIB Software Library (FSL) FMRIB58 

FA (fractional anisotropy) white matter map,28 thresholded at a value of 3000.

2.3 | Measurement of cortico-cortical evoked potentials

All implanted depth electrodes had 6–12 cylindrical contacts, each 2.41 mm in length, 1.1 

mm in diameter, with 5 mm spacing between adjacent contacts. Sampling rates varied from 

512–1024 Hz. Signals were referenced to an electrode distant from the suspected SOZ, 

usually embedded in medullary bone in the skull. Stimulation was performed while the 

patient was in the awake relaxed state using a Nicolet Cortical Stimulator (Natus). We 

delivered bipolar stimulation between adjacent pairs of electrode contacts with the following 

stimulation parameters: biphasic pulse with 3 mA current, 300 μsec pulse width, 1 Hz 

stimulation frequency, and 30 s train duration. We attempted to deliver stimulation across 

either every adjacent pair of contacts or every other adjacent pair of contacts depending on 

clinical and time constraints (Figure 1). We avoided stimulating any contacts that appeared 

to have high impedance, lie outside the brain, or were adjacent to the dura (to avoid a painful 

sensation). We stopped stimulation across a pair of contacts if the patient described any 

uncomfortable sensation. We stopped the stimulation session entirely if we provoked any 

seizure.

2.4 | Processing of intracranial EEG data

We extracted CCEP waveforms from intracranial EEG recordings by automatically detecting 

stimulation artifacts (see Appendix S1 for details). We re-referenced EEG signals to a 

bipolar montage and averaged signals across all 30 stimulation trials for each pair of 

stimulation and recording electrode, which we refer to as an average CCEP waveform. 

Bipolar montage was implemented by subtracting the next higher contact from the one 

below it on the same electrode. Stimulation trials containing any voltages over 1000 μV 

were excluded to mitigate the impact of heavy signal artifact. For each average CCEP 

waveform, we used the MATLAB findpeaks function to find the largest absolute magnitude 

peak amplitude in the N1 time period (15–50 ms after stimulation) and the N2 time 
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period (50–300 ms after stimulation). The amplitude of these peaks were z-scored against 

the average baseline EEG from 500 ms to 30 time samples before stimulation.12,15,16 In 

addition, we implemented a manually validated artifact rejection approach on the average 

CCEP waveforms (see Appendix S1 for details). To process CCEPs at the single trial level, 

we applied a similar pipeline to the EEG data from each trial that also included a 30 Hz 

low-pass filter, baseline demeaning, and detrending (see Appendix S1 for details), designed 

to mitigate increased noise with single-trial stimulation. CCEP data obtained during focal 

aware seizure (FAS) for HUP224 were discarded, but data obtained during FAS for HUP225 

were included because the electrographic seizure did not begin until after the 30th and final 

trial. Otherwise, no ictal EEG data were used in this study.

2.5 | Quantification of dynamic responses to brain stimulation

To test our hypothesis that N1 and N2 waveforms exhibit monotonic trends, we computed 

the Spearman rank correlation (ρ) between the stimulation trial index (1–30) and the N1 or 

N2 waveform amplitude for each trial. This correlation was computed for every stimulation 

and recording electrode pair for which a suprathreshold CCEP was obtained. Stimulation 

trials rejected for artifact were excluded and ignored when computing this correlation. The 

p-values from these correlations were adjusted for multiple comparisons by false discovery 

rate (FDR) correction29 across all the CCEPs separately for each patient.

We applied a similar approach to test our hypothesis that N1 and N2 waveform amplitudes 

were related to the pre-stimulation phase of low-frequency oscillations. In brief, we 

computed the circular-linear correlation30 between N1 or N2 waveforms and the estimated 

the low-frequency phase (see Appendix S1) at the time of stimulation in either the 

hippocampus or the recording electrode for each CCEP. We adjusted all p-values to an 

FDR of q < .05 across all the CCEPs within each patient, separately for each hippocampal 

electrode.

3. | RESULTS

3.1 | N1 and N2 amplitudes show monotonic trends across trials

We began our study by testing our hypothesis that N1 and N2 waveform amplitudes 

monotonically increase or decrease over the course of a 30 s, 1 Hz stimulation train. We 

computed the Spearman rank correlation between trial number and the amplitude of the 

N1 and N2 waveform for each detectable CCEP. We found many CCEPs with statistically 

significant positive or negative Spearman correlations at pFDR < .05, for both N1 and 

N2 waveforms (see Figure 2 for examples of individual CCEPs; Figure 3A, left, for 

distribution). These statistically significant monotonic trends were found across a range 

of inter-electrode distances (Figure 3A, right). We found statistically significant monotonic 

trends in all but 1 of 11 patients (HUP211), likely due to the small number of stimulating 

electrodes tested (Figure 3B). Within each patient (Table S1), these effects occurred in 

.84% of all supra-threshold CCEPs on average for N1 (range of 0%–3.20%) and in .94% 

of all supra-threshold CCEPs on average for N2 (range of 0%–3.58%). Of interest, of 

the 17 CCEPs with statistically significant N1 monotonic trends for HUP 225, 11 of 

them occurred while stimulating electrode RC1 (hippocampus). After the 30th and final 
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stimulation trial, the patient had a typical focal aware seizure (Figure S11; see Figure 2C 

for representative CCEP obtained during seizure). These findings suggest that there are 

infrequent, bidirectional monotonic trends of N1 and N2 amplitude across trials during 

CCEP mapping. Next, we assessed whether positive and negative trends were mutually 

exclusive or co-occurred at the same electrodes. Within each patient, we found at least one 

CCEP with a statistically significant monotonic trend in 4.89% of recording electrodes with 

suprathreshold CCEPs on average for N1 (range of 0%–17.02%) and in 5.90% of recording 

electrodes with suprathreshold CCEPs on average for N2 (range of 0%–27.27%). We 

rarely found both positive and negative statistically significant trends at the same recording 

electrode within the same patient (Figure 3B). We saw more overlap between positive 

and negative trends within the same anatomic parcels in the Brainnetome atlas,31 but the 

majority of effects were consistent within patients (Figure S5). However, we did see both 

positive and negative statistically significant trends within the same anatomic areas across 

patients (Figure S5). The temporal and anatomic consistency of these trends is difficult to 

assess given the limited sampling of the brain with sEEG and the short stimulation trains.

3.2 | Relationship between low-frequency oscillations and stimulation responses

In a second set of experiments, we tested the hypothesis that the phase of ongoing low-

frequency brain oscillations mediates the brain’s response to direct electrical stimulation. 

Theta-range oscillations in the hippocampus have been shown to correlate with spiking 

activity in prefrontal cortex,27 and theta-gamma cross-frequency coupling within brain areas 

has been observed in human electrophysiologic data across a range of cognitive tasks as 

well as the resting state.26 Therefore, we hypothesized that the low-frequency phase at the 

hippocampus and at recording electrodes would correlate with N1 and N2 amplitude evoked 

by stimulation during individual trials (see Appendix S1, “Quantifying low frequency 

oscillations” for details). We computed the circular-linear correlation30 between N1 or N2 

amplitude (linear) at each trial and phase (circular) at either hippocampal electrodes (Figure 

4B) or recording electrodes (Figure 4C) at the time of stimulation for each CCEP trial. 

For the hippocampal electrode phase, within each patient, these effects occurred in .80% 

of all supra-threshold CCEPs on average for N1 (range of 0%–5.79%) and in .12% of all 

supra-threshold CCEPs on average for N2 (range of 0%–.87%). The statistically significant 

correlations ranged from .62 to .90 (variance explained 38%–80%). These findings suggest 

that the N1 amplitude depends on the hippocampal signal phase during CCEP mapping, 

although this effect occurs infrequently.

3.3 | Overlap between CCEP measures and epileptogenic tissue

After identifying statistically significant monotonic trends in CCEP amplitudes, we next 

sought to test whether inter-trial variability preferentially occurred in epileptogenic tissue, 

as defined by the clinically determined SOZ and rates of interictal spiking at each electrode 

contact (see Appendix S1, “Epileptic spike detection”). To test this hypothesis, we fit 

linear regression models for each patient, with covariates controlling for inter-electrode 

distance and localization of stimulation and recording electrodes to gray matter, white 

matter, primary motor cortex, primary sensory cortex, and the occipital lobe (see Appendix 

S1 for formulation). In addition to the strength of monotonic trends across trials (Spearman 

ρ from Figure 3), we also quantified the standard deviation (SD) of N1 or N2 amplitude 
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across trials. All regression statistics (model F statistic, degrees of freedom, coefficient 

values, coefficient standard errors, p-values, and pFDR values) for each patient’s linear model 

for each dependent variable can be found in Data S1, but are omitted in the text due to 

the large number of values (10 patients with up to 12 linear models each in Figure 5A–F). 

p-values for each regression coefficient were FDR corrected across all patients separately for 

each linear model formulation, corresponding to each panel of Figure 5.

Contrary to previous studies, we found that CCEPs involving SOZ electrodes (Inside SOZ) 

showed lower amplitude N1 and N2 waveforms compared to CCEP waveforms recorded 

from stimulation and recording electrodes lying solely outside of the SOZ (Outside SOZ) 

(Figure 5A). However, this effect was statistically significant for only three patients for 

N1 and three patients for N2. Next we found that the strength of monotonic trend did 

not strongly localize to the SOZ, and was only significantly increased in the SOZ for one 

patient (Figure 5B). Finally, we found that the SD of N1 and N2 amplitudes across trials 

tended to be higher in the SOZ than outside of the SOZ (Figure 5C). This relationship 

was statistically significant for two patients for N1 and three patients for N2 (Figure 5C) 

and directionally consistent for an additional two patients. Notably, across all CCEPs, N1 

amplitude is generally not related to N1 amplitude variability, whereas N2 amplitude is 

positively related to N2 amplitude variability (see Figure S9 and Appendix S1, subsection 

“Relationship between CCEP amplitude and CCEP amplitude variability”). In Table S2, we 

report the odds ratios for each of these CCEP metrics in estimating the probability that a 

CCEP belongs to the SOZ using a modified formulation of the models described above (see 

Appendix S1). Notably, the effect size is small (increase in odds of about 10%–20%) for 

a 1 SD change in CCEP amplitude or inter-trial variability metrics. Overall, these findings 

suggest that for a subset of patients, CCEPs in the SOZ may be lower in amplitude and more 

variable across trials relative to CCEPs outside of the SOZ.

In addition to examining the clinical SOZ, we also examined whether trial-averaged CCEP 

amplitudes, monotonic trend strength, and SD of CCEP responses covaried with the rate 

of interictal spiking at each electrode. Here, we separately tested whether CCEP metrics 

were related to spiking at recording or stimulating electrodes. Consistent with our finding 

of reduced N1 and N2 amplitudes in the SOZ (Figure 5A), we found statistically significant 

negative relationships between N1 and N2 amplitudes and spiking at both stimulating 

and recording electrodes (Figure 5D). We found mostly positive relationships between 

monotonic trend strength (Fisher r-to-z-transformed Spearman ρ) and spike rates at the 

stimulating electrode (Figure 5E), an effect that was stronger for N1 amplitude. Finally, we 

found that the SD of N1 and N2 amplitudes was positively related to spike rates at both the 

recording and stimulating electrodes (Figure 5F). Standardized logistic regression β weights 

shown in Figures S7 and S8 approximate the square root of the variance in epileptic spike 

rates explained by each variable for each patient. We did not find any relationship between 

hippocampal phase dependence (Figure 4B) and spike rates or SOZ location (Figure S10). 

Taken together, these findings suggest that areas with higher spike rates tend to have lower 

amplitude and more variable CCEPs, and stimulating electrodes with higher spike rates tend 

to elicit more positive monotonic trends across trials.
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4 | DISCUSSION

In this article, we introduce a framework for quantifying trial-by-trial variability during 

CCEP mapping and relating it to epileptogenic tissue. We found that several CCEPs show 

positive or negative monotonic trends in N1 and N2 amplitudes across trials. We also found 

that the N1 amplitude is related to low-frequency phase in the hippocampus across trials 

for a small percentage of stimulating and recording electrode pairs in 7 of 11 patients. 

We investigated the relationship between CCEPs and epileptogenic tissue and found that 

areas in the SOZ or with more interictal spikes tend to have lower amplitude N1 and N2 

with higher SDs across trials. These findings introduce a new, complementary approach for 

quantifying CCEPs, which require further validation in larger samples before they can be 

used for probing pathologic brain function in epilepsy.

4.1 | Implications for CCEP mapping of epileptogenic tissue

Our study expands on a large body of existing literature on CCEP and SPES mapping for 

localizing epileptic networks13,14,19–21,32 and identifying targets for surgical resection.4,5 

We contribute to this literature with two new findings. First, we directly relate CCEP 

responses to quantitative interictal spike rates, which have not been studied previously to 

our knowledge. Using this approach, we find increased interictal spike rates in regions 

with more positive monotonic trends, suggesting that increasing response amplitude over 

a low-frequency stimulation train may measure abnormalities that give rise to epileptiform 

activity. Supporting that observation, we observed 11 CCEPs with positive monotonic trends 

during a stimulation train that was followed by a typical focal aware seizure in HUP225. 

Second, we find that CCEP amplitudes are lower and more variable across trials in the SOZ 

and areas with high spike rates. N2 amplitude was positively related to SD across trials, so 

the combination of lower CCEP amplitudes with higher variability would not be expected 

and may be a unique phenomenon in epileptogenic tissue. Of interest, these effects were 

found in patients with unilateral mesial temporal lobe epilepsy (mTLE), bilateral mTLE, 

and neocortical TLE. These findings provide preliminary evidence for the utility of studying 

inter-trial variability in CCEPs in addition to current approaches.

We also find that N1 and N2 average amplitudes are lower in the SOZ and in areas with 

higher spike rates. We observed statistically significant trends for 6 of 10 patients, but 

nearly all patients showed a directionally consistent effect. This finding was unexpected 

based on previous studies,13,14,19–21 which mostly find that N1 amplitude is increased in the 

SOZ. One reason for this discrepancy could be our stringent artifact rejection and spatially 

clustered SOZ electrodes, which may have led to systematic rejection of CCEPs recording 

in the SOZ from SOZ stimulating electrodes. In fact, we recorded only eight of such CCEPs 

passing artifact rejection for both N1 and N2 peaks. Nevertheless, our analysis of interictal 

spike rates also revealed the same negative relationship while providing a more continuous 

measure of epileptiform activity than the binary SOZ electrode mask. Finally, we also 

control for inter-electrode distance, which is related negatively to CCEP amplitude, so other 

studies may be conflating the effect of the SOZ with the effect of spatial clustering.

In addition, some studies compared a single non-SOZ control stimulation area to an SOZ 

area,13,19 whereas we broadly sampled areas outside the SOZ, which may have contributed 
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to the finding of low CCEP amplitude in the SOZ (Figure S13). Physiologic inter-regional 

differences in CCEP amplitude may exceed the difference between a normal region and 

epileptic tissue in that same region, thereby confounding the effect of the SOZ on CCEP 

amplitudes. Normative modeling and atlas-based approaches have been applied to EEG 

data to overcome this issue,33 but have yet to reach the field of CCEP analysis. Finally, 

although most previous studies present group-level statistics,13,14,19–21 we fit unique models 

to each patient and found that CCEPs localize the SOZ only for some patients. Further 

model development is needed to overcome the limitations of this significant inter-individual 

variability while allowing for generalization to new patients for out-of-sample prediction. 

The models studied here provide “training sample” estimates useful for inference only34 

and do not quantify performance at SOZ localization from CCEP data alone in a new 

patient admitted to the epilepsy monitoring unit. Therefore, analyzing group effects may 

uncover significant inter-individual variability that is critical to understand when using 

quantitative CCEP metrics clinically. Finally, a more practical use of CCEPs might involve 

distinguishing between two surgical hypotheses, rather than broadly identifying the SOZ, 

although the latter exercise is an important proof of concept.

4.2 | Methodologic considerations in analyzing CCEPs data

In attempting to compare our findings to the existing literature, we noted significant 

variability in approaches for acquiring, processing, and analyzing CCEPs data. Some studies 

utilize subdural electrocorticography (ECoG) grids12,16,19 whereas others, including ours, 

use stereoelectroencephalography (sEEG) depth electrodes.14,15,20 This hardware difference 

impacts seizure localization from interictal data,35 but it has not yet been systematically 

studied in CCEPs. Quantification of N1 and N2 amplitudes is highly variable as well. 

Some studies use the root mean square of the signal,14,20,36 others use global maximum 

amplitude signal12,15,16 or spectral power,37 and other studies, including ours, identify 

local maxima to directly measure peak amplitude.13,19,21 Methods for spectral filtering of 

CCEP data vary significantly in the literature,7 although in the present study, our findings 

were similar when we applied a preprocessing pipeline without a 30 Hz low-pass filter 

(see Appendix S1, “Sensitivity of findings to filter settings”). After quantifying CCEP 

responses, our study and one other used linear regression to adjust for distance and tissue 

type,20 whereas most others directly compare epileptic and nonepileptic tissue without 

adjusting for these potential confounders. The impact of all of these methodologic choices 

on seizure localization warrants further study in a larger data set in order to improve the 

generalizability and reliability of stimulation-based mapping of epileptic networks.

4.3 | Biological underpinnings of inter-trial variability

Although we do not provide experimental evidence supporting a particular mechanism for 

the monotonic trends of N1 and N2 amplitude we observed, our data are not consistent 

with any known type of synaptic plasticity. Short-term synaptic facilitation and depression 

occur on the order of milliseconds at higher stimulation frequencies (>10 Hz).23 Long-term 

potentiation classically occurs with high-frequency stimulation and long-term depression 

occurs with low-frequency stimulation,38 but we see both positive and negative correlations 

in CCEP amplitudes across trials. It is possible that an unmeasured, local, slow oscillation 

near .01 Hz could coincide with the entire stimulation train and induce both positive 
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and negative trends depending on the phase. We controlled for signal drift by baseline 

demeaning and detrending, so the effects of such an oscillation would have to act directly on 

the stimulation response to produce this effect. Finally, we saw a relationship between CCEP 

amplitudes and hippocampal low-frequency signal phase for only a small percentage of all 

measured CCEPs. Ideally, we would have measured the phase at the stimulating electrode, 

but we were unable to do so because of amplifier saturation near the stimulation electrode. 

Regardless, 30 stimulation pulses may not be sufficient to sample the phase of ongoing 

oscillations to detect systematic effects on stimulation response. Targeted experiments with 

a larger number of stimulation trials and phase-locked stimulation are needed to sufficiently 

test this hypothesis.

4.4 | Methodological limitations

As discussed previously, spatial sampling of the brain was constrained by clinical indication 

and safety of electrode placement. Stimulation artifact limited our ability to assess early 

responses (<15 ms post-stimulation) in the CCEP waveform. We also exclusively used 3 

mA stimulation in order to minimize tissue damage; however, prior studies13,19,20,39 have 

found that differences between SOZ and non-SOZ CCEPs begin at 3 mA and are maximal 

at 6–8 mA. In addition, amplifier saturation near the stimulating electrodes prevented us 

from quantifying low-frequency oscillations at the stimulation electrode. The small number 

of patients studied here contained mostly mesial temporal lobe epilepsy, and, therefore, may 

not generalize to neocortical epilepsies. Despite the small number of patients, we were able 

to record a large number of CCEPs (10 032 total) and we present data analyzed at the single 

patient level. Finally, it was not feasible to control for epileptic spikes occurring during the 

stimulation session due to lack of a well-validated detector that distinguishes physiologic 

CCEPs from epileptic spikes. Therefore, it is possible that epileptic spikes or “delayed 

responses”4,5 may have contributed to the finding of low-amplitude, high-variability CCEPs 

in epileptogenic tissue.

4.5 | Future directions

These findings naturally lead to several future experiments and analyses aimed at exploring 

the mechanisms of inter-trial variability and improving the accuracy of CCEP mapping of 

epileptic networks. First, one could perform a longer 1 Hz stimulation train to observe 

whether these monotonic trends continue or die off over time. Second, one could deliver 

pulses synchronized to peaks and troughs of low frequency oscillations with the aim of 

creating a measure of normal brain physiology that might distinguish epileptogenic from 

healthy tissue. Finally, one could attempt to aggregate a large number of CCEPs data sets 

with annotated SOZs, surgical outcomes, and quantitative resection masks. Such a data 

set would allow for rigorous benchmarking of methods against ultimate SOZ localization, 

development of a normative CCEP atlas, and model selection for the prediction of surgical 

outcomes and SOZ localization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CITATION DIVERSITY STATEMENT

Recent work in several fields of science has identified a bias in citation practices such that 

papers from women and other minority scholars are under-cited relative to the number of 

such papers in the field.40–48 Here we sought to proactively consider choosing references 

that reflect the diversity of the field in thought, form of contribution, gender, race, ethnicity, 

and other factors. First, we obtained the predicted gender of the first and last author of 

each reference by using databases that store the probability of a first name being carried 

by a woman.44,49 By this measure (and excluding self-citations to the first and last authors 

of our current paper), our references contain 13.82% woman(first)/woman(last), 8.71% man/

woman, 17.66% woman/man, and 59.81% man/man. This method is limited in that (1) 

names, pronouns, and social media profiles used to construct the databases may not, in every 

case, be indicative of gender identity and (2) it cannot account for intersex, non-binary, or 

transgender people. Second, we obtained predicted racial/ethnic category of the first and 

last author of each reference by databases that store the probability of a first and last name 

being carried by an author of color.50,51 By this measure (and excluding self-citations), our 

references contain 18.66% author of color (first)/author of color(last), 19.11% white author/

author of color, 14.44% author of color/white author, and 47.8% white author/white author. 

This method is limited in that (1) names and Florida Voter Data to make the predictions 

may not be indicative of racial/ethnic identity, and (2) it cannot account for indigenous 

and mixed-race authors, or those who may face differential biases due to the ambiguous 

racialization or ethnicization of their names. We look forward to future work that could help 

us to better understand how to support equitable practices in science.
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Key points

• We observed positive and negative monotonic trends in N1 and N2 amplitudes 

across a 30 s, 1 Hz stimulation train during cortico-cortical evoked potential 

(CCEP) mapping.

• We found that for some CCEPs, N1 amplitude synchronizes with the phase of 

low-frequency hippocampal oscillations at the time of stimulation.

• We found that the seizure-onset zone and areas with higher interictal spike 

rates had lower N1 and N2 amplitudes with higher standard deviations across 

trials.
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FIGURE 1. 
Measuring cortico-cortical evoked potentials (CCEPs) and testing for dynamic responses. 

(A) We measured CCEPs in a cohort of patients admitted to the epilepsy monitoring 

unit for surgical evaluation of drug-resistant epilepsy. Thirty seconds of 1 Hz bipolar 

electrical stimulation was applied to adjacent contacts on stereo-electroencephalography 

(sEEG) depth electrodes, and evoked potentials were recorded from all electrodes. (B) The 

standard approach for measuring CCEPs only measures a constant response across trials 

by averaging all stimulation trials to obtain one single representative CCEP waveform for 

each stimulation-recording pair. Therefore, the standard approach is agnostic to any trends 

in amplitude across trials. (C, D) Here, we test two alternative hypotheses. First (C), we 

hypothesize that monotonic trends may occur, such that response amplitudes increase or 

decrease monotonically across subsequent stimulation trials. Second (D), we hypothesize 

that response amplitudes covary with the phase and amplitude of ongoing low-frequency 

oscillations due to fluctuations in cortical excitability.
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FIGURE 2. 
Representative cortico-cortical evoked potentials (CCEPs) demonstrating monotonic trends. 

(A, B) Examples of CCEP waveforms with statistically significant monotonic trends across 

trials. Average waveform is plotted in black, and individual trials are plotted with line color 

corresponding to the trial index. The N1 (A) and N2 (B) periods are highlighted in gray. 

(C, D) The absolute value of the N1 (C) and N2 (D) amplitudes (y-axis) are plotted against 

trial index (x-axis) within the 30 s, 1 Hz stimulation train. Spearman rank correlations 

are shown and p-values were adjusted to a false discovery rate (FDR) q < .05 across all 
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detectable CCEPs separately for each patient. Hipp, hippocampus. MTG, middle temporal 

gyrus. PI, posterior insula. CS, central sulcus. Of interest, acquisition of the CCEP shown 

in C was followed by a typical focal aware seizure in HUP225 (see Section 3 for details). 

Electrophysiologic data shown in this figure are bipolar referenced, detrended, and low-pass 

filtered at 30 Hz, with a sampling rate of 1024 Hz.
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FIGURE 3. 
Monotonic trends across trials in cortico-cortical evoked potential (CCEP) amplitudes. 

(A) In the left panel, we quantified monotonic trends in CCEP amplitudes by plotting 

distributions of Spearman rank correlations between trial index and either N1 amplitude, 

N2 amplitude, or amplitude during the −300 to −200 ms period relative to stimulation 

(“PreStim”) as a negative control stratified by pFDR < .05. In the right panel, we plotted the 

inter-electrode distances for each CCEP stratified by statistical significance of the Spearman 

correlation between trial index and waveform amplitude. All correlations or distances are 

plotted in the orange histogram, correlations with pFDR < .05 are plotted as red dots, 

and correlations with pFDR > .05 are shown as a gray boxplot. (B) The number of 
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recording electrodes for each patient with CCEPs showing statistically significant monotonic 

trends, stratified by whether both positive and negative trends occur at the same electrode 

(bidirectional) vs only positive or negative.

Cornblath et al. Page 20

Epilepsia. Author manuscript; available in PMC 2023 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Identification of low-frequency oscillations during stimulation and relationship with cortico-

cortical evoked potential (CCEP) amplitudes. (A) Power spectrum (top subpanel) from 

one representative electrode with multiple low-frequency peaks. We selected the lowest 

frequency peak from each electrode with at least one peak in the 3–1 4 Hz range for further 

phase analysis (bottom subpanel). (B, C) For each CCEP, we computed the circular-linear 

correlation between either hippocampal phase (B) or recording electrode phase (C) and 

N1 amplitude, N2 amplitude, or amplitude during the −300 to −200 ms period relative 

to stimulation (“PreStim”) as a negative control. Here, we plot the distributions of these 

circular-l inear correlations, stratified by pFDR < .05. All correlations are plotted in the 
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orange histogram, correlations with pFDR < .05 are plotted as red dots, and correlations with 

pFDR > .05 are shown as a gray boxplot.
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FIGURE 5. 
Localization of cortico-cortical evoked potential (CCEP) measures relative to epileptogenic 

tissue. (A−C) Partial residuals (y-axis) of log-transformed CCEP amplitude (A), monotonic 

trend strength Spearman ρ (B), and standard deviation of CCEP amplitude across trials 

(C) with respect to a binary indicator of CCEP location inside (red) or outside (blue) the 

seizure-o nset zone (SOZ). Analysis was repeated for each patient (x-axis), and for N1 (left) 

and N2 (right). Asterisks represent the significance level from the regression coefficient for 

the SOZ indicator for each patient (see Section 2 for formulation). (s) Coefficients from 

linear regression model (β, y-axis) for log-transformed CCEP amplitude (D), monotonic 

trend strength Spearman ρ (E), and standard deviation of CCEP amplitude across trials (F) 

as a predictor of spike rate of recording (green) or stimulating electrodes (orange). Analysis 

was repeated for each patient (x-axis), and for N1 (left) and N2 (right). Asterisks represent 

significance level for regression coefficients. All p-values were adjusted to a false discovery 

rate (FDR) of q < .05 across all patients separately for each model formulation, that is, 

within each panel. *pFDR < .05. **pFDR < .01. ***pFDR < .001. ****pFDR < 10−6.
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