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Abstract

Introduction: Epileptiform activity limited to deep sources such as the hippocampus currently 

lacks reliable scalp correlates. Recent studies, however, have found that a subset of hippocampal 

interictal discharges may be associated with visible scalp signals, suggesting that some types 

of hippocampal activity may be monitored noninvasively. The relationship between these scalp 

waveforms and the underlying intracranial activity remains to be studied.

Methods: Paired intracranial and scalp EEG recordings obtained from 16 patients were used 

to identify hippocampal interictal discharges. Discharges were grouped by waveform shape, and 

spike-triggered-averages (STA) of the intracranial and scalp signals were calculated for each 

group. Cross-correlation of intracranial and scalp STAs was used to determine their temporal 

relationship, and topographic maps of the scalp were generated for each group.

Results: Cross-correlation of intracranial and scalp correlates resulted in two classes of scalp 

waveforms—those with and without time delays from the associated hippocampal discharges. 

Scalp signals with no delay showed topographies with a broad field with higher amplitudes on the 

side ipsilateral to the discharges and a left-right flip in polarity—observations consistent with the 

volume conduction of a single unilateral deep source. In contrast, scalp correlates with time lags 

showed rotational dynamics, suggesting synaptic propagation mechanisms.

Conclusions: The temporal relationship between the intracranial and scalp signals suggests 

that both volume conduction and synaptic propagation contribute to these scalp manifestations. 
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Furthermore, the topographic evolution of these scalp waveforms may be used to distinguish 

spikes that are limited to the hippocampus from those that travel to or engage other brain areas.
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INTRODUCTION

Mesial temporal lobe epilepsy (MTLE) is the most common form of focal epilepsy in adults, 

comprising over a quarter of all epilepsy cases [1, 2]. Despite its prevalence, MTLE is 

difficult to diagnose because hippocampal epileptiform activity is not readily identifiable 

on scalp electroencephalography (EEG) [3, 4]. Previously, a quantitative study showed 

that hippocampal spikes produce on average 7μV deflections on scalp EEG, making them 

difficult to distinguish from background fluctuations of ~10μV, leading to the conclusion 

that hippocampal discharges can generate clinically detectable signals on scalp recordings 

only with the engagement of an extended neocortical network [3]. In early MTLE, however, 

epileptiform activity may be restricted to the hippocampus, and the development of scalp 

EEG methods for detecting signals from deep brain sources is important for early diagnosis 

[5, 6], prevention of misdiagnoses [7], and reducing delay in getting definitive treatment [8, 

9].

In contrast, some theoretical studies have argued that deep discharges might be detectable 

by both EEG and magnetoencephalography (MEG) [10, 11]. This theoretical finding was 

recently corroborated by a study demonstrating that individual hippocampal discharges can 

sometimes be detected by MEG [12]. In a clinical study, a subset of intracranially recorded 

hippocampal discharges were associated with waveforms visible on scalp EEG [13]. This 

study, however, could not preclude the possibility that the scalp waveforms were reflective 

of epileptiform activity that also engaged neocortical areas outside the hippocampus. In this 

study, we show that hippocampal discharges can manifest on scalp EEG recordings and 

result in distinct scalp topographical patterns that may allow inference of the nature of the 

underlying intracranial activity.

MATERIALS AND METHODS

Patients and Data Acquisition

Data were collected from 16 patients (Table 1) undergoing phase II monitoring for medically 

intractable right temporal lobe epilepsy between 2015 and 2017 at the University of Chicago 

Adult Epilepsy Center. Written informed consent was provided through a process approved 

by the University of Chicago Institutional Review Board.

All patients were implanted with a 12-channel depth electrode placed along the length of 

the right hippocampus through burr holes, with contact #1 (RHD1) being most anterior 

and contact #12 (RHD12) being most posterior [13]. Scalp EEG data collected from 22 

electrodes (following international 10–10 arrangement) were used for analysis: F9, T9, F7, 

T7, P7, F3, C3, P3, O1, Fz, Cz, Pz, Oz, F4, C4, P4, O2, F8, T8, P8, F10, T10. EEG signals 
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were collected using the XLTEK system (Natus, Pleasanton, CA, USA), passband filtered at 

0.1–344Hz, digitized at 1024 samples/s, and referenced to the FCz electrode.

Data Analysis

For each patient, a two-hour EEG segment recorded during drowsiness and sleep was 

analyzed. A custom C++ routine was used to convert raw data into Matlab files. All other 

analyses and statistics were performed in Matlab (Matlab, Natick, MA, USA).

The relationship between intracranial and extracranial signals was analyzed as follows:

1. Automated detection of intracranially recorded hippocampal discharges.

2. Grouping of similarly shaped hippocampal discharges using connected 

components analysis.

3. Calculation of spike-triggered averages (STAs) of intracranial and scalp EEG 

signals.

4. Cross-correlation of intracranial and scalp EEG signals

5. Topographic analysis of scalp signals.

Unless otherwise noted, the average reference montage was used, in which all signals were 

referenced to the average of the scalp EEG channels. All analyses were performed separately 

for each patient. Specifics of these five steps are described below.

(1) Detection of hippocampal discharges—Signals from the 12 channels on the 

right hippocampal depth (RHD) electrode were used to identify epochs containing interictal 

discharges. Because the detection method only utilized intracranial channels, the FCz 

common reference montage was used. EEG signals were digitally filtered using a zero-phase 

2nd order 10–50Hz Butterworth bandpass filter. The signals from the 12 RHD channels 

were then averaged, and peak detection was applied. Peaks were defined as points having 

an absolute amplitude >5 standard deviations from the signal mean and that were a local 

minimum or maximum in a 1 second window. This detection method was independently 

validated by visual inspection by an epileptologist (NPI).

(2) Grouping of hippocampal discharges—Hippocampal discharges in a given 

subject were grouped by waveform using connected component analysis [14]. A 500ms 

epoch centered on each peak was used for classification. For each epoch, signals from the 12 

RHD channels were concatenated, creating a 6000 ms-long vector. A correlation coefficient 

was then calculated between pairs of vectors, resulting in an n x n correlation matrix where 

n was the number of hippocampal discharges. Using a correlation coefficient threshold (see 

below), this correlation matrix was converted into a binary matrix by replacing coefficients 

above or below the threshold with 1’s and 0’s, respectively. This binary matrix was 

then converted into an undirected graph in which discharges were represented by nodes 

connected by edges specified by 1’s in the matrix. The connected components of this graph 

were extracted using the Matlab function conncomp, which assigns two nodes to the same 

component if they are connected by an edge. A group was defined as the set of discharges 

belonging to the same connected component.
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To determine the appropriate threshold correlation coefficient for the grouping procedure, 

discharges were preliminarily grouped using threshold values ranging from 0.5 to 1.0 in 0.01 

increments. The threshold value that maximized the number of large groups (defined as ≥20 

discharges/group) was used in the final analysis (Supplementary Figure 1). This threshold 

value was determined for each patient separately.

(3) Calculation of spike-triggered averages for EEG signals—For each group of 

discharges, spike-triggered averages (STAs) for RHD and scalp EEG signals were calculated 

(Figures 1 & 2). STAs were calculated by averaging the signals from all discharges in a 

given group, using the peaks detected in the RHD signals as triggers. Noise levels were 

estimated using 250ms flanks before and after the 500ms STA epoch. The signal-to-noise 

ratio (SNR) in dB was defined as:

SNR = 20log10
RMSsignal
RMSnoise

(1)

where RMSsignal is the root mean square (RMS) amplitude of the STA and RMSnoise is the 

RMS amplitude of the 250ms flanks around the STA. Scalp STAs with an SNR≥6dB were 

used for subsequent analyses.

(4) Cross-correlation of intracranial and scalp EEG signals—We determined 

the temporal relationship between the hippocampal discharge measured by the intracranial 

channels and the voltage changes measured by the scalp electrodes. Within each group of 

hippocampal discharges, we computed the cross-correlation Rxy between the intracranial 

channel STA with the highest amplitude (x) and scalp STAs at each electrode (y) using:

Rxy[k] = ∑m = 1
N x m y m − k (2)

in which m is the index of the sampled data point, N is the total number of samples in 

the epoch, and k is the lag time. This procedure resulted in 22 cross-correlograms per 

group (Figure 3). For each cross-correlogram, the lag time at which the greatest absolute 

correlation occurred was determined.

Although volume conduction theoretically occurs with zero lag, noise in real recordings 

may cause the peak in cross-correlations of synchronous signals to deviate from zero. 

To determine what range of lag times is sufficiently small to be interpreted as zero, 

we conducted the following Monte Carlo simulation. We generated two 500ms epochs 

containing identical 20Hz sine waves: one epoch represented the intracranial hippocampal 

discharge and the other represented the scalp EEG signal. After various levels of random 

Gaussian noise were added to each epoch, the two epochs were cross-correlated, and the lag 

time at which the maximum correlation occurred was determined. The SNR for the epoch 

representing the intracranial signal was fixed at 25dB (a level based on our measurements), 

while a range of 6–25dB was used for the epoch representing the scalp signal. This 

procedure was repeated 1000 times for each noise level to generate a distribution of 

maximum correlation lag times for a range of SNRs. The 99% CI for this distribution was 
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determined, and lag times within this interval were considered to be sufficiently small to be 

interpreted as having no delay.

(5) Topographic analysis of scalp signals—For each discharge group, the scalp 

STAs were used to create field potential maps using EEGLAB software [15], using the 

topoplot function with default electrode coordinates. Topographic maps were generated for 

each time point across the 500ms STA epoch. The topographic maps reflect 2-dimensional 

projections of 3-dimensional coordinates of the scalp electrodes.

The dynamics of the scalp topography were quantified by the standard deviation (SD) in 

the direction of the scalp field dipole during the course of the 500ms discharge epoch. 

For each time point, the direction of the scalp field dipole was estimated by the angle 

between the inion-nasion line and the line connecting the electrodes with the minimum and 

maximum amplitude (Figure 4B). The dipole angle was calculated at time points with a 

dipole amplitude ≥5 standard deviations from the mean dipole amplitude over the 500ms 

epoch. To obtain reliable SD estimates, we only included groups that had scalp EEG SNR 

≥6dB in at least 5 channels and waveforms with a minimum duration of 20ms.

RESULTS

Hippocampal interictal discharges were recorded on intracranial electrodes in 16 patients, 

and discharges from individual subjects were grouped based on morphological similarity. 

Across the 16 patients, 42 groups of hippocampal discharges were found. Figure 1A shows 

example STA signals from hippocampal depth electrodes for the five groups of discharges 

found in Patient 1 (Figure 1B). In groups 1, 2, 3, and 5, scalp EEG amplitudes were 

larger on the temporal channels ipsilateral to the spiking hippocampus and were inverted 

in polarity on the left temporal channels. Group 4, which had the smallest intracranial 

signals (Figure 1A), also showed the smallest scalp signals with maximal amplitudes in 

frontal channels (Figure 1B). Scalp EEG amplitudes ranged between 1 and 19μV with an 

average±standard deviation of 5.5±4.1μV (N=42 groups; Figure 2).

Characterization of scalp waveforms based on temporal lag from hippocampal discharges

Next, we asked if the scalp EEG patterns could be generated by volume conduction of 

hippocampal discharges. Volume conduction occurs at the speed of light, so a finding of no 

lag between a scalp signal and an associated hippocampal discharge would be consistent 

with volume conduction. Temporal lag was determined from the cross-correlogram between 

each scalp EEG channel STA and the depth electrode channel STA with the greatest 

amplitude (Figure 3A). For example, in Group 1, cross-correlation of the STA of scalp 

channel F9 and the STA of channel RHD4 yielded a maximum correlation coefficient of 

0.93 at a lag time of −3ms, where a negative value implies the scalp signal leads the 

hippocampal signal.

Although volume conduction theoretically occurs with zero lag, noise in real recordings 

may cause the peak in cross-correlations of synchronous signals to deviate from zero. To 

determine the range of measured lag times that were sufficiently small to be interpreted as 

zero, we conducted a Monte Carlo simulation of lag times resulting from cross-correlation 
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of two identical signals corrupted by varying levels of noise (Methods). The black curve in 

Figure 3B shows the result of this simulation and represents the 99% confidence interval 

(CI) for the distribution of lag times across the range of signal to noise ratios (SNR). For 

example, for the cross-correlation of an 8dB scalp signal with a 25dB hippocampal signal, 

the 99% CI of lag times was ±4.8ms. As expected, signals with low SNR have a larger 

spread of lag times than signals with high SNR. This non-zero threshold for lag times does 

allow for the possibility of physiological propagation in waveforms categorized as volume 

conduction. Consequently, we interpret small lag times not as proof of volume conduction, 

but rather a characteristic that is consistent with volume conduction.

The scatter plot in Figure 3B shows the lag times of all scalp channel STAs for Patient 1. 

Points that fall below the 99% CI line have a lag sufficiently close to zero to be consistent 

with volume conduction. For points that fall above the simulation curve, scenarios involving 

secondary sources likely contribute to the scalp signal. Of the 5 groups identified, Group 4 

had the smallest amplitude signals in both the hippocampal and scalp channels. The small 

and sparse nature of the scalp signals seen in Group 4 reduces their interpretability, and 

therefore we highlight here the results of other groups with more robust and distinctive 

characteristics. Of the 20 channels with significant scalp signals in Group 2, 16 channels had 

lag times below the 99% CI while 4 channels had lag times above. This observation suggests 

that the scalp correlates seen for Group 2 are more consistent with volume conduction. In 

contrast, Group 5 had 21 channels with significant scalp signals, 17 of which had lag times 

greater than the 99% CI, suggesting that the scalp correlates for Group 5 are more consistent 

with a secondary source.

Topographic analysis of scalp STAs

In addition to temporal correlation, we investigated the spatio-temporal development of 

scalp discharges. We hypothesized that scalp topographies that reflect volume conduction 

from a single deep source would exhibit a relatively stationary dipole, while sources that 

propagate to and engage other brain areas would show a more dynamic evolution of scalp 

potentials. The scalp STAs for each group were used to generate topographic maps of scalp 

potentials at different time points. The topographies for the five groups from Patient 1 

are shown in Figure 4A. Qualitatively, some of the discharges show fields that are largely 

stationary except for an abrupt flip in polarity (e.g. Figure 4A, Group 2), while others show 

a more dynamic, rotational pattern (e.g. Figure 4A, Group 5). To quantify this observation, 

we used the standard deviation (SD) in the field dipole angle as a metric to determine how 

the topography of each discharge evolves over time (Methods, Figure 4B). Of the 42 groups, 

24 met criterion for inclusion in this analysis (Methods). Small angle-SD implied a relatively 

stationary dipole, while a high angle variance implied a rotating dipole. We then asked if 

the SD of this angle correlated with the percentage of scalp channels with no lag in that 

group (Figure 4C). The groups dominated by zero lag times showed smaller SD (i.e. more 

stationary topographies) than groups with predominantly non-zero lag times (r = −0.61; 

p = 0.001). This supports the hypothesis that scalp manifestations consistent with volume 

conduction are more stationary than discharges consistent with other mechanisms such as 

neuronal propagation.
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DISCUSSION

In this study, we present evidence that scalp waveforms associated with hippocampal 

interictal discharges have various topographic morphologies. Furthermore, whether the scalp 

waveform was consistent with volume conduction of a hippocampus-limited discharge could 

be determined by comparing the lag time between the scalp and hippocampal signals.

Two types of scalp topography were identified—static and dynamic. In the static case, 

electrical fields were consistent with a largely stationary dipole with an abrupt left-right 

flip during the course of the discharge. These characteristics, along with the observations 

that waveforms were present bilaterally with higher amplitudes on the side ipsilateral to the 

hippocampal spike and with inverted polarity on the contralateral scalp electrodes, point to a 

lateralized, single, deep source. Additionally, the near-simultaneous timing of the scalp and 

hippocampal waveforms and the high correlations between their waveforms are consistent 

with a signal that travels from the hippocampus to the scalp via volume conduction, an 

electromagnetic process that occurs with virtually zero delay. In contrast, scalp waveforms 

that occur with significant lag from the hippocampal discharge showed more complex, 

rotational dynamics, with lower correlations between the scalp and hippocampal discharge 

waveforms, suggestive of a signal that either travels to or engages other cortical areas using 

a more time-consuming mechanism such as neuronal propagation and synaptic transmission 

(Figures 3 & 4). Some waveforms showed significant negative lag times, meaning that the 

scalp signal precedes the hippocampal signal. This suggests that the scalp electrode was 

reflecting activity that occurred in a different brain area or propagated to the hippocampus. 

By using only hippocampal depth and scalp electrodes, it is not possible to ascertain the 

exact origin of physiologically propagated signals. This limitation may be addressed in 

future studies that incorporate recordings from other brain areas.

Other groups have suggested that differences in topographic evolution can be used to 

differentiate between benign and pathological scalp small sharp spikes [16]. Both the static 

and dynamic waveforms observed in our study show a horizontal dipole at the time of 

the spike, consistent with what has been described as benign epileptiform transients of 

sleep (BETS) [16]. However, BETS showed a 30° rotational component, suggesting that 

our dynamic group aligns more with what has been described as BETS while our static 

group may be more aligned with pathological waveforms [17]. To differentiate between 

benign versus pathological waveforms, more comprehensive prospective studies using both 

neurotypical and epileptic patients will be required.

In mesial temporal lobe epilepsy, epileptiform activity can be limited to deep structures such 

as the hippocampus or involve larger networks that include neocortical regions. Classical 

epileptiform discharges such as spikes and sharp waves are frequently observed on scalp 

EEG when neocortical regions are involved [3, 18]. When epileptiform activity is restricted 

to regions around the hippocampus, however, scalp waveforms are not readily apparent [4], 

and only small sharp spikes have been implicated as scalp EEG markers of hippocampal 

discharges [13]. While the natural history of temporal lobe epilepsy is incompletely defined 

[19, 20, 21, 22], one line of thought posits that epileptogenic activity is restricted to the 

hippocampus in the early phases of MTLE with recruitment of neocortex occurring as the 
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disease progresses [23, 24, 25]. Because engagement of larger networks may be associated 

with poorer surgical outcomes with targeted resections [26], the ability to detect and 

differentiate early hippocampal discharges with or without neocortical involvement could 

lead to earlier diagnosis, preventing misdiagnoses, and improving patient outcomes.

One important limitation in this study is that intracranial recordings from patients were 

limited to 12-channels on hippocampal depth electrodes. The exact source of a scalp signal 

cannot be definitively proven without sampling from many brain areas simultaneously. 

However, the combination cross-correlation lag times and scalp signal topography can be 

used to categorize hippocampal spikes into those consistent with physiological propagation 

and those consistent with volume conduction. A definitive localization of all discharge 

sources, especially those consistent neuronal propagation, will depend on intracranial source 

localization methods that rely on electrodes in addition to hippocampal depth channels.

For clinical purposes, hippocampal discharges in early MTLE should ideally be identifiable 

without the need for invasive monitoring. Scalp markers are likely to be low in sensitivity 

for the detection of individual hippocampal discharges since we are relying on greatly 

attenuated hippocampal signals to break through the relatively high noise levels of the scalp 

EEG. Chen et al. found that in patients evaluated in an epilepsy monitoring unit, small sharp 

spikes on scalp EEG had an odds ratio of 9.1 for epilepsy, but only a sensitivity of ~19% 

[27]. In our own dataset, approximately 15% of all hippocampal spikes were associated with 

a visible waveform on the scalp, results that are within range with the detection rate of 

22% found by down-sampling dense array scalp EEG signals [28]. Although sensitivity for 

individual hippocampal discharges is low, small sharp spikes may be visible in up to 50% of 

patients with hippocampal discharges [13]. If indeed some of these waveforms are a result of 

volume conduction of hippocampal discharges, higher rates of detection may be possible for 

patients with smaller heads and thinner bone, meaning that this may be a particularly useful 

marker in pediatric populations. For example, children with febrile status epilepticus have 

been shown to be at higher risk for developing TLE [29], and small sharp spikes might be an 

early marker for such pathology.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Spike triggered averages (STAs) for the hippocampal discharges in the five groups of Patient 

1. Black traces are the STAs and the red traces show the associated noise estimates. Noise 

was estimated in the 250ms epochs before and after the discharge epoch of 500ms. (A) STAs 

of intracranial channels. The depth electrode label is indicated for each waveform. RHD = 

right hippocampal depth electrode. RHD1 is the most anterior contact, and RHD12 is the 

most posterior contact. (B) STAs of scalp EEG channels. The electrode location and the 

SNR (dB) are indicated left and right for each waveform. SNR values greater than 6dB are 

denoted in blue.
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Figure 2. 
Distribution of maximum absolute scalp STA amplitudes by group. For each of the 42 

groups of hippocampal discharges, the greatest absolute amplitude seen across all channels 

in the scalp signal STA is plotted. Symbol shapes indicate groups included or excluded from 

the analysis shown in Figure 4c.
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Figure 3: 
Cross-correlation analysis of intracranial and scalp EEG STAs of hippocampal discharges. 

(A) Cross-correlograms for Patient 1. Cross-correlation was determined between the largest 

hippocampal signal in Figure 1A and its associated scalp waveforms depicted in Figure 1B. 

Correlation values are scaled between ±1 (grey horizontal lines) and the lags are computed 

between ±100ms. For each scalp electrode, the greatest absolute correlation coefficient and 

its lag (ms) are written on the left and right, respectively, for each waveform. The greatest 

absolute correlation coefficient for each correlogram is indicated by the blue dot. (B) 

Determining scalp channels with lags consistent with volume conduction of a hippocampal 

source. Scatterplot of lags plotted versus the SNR of the five groups of Patient 1. The solid 

line indicates the simulated 99% confidence for zero lag corrupted by noise (Methods). Note 

that for groups 2 and 3 most channels are below the line while for group 5 most are situated 

above the line.
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Figure 4: 
Topographic analysis of hippocampal discharge-related scalp EEG signals. (A) Topography 

of the five groups of discharges in Patient 1. The zero value of the time scale is aligned with 

the maximum amplitude of the discharge. (B) To estimate the angle of the dipole underlying 

the topographic field, a line was drawn between the electrodes with the maximum and 

minimum value (green). The zero–degree axis was defined as the inion-nasion line (dotted 

black). (C) For all patients and groups: variance of topography plotted versus the % of 

channels with zero lag. The line is the linear regression (n = 24; r = −0.62, p = 0.001).
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Table 1.

Summary of demographics and diagnosis for all 16 patients.

Patient # Age Gender Diagnosis

1 51 Female Right MTLE

2 21 Male Bilateral MTLE

3 33 Male Bilateral MTLE

4 51 Male Bilateral MTLE

5 33 Female Right MTLE

6 21 Male Bilateral MTLE

7 22 Female Right MTLE

8 22 Female Bilateral MTLE

9 24 Male Right MTLE

10 40 Female Right MTLE

11 19 Female Right MTLE

12 47 Female Right MTLE

13 26 Male Right MTLE

14 43 Male Right MTLE

15 58 Female Right MTLE

16 44 Female Bilateral MTLE

MTLE = mesial temporal lobe epilepsy
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