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Abstract

Objective: Generalized epileptiform discharges (GEDs) can occur during seizures or without 

obvious clinical accompaniment. Motor vehicle driving risk during apparently subclinical GEDs is 

uncertain. Our goals were to develop a feasible, realistic test to evaluate driving safety during 

GEDs, and to begin evaluating electroencephalographic (EEG) features in relation to driving 

safety.

Methods: Subjects were aged ≥15 years with generalized epilepsy, GEDs on EEG, and no 

clinical seizures. Using a high-fidelity driving simulator (miniSim) with simultaneous EEG, a red 

oval visual stimulus was presented every 5 minutes for baseline testing, and with each GED. 

Participants were instructed to pull over as quickly and safely as possible with each stimulus. We 

analyzed driving and EEG signals during GEDs.
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Results: Nine subjects were tested, and five experienced 88 GEDs total with mean duration 2.31 

± 1.89 (SD) seconds. Of these five subjects, three responded appropriately to all stimuli, one failed 

to respond to 75% of stimuli, and one stopped driving immediately during GEDs. GEDs with no 

response to stimuli were significantly longer than those with appropriate responses (8.47 ± 3.10 vs 

1.85 ± 0.69 seconds, P < .001). Reaction times to stimuli during GEDs were significantly 

correlated with GED duration (r = 0.30, P = .04). In addition, EEG amplitude was greater for 

GEDs with no response to stimuli than GEDs with responses, both for overall root mean square 

voltage amplitude (66.14 μV vs 52.99 μV, P = .02) and for fractional power changes in the 

frequency range of waves (P < .05) and spikes (P < .001).

Significance: High-fidelity driving simulation is feasible for investigating driving behavior 

during GEDs. GEDs with longer duration and greater EEG amplitude showed more driving 

impairment. Future work with a large sample size may ultimately enable classification of GED 

EEG features to predict individual driving risk.
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1 | INTRODUCTION

Generalized epileptiform discharges (GEDs) including spike-wave discharges and other 

abnormal activity patterns are the hallmark of generalized epilepsy syndromes.1 Spike-wave 

rhythms typically occur in complexes with frequencies > 2.5 Hz and can be elicited by 

triggers including sleep deprivation, hyperventilation, and intermittent photic stimulation.2,3 

These discharges are thought to arise from excitatory and inhibitory circuits in the brain4 and 

represent thalamocortical oscillations often associated with brief episodes of impaired 

consciousness like those seen in absence seizures.5,6 Other well-known GED patterns 

include polyspike discharges and photoparoxysmal responses.

Of the 3.4 million Americans with epilepsy, about 470 000 are children.7 As this 

demographic approaches adulthood, it will face an extant issue often cited as the top concern 

among people with epilepsy: driving.8 Previous meta-analyses of drivers with epilepsy 

showed conflicting results, ranging from no increased risk to a sevenfold increase in risk.
9‒12 Evidence of effective seizure control is the main criterion used to allow driving in most 

parts of the United States.11 Despite a consensus regarding the need for a seizure-free period 

prior to driving, there is little agreement regarding the necessary duration of such periods.
11,13 There is also uncertainty regarding whether a reliable aura or warning should be a 

favorable modifier to enable driving.14 In addition, many government or professional agency 

guidelines consider impaired consciousness an important factor in disallowing driving 

licensure. However, objective means for evaluating loss of consciousness are not available. 

Thus, further work is needed to improve understanding of how a diagnosis of epilepsy 

affects risk for motor vehicle collisions.

One important problem is the many patients who are clinically seizure-free yet have 

epileptiform discharges on electroencephalography (EEG) including GEDs. These 

epileptiform discharges, with no obvious clinical sequelae, pose a challenge to driver 
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licensing authorities, as well as to clinicians and their patients.13 Despite not being perceived 

by patients, subclinical epileptiform discharges might be accompanied by transient cognitive 

impairments, and their effect on driving and potential public safety risk is uncertain.15

Previous work using behavioral tasks has supported the idea that GEDs have varying effects 

on cognition and behavior.3,6,16,17 Variability in performance on these tasks could be 

observed from GED to GED between patients as well as within the same patient.3,16 

However, GEDs tend to affect simpler tasks such as repetitive tapping less severely than 

more complex tasks that require decision-making and verbal responses.3,6,16 Understanding 

the impact of epileptiform discharges on driving is of great importance, especially for those 

patients who report no clinical seizures and are seeking licensure. Previous studies have also 

suggested the possibility that EEG features including GED duration and amplitude might 

help distinguish GEDs with more or less severe behavioral impact.16,18,19

Recent work using a driving game implemented on a laptop recorded reaction times in 

response to obstacles appearing in car lanes and showed increased crash probability 

associated with interictal epileptiform activity with particular EEG features.20,21 Using a 

racecar driving game, another study found impaired driving performance in some 

epileptiform discharges but not others.22 Although on-road real-world driving testing has 

been attempted in epilepsy, such an approach presents obvious safety concerns for general 

implementation.23 These prior studies suggest that the use of a high-fidelity driving 

simulator designed to closely emulate the experience of driving a real motor vehicle may be 

a safe and effective means for evaluating driving risk as closely as possible. Therefore, here 

we provide initial feasibility testing of simultaneous EEG and realistic high-fidelity driving 

simulation to evaluate driving performance in relation to GED features such as duration and 

EEG signal amplitude.

2 | MATERIALS AND METHODS

2.1 | Subjects

All human research in this project was approved by the Yale University Institutional Review 

Board, and all subjects underwent written and verbal informed consent. Subjects were 

recruited through local epilepsy centers and neurologists. Inclusion criteria were as follow: 

(1) age ≥ 15 years (age for driving learner’s permit in Connecticut), (2) diagnosis of 

generalized epilepsy, and (3) EEG within year of enrollment showing at least one GED per 

hour. Exclusion criteria were as follow: (1) any clinical seizures in the month preceding 

participation and (2) any other neurologic disorder that precludes the ability to drive.

Patients were contacted by phone to conduct an initial screening interview that included a 

detailed history of their epilepsy including age of onset, types of seizures, description of 

episodes, medication regimen, and sensitivity to seizure precipitants including photic 

stimulation and hyperventilation. A summary of participant clinical and demographic 

characteristics is shown in Table 1.
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2.2 | Driving simulation and testing protocol

Test procedures were conducted at the Developmental Neurocognitive Driving Simulation 

Research Center (DrivSim Lab) in the Department of Emergency Medicine at Yale School of 

Medicine. Subjects drove in a high-fidelity driving simulator (miniSim, National Advanced 

Driving Simulator, University of Iowa), which included a midpoint sectioned 2007 Mazda 6 

vehicle, accelerator (gas) and brake pedals, steering wheel, and video cameras for capturing 

driver behavior (Figure 1). Using the simulator’s Interactive Scenario Authoring Tool, we 

implemented a standard driving scenario consisting of an hour-long drive through urban and 

rural scenes. The simulator provides a fully immersive environment including responsive 

driving scenery projected onto a 165° curvilinear screen that wraps around for front and side 

views, as well as a rear projection screen for naturalistic viewing through side and rear 

mirrors.

Prior to entering the driving simulator, EEG recordings were begun (see next section). 

Subjects then drove for a 5-minute practice scenario on roadways similar to the full-length 

drive to become familiar with the testing paradigm. Subjects were shown the visual stimulus 

consisting of a red oval appearing in the center of the screen for 100 milliseconds (Figure 1). 

They were instructed to pull over to the shoulder of the road as quickly and safely as 

possible upon presentation of the stimulus. Before proceeding to the full hour-long drive, the 

Kennedy Simulator Sickness Questionnaire was administered.24 None of the participants 

reported any motion sickness–related symptoms during the study.

Throughout the drive, EEG signals were reviewed in real-time by an experienced EEG 

reader. The stimulus was presented every 5 minutes for baseline response testing (total of 

approximately 12 stimuli per 1-hour session), as well as whenever the EEG reader observed 

a GED and pressed an event detection button (Figure 1). The stimulus times were recorded 

along with the driving behavioral data on the DrivSim computer and were also passed 

through and recorded with the EEG signals (Figure 1) to allow later synchronization of EEG 

and driving data. Of note, several “false-positives” occurred throughout the testing periods—

events considered by the online review to be GEDs but upon later EEG review were ruled 

out as such (average = 5.2 stimuli per driving session). These stimuli were included in the 

baseline testing data for each participant.

If no GEDs were observed in the first 30 minutes of the driving task, provocation was 

attempted with either hyperventilation or photic stimulation. Hyperventilation was 

performed by instructing patients to breathe deeply in and out for 3 minutes. If there was a 

history of photosensitivity then photic stimulation was performed instead of 

hyperventilation. We used a Siglent (model SDG1025) function generator (Siglent 

Technologies) connected to a Bio-Logic (model 580-SSPL01) photic stimulator with pulse 

width = 0.5 seconds, light intensity set to maximum, and light placed 30 cm from subjects’ 

nasion but positioned above the face so that viewing of the driving scene was not obstructed. 

Flash frequencies followed an established protocol25 beginning at 2 Hz, going up in even 

numbers until 20 Hz, then going down by odd numbers until 1 Hz, with alternating periods 

of 10-second stimulation, then 10 seconds without stimulation.
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2.3 | EEG data acquisition

Recordings were performed with a 128-electrode Ag/Ag-Cl high-density EEG Hydrocel 

Geodesic Sensor Net (Electrical Geodesics), a Net Amps 400 amplifier, and Netstation EEG 

acquisition software at a sampling rate of 1000 Hz. Electrode impedance levels were verified 

before recording to be at 50–100 kΩ using Signagel (Parker Laboratories) applied to each 

electrode. Throughout the drive, online EEG signals were displayed (Figure 1) using a 

subset of the 128 electrodes resembling a standard clinical montage (Figure 2A); this subset 

was also used for subsequent offline visual review.

2.4 | Offline GED marking and behavioral analysis

EEGs were read after the drive by consensus of two reviewers (E.C. and H.B.) in Cz 

reference (although quantitative data analysis was performed using common average 

reference), with GED offset and end times marked within 0.1 seconds. EEG and miniSim 

data were then exported and analyzed in MATLAB 2018b (MathWorks). Synchronization 

between EEG and driving behavioral data was established by the times of stimulus 

presentation recorded simultaneously on both systems (Figure 1, Event Detection Button). 

This enabled the timing of each stimulus relative to GED onset to be determined (Figure 3).

Response or lack of response to stimuli, and reaction times were established using data 

obtained from the miniSim system including gas pedal position (linear scale with 0 = no 

displacement and 1 = fully depressed downward), brake pedal force (pounds), and car 

velocity (miles per hour) following stimuli. We initially analyzed steering wheel movements 

as well; however, we found that steering movements were often substantially delayed after 

the appearance of the red oval and had highly variable reaction times in comparison to gas, 

brake, and velocity changes, which were more immediate and consistent. Therefore, we 

chose to use only gas, brake, and velocity reactions in our final analysis. The data from the 

gas pedal were much more variable than the other two parameters, so we first smoothed the 

60-Hz recorded gas pedal signal with a four-sample nonoverlapping average followed by 

spline interpolation. The derivative of the gas pedal signal was then calculated to better 

discriminate onset of responses. Gas pedal, brake, and velocity signals were then all 

upsampled to 1000 Hz by linear interpolation to match the EEG sampling rate.

We used several criteria to establish whether a participant had responded to a stimulus and to 

measure reaction times. First, we required that within 30 seconds of the stimulus the 

participant slowed to less than a fifth of the average velocity obtained from the 0.5 seconds 

prior to the stimulus. We allowed a large poststimulus response window (30 seconds), 

because several participants had little or no driving experience (Table 1), and if they reacted 

only by taking their foot off the gas without braking, they would slow down very gradually. 

If this criterion was not met, we classified the stimulus as having no response. If the criterion 

was met, we required that at least one of the following two criteria was also met, based on 

brake force and gas pedal derivative. For brake force, we established the reaction time as the 

first consecutive 10 milliseconds where the brake force was greater than the 95th percentile 

of break force for the 5 seconds prior to stimulus presentation. For gas pedal, we defined the 

reaction time as the first consecutive 10 milliseconds where the derivative of gas pedal 

position was at least 7 SD below the mean gas pedal derivative for the 5 seconds prior to 
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stimulus presentation. We arrived at these criteria after extensive review of the behavioral 

data following stimulus presentation during baseline periods and during periods where 

participants had slowed down independently of a stimulus presentation. The criteria were 

then chosen to avoid assigning responses to small changes in speed and force on the pedals, 

and only when a concerted attempt was made to slow down quickly. If both the criteria for 

reaction based on brake and gas pedals were met, we gave the reaction time as the shortest 

of these two times. In cases where these criteria suggested that no response had been made 

to the stimulus, we carefully analyzed the video of the participant (which included footage 

of their feet on the pedals) to assess whether our analysis incorrectly stated they had not 

responded. This was never the case with the criteria used here.

2.5 | Analysis of EEG signals during GEDs

Electroencephalography signals were analyzed using MATLAB with EEGLAB (Swartz 

Center for Computational Neuroscience, University of California, San Diego) toolbox 

functions. Signals were downsampled to 500 Hz to improve processing time and high-pass 

filtered at 0.1 Hz to remove baseline drift, and 50/60-Hz line noise was removed by the 

CleanLine algorithm (notch filter at 60 Hz and its harmonics up to 240 Hz with a bandwidth 

of 2 Hz) in EEGLAB. A common average reference was applied by subtracting the average 

potential from each channel. To further reduce artifact, we excluded edge electrodes 

positioned off the scalp, and excluded any electrodes that exhibited mean fractional power > 

5 SD from mean fractional power calculated across all electrodes and across the entire 

recording for a given participant.

To examine GED physiological severity, we first calculated the root mean square voltage 

(VRMS) for each electrode and took the average across all included electrodes to obtain a 

single value for each GED episode. When performing correlation analyses in Figure 3C, to 

account for intersubject amplitude differences, we calculated “normalized VRMS” by 

dividing the VRMS of each GED by the mean VRMS for all analyzed GEDs within each 

patient.

We also analyzed EEG amplitude in the frequency range of spikes and waves of spike-wave 

discharges as described previously.16 For each GED, the power spectral density for each 

electrode was acquired using Welch power spectral density estimate with a window length of 

250 milliseconds. Power at each frequency was then divided by a segment of baseline data 

selected for each participant consisting of 30 seconds of quiet artifact-free EEG before the 

first GED to obtain fractional power. We then calculated mean fractional power across 

electrodes in the frequency range of waves (2.5–4 Hz) and spikes (10–125 Hz) for each 

GED. Results were visualized as topo-graphic maps of change in mean fractional power 

(Figure 4).

2.6 | Statistical analysis

Statistical analysis was done using GraphPad Prism (v7.01) with two-tailed unpaired or 

paired t tests or analysis of variance (ANOVA) as appropriate for continuous variables, 

Fisher exact test for proportions, and Pearson correlation for relationships between two 

variables, all with significance threshold P < .05.
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3 | RESULTS

3.1 | Study feasibility

Nine subjects (seven female; median age = 20 years) participated in driving simulation for 

60 minutes each, and testing was well tolerated by all, without motion sickness or clinical 

seizures. We obtained a total of 88 GEDs in five of the nine subjects (Table 1). Most GEDs 

consisted of generalized spike-wave or poly-spike-wave discharges, and one subject had a 

rhythmic large-amplitude beta-frequency photoparoxysmal response. Of the 88 GEDs, 55 

were detected on EEG in real time and tested for response to the red oval stimulus (Figure 

1). Mean duration for the detected GED was 2.22 ± 1.78 seconds (mean ± SD), and the 

stimulus was presented with an average delay of 1.26 ± 0.47 seconds after GED onset, so in 

most cases the stimulus presentation was within the range of discharge duration (Figure 3A). 

Mean duration of GEDs that occurred during driving but were only found after post hoc 

EEG review was 3.11 ± 2.4 seconds, not significantly different in duration from the GEDs 

detected in real time (P = .09, two-tailed, two-sample t test).

3.2 | Driving behavior during GEDs

Of the five subjects with GEDs, three responded appropriately to all stimuli during GEDs, 

one responded to only one of four stimuli (25%), and one stopped driving immediately 

during GEDs and therefore could not be tested with stimuli. In the three subjects with 100% 

response rates during GED (Patients 1, 7, and 9 in Table 1), the baseline response rate was 

very similar without GEDs (mean = 96%). Subject 3’s 25% response rate during GEDs was 

significantly lower than her 94% baseline response rate without GED (P < .01, Fisher exact 

test). Examples of EEG and driving behavior during GEDs with spared versus impaired 

responses to stimuli can be seen in Figure 2.

Durations of GEDs with no response to stimuli were significantly longer than those with 

spared responses (8.47 ± 3.10 seconds [mean ± SD] vs 1.85 ± 0.69 seconds; P < .001, two-

sample, two-tailed t test; Figure 3A). We next examined reaction times to stimuli that 

elicited responses. Reaction time for stimuli presented at baseline without GEDs was 0.89 ± 

1.03 seconds (mean ± SD). Overall mean reaction time for stimuli presented with GEDs was 

0.76 ± 0.36 seconds, not significantly different from baseline (P = .09, two-tailed, two-

sample t test). Reaction time was 0.67 ± 0.23 seconds when both the stimulus and response 

occurred during a GED (Figure 3A), 0.84 ± 0.43 seconds when stimulus was during a GED 

and response after the GED, and 0.64 ± 0.11 seconds when both stimulus and response were 

after a GED; none was significantly different from another (ANOVA with post hoc pairwise 

comparison). To evaluate for possible effects of fatigue on reaction times, we analyzed 

reaction time versus time from session onset and found no significant relationships for 

stimuli administered either at baseline or during GEDs (data not shown).

To further investigate the relationship between GED duration and severity of impairment, we 

correlated GED duration with reaction time (Figure 3B). This yielded a slight upward 

gradient, with significant positive correlation (r = .30; P = .04).

As was already noted, one patient’s videos (Patient 4, Table 1) showed that he stopped 

driving immediately upon GED onset, took his feet off the pedals, and put his head down, 
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making comments such as “Oh, I think I’m supposed to be driving” or “This isn’t good.” 

Because these behaviors occurred prior to onset of the red oval, it was not possible to 

reliably evaluate his response to the stimuli. However, based on these abnormal behaviors, 

his driving during GEDs would be considered severely impaired.

3.3 | Relating driving performance to GED amplitude

In addition to GED duration, prior work has suggested that GED amplitude may be related 

to severity of behavioral impairment.16,19 In agreement with this, we found that VRMS 

voltage was larger on average for GEDs with no response to stimuli than for GEDs with 

spared responses (66.14 ± 4.23 μV and 52.99 ± 9.01 μV, respectively, mean ± SD, P = .02, 

two-tailed, two-sample t test). To further examine the relationship between VRMS and 

behavior, we next correlated VRMS with reaction times for each GED where there was a 

response. We used normalized VRMS (see Materials and Methods) for this analysis, showing 

a modest positive relationship with reaction time, which, however, did not reach statistical 

significance (r = .20, P = .17; Figure 3C).

Prior work has shown differences in signal power in the frequency range of waves (2.5–4 

Hz) and spikes (10–125 Hz) for behaviorally spared versus impaired GED spike-wave 

discharges.16 During driving, fractional power changes in the range of both waves and spikes 

were larger for GED with no response to stimuli versus spared GED (Figure 4). In the 

anterior head region in Figure 4 with largest changes for both waves and spikes (region 

extending approximately from Fz to Cz indicated in Figure 4A), mean fractional EEG power 

changes during GEDs for waves was 78.5 ± 64.9 for spared and 158.0 ± 151.4 for impaired 

(P = .04, paired, two-tailed t test across electrodes); mean fractional EEG power change 

during GED for spikes was 8.9 ± 6.1 for spared and 40.4 ± 18.4 for impaired (P < .001).

4 | DISCUSSION

The primary aim of this study was to investigate the feasibility of using a realistic driving 

simulator to evaluate driving safety in patients with apparently asymptomatic generalized 

epileptiform discharges. A secondary aim was to begin to identify EEG features that may 

ultimately be used to classify GEDs as “safe” or “unsafe” for driving. We found that GEDs 

could be obtained relatively easily during simulated driving, and that subjects tolerated the 

procedures well and could be tested reliably with obstacles presented during GEDs. In the 

relatively small sample used for this pilot study, we also confirmed previous work16,19 

suggesting that GED duration and EEG amplitude are larger on average for episodes that 

cause behavioral impairment. These findings support further work that should be done to 

more thoroughly investigate EEG features of GEDs predictive of unsafe driving. Although 

use of a specialized driving simulator or similar behavioral testing of driving safety may be 

more direct, ideally if a reliable test based on EEG alone could be developed, it would be 

more widely available to clinicians.

The approach described here may help solve an important dilemma confronting people with 

generalized epilepsy who have apparently stopped having clinical seizures either due to 

outgrowing them or due to effective medications, but where the EEG still shows frequent 

GEDs.13 The uncertain risk of motor vehicle collisions among people with epilepsy merits 

Cohen et al. Page 8

Epilepsia. Author manuscript; available in PMC 2020 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



restrictions of driving privileges to protect them and the public. However, the inconsistent 

nature of these restrictions nationally and internationally reflects a need to establish 

objective criteria for distinguishing between asymptomatic epileptiform activity and 

potentially driving-impairing discharges in patients, particularly in patients who experience 

no clinical symptoms of seizures. Previous investigations attempted to characterize the 

effects of these subclinical discharges. One study done >30 years ago recorded EEG during 

actual motorway driving, which of course is the most realistic test possible; however, this 

approach has not been generally practical.23 More recent studies have used driving games to 

investigate crash rates and reaction times in response to road obstacles.20,21 A reasonable 

compromise between these approaches may be highly realistic immersive driving simulators 

as used in the present study and in some other recent investigations.26

Previous work suggests that reaction times during interictal epileptiform activity are 

significantly prolonged when compared to baseline.20,21 Our testing during GEDs in a 

driving simulator did not show significant differences in overall reaction times compared to 

baseline, although we did find that reaction times were positively correlated with GED 

duration. It is possible that with a larger sample size, including more GEDs with longer 

durations, we would also replicate prior work showing overall prolonged reaction times 

during GEDs. It is also possible that there are significant differences in reaction times at 

baseline versus that of drivers without epilepsy. These relationships have not yet been 

investigated and represent a potential future direction to evaluate baseline deficits in epilepsy 

using our novel criteria and paradigm. Future work is also needed to more fully characterize 

the behavior during GEDs using automatic real-time detection algorithms, which might 

succeed in attaining faster and more consistent rates of stimulus presentation than we 

achieved with human visual review. Another factor that could be investigated with a larger 

sample size is potential effects of antiseizure medications, which are known to influence 

epileptiform discharges and might also affect behavior.20,27

In conclusion, a serious challenge arises when patients with GEDs on EEG but no clinical 

seizures request driving privileges. At present, clinicians often decide on driving privileges 

based on how often GEDs occur or how long they last, but there are no empirically validated 

guidelines or objective criteria for distinguishing “safe” versus “unsafe” GEDs for driving. 

More studies are needed, especially given reports that GEDs as brief as 1 second or less can 

sometimes interfere with behavior, including episodes of complete behavioral arrest.3,18,28 

Previous studies of driving during subclinical epileptiform activity including GEDs have 

provided evidence of impaired driving in some cases, including virtual crashes.20‒23,29 

Thus, driving safety remains an open question for patients with GEDs on EEG but no 

clinically obvious seizures. The present study demonstrates the feasibility of studying this 

question with a realistic high-fidelity driving simulator, including analysis of EEG features 

that may ultimately be predictive of driving risk. Further work is needed to determine 

whether driving simulation is necessary in every patient to determine driving risk, or 

whether simpler testing or EEG analysis alone may be sufficient. A recent study that 

analyzed 20 adolescent and 21 adult epilepsy patients with reaction tests of various 

complexity sheds further light on the relationship between behavioral impairment and EEG 

features of epileptiform discharges (H.E. Krestel, D.D. Schreier, E. Sakiri, A. von Allmen, 

C. Bernasconi, M. Steinlin, A. Nirkko, and J. Mathis, in review, 2019). With a large sample 
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of EEG and behavioral data, it may be possible in the future to develop a machine-learning–

based classifier that could predict driving safety based on EEG recordings in individual 

patients. We hope that future work will enable more objective guidelines to be developed 

that will better inform clinicians and people with GEDs to improve safe decision-making 

regarding driving.
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Key Points

• Driving safety in generalized epileptiform discharges can feasibly be 

evaluated in a realistic high-fidelity driving simulator

• Generalized epileptiform discharges resulting in impaired driving have longer 

duration and greater EEG signal amplitude

• Future studies with this approach and a large data-set could lead to a classifier 

to predict driving safety based on EEG features
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FIGURE 1. 
Driving paradigm including electroencephalogram (EEG), video, and behavioral data 

acquisition. Main components and configuration of the miniSim driving simulator at the 

DrivSim laboratory are shown. Detection of epileptiform discharge prompts an experienced 

EEG reviewer to press the Event Detection Button. A red oval stimulus is sent to the screen, 

and the stimulus time is recorded by the DrivSim computer as well as time-marked as an 

event on EEG recording. Subject responses including steering wheel, gas, and brake pedal 

are recorded on the DrivSim computer and analyzed offline. Behavior is also recorded by 

video cameras in the DrivSim car
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FIGURE 2. 
Examples of generalized epileptiform discharge (GEDs) with spared and impaired responses 

to stimuli while driving. A, Electroencephalographic (EEG) recordings for GEDs associated 

with spared and impaired response to red oval stimulus. Insets provide an expanded view of 

the 3-Hz spike-wave morphology of EEG. Selected EEG channels (of 128 recorded) along 

the vertical axis comprise the viewing montage used during real-time visual detection of 

GEDs, as well as subsequent offline review. Cz was used as reference. Scale bar is 500 μV. 

B, Gas pedal position (green traces) and brake pedal force (orange traces) on same time 

scale as corresponding GED with spared versus impaired responses to stimulus presentation 
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(red vertical lines). GED onset and offset are indicated by vertical blue lines. In the GED 

with spared response to the stimulus (left traces), there is a prompt decrease in depression of 

the gas pedal (downward deflection of green trace) followed by increased brake force 

(upward deflection of orange trace). In contrast, in the GED with impaired response to the 

stimulus (right traces), there are no appropriate changes in gas pedal or brakes after the 

stimulus. Gas pedal units are the ratio of downward displacement distance divided by 

maximal pedal downward displacement. Brake pedal units are in pounds. All example traces 

shown here (A and B) are from Patient 3 (Table 1)
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FIGURE 3. 
Responses to stimuli in relation to generalized epileptiform discharges (GEDs) while 

driving. A, GED durations for the four patients with behavioral data during GEDs. Stimuli 

(marked in red) and time of response (marked in green) are given relative to the onset of 

GEDs. All GEDs are aligned by onset time and are arranged in ascending order of duration. 

GED bars are colored by participant (see key). *GED with no response to the stimulus. B, 

Relationship between GED duration and the reaction time. The dotted line gives best fit by 

linear least squares regression. Pearson correlation coefficient r = .30, P = .04. C, 

Relationship between root mean square voltage (VRMS; normalized to mean within 

participant) for each GED and reaction time. The dotted line gives best fit by least squares 
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regression. Pearson correlation coefficient r = .20, P = .17. For A, all GEDs with behavioral 

testing from Patients 1, 3, 7, and 9 are shown (Patient 4 lacked behavioral testing; see text). 

For B and C, only GEDs where the stimulus was presented during the episode (not 

afterward, see A for examples of this) and where a response occurred either during or after 

the episode are included
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FIGURE 4. 
Greater electroencephalographic (EEG) spike amplitude in generalized epileptiform 

discharge (GED) with impaired responses. A, B, Head maps of 128-channel high-density 

EEG fractional power change in the 2.5- to 4-Hz frequency range (wave components of 

spike-wave discharges) for GEDs with spared (A) or impaired (B) response (no response) to 

stimuli. C, D, Maps of EEG fractional power change in the 10- to 125-Hz frequency range 

(spike components of spike-wave discharges) for GEDs with spared (C) and impaired (D) 

responses. Color scale bars represent EEG power during seizures divided by baseline power 

(fractional power). The top color bar is for A and B, and bottom bar is for C and D. The 

anterior head region in which fractional power change was compared statistically is outlined 

in yellow in A. EEG data are from the same patients and GED episodes as in Figure 3A
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