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Ambulatory “at home” video-EEG monitoring (HVEM) may o�er a more cost-

e�ective and accessible option as compared to traditional inpatient admissions

to epilepsy monitoring units. However, home monitoring may not allow for

safe tapering of anti-seizure medications (ASM). As a result, longer periods of

monitoring may be necessary to capture a su�cient number of the patients’

stereotypic seizures. We aimed to quantitatively estimate the necessary length

of HVEM corresponding to various diagnostic scenarios in clinical practice.

Using available seizure frequency statistics, we estimated the HVEM duration

required to capture one, three, or five seizures on di�erent days, by simulating

100,000 annual time-courses of seizure occurrence in adults and children with

more than one and<30 seizures permonth (89%of adults and 85%of children).

We found that the durations of HVEMneeded to record 1, 3, or 5 seizures in 80%

of children were 2, 5, and 8weeks (median 2, 12, and 21 days), respectively, and

significantly longer in adults −2, 6, and 10 weeks (median 3, 14, and 26 days; p

< 10−10 for all comparisons). Thus, longer HVEM than currently used is needed

for expanding its clinical value from diagnosis of nonepileptic or very frequent

epileptic events to a presurgical tool for patients with drug-resistant epilepsy.

Technical developments and further studies are warranted.
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drug-resistant epilepsy, seizure frequency, cycling seizures, epilepsy surgery,

presurgical evaluation
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Introduction

Video-EEG monitoring (VEM) provides documentation

and characterization of epileptic seizures, aids in the diagnosis

of non-epileptic events, and is always performed as part of

the evaluation of patients with drug-resistant epilepsy (DRE)

(1). The common practice is to admit the patient to an

epilepsy monitoring unit (EMU) and record several habitual

seizures during a relatively short time, of 5–7 days. As to

facilitate seizures being captured during this time frame, anti-

seizure medications (ASM) are often tapered down(2). However,

inpatient admissions to the EMU may be limited due to lack

of availability of equipment and beds. Inpatient EMUs are also

resource intensive, costly (3), and may carry significant safety

issues (4). Thus, VEM, being the cornerstone of DRE assessment,

slows the evaluation of patients with DRE in developed countries

and may not be always available for DRE patients in many

developing countries (5).

The alternative to inpatient VEM is an outpatient home

VEM (HVEM). Today, most HVEM recordings are limited to

several days (6, 7), due to the need for adhesion of the electrodes

to the scalp by trained technicians in EEG laboratories, at

least every 3 days. Because ASM reduction at home is unsafe,

the likelihood of capturing seizures depends on the seizure

frequency in each patient. It was recently reported that more

than 97% of first clinical events and more than 95% of the mean

number of subsequent clinical events were observed in adult and

pediatric patients during 72 and 48 h of HVEM, respectively (8).

However, most captured events in this study were non-epileptic

(24.8 times more than epileptic in adults and 10 times more in

children). The optimal duration of HVEM needed for recording

true epileptic seizures remains unknown.

The current study aimed to evaluate how much time is

needed to record epileptic seizures by HVEM. We posed goals

of capturing one, three, or five seizures on different days,

corresponding to different clinical needs of video-EEG varying

from just discrimination of epileptic/non-epileptic events to

recording a variety of non-clustered seizures required for

reasonable exclusion of multiple epileptic foci (9, 10). We based

our evaluation on natural seizure frequencies reported in a

large cohort of more than a million seizures logged by 10,186

adult and pediatric patients in a large electronic seizure diary

(11). However, we excluded patients with an average seizure

frequency of one seizure per day or more, obviously not posing

a significant challenge for seizure capture with either VEM or

HVEM, and patients with very rare seizures (<1 per month).

In adults, we also considered temporal cycling of seizures, as

reported for patients with focal DRE who were continuously

monitored with intracranial EEG for long periods of time

(12). To simulate seizures’ capture by HVEM, we constructed

synthetic annual time-courses of seizure occurrence in a big

synthetic cohort of 100,000 pediatric and adult patients with less

than one seizure per day.

Method

We simulated daily seizure distribution for 1 year in 50,000

adults and 50,000 pediatric epilepsy patients (Figures 1A,B),

and then simulated HVEM sessions for all the patients. We

used the Monte Carlo method to combine data from two

separate datasets (11, 12). Standard computation time limited

the number of simulated time-courses. The MATLAB R2020b

(MathWorks) software was used for all simulations.

The information on seizure frequency distribution was

taken from Ferastraoaru et al. (11), where data from the

Seizure Tracker dataset (www.seizuretacker.com) were analyzed

and presented. This dataset is obtained by voluntary and

anonymous smartphone-application-based patients’ (or

their family members’) reports of the time of the seizures,

rescue medications, VNS magnet swipes, event triggers,

and event/post-event descriptions. Patients are also offered

to upload video captures of their seizures. We disregarded

seizure frequencies below one per month and above 30 per

month (observed in 15% of children and 11% of adults in the

dataset). Cycling of seizures was reported by Ferestraoaru et al.

and also by others who analyzed part of the Seizure Tracker

dataset (13). However, given the limitations of self-reported

seizures’ diaries (14), we decided to use cycling data obtained

from long-term intracranial monitoring, a more objective

available resource (12). Unfortunately, the information on

objective seizure frequency is scarce and relates only to

a very specific subset of patients implanted with invasive

EEG devices. Thus, we had to combine the data from the

two datasets (11, 12) to estimate a seizure distribution as

close as possible to the actual real patients’ situation. We

considered all children and 40% of adults to have randomly

distributed seizures over all days of the year, whereas 60% of

time-courses of adult patients were simulated to represent

multidien cycling of seizures. Among the cycling seizures

time-courses, 20% were simulated as 7-days cycles, 17% as

15-days, 30% as 20-days, and 33% as 30 days cycles (12), as

further elaborated in Section Methods, representing the second

step of simulations.

We performed the simulations in three sequential steps:

1. Distribution of annual seizure frequency among

simulated patients.

2. Generation of daily seizure distribution for 1 year in

individual simulated patients.

3. Home video EEG monitoring (HVEM) simulation.

Distribution of annual seizure frequency
among simulated patients

The goal of this stage was to generate a realistic distribution

of annual seizure frequency among a group of simulated epilepsy
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patients (50,000 adults and 50,000 children), who have at least

one seizure per month and no more than 30 seizures per

month. We used the probability density function depicted in

Supplementary Figure S1 of Ferastoauru et al. (11), and made

the calculations in several steps as follows:

We printed Supplementary Figure S1 from Ferastoauru et al.

(11) and manually projected several points on the X-axis to

the Y-axis. X-axis (monthly seizure frequency) is the argument

of a function and Y-axis (probability density) is a function.

The following points on X-axis were chosen for projection

to Y-axis: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30

(seizures/month), so that between 1 and 10 seizures/month,

steps of 1 were taken and between 10 and 30 seizures/month—

steps of 5. The point probability densities corresponding to the

chosen X-axis points are presented in Supplementary Table S1

(Supplementary material).

These obtained values are the point probability values and

therefore represent only probability of the given point on

the X-axis. To calculate how many patients out of the whole

group have a given seizure frequency, it is important to define

seizure frequency intervals (on the X-axis). We introduced

intervals between predefined X-axis points to calculate the mean

probability density mPDi for every seizure frequency interval i.

However, because the function is not linear (in short intervals

it can be considered as close to linear), we calculated not exact

mean values, but rather some surrogatemean probability density

values mPD∗
i by summation of probability densities of the

beginning and the end of the interval divided by two.

mPD∗
i = (PDis + PDie)/2

Where mPD∗
i is surrogate mean probability density for seizure

frequency interval i; PDis and PDie are probability densities for

start and end of seizure frequency interval i.

The probability that a given patient will have their seizure

frequency in a specific interval depends on the mean probability

density for this interval and the length of the interval. Therefore,

the probability that a given patient has the seizure frequency in

a given interval i can be expressed as the area under the curve

(AUC) of interval i of the probability density function, which

was calculated as:

Pi =mPD∗
i Li

Where Pi is the probability that a patient has seizure frequency

in interval i; Li is the length of interval i (number of seizure

frequency units [seizure/month] in interval i).

The probability densities in Supplementary Figure S1 of

Ferastoauru et al. correspond to the whole population of

patients with epilepsy, while in our study we limited the

population to patients who have from 1 seizure/month to 30

seizures/month. Therefore, the probabilities that we calculated

should be normalized according to the population in our

study. Considering that the sum of probabilities for the whole

population is 1, we normalized probabilities in every individual

interval i (probability i) as:

nPi = Pi/
∑n

i = 1
Pi

Where nPi is normalized probability that a patient has

seizure frequency in interval i; n—number of seizure

frequency intervals.

Next, we generated a random distribution of all simulated

patients: 50,000 adults and 50,000 children (using randi function

of MATLAB to generate an equal random distribution of

integers) between the start and the end of each X-axis interval

(after its edges values were multiplied by 12, transforming the

monthly distribution of seizures to an annual one). For example,

to generate individual annual seizure frequencies for the patients

with between 2 and 3 seizures/month, the randi function was

applied between 24 and 36 seizures/year. The histograms of

the obtained annual distributions are depicted in Figure 1 for

children (A) and adults (B). When the characteristics of the

distributions (see Figure 1 legend) were translated to monthly

seizure frequency (for comparison to Ferastoauru et al. (11)), we

obtained a monthly distribution for children with a mean of 9.64

seizures/month (median 7.08, SD 7.61) and one for adults with

a mean of 8.3 seizures/month (median 5.5, SD 7.22).

Finally, to obtain a random mixing of patients with various

frequencies of seizures, we randomized all patients between

different probability density intervals using randperm function

of MATLAB, performing random permutations between values.

Generation of daily seizure distribution
for 1 year in individual simulated patients

In the previous stage, we defined the distribution of

annual seizure frequencies in the adult and the pediatric

population of patients with epilepsy. The goal of the present

stage was to simulate the daily distribution of seizures in

patients with epilepsy. Here we considered two ways of daily

seizure distribution:

a. Random distribution with equal probability of seizure

occurrence in days throughout the year.

b. Cycling of the seizures: higher probability of seizure in days

belonging to the active part of the cycle.

Seizure cycling was reported and quantified in adults from

long-term invasive recording devices (12). Our simulation

considered the reported seizure multidien cycling, that is, in a

scale of week to month, with a mean and standard deviation

of phase-locking value (PLV), of 0.34 and 0.18, respectively

(12). Because this type of cycling was found in 60% of patients,
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FIGURE 1

Histograms of simulated annual seizure frequencies distribution among 50,000 children (A) and 50,000 adults (B) with epilepsy, and percentages

of patients (C—children, D—adults), for which one (blue), three (green), or five (red) seizures on di�erent days were captured at the end of each

week, up to 10 weeks of monitoring. See Supplementary material for details of simulations and Supplementary Tables S1, S2 for the raw data

that were used to build the charts (C,D).

we divided all adult time-courses into two groups: without

cycling (40% of all time-courses) and with cycling (60%). All

time-courses of children were simulated without cycling.

a. The time-courses without cycling were constructed in the

following way:

After obtaining the total number of annual seizures for each

patient, we simulated their distribution throughout 365 days

of the year by randomizing seizures using rand function of

MATLAB, which generates equally distributed pseudorandom

numbers between 0 and 1. Occurrence of more than one seizure

per day was allowed.

b. The time-courses with cycling were constructed in the

following way:

First, we defined the number of seizures in 1 year for

individual patients, as described above. Next, we constructed

binary time-courses (half cycle—zeros and another half—ones)

according to cycles of 7 (20% of all patients with cycling

seizures), 15 (17% of the patients), 20 (30%), and 30 days (33%),

all starting on day 1 of the time-course with the ones-half-cycle.

Since the resolution of time-courses was 1 day, the cycles of 7

and 15 days were divided unevenly: the 7-day cycle had 4 ones

and 3 zeros and the 15-day cycle-−7 ones and 8 zeros. Then,

we randomly distributed 34 ± 18% (as per the PLV) of seizures

between days marked by ones but not by zeros. The rest of the

seizures (66 ± 18%) were distributed throughout the 365 days

of the same individual time-courses with equal probability for

all days.

Thus, in the adult time-courses with cycles (60% of all time-

courses), the probability of seizure in the active phase of cycles

was 1.34± 0.18 times higher than in the inactive phase, while in

the time-courses without cycling, the probability of seizure was

equal for all days throughout the time-course.

HVEM simulation

Weused twoways of HVEM start randomization. According

to the first way, applied only to adults and compared between

patients with a cycling course of the disease and without cycling,

to simulate the situation with HVEM onset being synchronized

with seizure cycles, we added round(randn(1)) to day 180 of

every time-course. Thus, we created a Gaussian distribution of

HVEM starting around day 180 with a standard deviation of 1

day. We choose day 180, as it is both the beginning of cycles of

15, 20, and 30 days, and is situated approximately in the middle

of the annual time-course. The cycle of 7 days was not accounted
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for in this distribution, but due to its short duration, it is anyhow

less relevant for a precise attempt to capture it.

In the second way, applied to adults and children, the day

of HVEM onset was randomized using the rand function of

MATLAB by addition of round (rand∗60) to day 150. Thus,

the HVEM onset was unrelated to the onset of seizure cycles,

beginning with equal probability in any of the days 151–210

of the time-course. Days 150 + 60 were chosen to ensure

the overall similar probability of remaining seizures as for the

first way of randomization, which began around day 180, for

comparison matters.

The HVEM stopped after achieving the goal of 1, 3, or 5

seizures recording on different days. In this study, we obtained

six vectors with 50,000 entries of everyone, corresponding to

three clinical goals (1, 2, and 3 seizures on different days) for two

age groups (children and adults). Every entry in these vectors is

the number of days required to achieve a specific clinical goal for

one patient.

As a result of the simulations, we obtained the number of

days of HVEMneeded to capture 1, 3, and 5 seizures on different

days for each of the 50,000 children and 50,000 adult patients.

Then, we calculated the descriptive statistics for the recording

duration (in days) that was required to fulfill the respective

HVEM goals for patients in each age group. In addition, we

calculated the percent of patients who achieved a certain clinical

goal after every week of continuous HVEM, from week 1 to 10.

Statistical analyses

Recording durations to the first, three, and five seizures

captured on different days were characterized per cohort by

calculating the mean (M), standard deviation (SD), median

(Md), interquartile range (IQR), and skewness of distribution.

We compared the number of days required to achieve the

different clinical goals between adults and children, and between

adults with and without seizure cycling. We used parametric

statistics for comparison between the groups, given the very

large sample sizes. Two-tailed Student’s t-test (two-sample t-test

was used when the sizes of compared populations were different)

was performed to assess significant differences between groups

and p < 0.05 was considered significant.

Results

The percentages of patients with one, three, or five

recorded seizures over time are depicted in Figure 1C,

Supplementary Table S2 for children and Figure 1D,

Supplementary Table S3 for adults. One week of HVEM

resulted in the acquisition of the first seizure in approximately

70% of patients in our simulated cohorts. However, during the

first week of HVEM monitoring only a quarter of the patients

achieved the goal of three seizures on different days, while the

five seizures goal was completed in less than 10% of children

and adults (Figures 1C,D; Supplementary Tables S2, S3). The

duration of HVEM required to record one, three, or five

seizures in 80% of children were 2, 5, and 8 weeks, respectively

(Figure 1C; Supplementary Table S2), and 2, 6, and 10 weeks in

adults (Figure 1D; Supplementary Table S3).

Overall, there was a significant difference between adults and

children in the time needed to achieve the HVEM goals. Adults

required a median of 1 day more than children to record a single

seizure, 2 days more for three, and 5 days more than children for

capturing five seizures on different days (Table 1).

There was minimal difference in needed HVEM duration

between patients with cyclical and non-cyclical seizure patterns,

if HVEM was started randomly with respect to the beginning of

the cycles (Table 1). However, starting the HVEM within 1 day

from the beginning of a cycle represented a significant advantage

for the cycling-seizures group, especially for capturing three

seizures on different days. The median difference for achieving

this goal was 2 days less in adults with cyclical seizure patterns

than in those without cycling (Table 1).

Discussion

The results of our simulation study show that 1 week

of HVEM is insufficient to capture enough seizures for

presurgical evaluation in the vast majority of patients with

an average seizure frequency of <1 per day. This is in

line with data from patients implanted with bilateral mesial

temporal responsive neurostimulation devices, showing that

the average time to capture a seizure originating from the

temporal lobe contralateral to the originally active one was

41.6 days (15). Similarly, Syed et al. (16) demonstrated

that HVEM of a median of 3 days captured representative

events in only about a third of the children and adults

included, representing half of the events recorded with inpatient

VEM. Furthermore, only 10.6% of patients with interictal

activity had also epileptic seizures (in addition to 0.5%

with patients with ictal signal only), illustrating the difficulty

of capturing genuine epileptic seizures during short-term

HVEM (16).

In adults with a cyclical seizure pattern, timing the HVEM

study within 1 day of the beginning of a cycle may decrease

the total duration of monitoring necessary to capture three non-

clustered seizures on 3 different days. Patients with predictable

seizure patterns may benefit from intermittent, on-demand

HVEM, favoring the “active” days, as revealed by careful seizure

history taking and by evaluation of routinely used seizure diaries.

Our simulation study highlights the need for patients’

stratification in the clinical use of HVEM and judicious

interpretation of HVEM results. Thus, recordings lasting

up to 1 week may be suitable merely for diagnosing
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patients with nonepileptic events and for evaluating

patients with daily seizures (8). However, according to our

results, it may take an HVEM study five times longer to

capture sufficient seizures as part of a presurgical epilepsy

evaluation. Likewise, longer than 1-week recordings may be

required for evaluating patients with a mixed, epileptic and

nonepileptic, seizure disorder. Since often a nonepileptic event

is captured before the recording of an epileptic seizure (17),

the results of a short HVEM study may ultimately prove

as misleading.

Some of the technical challenges posed by the need

for longer HVEM may be solved by using electrodes that

do not need frequent technician support, for example, dry

electrodes (18) or implanted subcutaneous electrodes (19,

20). However, an ideal ultra–long-term HVEM system should

provide non-invasive, easily self-applicable electrode arrays,

automatic identification of electrode locations and signal

quality, offer continuous remote support, and use reliable

seizure and spike detection software. While several weeks of

full-head-coverage HVEM are technologically possible already

nowadays, the clinical implementation of these methods is

still limited, or restricted to systems applying only a small

number of electrodes (7). Thus, more efforts should be

made to transfer technological advancements into practical

applications. Such efforts are worthwhile, not only to increase

the availability of VEM and to reduce its costs (3) but also

to provide a more unbiased picture of the seizure activity,

without ASM changes, in the natural environment of the

individual patient.

Another important issue to consider on the path of

switching in-hospital EMU admissions to HVEM is the daily

life practicality of performing prolonged monitoring. While

some normal life routine interference is unavoidable using very

long HVEM, several strategies can be used to minimize it. For

example, recording home VEEG with long interruptions: for

example, 1 week recording followed by 1 week interruption

and so on, or recording mainly during weekends. For patients

with mostly night seizures, overnight recordings with daytime

interruptions can be appropriate, while patients with predictable

cycling or clustering of seizures may schedule the recordings for

the most susceptible times. Thus, the recording strategy should

be individually tailored for each patient to fit both their epilepsy

characteristics and lifestyle.

The main inherent limitation of this report resides in its

design as a simulation study, as well as in relying on a self-

reported seizures dataset. As it is known that self-reported

diaries result in a lower number of seizures than actually

occurring (14), this could have overestimated the length of

HVEM needed for capturing seizures. However, self-reported

diaries could also include non-epileptic events, as well as auras

and other EEG-undetectable seizures. Moreover, part of the

recorded data are many times not usable for analysis due

to technical issues related to the quality of the EEG and

video recordings and patients may opt to use the HVEM in

an alternating pattern to mitigate disruption to normal life

routine. Thus, overall, in clinical practice, our estimation of

the needed length of HVEM may prove correct or even too

short, especially for patients with lower seizure frequencies.

Another limitation of our study is that cycling was only

available for adults, although it may also occur in children. For

example, catamenial epilepsy cycling can appear at menarche

(21). Prospective studies of reliable EEG recording-enriched

seizure prevalence and patterns of their appearance could at least

in part address these limitations. However, since the best way

to obtain such registries would be through HVEM technologies,

a vicious cycle problem is obvious. Therefore, meanwhile,

relying on large real-life-based datasets of seizures seems an

acceptable compromise. In this study, we did not account for the

capture of interictal epileptic activity, which may be of clinical

importance, albeit sometimes of equivocal significance. Since

interictal activity may prove to be of important diagnostic value,

its presence may enable the shortening of HVEM sessions in

selected patients.

In summary, to optimize the diagnostic yield of HVEM for

patients with DRE, a substantially longer monitoring duration

than presently in use is needed. Future technical advancements

and prospective studies in specific populations of patients

are required to allow a larger-scale use of this important

diagnostic tool.
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