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Abstract 30 

Subcutaneous recording of electroencephalography (EEG) potentially enables ultra-long-term 31 

epilepsy monitoring in real-life conditions due to increased mobility and discreteness. This study is 32 

the first to compare physiological and epileptiform EEG signals from subcutaneous and scalp EEG 33 

recordings in epilepsy patients. Four patients with probable or definite temporal lobe epilepsy 34 

were monitored with simultaneous scalp and subcutaneous EEG recordings. EEG recordings were 35 

compared by correlation and time-frequency analysis across an array of clinically relevant 36 

waveforms and patterns. We found high similarity between the subcutaneous EEG channels and 37 

nearby temporal scalp channels for most investigated EEGraphical events. In particular, the 38 

temporal dynamics of one typical temporal lobe seizure in one patient were similar in scalp and 39 

subcutaneous recordings in regard to frequency distribution and morphology. Signal similarity is 40 

strongly related to the distance between the subcutaneous and scalp electrodes. Based on these 41 

limited data, we conclude that subcutaneous EEG recordings are very similar to scalp recordings in 42 

both time and time-frequency domains, if the distance between them is small. As many 43 

EEGraphical events are local/regional, the positioning of the subcutaneous electrodes should be 44 

considered carefully to reflect the relevant clinical question. The impact of implantation depth of 45 

the subcutaneous electrode on recording quality should be investigated further. 46 

 47 

New and noteworthy 48 

This study is the first publication comparing the detection of clinically relevant, pathological EEG features 49 

from a subcutaneous recording system designed for out-patient ultra-long-term use to gold standard scalp 50 

EEG recordings. Our study shows that subcutaneous channels are very similar to comparable scalp 51 

channels, but also point out some issues to be resolved. 52 

 53 
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Main text 66 

 67 

Introduction 68 

Electroencephalography (EEG) is a well-known technique for recording the electrical activity of the brain. 69 

The inherent strength of EEG is its ability to track changes in brain function in real time with excellent 70 

temporal resolution, enabling EEG to visualize dynamic processes of the brain. These features make EEG an 71 

important paraclinical tool in several neurological disorders, most notably epilepsy and sleep disorders.  72 

In epilepsy, the key EEGraphical events are interictal epileptiform discharges (IEDs) and seizures. Great 73 

variation has been reported on the yield of the first outpatient, routine EEG ranging from 3% (Bozorg et al. 74 

2010) to 50% (Salinsky et al. 1987), a fact that probably reflects differences in the investigated populations. 75 

Longer recordings with simultaneous video recording (video-EEG) increases the diagnostic yield significantly 76 

(Ghougassian et al. 2004), and inpatient video-EEG is considered the most informative neurophysiological 77 

contribution to a diagnosis of epilepsy. Video-EEG can be performed either during admission or as a home 78 

monitoring procedure. Video-EEG during admission has a higher diagnostic yield (Jin et al. 2014), but it is 79 

expensive for the healthcare system and inconvenient for the patients. Home video-EEG is less interfering, 80 

and a recent study shows that it answers the diagnostic question just as well as video-EEG during admission 81 

(Kandler et al. 2017). The common duration of such home examinations rarely exceeds 5 days, despite the 82 

fact that longer recording durations increases the probability of detecting relevant events (Faulkner et al. 83 

2012), (Friedman and Hirsch 2009). Better knowledge of how often and when seizures occur has several 84 

benefits: Home EEG monitoring beyond one month (ultra-long-term) could be useful for seizure counting, 85 

since seizure unawareness is a common problem in some types of epilepsy (Blum et al. 1996), (Tatum et al. 86 

2001). Seizure unawareness leads to inaccurate seizure quantification and underestimation of the seizure 87 

burden (Fattouch et al. 2012). In an epilepsy clinic, inaccurate quantification could lead to a suboptimal 88 

treatment. For antiepileptic drug trials, seizure unawareness impedes a (more) correct and precise 89 

evaluation of efficacy as current methodology relies on imprecise seizure diaries (Blachut et al. 2017), (Cook 90 

et al. 2013).  91 

In sleep disorders, EEG plays an essential role in the identification of sleep stages during polysomnography 92 

(PSG), which is a multimodal sleep investigation. While PSG is the most informative investigation, it is also 93 

quite comprehensive. Ambulatory PSG can be employed successfully, even in children (Marcus et al. 2014), 94 

but the procedure remains impractical and it is usually only performed for one night (in some clinics two 95 

nights to avoid a possible first-night effect). Due to variations in sleeping patterns, longer monitoring 96 

spanning several weeks might occasionally be warranted, but no studies describe such ultra-long-term use, 97 

as it would hardly be practically feasible. For ultra-long-term home monitoring of sleep disorders, 98 

actigraphy has been the modality of choice for decades (Sadeh et al. 1995), (Sadeh 2011), (Ancoli-Israel et 99 

al. 2003). Actigraphy is simple to employ, well tolerated and cheap compared to PSG, but have severe 100 

limitations in the presence of pathological sleep patterns (Tahmasian et al. 2010). Other sleep 101 

quantification devices have appeared in recent years, but these too are imprecise compared to PSG (Toon 102 

et al. 2016). 103 

A novel EEG recording device has been developed, consisting of an EEG electrode designed for 104 

subcutaneous implantation and an external device connected by aligned coils for inductive transfer of data 105 

and power. The device has been shown to be able to record EEG of acceptable quality (Duun-Henriksen et 106 



  
 

al. 2015) in awake, healthy subjects, but its ability to detect clinically relevant EEGraphical events in 107 

epilepsy and sleep has not yet been examined. The device is a potential remedy to the limitations outlined 108 

above.In this study, we aim to describe the degree of similarity between subcutaneous and scalp EEG 109 

recordings across an array of clinically relevant EEGraphical events and patterns, including epilepsy and 110 

sleep related patterns, as well as commonly observed artifacts. These data should help identify future 111 

clinical applications of the subcutaneous recording system, and point out limitations and areas for further 112 

research.  113 

 114 

Materials and methods 115 

Study participants 116 

Patients aged 18-90 with probable or definite mesial temporal lobe epilepsy and frequent seizures (>1 per 117 

week by own account) were eligible for participation. We pre-screened all patients scheduled for admission 118 

to the Epilepsy Monitoring Unit (EMU) at Zealand University Hospital throughout 2017 by reviewing their 119 

medical records to ascertain whether potential participants fulfilled the following inclusion criteria: 120 

 121 

a. Semiology of most seizures suggesting temporal lobe involvement. 122 

b. Paraclinical evidence supporting temporal lobe focus (EEG or imaging). 123 

c. Seizure frequency of one or more per week (of probable temporal lobe seizures). 124 

Thirteen patients met the criteria and were invited to receive further information. Six potential participants 125 

declined to participate; four due to intensive diagnostic work-up in our epilepsy surgery program and two 126 

found the external device too obtrusive. Three potential participants were considered unsuitable by the 127 

investigator, resulting in four participants. After providing informed consent, these four underwent a 128 

screening procedure including a physical examination and blood samples. Exclusion criteria addressed any 129 

conditions or treatments, which might interfere with study procedures or put the potential participants at 130 

risk, including certain occupations, leisure activities and pregnancy.  131 

All participants signed a written informed consent form before enrollment. The study was conducted 132 

according to the Helsinki declaration and approved by the regional science ethics committee of Zealand 133 

(project no: SJ-551). 134 

 135 

The investigational device  136 

The investigational device consists of two parts, an implant (Fig. 1A) and an external device (Fig. 1B). In 137 

addition, some auxiliary equipment is needed for the surgical procedure, data retrieval charging and 138 

mounting. The device is produced by UNEEGTM medical A/S, and it is not yet commercially available 139 

(available as a beta-version).  140 

The implant is made of an insulated wire with three leads and a small housing. The center electrode is used 141 

for reference and the recordings therefore have two bipolar channels (DSQ-CSQ and PSQ-CSQ). The inter-lead 142 

distance is 3.5 cm (center-center) and each lead is 1 cm long. The housing contains an inductive coil for 143 

transfer of power and data. The implant has passed tests for biocompatibility according to ISO 10993. 144 

The logging device consists of a box for data storage and power supply, a small transceiver and a wire 145 

connecting the two. The box has a magnet for attachment to clothes. The transceiver contains an inductive 146 



  
 

coil to form a link with the coil in the implant. The transceiver is attached to the skin with a biocompatible 147 

double-sided glue-pad. The logging device has a single button for user interaction. Data can be retrieved as 148 

EDF+ formatted files from the logging device by wired connection to a PC with customized software. The 149 

logging device also records accelerometry and light intensity. 150 

 151 

Figure 1 here 152 

 153 

Surgical procedures 154 

The implantation strategy involved several steps: 155 

1. Choosing the side of implantation 156 

Lateralization was determined according to the clinical and paraclinical evidence at the time of 157 

screening. 158 

 159 

2. Choosing the configuration  160 

The optimal configuration of the implant (Fig. 1C shows an example) was determined in each 161 

subject individually. In all subjects, the electrode housing was positioned behind the ear for the 162 

external transceiver to be attachable externally, but the precise position of the wire was selected to 163 

match the EEGraphical focus from previous EEGs. We aimed at a placement that would be 164 

proximate to the relevant temporal scalp electrodes placements of the international 10-20 system 165 

(including low-row). 166 

  167 

3. Choosing the position 168 

The precise positioning of the implant was determined by the surgeon and the epileptologist 169 

together during the surgical procedure. The optimal position as decided previously was taken into 170 

account, as was the risk of injury to blood vessels and peripheral nerves. 171 

 172 

A trained surgeon performed the implantation and explantation procedures. The procedures were 173 

performed under local anesthesia. Duration of the surgical procedures were 15-30 minutes for implantation 174 

and 10-20 for explantation. All implants were tested for connectability with a logging device before and 175 

after implantation. 176 

 177 

Study design 178 

After passing the screening, all remaining participants had the investigational device implanted 7-11 days 179 

before the first day of admission, to allow for healing of the wound and reduction of any edema in the area. 180 

Upon admission to the epilepsy monitoring unit (EMU), the logging device was attached and the participant 181 

was instructed in the use of the device. The participants would then use the investigational device during 182 

the entire admission period, if possible, simultaneously with ordinary scalp EEG and video recordings. After 183 

admission, the participants would receive customary follow-up in the outpatient epilepsy clinic. The 184 

implant would remain implanted for up to three months during which period data was also collected. The 185 

results from the ultra-long-term home monitoring is not within the scope of this article. 186 

 187 



  
 

Data collection 188 

EEG was recorded simultaneously from the investigational subcutaneous electrode and scalp EEG 189 

electrodes during admission. Scalp EEG electrodes were Ag/AgCl disc electrodes (Ambu neuroline, 190 

Denmark) placed according to the international 10-20 system with additional inferior row temporal 191 

electrodes (F9, T9, P9 and F10, T10, P10). Scalp recordings were made with a NicoletOne wireless 64-192 

channel head box (CareFusion 209 Inc., USA) with a sampling rate of 1024 Hz and 24 bit resolution. 193 

Electrode care was supplied as necessary. 194 

The investigational device recorded with a sampling rate of 207 Hz and 12 bit resolution. Data was 195 

retrieved from the logging device just prior to discharge from the EMU. 196 

 197 

Synchronization 198 

Since scalp and subcutaneous EEGs were recorded with different devices they were not automatically 199 

synchronized at the time of recording. Synchronization of the recordings was performed subsequently by 200 

visual inspection. Recordings were synchronized by identifying a unique EEGraphical feature (e.g. an 201 

artifact) and using this feature as a reference. This allowed us to synchronize the recordings with a 202 

precision of approximately 50 ms, which was considered sufficient for most of our purposes. In the case of 203 

spike synchronization where greater precision was warranted, we used other methods as described below. 204 

 205 

Signal similarity 206 

We identified a number of common physiological and non-physiological EEG events of interest: seizures, 207 

interictal spikes, blink artifacts, posterior dominant rhythm (PDR), slow-wave sleep, chewing, sleep spindles 208 

and K-complexes. For each of these, the signal similarity between the two recordings was computed using 209 

MATLAB version 2017a (Mathworks, USA). We performed the comparison of the EEG signals in different 210 

manners depending on the kind of event, as described below. All frequency and coherence analysis was 211 

performed using the Chronux toolbox version 2.12 (Mitra and Bokil 2008); (Mitra et al. 2018). This toolbox 212 

utilizes multi-tapered spectral analysis to reduce the bias and variance in the estimated spectral content of 213 

the signals. The spectral estimates (spectograms and coherence values) where computed using a 2 second 214 

sliding window with a step size of 0.1 second, and a frequency resolution of 2 Hz. These parameters 215 

allowed for 3 tapers. 95% confidence intervals (CI) have been determined using the bootci function, in the 216 

cases when it was not an integrated part of the used MATLAB functions. 217 

The most clinically relevant EEGraphical event for patients with epilepsy is the seizure. We selected an 218 

example seizure with an EEGraphical pattern typical for temporal lobe seizures (Ebersole and Pacia 1996) 219 

and analyzed the signal similarity between the two modalities. The seizure was identified from the scalp 220 

EEG recordings by an experienced EEG technician and confirmed by a board certified neurophysiologist. 221 

The seizure was visualized in both time and time-frequency domains for one subcutaneous channel and the 222 

closest scalp channel. The mean coherence in the theta band (4-8 Hz) was computed between the 223 

subcutaneous channel and all scalp channels, along with Spearman’s ranked correlation coefficient and 224 

shown as topographical head-plots. The latter was computed using MATLAB’s corr-function. 225 

Another important category of EEGraphical events are interictal spikes. Only one subject (subject 4) had 226 

easily recognizable spikes, so the following procedure was only performed for that one subject. To analyze 227 

spikes, we first created an average spike from the scalp EEG recording using Curry version 7.0.9 228 

(Compumedics Neuroscan, Australia): We bandpass filtered the data at 1-30 Hz to reduce 229 



  
 

electromyographic noise and selected one template spike chosen by visual inspection. Then, we used the 230 

template matching function to scan 24 hours of randomly chosen, continuous scalp EEG for similar events. 231 

Matching parameters started at 90% correlation and 90% amplitude similarity (default setting) and were 232 

reduced by 5 percentage points in a stepwise manner until visual inspection confirmed that all spikes in the 233 

recording were included, ending at 75% correlation and 75% amplitude similarity. This created a set of 234 

spikes which were subsequently reviewed by the author (SW) to remove any false positives generated from 235 

the automated template matching process. Next, we used the auto-aligning function (this function 236 

automatically finds the maximum peak within a short time interval) to prune each spike to a duration of 237 

100 ms before and 300 ms after the maximum negative peak. This time frame was selected empirically to 238 

include the beginning of any slow-waves following the spike without giving too much weight to the 239 

correlation of non-relevant features close to the spike. Thus, the final scalp EEG spike set was generated.  240 

After visual synchronization, we then selected the same epochs from the subcutaneous EEG recordings, 241 

using the auto-aligning function for precision synchronization around the maximum negative peak (-100 242 

ms, +300 ms), thereby generating a set of subcutaneous spikes. The two sets of spikes were imported into 243 

MATLAB and averaged separately, enabling the computation of Spearman’s ranked correlation coefficient 244 

between the average spikes. 245 

 246 
The same process was performed for blink artifacts, using only 60 minutes of recording (because blink 247 
artifacts are very frequent during wakefulness) and a time frame of 150 ms before and 150 ms after the 248 
maximum positive peak. 249 
 250 
Other common physiological events in the EEG are sleep-related potentials: sleep spindles and K-251 

complexes. Spindles and K-complexes are typically best seen in the frontocentral area, and the temporal 252 

placement of the subcutaneous electrodes are therefore not optimal for the recording of these events. 253 

Nevertheless, one example of each was identified and visually compared in both the time and frequency 254 

domain between the subcutaneous channel DSQ-CSQ, the scalp electrode closest to that and the scalp 255 

electrode showing the event best. As with the seizures, the spectral estimates where computed using a 2 256 

second sliding window with a step size of 0.1 second, a frequency resolution of 2 Hz and 3 tapers.  Another 257 

sleep-related potential that is more widespread across the scalp is slow-wave sleep (SWS). Five epochs of 258 

five seconds containing SWS were identified for subjects 1, 2 and 4 (subject 3 never achieved SWS) and the 259 

mean coherence in the delta band was computed between the subcutaneous channel PSQ-CSQ and all scalp 260 

channels. 261 

The posterior dominant rhythm (PDR) and chewing artifacts are other common EEGraphical patterns. In a 262 

manner similar to that of SWS, five intervals of five seconds containing PDR and chewing artefacts were 263 

also identified. For the PDR, the mean coherence was computed in the alpha band between PSQ-CSQ and all 264 

scalp channels. Here, the spectral estimate for each 5 second epoch was computed with a window size of 5 265 

seconds and a frequency resolution of 1 Hz, resulting in 4 tapers. For chewing, we computed the mean 266 

coherence between DSQ-CSQ and all scalp channels in the delta band. The delta band was selected because 267 

low-frequency activity is a major contributor to the characteristic EEGraphical pattern during chewing.  268 

 269 
 270 



  
 

Results 271 

All four participants enrolled in the study completed the admission according to plan. EEG was recorded 272 

from both scalp and subcutaneous EEG during 86 seizures, the vast majority from subject 4 (table 1). All 273 

recorded seizures were classified as temporal lobe seizures and there was 100% lateralization match (all 274 

the seizures originated from the side, where the implant was located). Subject 1 experienced slight 275 

soreness around the site of implantation upon admission, which resulted in a delayed start for the 276 

subcutaneous EEG recordings. For the remaining subjects, the recording times were similar (ranging from 277 

43 to 94 hours, max. difference 8 hours). 278 

 279 

Table 1 here 280 

 281 

For three of the subjects the amount of noise in the subcutaneous EEG recordings was comparable to that 282 

of scalp EEG recordings as assessed by visual inspection. For subject 2 large parts of the subcutaneous EEG 283 

recorded during wakefulness was contaminated by high-frequency muscle artifacts, the amplitude of which 284 

were much smaller in the scalp EEG recording. The artifacts disappeared almost completely during sleep. 285 

This issue will be addressed further in the discussion section.  286 

Figure 2 shows the comparison of a sample seizure in both time and time-frequency domains. Visual 287 

inspection of the time series and spectrograms shows significant similarity concerning the morphology of 288 

the ictal rhythmic pattern, as well as the frequency distribution. There is high correlation and mean 289 

magnitude of coherence between the two series and spectrograms, respectively (max. correlation 0.80, 290 

max. coherence = 0.89). 291 

 292 

Figure 2 here 293 

 294 

Spike averages, which are shown in figure 3, were constructed from 24 hours of recording from subject 4. 295 

Each average was made from the same 74 spikes. A typical spike morphology is clearly visible in scalp 296 

channel F8-T8. A very similar morphology can be seen in the closest subcutaneous channel (DSQ-CSQ) and 297 

using Pearson’s correlation to compare them yields a correlation coefficient of 0.98 (95% CI: 0.98-0.99). The 298 

spike morphology is less well-defined in the more posterior scalp channel P8-T8 and the signal similarity 299 

between that scalp channel and the closest subcutaneous (PSQ-CSQ) channel is smaller with a correlation 300 

coefficient of 0.85 (95% CI: 0.78-0.90). 301 

 302 

Figure 3 here 303 

 304 

For subject 1 only, we compared blink artifacts (Fig. 4) in a similar manner. For the other subjects, blink 305 

artifacts were not identifiable in the temporal scalp channels. In this subject scalp channel F9-T9 was the 306 

most proximate to DSQ-CSQ. The comparison yields correlation coefficients of 0.97 (F9-T9; DSQ-CSQ, 95% CI: 307 

0.960.98) and 0.97 (P7-T7; PSQ-CSQ, 95% CI: 0.95-0.98). 254 epochs were used to create the blink artifact 308 

averages. 309 



  
 

Figure 4 here 310 

 311 

Figure 5 shows our visualization of a sleep spindle (subject 2) and K-complex (subject 1). SWS is shown in 312 

Fig. 6. The sleep spindle (Fig. 5A) is easily observable in scalp channel Fp1-F3, but difficult to discern in scalp 313 

channel F7-T7 and the proximate subcutaneous channel DSQ-CSQ. By visual assessment, the frequency 314 

distribution in channels F7-T7 and DSQ-CSQ is somewhat similar, but the power is lower in the subcutaneous 315 

recording due to lower amplitudes. The K-complex is easily identified in scalp channels F3-C3 and F9-T9, as 316 

well as in subcutaneous channel DSQ-CSQ. The morphology of the K-complex is similar by visual assessment, 317 

but the amplitude is smaller in the subcutaneous channel. 318 

 319 

Figure 5 here  320 

 321 

In our computations of SWS, PDR and chewing we focused on the frequency distribution of the signals. 322 

Figure 6 presents an example of the stepwise analysis we use to compare scalp and subcutaneous channels. 323 

The example shows SWS from subject 1. PDR and chewing are not shown. Please notice how the coherence 324 

drops with growing distance until a certain point. Distances are computed using a standard head model 325 

from EEGLAB scaled to the median size of a head of the relevant gender. In the shown example, the 326 

maximum mean coherence is at channels T7-P7 and PSQ-CSQ with a coherence of 0.96.  327 

 328 

Figure 6 here 329 

 330 

Table 2 summarizes the maximum mean coherences for all the chosen patterns in all subjects. 331 

 332 

Table 2 here 333 

 334 

Discussion 335 

This is the first study to compare the recordings from subcutaneously implanted EEG electrodes to 336 

simultaneous scalp EEG recordings in regard to the presentation of clinically relevant EEGraphical patterns 337 

and waveforms. We have investigated signal similarity thoroughly in both time and time-frequency 338 

domains and found a high degree of similarity in several clinically significant event types, but often a 339 

smaller amplitude in the subcutaneous recordings. For one seizure with a typical EEGraphical presentation 340 

the subcutaneous recordings captured the same time and time-frequency features as nearby scalp 341 

channels (fig. 2). For spikes, a typical spike morphology is clearly visible in the subcutaneous channels and 342 

the correlation of averaged spikes from subcutaneous and scalp recordings is very high (Fig. 3). The minor 343 

dissimilarities we found are expectable. Complete uniformity between subcutaneous and scalp recordings 344 

is impossible, even if the electrodes were perfectly aligned, because the skin is a barrier with bioelectrical 345 

properties. These properties change over time due to external circumstances such as sweating and 346 



  
 

hydration, factors which affect only the scalp recordings and therefore give rise to differences in the 347 

recorded signals. 348 

 A previous study (Duun-Henriksen et al. 2015) also investigated signal similarity in the frequency domain, 349 

but we have provided new insights concerning the ability of the device to display epileptiform morphology. 350 

Furthermore, the position of the implant in our study is more relevant for future epilepsy studies, than the 351 

one used by Duun-Henriksen et al. 352 

Overall signal quality was good, except in subject 2, in whom electromyographical artifacts contaminated 353 

the signal, more so in channel DSQ-CSQ. One reason for this contamination could be the proximity of the 354 

implanted electrode to the temporal muscle. While we did not measure the position of the recordings leads 355 

in relation to the temporal muscle, it is possible that the recording leads were closer to the muscle in 356 

subject 2 than in the other subjects, causing increased muscle artifacts. This issue should be investigated 357 

further in separate studies focusing on the effect of subcutaneous electrode position in relation to signal 358 

quality. In addition, subject 2 had undergone resective temporal lobe surgery more than 10 years prior to 359 

our study, resulting in a small skull defect. It is possible that the artifacts observed in her recordings are, in 360 

part, breach phenomenon. Such a phenomenon might appear stronger in the subcutaneous recordings 361 

because the distal lead of the subcutaneous electrode was closer to the skull defect than any scalp 362 

electrodes, and it would wane during sleep because the higher frequencies contribute less to the total EEG 363 

signal during sleep. 364 

Our study has significant limitations, similar to those of previous research with this device. The small 365 

number of participants makes our results preliminary, and the results outlined above should be considered 366 

a contribution to a growing mass of evidence regarding the performance of this device. They cannot stand 367 

alone. While Duun-Henriksen et al. consider the low channel count and corresponding poor coverage of 368 

brain areas limitations of the device, we consider it a necessary tradeoff. The small size of the device 369 

components is exactly what makes it easy to implant and unobtrusive to wear, thereby enabling ultra-long-370 

term use, but it comes at the cost of brain coverage. That does not make the device useless, it merely 371 

means that the device should be used on the right indication. It is like the screwdriver in the toolbox that 372 

only fits one particular kind of screw that you do not see very often. You do not use it a lot, but when you 373 

encounter that screw, it’s the only tool that will do the job.  374 

For the physiological events we examined (blink artifacts, sleep spindles, K-complexes, PDR, SWS and 375 

chewing) we also found a high similarity when comparing the subcutaneous channels to the temporal scalp 376 

channels (fig. 4-6, table 2). Naturally, not all physiological EEGraphical events are visible in recordings from 377 

the temporal region. The subcutaneous and proximate temporal scalp channels were alike, although in 378 

some cases neither showed the event in question very well (Fig. 5A). This is hardly surprising. The 379 

subcutaneous device is small with limited spatial coverage. We implanted the device in the temporal region 380 

to facilitate the capture of epileptiform events. Several of the physiological events we have examined are 381 

not always readily observable in the temporal regions: K-complexes and sleep spindles are usually easier to 382 

find in the prefrontal and frontocentral regions, PDR is mostly visible in the posterior region and blink 383 

artefacts are largest in the prefrontal regions. Hence, the position of the device was not well suited to 384 

capture all of these events. Altogether, our findings emphasize the obvious: when working with a two-385 

channel EEG recording device, great care must be taken to position it where it is most likely to capture the 386 

events of interest. 387 

Arguably, it would make sense to compare seizure detection performance between subcutaneous and scalp 388 

EEG recordings. While the total number of seizures recorded in our study was decent (86, table 1), it should 389 



  
 

be noted that one subject had almost all of them.  That reduces the generalizability of any analysis results. 390 

In addition, the seizures from this subject were EEGraphically discrete with superimposed EMG noise, often 391 

requiring video to identify. Comparison of seizure detection performance between using these seizures 392 

would most likely reflect the challenging EEGraphical presentation of these seizures rather than the true 393 

difference between the devices, and the results would not be transferrable to temporal lobe seizures with a 394 

more typical presentation. It would also be interesting to compare detection of IEDs in more detail, but the 395 

clinical interpretation of IEDs and other events will be a subject for a later publication for which we are still 396 

collecting data, and it is therefore not included here. 397 

 398 

So-called wearable EEG recording devices has been debated for many years (Waterhouse 2003); (Casson et 399 

al. 2010). If these devices can be developed to sufficient robustness regarding both data collection and 400 

usability, they could provide the next great leap towards personalized treatment in epilepsy. Furthermore, 401 

by providing easier access to ultra-long-term EEG monitoring, these devices could facilitate research in 402 

areas requiring longitudinal data, such as the interaction between sleep and epilepsy. Several studies has 403 

reported circadian patterns in the occurrence of epileptic spikes (Karoly et al. 2016), (Baud et al. 2018) and 404 

more studies of this phenomenon could contribute to our understanding. Another area of research that 405 

might benefit from the development of better wearable EEG devices is that of brain-computer interfaces. 406 

To make such systems useful during everyday activities they depend strongly on the ability to collect neural 407 

data in a continuous and unobtrusive manner (Lin et al. 2010). Several novel EEG recording devices have 408 

emerged within the last decade or so, each potentially useful for ultra-long-term monitoring in different 409 

situations: A series of studies describe the use of subdermal electrodes in an ICU environment (Ives 2005); 410 

(Young et al. 2006);(Martz et al. 2009). While these electrodes have the advantage of being MRI compatible 411 

(Mirsattari et al. 2004), they are not designed for everyday use. Technical specifications and algorithm 412 

performance has been reported for an 8 channel subcutaneous device (Do Valle et al. 2016), but evidence 413 

for clinical usability is lacking. Scalp electrodes of a special design and configuration around the ear has 414 

proven able to detect a wide array of event related potentials (ERPs) and record long-term EEG (Debener et 415 

al. 2015); (Mirkovic et al. 2016); (Bleichner et al. 2016), but performance regarding seizure detection has 416 

not been reported. In-the-ear electrodes (ear-EEG) were introduced in 2012 (Looney et al. 2012). Clinical 417 

applicability has been shown for the ear-EEG solution concerning both sleep and seizures, and ear-EEG has 418 

been proposed as a tool for ultra-long-term monitoring (Zibrandtsen et al. 2016), (Zibrandtsen et al. 2017), 419 

but usability during everyday activities remains to be tested. 420 

Compared to these other EEG recording systems, which are either not designed for or not ready to use 421 

during everyday activities, we find the investigated device ready for use in a real-life setting. The need for a 422 

trained surgeon to perform the surgical procedures could prove to be a major constraint on the practical 423 

use of the device, and future studies should attempt to address this. Further development and 424 

miniaturization of the device components could also make the surgical procedures easier. Only one of the 425 

subjects reported significant soreness following the implantation and that receded gradually during the 426 

admission. We experienced no other events during admission that would preclude further testing during 427 

everyday life. Our limited dataset does not allow any final conclusions regarding the safety of the device, 428 

but it is encouraging. We emphasize that the positioning of the device during future trials would have to be 429 

considered carefully as our results show that the position of the device is critical to the successful recording 430 

of the event in question. Despite the small number of subjects in our study, our results strongly suggest   431 

that the subcutaneous device has potential for use in epilepsy diagnostics, and at the same time, it has 432 

pointed out some crucial areas that requires further investigation. These areas include an investigation of 433 



  
 

the clinical value and factors associated with signal quality in real-life situations. The use of the device in 434 

sleep medicine and research also deserves further attention. 435 
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Figure 3 567 

 568 

 569 

Fig. 1. The subcutaneous EEG recording device  

A) The implant consisting of an electrode house containing an inductive coil for transfer of power and 

data, and a wire with three leads. The leads are termed DSQ, CSQ and PSQ (SQ for subcutaneous, D for 

distal, C for center and P for proximal). The derived channel names are DSQ-CSQ and PSQ-CSQ. B) The 

external logging device and connected transceiver. C) The approximate position of the implant in situ 

(implanted) with the transceiver connected (external). 

Fig. 2. Example of one typical temporal lobe seizure in time and time-frequency domains 

  
A) Shows a 10-second excerpt at the start of the seizure in the time domain displayed in scalp channel 

P7-T7 and subcutaneous channel PSQ-CSQ. Please note the rhythmic activity starting at the  in both 

modalities. B) A longer excerpt of the same seizure displayed in the time-frequency domain as a 

spectrogram. The time domain excerpt is marked with dotted lines. The rhythmic activity is clearly 

seen as a red line around 6 Hz in both spectrograms. C) Topographical plot showing the coherence 

averaged across the theta band (4-8 Hz) and across time 15-20 seconds for each scalp channel 

compared to PSQ-CSQ. Please observe how the coherence is highest at scalp channel P7-T7  D) 

Topographical plot showing Pearson’s correlation coefficient between the two displayed channels in 

the same time window as C. 

 

Fig. 3. Comparison of averaged spikes of 74 samples from subject 4 

 A) Average spikes from the two subcutaneous channels. B) Average spikes from the closest scalp 

channels. C) The average spikes from the two modalities plotted in the same window. Notice the 

similar morphology, but slightly smaller amplitude of the subcutaneous spike average in the anterior 

channels. 
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Figure 6 577 
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Fig. 5. Selected examples of common EEGraphical features related to sleep displayed in time and 

time-frequency domains.  

A) Sleep spindle displayed by scalp channels Fp1-F3 and F7-T7, and subcutaneous channel DSQ-CSQ. Fp1-

F3 is the channel which most clearly shows the spindle in both domains, whereas it is difficult to 

discern in the temporal channels no matter the modality. B) K-complex displayed by scalp channels F3-

C3, F7-T7 and subcutaneous channel DSQ-CSQ. The K-complex is clearly distinguishable in all three 

channels in the time domain. Notice the lower amplitudes in the subcutaneous channels, which results 

in the lower power in the spectrograms. 

 

Fig. 6. A stepwise visualization of the computation SWS.   

A) A five-second interval of the SWS shown for the best subcutaneous channel and all scalp channels. 

Five such examples were selected for each subject and pattern. B) The frequency spectrum computed 

from the five-second interval from panel A. C) The coherence averaged across examples and 

frequencies within the relevant frequency band (in this case 0.5-4 Hz) as a function of inter-electrode 

Euclidian distance (values are mean ± standard deviation). D) A topographical plot showing mean 

coherence.  

 

Fig. 4. Comparison of averaged blink artifacts of 254 samples from subject 4 

 A) Average blink from the two subcutaneous channels. B) Average blink artifacts from the closest scalp 

channels. C) The average blink artifacts from the two modalities plotted in the same window.  
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Table 1. Subject characteristics 

A summary of subject characteristics. MRI describes any previous MRI findings. EEG describes the 

suspected seizure onset zone based on previous EEGs. 

AEDs = antiepileptic drugs, EEG = electroencephalography, MRI = magnetic resonance imaging, L = 

left, R = right, T = temporal, FT = frontotemporal, PHT = phenytoin, ZNS = zonisamide, OXC = 

oxcarbazepine, PER = perampanel, CLB = clobazam. 

Table 2. Summary of coherences 

The presented values are the maximum mean coherences (± standard deviation parenthesized), as 

presented in fig. 6, panel C. Channel names indicate the subcutaneous and scalp channels between 

which the maximum mean coherence was computed. Parenthesized frequency bands refer to the 

bands used for estimating coherence. Scalp channel names are in italics if they are NOT the channel 

closest to the subcutaneous channel. 
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Table 1 602 

ID Age 
(years) 

Gender 
(M/F) 

MRI  EEG Implant 
side 

AEDs EEG 
duration 
scalp (h) 

EEG duration  
subcutaneous 
(h) 

Seizures 
recorded 

1 47 F Normal LT L - 91 55 0 

2 27 F Sequelae 
from 
surgery  

LFT L - 43 43 2 

3 64 M Not 
available 

RFT R PHT 
ZNS 

94 86 0 

4 49 F Normal 
 

RFT R OXC 
ZNS 
PER 
CLB 

71 71 84 

 603 

 604 

Table 2 605 

 P001 P002 P003 P004 

Posterior 
dominant rhythm 
(8-12 Hz) 

0.65 (±0.27) 
 
PSQ-CSQ;T7-P7 

0.80 (±0.11) 
 
PSQ-CSQ;T9-P9 

0.72 (±0.04) 
 
PSQ-CSQ;F8-T8 

0.88 (±0.04) 
 
PSQ-CSQ;F8-T8 

Slow-wave sleep 
 
(0.5-4 Hz) 

0.96 (±0.02) 
 
PSQ-CSQ;T7-P7 

0.93 (±0.02) 
 
PSQ-CSQ;T9-P9 

 
NA 

0.94 (±0.02) 
 
PSQ-CSQ;F4-C4 

Chewing 
 
(0.5-4 Hz) 

0.94 (±0.03) 
 
DSQ-CSQ;F9-T9 

0.97 (±0.01) 
 
DSQ-CSQ;F7-T7 

0.70 (±0.10) 
 
DSQ-CSQ;F10-T10 

0.91 (±0.03) 
 
DSQ-CSQ;C4-P4 
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