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� First published comparison between ear-EEG and scalp-EEG in patients with epilepsy.
� Ear-EEG can detect temporal lobe seizures and generalized seizures.
� Ear-EEG can characterize interictal spikes.

a b s t r a c t

Objective: Ear-EEG is recording of electroencephalography from a small device in the ear. This is the first
study to compare ictal and interictal abnormalities recorded with ear-EEG and simultaneous scalp-EEG in
an epilepsy monitoring unit.
Methods: We recorded and compared simultaneous ear-EEG and scalp-EEG from 15 patients with sus-
pected temporal lobe epilepsy. EEGs were compared visually by independent neurophysiologists.
Correlation and time-frequency analysis was used to quantify the similarity between ear and scalp elec-
trodes. Spike-averages were used to assess similarity of interictal spikes.
Results: There were no differences in sensitivity or specificity for seizure detection. Mean correlation
coefficient between ear-EEG and nearest scalp electrode was above 0.6 with a statistically significant
decreasing trend with increasing distance away from the ear. Ictal morphology and frequency dynamics
can be observed from visual inspection and time-frequency analysis. Spike averages derived from ear-
EEG electrodes yield a recognizable spike appearance.
Conclusions: Our results suggest that ear-EEG can reliably detect electroencephalographic patterns asso-
ciated with focal temporal lobe seizures. Interictal spike morphology from sufficiently large temporal
spike sources can be sampled using ear-EEG.
Significance: Ear-EEG is likely to become an important tool in clinical epilepsy monitoring and diagnosis.
� 2017 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The incidence of temporal lobe epilepsy (TLE) has been esti-
mated to 10.4/100.000 (Ladino et al., 2014). It is the most common
type of epilepsy among patients with refractory epilepsy referred
to tertiary centers (Semah et al., 1998) and TLE represents the
majority of cases considered for epilepsy surgery (Téllez-Zenteno
and Hernández-Ronquillo, 2011). The delay from first seizure to
referral to epilepsy surgery is generally more than a decade
(Benbadis et al., 2003). It has been estimated that 5–23% of patients
with TLE are misdiagnosed (van Donselaar et al., 2006), which may
contribute to the delay. Seizure-unawareness causes underestima-
tion of seizure burden (Fattouch et al., 2012) leading to potential
loss of information for management and treatment. From a consec-
utive series of patients only 6/23 were always aware of seizures
and 7/23 were never aware of seizures (Blum et al., 1996). Another
study evaluated 47 computer-assisted ambulatory EEGs and found
38% that contained focal seizures unrecognized by the patients
(Tatum et al., 2001).

Electroencephalography (EEG) performs an important assistive
role in establishing the diagnosis of epilepsy. The presence of inter-
ictal spikes might inform diagnostic probabilities because the
occurrence rate in the epileptic population compared to people
without epilepsy and focal spiking correlate with seizure onset
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zone (Gorji and Speckmann, 2009). Interictal lateralized slowing is
also common in TLE (Koutroumanidis et al., 2004). The probability
of detecting Interictal spikes increases with longer EEG monitoring
time: In one retrospective study involving 180 patient referred to a
specialist clinic the latency to first Interictal abnormality (IEA) was
316 min (IQR 70–772 min) and 95% of the patients had at least one
IEA within 48 h (Faulkner et al., 2012a). In hospital video-EEG has
higher diagnostic yield (Jin et al., 2014), but is also expensive and
tedious and time-consuming for the patient. Home EEG with or
without video is significantly less expensive and in one study still
provides enough information to change management in 51% of
cases (Faulkner et al., 2012b). So-called wearable EEG technologies
(Waterhouse, 2003) attempt to make monitoring less restrictive on
activities of daily living for the user, which makes extending
recording duration to increase probability of detecting rare events
more feasible.

Ear-EEG is one wearable EEG solution in which EEG electrodes
are placed in the outer ear (Looney et al., 2012). Ear-EEG has been
validated using common EEG paradigms such as alpha attenuation
and auditory evoked potentials and is able to accurately character-
ize the frequency spectrum and has similar signal-to-noise ratios
as nearby scalp electrodes (Kidmose et al., 2013; Mikkelsen et al.,
2015).

We examine the ability of ear-EEG to characterize ictal and
selected interictal events from patients with epilepsy and compare
with simultaneous scalp-EEG recordings to evaluate ear-EEG as a
solution to extended long term monitoring in epilepsy.
Fig. 1. (A) Close-up photograph of the inner surface of the right earpiece, electrodes
are labelled with letters E, I, B and A. The part on the left goes into the ear canal and
has an air duct to not impair hearing. (B) Photograph of the earpiece inside the ear.
(C) Sketch of the fit of the earpieces inside the ears with blue shading to illustrate
the space occupied. Labelled yellow areas indicate the approximate locations of the
recording electrodes and their respective alphabetical designations, E and I are in
the outer portion of the external acoustic meatus and A and B rest in the concha.
Arrows indicate possible bipolar channel derivations. Channels using a reference in
the opposite ear are termed inter-ear.
2. Methods

Fifteen patients were recruited as participants in the study from
reviewing all referrals to the video-EEG in the epilepsy monitoring
unit (EMU) at Zealand University Hospital, Roskilde. The inclusion
criterion was clinical suspicion of temporal lobe seizures and sus-
pected seizure frequency of 1 or more events per week. Potential
participants were interviewed at a subsequent visit and informed
about the study. Patients with very narrow or aberrant ear geome-
tries, history of otitis externa, significant medical or psychiatric
comorbidity, mental retardation, age younger than 18 or who used
hearing aids, were excluded. Recording duration was determined
solely by the patient’s medical needs as decided by the attending
physician and this determined the duration of concurrent ear-
EEG measurement. The study was done in accordance with the
Helsinki Declaration and was approved by the regional ethics com-
mittee (110724815).

The ear-EEG device used in this study consisted of four record-
ing electrodes embedded in an earpiece resting within the outer
portion of the external acoustic meatus and protruding outside
to occupy the cavum and cymba of the concha (Fig. 1). Ear-EEG
electrodes are labelled by 3-letter acronyms: E stands for ear. Fol-
lowed by letter L for left or R for right. The third letter corresponds
to a specific electrode position, ‘A’ being in the cymba portion of
the concha and ‘B’ in the cavum. ‘E’ and ‘I’ are situated opposite
to each other inside the external acoustic meatus with I located
inferiorly. The individualized earpieces were modelled based on a
3D scan of a silicone impression mold (Otoform A Soft). Stereolito-
graphic 3D printing was used to create the shape in a rigid acrylic
material (FotoTec SLA, Dreve Otoplastik GmbH). The earpieces had
an air duct to allow normal hearing for the user. A Nicolet wireless
64-channel headbox (CareFusion 209 Inc., USA) was used for
recording video-EEG. Electrode positioning followed the 10–20
system with 25 scalp electrodes (6 in inferior row configuration),
2 EOG, chin-EMG and muscle-EMG at locations specific to the indi-
vidual patient were used. Participants wore an ear-EEG device in
each ear attached to the same amplifier, reference at AF4. For
visual inspection of raw data, we used proprietary software (Ner-
vus Reader v.5.93.424, from Cephalon, Denmark). Ear-electrode-
gel-skin interface integrity was evaluated multiple times daily by
impedance checks. Values below 5 kOhms were considered ideal
and below 10 kOhms acceptable. Electrode care (manipulation, if
insufficient then adding more gel or removing the earpiece, clean-
ing the surfaces and re-inserting in) was performed if the impe-
dance was found to exceed 10 kOhms. If the impedance of more
than two electrodes in one ear exceeded the 10 kOhm criterion,
the recording quality of all the electrodes in that ear was consid-
ered inadequate and the data excluded from the analysis.

The analysis of the EEG data was performed offline after the
recordings. First, data was filtered with a 0.5–70 Hz FIR (finite
impulse response) filter using EEGLAB version 14.0.0. Ear-EEG
channels were derived as either ‘‘inter-ear”, when using a reference
electrode in the opposite earpiece, and ‘‘intra-ear” when referenced
to any other electrode within the same earpiece or the average of
the ipsilateral ear-EEG electrodes (local ear average). There are 6
possible paired intra-ear electrode combinations between E, I, B,
and A and they produce very similar results. The redundancy
reduces the risk of missing data due to intermittent deterioration
in recording quality most frequently caused by electrode-gel-skin
interface disruption.

Seizure events were defined from clinical evaluation of video
and scalp-EEG. Five-minute epochs containing continuous epilepti-
form electroencephalographic pattern of more than 5 s during one
seizure event were stored with a random 0–3 min interval before
the event. A similar number of epochs without seizure events were
used as controls. Epileptiform patterns shorter than 5 s were not
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used for this comparison. Two experienced board-certified neuro-
physiologists, who were blinded to the consensus diagnosis from
video-EEG evaluation, independently evaluated all epochs for the
occurrence of electroencephalographic seizure patterns as a binary
outcome. Ear-EEG channels and scalp channels were displayed in
separate epoch files, and, to prevent bias between scorings of scalp
EEG and ear-EEG, all ear-EEG epochs were scored at least one week
after the scoring the scalp EEG epochs. Due to small electrode dis-
tances, intra-ear ear-EEG had smaller amplitudes than scalp EEG.
To compensate for this in the visual assessment, the intra-ear data
was scaled to match the larger amplitudes of the corresponding
inter-ear and scalp EEG by multiplying by 5. This made slow activ-
ity appear more prominent and visually distracting. To mitigate
this effect, the lower cut off frequency of the bandpass filter was
raised from 0.5 Hz to 1–2 Hz for intra-ear data. The results were
cross tabulated against the pre-defined video-EEG consensus diag-
nosis of the particular episode to create 2 � 2 tables from which to
calculate sensitivity and specificity.

For each seizure interval, Spearman’s ranked correlation coeffi-
cient (denoted rs) between each ear-EEG electrode referenced to a
local ipsilateral average and all ipsilateral scalp electrodes was cal-
culated using the ‘corrcoef’ function in MATLAB version 2015b. The
Table 1
Patient characteristics.

ID Age Sex AED(s) MRI Previous EEG Seizur

1 45 F OCX,
ZNS,
LEV,
CLB

Normal Right-sided fronto-temporal
spike-wave complexes

Multip
daily.
genera

2 58 F VPA,
LTG

Normal N/A Multip

3 23 M LEV,
OXC

Normal Irregular post-tempero-
occipital 3–6 Hz activity

Weekl
Uncom
genera

4 33 M LEV Normal Normal No rel
estima
month

5 47 M VPA Normal Left temporal 4–5 Hz activity
with intermittent spiking

1–8/m

6 57 M LTG Arachnoid Cyst Left fronto-temporal
sharpwaves

Multip

7 53 M LTG Left temporal
lobe atrophy

Left temporal theta 1–2 M

8 41 F LEV Right frontal
heterotopia

Left fronto-temporal
sharpwaves

5–8 W

9 29 F LTG Left partial
hippocampal
inversion

Frontal 3–5 Hz spike-waves Variab
month

10 32 F Nil Unspecific
gliosis

Irregular 3–4 Hz activity in
left anterior temporal region

Multip

11 45 F LTG,
PER

Normal 2–3 Hz activity in left
temporal region with
intermittent sharpwaves.

1–3 fo
month
genera
earlier

12 18 F LTG,
LEV

Left MTS Generalized 3–4 Hz spike-
wave paroxysms. Intermittent
right frontal 2–3 Hz activity

3–4/w

13 60 F CBZ,
LEV

Left MTS Intermittent left temporal 2–
3 Hz activity

9–12 /

14 59 F CBZ,
CLZ

Periventricular
WML

Intermittent 4–5 Hz activity
in left inferior temporal
region. 7–8 Hz PDR

Multip
genera
clonic

15 43 F LEV WML in left
external
capsule

Left pre-mid temporal region
sharp-waves

0–1 w

Abbreviations. AED: Antiepileptic Drug. CBZ: Carbamazepine. CLZ: Clonazepam. OXC
Lamotrigine. PER: Perampanel. VPA: Valproat Acid. WML: White matter lesions. PDR: Po
‘spectrogram’ function was used to create time-frequency-power
plots from short time Fourier transform. Statistics were done using
R version 3.4.0.

Curry version 7.0.9.SB was used to compute spike averages from
selected patients with prominent interictal spiking. To do so, data
was bandpass filtered at 1–20 Hz and 120 spikes selected from the
negative peak and data around ±0.5 s of the peak used to compute
averages.
3. Results

Fifteen patients fulfilled study participation criteria and were
included. Patient demographics are shown in Table 1.

EEG from simultaneous scalp- and ear-EEG during 27 seizures
was recorded from 8 of the 15 patients. Some patients (1, 2 and
15) experienced discomfort from the ear-EEG leading to discontin-
uation in the case of patients 1 and 2 and night-only discontinua-
tion for patient 15. Recording time is shown in Table 1 as well as a
percentage of time with ear-EEG. A total of 58 seizures occurred
during the stay in the epilepsy monitoring unit. However, the
majority occurred in patient 1 who did not tolerate the ear piece
e Frequency Reported Semiology EEG
duration
(h)

%
with
ear-
EEG

Seizures
recorded
(ear/total)

le focal seizure
Rare secondary
lized seizures

Aura. Unresponsiveness 46.1 39.0% 4/32

le weekly Déjà vu, olfactory aura 92.4 12.6% 0/0

y focal seizures.
mon secondary
lized seizures.

Brief dyscognitive seizures
with post-ictal dysphasia

67.3 100% 0/0

iable
te/multiple
ly

Unresponsiveness with
cheiro-oral automatisms

94.4 98.5% 9/9

onthly Unresponsiveness.
Generalized tonic-clonic
seizures out of sleep.

95.8 100% 0/0

le monthly Dyscognitive seizures with
oral automatisms

95.0 100% 0/0

onthly Psychic aura 94.5 100% 1/1

eekly Unresponsiveness 92.5 100% 0/0

le. Multiple
ly

Epigastric and psychic
aura. Dyscratic seizures.
Dyscognitve seizures.

24.9 100% 1/1

le weekly Dyscognitive seizures 47.0 100% 0/0

cal seizures
ly. 1–2
lized seizure

Unresponsiveness and
manual automatisms.
Secondary tonic-clonic
seizures

34.3 100% 4/5

eekly Simple motor 46.9 100% 1/1

monthly Unresponsiveness and
manual automatisms

95.6 90.9% 4/5

le weekly. Rare
lized tonic-
seizures.

Dizziness and confusion.
Rare generalized-tonic
clonic seizures.

69.9 100% 0/0

eekly Unresponsiveness and
automatisms

93.0 64.5% 3/3

: Oxcarbamazepine. ZNS: Zonisamide. CLB: Clobazam. LEV: Levetiracetam. LTG:
sterior Dominant Rhythm.
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very well and therefore had removed them before most of the sei-
zures occurred (refer to last column in Table 1). Seizures were focal
temporal lobe in origin. Patient 9 and 15 had secondarily general-
ized tonic-clonic seizures. Patient 12 had a primary generalized
tonic-clonic seizure. Patient 11 became increasingly agitated by
successive seizures and disconnected herself from standard EEG
as well as ear EEG after the 4th seizure event but was still under
video monitoring when a 5th seizure occurred.
Table 2
Rater outcomes for scalp-EEG and ear-EEG epochs.

NF1 Scalp-EEG Ear-EEG N

Seizure No
Seizure

Seizure No
Seizure

Mark 14 0 14 Mark 14 0 14
No
Mark

11 31 42 No
Mark

11 31 42

25 31 56 25 31 56

NF: Neurophysiologist.

Fig. 2. (A) Topographic plot of Spearman’s ranked correlation coefficient, rho, between ea
bar indicates the range with warmer colors closer to 1. Three longitudinal rows are defin
C3/4, P3/4). Sample seizure shown is from patient 15, seizure 3. (B) Highest rho for any
individual observations. Color of boxplots correspond to aforementioned rows. Boxplots
correlation grouped by rows. Notches represent 95% CI of the median. White dot is the
Of the 27 seizure events, 25 with electrophalographic correlates
longer than 5 s were included and mixed with 31 random epochs
without epileptiform patterns. Results of the visual analysis by
neurophysiologists (NF) are shown in Table 2. For NF 1, 14 out of
25 seizures episodes were marked for both scalp EEG and ear-
EEG yielding a sensitivity of 0.56. No epochs without seizures were
marked giving a specificity of 1. For NF2, 24 out of 25 seizure epi-
sodes were marked for scalp data and 23/25 for ear-EEG data cor-
F2 Scalp-EEG Ear-EEG

Seizure No
Seizure

Seizure No
Seizure

Mark 24 3 27 Mark 23 4 27
No
Mark

1 28 29 No
Mark

2 27 29

25 31 56 25 31 56

r electrodes ipsilateral scalp electrodes (midline electrode positions removed). Color
ed as ‘‘inferior” (F9/10, T9/10, P9/10), ‘‘middle” (F7/8, T7/8, P7/8) and ‘‘upper” (F3/4,
ear electrode against scalp electrode for all seizure events. Black points represent
are ordered by ascending median rho. (C) Boxplots representing the distribution of
mean also shown numerically.
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responding to sensitivity of 0.96 and 0.92, respectively. 3/31 false
positives for scalp data and 4/31 for ear-EEG data puts the speci-
ficity at 0.90 and 0.87. Each method resulted in very similar diag-
nostic outcomes.

For each seizure examined four rs values were calculated, one
for each ear electrode against every ipsilateral scalp electrode.
The rs values were mostly similar and low values represent individ-
ual poorly performing electrodes. For intra-ear channels, we used
the highest rs value for a given ear-electrode for a given interval
to represent the true underlying relationship. For inter-ear chan-
nels, we took the absolute value of rs to account for reverse polar-
ity. The size and topographic shape of ear-scalp channel
correlations varied between patients and seizures so to represent
the general relationship on group level we defined a set of elec-
trode rows as explained in (Fig. 2). Comparison of group means
by analysis of variance confirms significant difference between
the inferior and middle rows (�rs = 0.54, CI95 0.51–0.57, �rs = 0.35,
CI95 0.28–0.42, p < .001). For the inter-ear channels the distribution
of the mean correlation across electrodes is more uniform, ranging
from 0.23 at P3 to 0.53 at T7 (Fig. 2b) showing the same inverse
relation with distance from the temporal region.

Fig. 3 shows time-frequency decomposition by short time Four-
ier transformation of the 2.5 min EEG including one left sided focal
seizure from patient 15 (Fig. 3). The evolving seizure frequency
dynamic can be observed in the 4–6 Hz range. This pattern or ‘‘sig-
nature” can be seen on the left sided scalp position, T9, as well as
left ear-EEG electrode. However, it is not clearly defined over the
right hemisphere on either T10 or ear electrode ERI. This identifies
the seizure as focal, originating in the left hemisphere.
Fig. 3. Time-frequency-power plots of 4 channels during one left sided focal temporal l
plot. Black circle with white arrow points to a ‘‘signature” representing the evolving seizu
left ear electrode I (ELI) below (referenced to a local average of all left ear electrodes). Ri
pattern is not resolved. This reflects the focality of the seizure and can be observed in b
Comparison of ictal and interictal morphology is presented in
(Fig. 4). Mid-seizure spiking can be clearly seen. Spike averages
from inter-ear and intra-ear channel from two patients are shown
in Fig. 4. We can discern the typical spike appearance and a clearly
similar waveform is observed in both the inter- and intra-ear chan-
nels. Compared to the inter-ear channel the amplitudes in the
intra-ear channel are 5–10 times smaller. The intra-ear channel
spike average from patient 15 is less well resolved.

Fig. 5 shows an example of onset of a left-sided ictal theta
rhythm as seen from ear-EEG channels and scalp-EEG channels
(Fig. 5). The pattern is better seen in the inter-ear channel than
the intra-ear channels, but the intra-ear channels provide impor-
tant information about seizure origin, which can be inferred from
comparing left and right intra-ear channels.

The majority of the patients (13/15) described some level of dis-
comfort during the experiment. In some cases leading to discontin-
uation of the use of the ear-EEG device (patient 1 and 2) and during
the night only for patient 15, refer to Table 2. The discomfort was
described as soreness in the cartilage of the outer ear increasing in
severity with more extended and continuous use. Two-thirds
described intermittent itching in the outer ear-canal after approx-
imately 10–14 h, which was a minor issue.

4. Discussion

We make the claim that ear-EEG can be used to detect focal
epileptic seizures. Different lines of evidence substantiate this:
Upon visual inspection, a high degree of similarity between scalp
channels and ear-EEG channels was observed (Table 2) and epilep-
obe seizure (patient 15). Seizure duration marked with magenta on the top of each
re frequency dynamics. This pattern is clearly visible in the left scalp channel and the
ght column shows corresponding channels from the opposite side. Here the seizure
oth the scalp and the ear-EEG.



Fig. 4. (A) Side-by-side comparison of mid-seizure spiking as resolved by scalp channel T9-T10 and ear-EEG channel LI-RI. (B and C) Spike averages from 120 interictal
discharges from patient 8 (B) and 15 (C), three scalp channels are shown in dark colors. Inter-ear channel is shown in blue and can be seen to capture a waveform of very
similar appearance to that of the scalp channels. In red and orange colors are two intra-ear channels. Notice the smaller amplitudes. To the right is one of the same intra-ear
channels shown at a different scale to make the shape of the waveform more appreciable.

I.C. Zibrandtsen et al. / Clinical Neurophysiology 128 (2017) 2454–2461 2459
tiformmorphology was recognized during mid-seizure spiking and
from averaged spikes (Fig. 4). Correlation between ear-electrodes
and scalp electrodes is higher close to the ear and decreases
towards the midline (Fig. 2). For selected seizure events, dominant
frequency dynamics can be resolved by time-frequency analysis
and it can be determined if a focal temporal lobe seizure is left-
or right-sided (Fig. 3).

The size of the correlation by itself does not inform us whether
the information necessary to detect a seizure is retained or not.
Generally, focal seizures, despite exhibiting large variability,
undergo a spatio-temporal evolution that is incompatible with
normal physiological brain activity. The results of the neurophysi-
ological evaluation that we present indicate that seizure onset can
be detected from inspection of the ear-EEG recording in a similar
proportion of cases to scalp EEG. This corroborates our claim that
ear-EEG does capture the necessary seizure characteristics to
inform a diagnostic process.

There are four ear electrodes and we have used the highest cor-
relation coefficient for the comparison. This reflects the fact that
often one or two ear-EEG electrodes would have poor impedance
values and this would result in very low correlation values. The
identity of the high impedance electrode would vary between indi-
viduals and so, in light of the large amount of data and inability to
continuously monitor impedance, a method to estimate recording
quality and automatically remove poorly performing electrodes is
highly desirable. Lacking such a method, we selected the highest
correlation coefficients for a given set of four electrodes although
it may introduce a bias towards higher values. However, it is rea-
sonable to assume that when values become high it is unlikely to
be caused by random chance. The inter-ear channels are referenced
left to right and thus approximates a transversal channel, T9-T10.
Depending on the orientation of the underlying electrical sources
the signal polarity of the inter-ear signal would sometimes be
reversed compared to averaged-referenced electrodes used in the
comparison and this would change in an unpredictable fashion.
This causes the sign of the correlation coefficient to become nega-
tive, which moves the mean correlation towards zero despite there
being a strong relationship. We took the absolute value of the cor-
relation coefficient for the inter-ear channel comparison, which
introduces a small bias when small negative values, which are
more likely to arise by chance, are made positive. Large negative
values cannot arise purely by chance given the number of data
points used. The overall effect of this maneuver on the mean corre-
lation does not change the overall interpretation of the result that
there is an inverse relationship between signal similarity with
increasing distance away form the temporal region. Comparing
the inter-ear channel to T9-T10 on mid-seizure EEG produces very
high correlation coefficients above 0.9, but this approach does not
work on the group level because of the many possible dipole
orientations.



Fig. 5. Comparison of full scalp-EEG and ear-EEG montage showing the onset of rhythmic theta activity in the left fronto-temporal region (indicated by red arrow). Scalp
channels are displayed in common average montage. In the ear-EEG montage one inter-ear channel, LE-RE, is shown in green. Notice that it has the same amplitude scale as
the scalp channels, whereas the 8 intra-ear channels are displayed on a different scale. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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In this study, all the scalp and ear electrodes were recorded
with the same EEG amplifier. This allowed the derivation of both
conventional scalp EEG, inter-ear and intra-ear ear-EEG channels.
For practical, ‘‘in-the-wild”, use of inter-ear channels would
require a physical wire between the left and right ear, which goes
somewhat against the philosophy of the design aiming for conceal-
ability and discreetness but may be acceptable seeing as how some
commercial wireless headphones feature a cable behind the head
linking two in-ear headphones.

We propose that ear-EEG may help to extend the use of ambu-
latory EEG in clinical practice and open new possibilities: Length-
ening the feasible duration of recordings will increase the
probability that uncommon or rare events can be documented
and number and dispersion in time mapped. For the individual
patient, this could shorten the time to diagnosis and help guide
medical management. Case in point, patients with temporal lobe
epilepsy are regularly unaware of seizure events and may only
be able to produce vague description of the occurrences. Ultra-
long term EEG monitoring with ear-EEG could help correlate epi-
sodes with EEG to help separate epileptic from non-epileptic
events.

For basic neuroscience, long term monitoring could allow sam-
pling of long neural time series from large samples of people non-
intrusively in their daily environment. Studies have documented
cyclic patterns (circadian and infradian) in spiking behavior
(Karoly et al., 2016) discovering repeating patterns of changes in
spiking frequency that appear specific to individual subjects. The
ability to non-intrusively monitor EEG for extended periods could
possibly help determine the significance of rhythmicities in spiking
and seizure patterns. The well-known interaction between sleep
and epilepsy seems like a promising area. Sleep stage approxima-
tion based on ear-EEG data has also shown high similarity with
expert manual scoring based on scalp leads (Zibrandtsen et al.,
2016) and a classifier to determine sleep stages from ear-EEG
recordings performs with >80% agreement with expert manual
scoring (Stochholm et al., 2016). The possibility of combining sleep
structure assessment with ultra-long term monitoring of ictal and
interictal abnormalities in epilepsy could enable novel study
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designs investigating the interaction between sleep and epilepsy as
well as the measurement of other parameters conceivably interact-
ing with underlying biological rhythms.

Our view of ultra-long term monitoring entails the acquisition
of large quantities of data, which would make manual evaluation
of the EEG traces unfeasible. Computer-assisted review relying
on tools to highlight intervals likely containing abnormalities will
be necessary. Expanding upon this, we imagine a seizure detection
strategy, which takes advantage of the stereotypical nature of sei-
zures, construed as repeating sequences of neural events in time-
frequency space. This strategy would be tailored to the individual
subject and require a couple of seizures to be sampled, such as in
patient 15. This can be thought of as specific solutions to seizure
detections. Perhaps it is conceivable, that, in a world of many
ultra-long term EEG records collected, the sum of individual speci-
fic solutions would converge upon a generalized solution. The abil-
ity to detect seizures in real-time would make it especially
attractive to combine it with seizure intervention, perhaps,
exploiting the location of the ear-EEG device close to the auricular
branch of the vagal nerve, to form a closed-loop system of mobile
EEG monitoring with algorithmic seizure detection coupled to
vagal nerve stimulation.

The ear-EEG design used for this study was associated with sev-
eral challenges: (I) Degradation of the electrode-gel-skin interface
over time, which needed to be manually checked and corrected. (II)
In two cases, gel was displaced into the air duct and blocked sound.
(III) The majority of participants experienced some degree of sore-
ness and tenderness particularly in the cartilaginous outer ear
appearing after one day and increased as more time went on. These
issues could make ultra-long term monitoring outside the hospital
impractical for several reasons.

The design involved cabled connections and an external ampli-
fier, which add to these issues and could make long term monitor-
ing outside the hospital/lab difficult. However, the ear-EEG
platform has been improved in parallel to the current experiment.
In 2016 a demonstrated a fully integrated EEG amplifier that could
be embedded into the earpiece removing the need for an external
amplifier was demonstrated (Zhou et al., 2016). The integrated
amplifier can be used with dry electrodes to remove the need for
electrode gel. To improve comfort, the earpieces can be made in
a softer material, which will also make it easier to sleep with them
on while lying on the side of the head.

Taken together, these improvements and the feasibility of tem-
poral lobe seizure detection demonstrated here, point towards
future deployment of ultra-long term ear-EEG monitoring systems
that can function comfortably and conveniently as to not interfere
with activities of daily living. Ideally the system should be wireless
and able to take advantage of the prevalence of smartphones for
data storage and analysis (Stopczynski et al., 2014). Trials to eval-
uate the clinical utility and user tolerance of ear-EEG systems ‘‘in-
the-wild” for long term monitoring in epilepsy will be necessary.
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