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Abstract

Scalp electroencephalography (EEG) is a widely used, noninvasive tool to assess brain activity. EEG
is valuable for various neurological conditions like epilepsy and migraine. Conventional EEG uses
gel-based electrodes, ensuring good signal quality but requiring complex setup and the removal of
patients from their natural environments. Portable EEG devices with water electrodes offer easier
home measurements but pose signal quality concerns. This thesis aims to evaluate the signal quality
of water electrodes compared to gel electrodes and investigate the feasibility of home-based EEG
measurements.

Three experimental protocols were used: resting-state (RS), single visual evoked potentials (SVEP)
and 12 Hz steady-state visual evoked potentials (SSVEP). These signals were measured 1) in the
lab, once with a gel cap and once with a water cap; and 2) at home with a water cap. Signal quality
was assessed with the artefact proportion, the signal-to-noise ratio (SNR), the relative 12 Hz SSVEP
power, the relative alpha band eyes-closed RS power, the presence of the Berger effect, and the SVEP
waveforms.

In the lab setting, the water and gel cap showed similar signal quality as illustrated by a similar SNR,
relative alpha power, alpha band presence and SVEP waveform. However, an increase in artefacts
and slight decrease in relative 12 Hz power and SVEP amplitude show remaining shortcomings of the
water cap compared to the gel cap. When comparing the water cap between lab and home settings,
the performance closely matches. This is demonstrated by the similar SNR, relative 12 Hz power,
alpha presence and SVEP waveform and amplitude. Differences were a decrease in artefacts and an
increase in relative alpha band power for the signal measured at home.

Provided that the limitations of the water cap can be mitigated by further developments, the otherwise
relatively comparable signal quality between the gel and water caps suggests that water-based EEG
systems could be a viable alternative to traditional gel-based systems. Furthermore, the positive home
study results suggest that home-based EEG measurements could be a viable alternative to lab-based
studies with the help of a water electrode EEG cap.
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1
Introduction

Scalp electroencephalography (EEG) is a technique to assess brain function used for a plethora of
applications in both clinical and research settings. EEG quantifies brain activity by recording the electric
current contributions generated by neuronal activity through electrodes placed on the surface of the
scalp [1]. This method is a commonly used, noninvasive, cost-effective neuroimaging technique [2,
3]. In clinical settings, scalp EEG is often used to monitor and evaluate abnormal brain activity. For
instance, it serves as a diagnostic as well as evaluation and management tool for patients with epilepsy
[4, 5]. A comprehensive epilepsy center may perform >4000 EEG studies per year [6]. Since epilepsy
and migraine patients share pathophysiological mechanisms such as epileptiform discharges, EEG
can be valuable for migraine patients as well [7]. It is primarily valuable in the ongoing research for a
biomarker to improve characterisation of migraine attacks and to identify novel drug targets [8, 9].

The conventional approach to measuring EEG signals in a clinical environment uses electrodes that
are in contact with the scalp through electrolytic gel. The gel bridges the ionic current flow from the
scalp and the electron flow in the electrode and it increases adhesion of the electrode to the scalp [10].
This ensures good signal quality and lessens the susceptibility to artefacts. However, conventional
clinical gel EEG measurements are not comfortable for patients, require a long set-up procedure and
a technician to apply the gel [11]. This approach also removes them from their natural environment,
which is inconvenient for the patient and might influence migraine attack susceptibility [8]. Often, hos-
pital EEG recordings allow measurements of short duration only, or require costly resources such as
24-hour nursing, beds and meals [12]. At home EEG measurements offer convenient and comfort-
able measurements, lower hospital costs and can allow for a continuous measurement, increasing the
change of correctly identifying predictive patterns [5, 13, 14].

The step towards measuring EEG at patient’s homes has come closer with the emergence of small,
user-friendly portable EEG devices with dry or water electrodes [15, 16]. Dry electrodes demonstrate
short setup time and increased patient comfort because they eliminate the need for gel application
[17, 18]. It is even stated that dry electrodes can be used with comparable quality to gel electrodes [19].
However, more studies show that dry electrodes demonstrate a decrease in signal quality partly due
to a significant contribution of noise and a higher susceptibility to movement artifacts [20–24]. Water
electrodes use saline water or an electrolyte liquid as conductive solution, and thus they offer the short
setup time, increased patient comfort and user-friendliness of dry electrodes, while also retaining some
of the signal quality [15, 25]. However, it was also concluded that water electrodes contain a higher
noise distribution in the signal than gel electrodes [26]. Since there is a wide variety of portable water-
based EEG devices, their potential seems promising but a generalization of signal quality remains
difficult [16].

Aside from the signal quality that portable wet electrode EEG devices offer, an uncontrolled home envi-
ronment might also impact the quality of the EEG measurements. Specifically, in a home environment,
the magnitude and frequency of artefacts tend to increase, possibly due to experimental error or subject
motion [14, 27, 28]. In one study for instance, half of the home EEG recordings had to be deleted due
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to artefacts [29]. In another, home recordings were reported to be of inferior quality to recordings in
a clinical environment [30]. The authors of the latter study hypothesised the absence of both medical-
technical assistance and clinical conditions to be the cause of reduced quality [30]. On the other hand,
portable home-used EEG devices have been reported to successfully collect comparable EEG to con-
ventional clinically-collected EEG as well [15, 31–34]. Therefore, home measurements prove to be
promising, provided that the mobile EEG device used grants EEG of sufficient signal quality and that
the quality is thoroughly evaluated [8].

This signal quality evaluation should encompass factors relevant to both clinical and research settings.
In these settings, EEG is evaluated in the time and frequency domain. Therefore, not only artefacts but
also noise which impacts the frequency distribution of the signal can have a negative impact on epilepsy
diagnoses or the characterisation of migraines [5, 8]. Thus, it is important for new mobile EEG devices
to be assessed on multiple aspects of the signal they produce. Metrics like the number of artefacts, the
signal-to-noise ratio (SNR) or the strength of single visual-evoked potentials (SVEPs) can indicate the
quality of the signal in the time domain [35–38]. Whereas the power of a steady-state visual evoked
potential (SSVEP) on the stimulation frequency, or the resting-state (RS) eyes-closed power around
the alpha band can give signal quality insights in the frequency domain [39–42].

Home EEG measurements are desired because they offer convenient, comfortable and continuous
measurements. Fortunately, they can be realised with the emergence of portable EEG devices, such
as those with water electrodes. However, a generalization of the signal quality offered by these devices
remains difficult. To be able to correctly interpret the signal that results from home measurements, it
is important to optimise signal quality and minimize the amount of artefacts in the EEG signal resulting
from water electrode EEG caps. Therefore, the aim of this thesis is to determine the signal quality of
EEG signals measured with a water electrode EEG cap, compared to a conventional gel electrode EEG
cap. That same water cap will then be evaluated in a home environment to compare its performance
to the that of the water cap in the controlled environment of the first study.



2
Materials and Methods

2.1. Participants
Participants were recruited through the network of the author (e.g. WhatsApp and study association
Variscopic). Inclusion criteria for participants included age, head circumference and health require-
ments. The exact requirements can be found in Table 2.1. Prior to the EEG measurements, each
subject was asked to read the participant information and all participants provided consent to the ex-
periment. The experimental protocol was approved by the Human Research Ethics Committee of the
TU Delft on 17-04-2024 (HREC 4068).

2.2. Experimental setup
All EEG recordings of the lab study were performed in a sound-proof room in the EEGlab on campus
(Faculty of Mechanical Engineering, TU Delft). Figure 2.1 shows the experimental setup in a schematic
diagram where all materials are connected, and in pictures displaying the experiment in the lab and
at home. Two different caps were used for the experiments; a gel cap and a water cap (Infinity Gel
Headcap and Infinity Water Headcap, TMSi, Oldenzaal, the Netherlands). For both caps, 32 Ag/AgCI
electrodes were used. The electrodes were arranged according to the 10-20 system (Figure 2.2). The
gel cap required gel to be applied to the head of the participants to assure good electrode-scalp contact.
The water cap required sponges saturated with a salt water solution to be applied to the cap. The EEG
headcap was connected to the amplifier (APEX, TMSi, Oldenzaal, The Netherlands) which sampled
the data at a frequency of 1000 Hz. A ground electrode was also connected to the amplifier, which was
secured to the participant through either a wristband (water cap) or a stick-on electrode positioned on

Inclusion topic Criterion

Age ≥ 18 years
Head circumference ≥ 54 cm
Mental disorders No
• Severe depression
• Panic disorders
• Schizophrenia or psychiatric disorders
Epileptic disorders No
Severe visual impairment No
Malignancy in medical history No
Periodic pain attacks No
Migraine or trigeminal autonomic cephalgia No personal or first-degree family history
Tension-type headaches No more than one in three months

Table 2.1: Inclusion criteria

3
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(a) (b) (c)

Figure 2.1: Experimental setup: (a) Schematic diagram illustrating the connections between the participant, EEG cap, LED
goggles, LETTI device and amplifier. The LED goggles, controlled by the LETTI device, provide visual stimuli while the EEG
cap (gel or water) transmits brain signals to the APEX amplifier. Event triggers corresponding to the visual stimuli are also
recorded by the amplifier, which is connected to a laptop for data acquisition. (b) Real-life example showing the setup in a

sound-proof room at the EEGlab, collecting resting-state data. (c) Real-life example collecting data with visual stimulation at a
participant’s home.

the wrist (gel cap).

For visual stimulation in order to collect the SVEP and SSVEP data, each participant wore LED goggles
with red LEDs (Synergy Plinth; Medelec International, Pleasanton, CA, USA) which were connected to
a stimulating device (LETTI, TU Delft, The Netherlands). The LED goggles were fixed to the EEG cap
with tape to assure safe fixation. The LETTI device controlled the LED goggles corresponding to the
experimental protocol. The LETTI device was connected to the APEX amplifier to record event triggers
at the times of the flashes.

The materials used in the home study were equal to those in the lab study, except for the screen
portraying a cross being replaced by a piece of paper.

2.3. Experimental protocol
Before recording the EEG data, an impedance measurement was performed once. A maximum of 15
minutes was spent to reach an impedance value lower than 10kΩ. The EEGdata were then recorded for
three different experimental conditions to collect three different kinds of data (RS, SVEP and SSVEP).
To mitigate the effect of fatigue, the order of these conditions was randomized for every participant [44].
The procedures for each experimental condition are described below.

(a) (b)

Figure 2.2: 10-20 Electrode placement. (a) Anatomical guide including the Nasion and Inion, adapted from [43]; (b) Digital
guide as it appeared during the experiments.
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• During the six minute RS EEG recording, each participant was asked to open their eyes for one
minute and then close their eyes for one minute and repeat this three times, for a total of six
minutes. The LETTI device indicated when one minute had passed with an auditory stimulus.
When the participant opened their eyes, they were instructed to look at an ’X’ on a screen in front
of them, to limit eye movement artefacts.

• During the four-minute SSVEP recording, visual stimulation was applied through the goggles with
a frequency of 12 Hz. This frequency was chosen to not interfere with the alpha or beta band
already present. Ten blocks of ten seconds of visual stimulation were applied. In between the
stimulation blocks, there was a rest period where no stimulation was applied. The duration of the
rest period was randomized for each block between 10 and 15 seconds.

• During the five minute SVEP recording, continuous visual stimulation was applied through the
LED goggles. The time between each flash was randomized between 700 and 900 ms and a
total of 300 flashes was applied.

2.4. Data preprocessing and analysis
2.4.1. EEG preprocessing
All data was processed and analyzed using MATLAB R2022b (The Mathworks, Inc., Natick, MA, USA).
A schematic overview of the preprocessing pipeline can be found in Figure 2.3. Figure 2.4 shows the
epoching process of all data types.

All data were filtered with a Finite Impulse Response (FIR) filter using signal processing toolbox EEGlab
[45]. The filter cut-off parameters varied per experimental protocol.

• To minimize non-neural low-frequency drift, a high-pass filter with a cutoff at 0.5 Hz was imple-
mented for the RS data. A low-pass filter of 100 Hz was applied to eliminate high-frequency noise,
since the highest EEG frequency band does not reach above 100 Hz. To reduce the effect of line
noise, a 50 Hz and 100 Hz notch filter were also used. Afterwards, six events were extracted,
of which three eyes open and three eyes closed events. The signal was then epoched into 5s
segments. To eliminate eye opening/closing artefacts, the first and last epoch of every event was
deleted. This produced 30 epochs of 5s for both types of data.

• The SVEP data were filtered between 0.1 Hz to minimize drift and 40 Hz to accentuate recogniz-
able SVEP components and minimize the effect of (line) noise. Each event indicated the brain
response to a single flash resulting in 300 events in total. The signal was then epoched into 300
segments of 0.8s, from 0.1s before the flash to 0.7s after.

• A high-pass filter with a cutoff at 1 Hz was used for the SSVEP data. To retain as much information
as possible, a low-pass filter with a cutoff at 300 Hz was implemented. To minimize the effect of
line noise and its harmonic frequencies, notch filters at 50, 100, 150, 200, 250 and 300 Hz were
applied to the data. Afterwards, 10 events were created; each event represented one 10s block
of flashes. Before epoching, the first 2 seconds of every 10s block were deleted to eliminate
any stimulation onset artefacts. Then, the remaining 10 times 8s data were epoched into 20 4s
segments.

For all data types, flat epochs were deleted and epochs which contained artefacts were detected and
deleted manually. This was done with the help of an SD threshold. The mean ± 3 · SD was shown
to aid the researcher in manually detecting artefacts. Epochs with samples excessively exceeding

Figure 2.3: Preprocessing pipeline, from left to right. FIR = finite impulse response, RS = resting state, SVEP = single visual
evoked potential, SSVEP = steady-state visual evoked potential, HP = high-pass, LP = low-pass.
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(a) (b) (c)

Figure 2.4: Schematic overview of the three protocol types: length of the data, creating epochs and resulting data. (a):
resting-state, 180 seconds eye opened and 180 seconds eye closed data total. (b): single visual evoked potential, 300

seconds data total. (c): steady-state visual evoked potential, 100 seconds data total.

the threshold or epochs with a big fraction of samples exceeding the threshold were marked as artifact-
contaminated and were deleted accordingly. If a channel retained less than 20% of epochs after this de-
tection step, the entire channel was removed from further analysis. Finally, the data was re-referenced
to an average reference.

2.4.2. Main outcomes
The EEG signal quality was assessed through various signal quality metrics. The number of artifact-
contaminated epochs was extracted from all data types. From the SSVEP data, a signal-to-noise ratio
(SNR) and relative 12 Hz power were calculated. From the RS data, a relative alpha band power was
calculated and the alpha band presence was detected. Finally, from the SVEP data, an averaged SVEP
waveform response was formed.

Artefacts
The number of epochs that were deleted following the artefact detection were noted for every channel.
Since all following outcome measures are based on the signal from the occipital channels (O1, Oz, O2),
the number of deleted epochs due to artefacts for these channels were averaged per participant.

SNR
To define the ratio between signal and noise on the EEG signal during visual stimulation, the signal-to-
noise ratio (SNR) was calculated on the SSVEP signal. The SSVEP signal, x(k), was averaged over
all epochs (P ) to reach a steady-state response (SSR, x̂(k)). The SNR was then calculated for every
channel by dividing the SSR power by the variance across all epochs:

x̂(k) =
1

P

P∑
p=1

x[p](k) (2.1)

SNR =
Êx

σ̂2
x

=

∑N
k=1 x̂(k)

2∑N
k=1

1
P−1

∑P
p=1(x

[p](k)− x̂(k))2
(2.2)

This formula was adapted from Vlaar et al. [46].

Furthermore, the impedance data was presented alongside the SNR results to explore any potential
relationship between the two measures.
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Relative 12 Hz power
To be able to determine how well the brain’s response to a 12 Hz stimulation can be recorded, a relative
12 Hz power was calculated. To reach this quality metric, first the power spectral density of the epochs
was formed. This was done with the Matlab function pwelch, with a Hanning window and 50% overlap.
The relative 12 Hz power was calculated according to the formula described by Tautan et al. [47, 48]:

Relative power =
mean(PSDband of interest)

mean(PSDsignal band−band of interest)
(2.3)

The band of interest was defined as the stimulation frequency and its harmonic frequency: 11-13 and
23-25 Hz. The signal band was chosen as the same band taken by Tautan et al., between 4-30 Hz.

Relative alpha band power
Similar to the relative 12 Hz power, the relative alpha band power was calculated on the power spectral
density of the RS data. Equation 2.3 was used with a band of interest around the alpha band of 8-12
Hz, and the same signal band of 4-30 Hz was chosen. The relative alpha band power was calculated
on the eyes closed data only, since the alpha wave is only expected when the subject closes their eyes.

Alpha band presence
For every participant, it was determined whether there was a significant difference in alpha band power
between the eyes closed and eyes opened conditions. The number of participants with this distinguish-
able Berger effect were counted. For both caps and the home environment, a significant participant
fraction was calculated, by dividing the number of participants with a Berger effect by the total number
of participants.

SVEP presence
To determine the ability to produce a distinguished single-flash brain response in the time domain,
average SVEP waveforms were produced. This was done by averaging the signal over all remaining
epochs for every channel. Then, for every participant, the response was averaged over the three
occipital channels.

2.4.3. Statistical analysis
The number of artefacts, SNR, relative 12 Hz power and relative alpha power were tested for normal
distribution by analysing histograms, q-q plots and by using the Anderson-Darling test. In the case of
normally divided data, these metrics were compared between gel and water cap with a paired t-test
through the ttest function in Matlab. If the data was not normally divided, the metrics were compared
between caps with the non-parametric Wilcoxon signed rank test, using the signrank function. Normally
distributed data would be presented as the mean ± standard deviation (SD). Non-normally distributed
data would be presentated as median ± interquartile range (IQR; 25th and 75th percentiles).

These same metrics were compared between the lab and home environment using a linear mixed-
effects model to account for hybrid paired/unpaired data, because participants that took part in the
lab study might have also participated in the home study, but this was not obligatory. The home data
was set as the dependent variable, the location (lab or home) as the independent variable and the
participant numbers as cluster variable. The Matlab function lme was used.

All tests were performed using a two-tailed significance level of 95% (α = 0.05).



3
Results

3.1. Participants
Seventeen healthy participants participated in the lab study (nine female, median age ± interquartile
range (IQR) (years) 24 ± 3 yrs, see Table 3.1). Three participants wore the large size cap and 14
participants wore the medium size cap. Twenty healthy participants participated in the home study (8
female, median age ± IQR (years) 24 ± 2 yrs, see Table 3.1). Four participants wore the large size
cap and 16 participants wore the medium size cap. Of the 17 people participating in the lab study, 9
participants also took part in the home study.

Characteristics Lab study (n=17) Home study (n=20)

Age, years, median ± IQR 24 ± 3 24 ± 2
Gender, female, n(%) 9 (53%) 8 (40%)
Cap size, m, n(%) 14 (82%) 16 (80%)

Table 3.1: Participant characteristics for both lab and home study. IQR = interquartile range.

3.2. Signal quality metrics
An overview of all signal quality metric results can be found in Table 3.2. All data was found to be
not normally divided, therefore all metrics were compared between the gel and water cap using the
non-parametric Wilcoxon signed rank test.

3.2.1. Artefact proportion
Figure 3.1 shows an artifact-contaminated signal before and after the artifact was deleted. Three partic-
ipants showed a highly deviant signal only for the water cap in the lab. An example epoch of this signal
can be found in Figure A.1. There appeared to be a 100% artefacted signal with no way of retrieving
any underlying EEG signals. Therefore, all epochs were deleted for these participants.

There was no significant difference in the number of epochs with artefacts between the gel cap and
the water cap measured in the lab for the RS and SVEP data. However, there was a significant higher
number of epochs with artefacts with the water cap for the SSVEP data (median ± IQR, SSVEP gel: 0
± 0%, water: 10± 37.5%, p=0.008, r=-0.74; RS gel: 7.14± 11.6%, water: 7.14± 33%, p=0.06, r=-0.5;
SVEP gel: 0 ± 0.92%, water: 4.33 ± 8.75%, p=0.09, r=-0.47). There was no significant difference in
artefacted epochs between the water caps measured in the lab and at home setting for the RS and
SVEP data. However, there was a significant higher number of epochs with artefacts in the lab for the
SSVEP condition (SSVEP home: 0 ± 5%, p=0.004; RS home: 10.7 ± 16%, p=0.1; SVEP home: 4 ±
9.2%, p=0.72).

8
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(a) (b) (c)

Figure 3.1: Signal before and after artefact deletion. (a) the full signal, all epochs. The artefact detection guideline is shown
with the red dashed line; (b) signal averaged over all epochs (steady-state response, SSR); (c) the steady-state response after

artifact-contaminated epochs have been deleted.

3.2.2. SNR
The SNR for the gel and water caps in both the lab and home environments is illustrated in Figure
3.2, averaged over channels O1, Oz, and O2. The SNR was not significantly lower for the water cap
than the gel cap (median ± IQR: gel -8.1 ± 2.8 dB, water -8.9 ± 1.1 dB, p=0.062,r=0.41). The water
cap at home showed no statistically significant difference in SNR to the water cap in the lab (median
± IQR: -9.2 ± 4.1 dB, p=0.89). The SNR of each participant separately can be found in Appendix
A, Figure A.2. Within Figure 3.2b, the scatterplot also shows the influence of the impedance values
on the SNR of the signal. Each scatterpoint indicates one participant and is colored according to the
averaged occipital channel impedance value. The lighter the color, the lower and therefore ’better’ the
impedance. Figure 3.2a shows the distribution of the average SNR over all 32 channels. For the gel
and water cap, the SNR is reported highest near the occipital channels and the distribution appears
fairly left-right symmetrical. This also seems to be the case for the water cap at home.

(a) (b)

Figure 3.2: Signal-to-noise ratio (SNR) and impedance. The SNR is averaged over all three occipital channels. (a) distribution
of SNR over all channels. (b) SNR violin- and boxplot for gel cap, water cap in the lab and water cap at home. The scatterplot

shows every participant and is colored according to the averaged occipital channel impedance values.
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(a) (b)

Figure 3.3: Relative 12 Hz power, steady-state visual evoked potential (SSVEP) data. (a) Power spectral density (PSD): every
line represents the average PSD of all participants and the shaded area the standard error. (b) Violin plot: the white line shows

the median, the edges of the box the inter-quartile range (IQR) and the whiskers show the highest and lowest samples.

3.2.3. Relative 12 Hz power
Figure 3.3a shows the SSVEP power spectral density (PSD) plots for the gel and water cap, where
peaks around 12, 24, 36 and 48 Hz can be seen, as well as a response in the 1-2 Hz range. The
average 12 Hz power was 19.6, 8.2 and 15.1 dB for the gel cap, water cap in the lab and water cap
at home, respectively. Figure 3.3b shows the participant distribution of relative 12 Hz power for both
caps and conditions. The gel cap reached the highest median relative power, which was significantly
higher than the water cap in the lab (median ± IQR: gel cap, 9.3 ± 3.6 dB; water cap lab, 7.3 ±
4.9 dB; p=0.02, r=0.56). There was no difference in relative 12 Hz power between the lab and home
environments (median ± IQR: 5.5 ± 3.9 dB; p=0.47).

3.2.4. Relative alpha band power
Contrary to the PSD of the SSVEP data, the RS data shows higher power across the 10 Hz range for
the water cap than for the gel cap, as can be seen in Figure 3.4a. Also in all plots, a small response
around 1 Hz is visible. Additionally, somewhat visible in every plot is a very small peak at 41 Hz. The
gel cap also seems to display some responses in eyes opened and eyes closed data around 17, 27
and 36 Hz. Average alpha power was 23.5, 38.1 and 41.3 dB for the gel cap, water cap in the lab and

(a) (b)

Figure 3.4: Relative alpha power, RS data. (a) Power spectral density (PSD): every line represents the average PSD of all
participants and the shaded area the standard error. (b) Violin plot: the white line shows the median, the edges of the box the

inter-quartile range (IQR) and the whiskers show the highest and lowest samples.



3.2. Signal quality metrics 11

(a) (b)

Figure 3.5: SVEP response of two participants, averaged over occipital channels. The shaded area represents the standard
error. The amplitude of the signal at the latency of the first positive peak is shown above. (a) participant 3; (b) participant 6.

water cap at home, respectively. Figure 3.4b shows the participant distribution of relative alpha power
for both caps. There was almost no difference in relative alpha power between the gel and water cap
in the lab (median ± IQR: gel cap, 2.9 ± 0.9 dB; water cap lab, 3.3 ± 1.9 dB; p=0.43, r=0.05). The
water cap did reach a significantly higher relative alpha power for the at home measurements than the
lab measurements (median ± IQR: 5.4 ± 1.2 dB; p=0.00).

3.2.5. Alpha band presence
15 participants (88%) showed a significant alpha power difference between eyes opened and eyes
closed conditions when wearing the gel cap, whereas this number of participants was 12 (86%) for the
water cap in the lab. All participants that did not show a significant Berger effect with the gel cap also
did not show a significant difference for the water cap in the lab. For the at home measurements, 19
participants showed a significant alpha power rise when their eyes were closed (95%).

3.2.6. SVEP presence
Nine participants completed the lab study as well as the home study, making SVEP signal comparisons
between gel and water cap and between lab and home setting possible. The averaged SVEP response
across the three occipital channels (O1, Oz, O2) for two participants is shown in Figure 3.5. Between
caps nearly no difference can be seen, apart from a slightly higher amplitude for the gel cap signal. For
both participants, a negative peak is visible just before t=100 ms, as well as a positive peak around
t=150 ms. After t=300 ms, the signal doesn’t reach a stationary baseline but instead seems to display
a wave-like form.

Lab study Home study
Quality metric Gel cap lab Water cap lab Water cap lab Water cap home

Artefacts: SSVEP 0 ± 0% 10 ± 37.5% 10 ± 37.5% 0 ± 5%
Artefacts: RS 7.14 ± 11.6% 7.14 ± 33% 7.14 ± 33% 10.7 ± 16%
Artefacts: SVEP 0 ± 0.92% 4.33 ± 8.75% 4.33 ± 8.75% 4 ± 9.2%
SNR -8.1 ± 2.8 dB -8.9 ± 1.1 dB -8.9 ± 1.1 dB -9.2 ± 4.1 dB
Relative 12Hz power 9.3 ± 3.6 dB 7.3 ± 4.9 dB 7.3 ± 4.9 dB 5.5 ± 3.9 dB
Relative alpha power 2.9 ± 0.9 dB 3.3 ± 1.9 dB 3.3 ± 1.9 dB 5.4 ± 1.2 dB
Alpha band 15 (88%) 12 (86%) 12 (86%) 19 (95%)

Table 3.2: Overview of results. Metrics are reported as the median ± IQR. A result is colored if there has been found a
significant difference between caps or locations. Red for a lower signal quality, green for a higher signal quality.



4
Discussion and Conclusion

The aim of this thesis is to determine the signal quality of EEG signals measured with a water electrode
EEG cap, compared to the commonly used gel electrode EEG cap. The secondary aim of this thesis is
to determine the signal quality of this water cap when measured at home, compared to a conventional
lab setting.

The water and gel cap showed similar signal quality in the lab, as illustrated by a similar SNR, relative
alpha power, alpha band presence and SVEP waveform. However, an increase in artefacts and slight
decrease in relative 12 Hz power and SVEP amplitude show remaining shortcomings of the water cap
compared to the current golden standard. Provided that these water cap limitations can be mitigated
by further developments, the otherwise relatively comparable signal quality between the gel and water
caps suggests that water-based EEG systems could be a viable alternative to traditional gel-based
systems.

The signal quality of the water cap in the home setting closely matched the signal quality obtained in
the lab. This is demonstrated by the similar SNR, relative 12 Hz power, alpha presence and SVEP
waveform and amplitude. Surprisingly, the water cap even performed better at home than in the lab for
some occasions, as indicated by the decrease in artefacts and increase in relative alpha band power.
This comparable signal quality between lab and home environments suggest that home measurements
could be a reliable alternative to traditional clinical settings. This is particularly relevant for conditions
such as epilepsy and migraine, where continuous monitoring could provide valuable insights into re-
search findings, disease patterns and treatment efficacy without the need for frequent hospital visits.

4.1. Interpretation of results
4.1.1. Artefact proportion
The higher proportion of artefacts observed in the SSVEP water cap data in the lab setting may be
attributed to the anomalous signals recorded in three participants, for whom all epochs were excluded.
Thus for three participants, an artefact proportion of 100% was noted. Although the precise source
of these artefacts remains unidentified, they may have been caused by issues with the amplifier or its
connection. Further investigation is warranted to clarify the origin of these artefacts, particularly since
they were only observed during the lab experiments, not at home. Given the inability to remove the
artefacts or reconstruct the affected signals, the decision was made to exclude this data to prevent it
from biasing other quality metrics. The anomalous signals are not likely a direct effect of the water cap
properties, therefore including them would skew the data unfairly. Apart from the three inexplicable
artefacted participants, a higher number of artifacts in the water cap data might also be explained by
the use of a saline solution as conductive material instead of electrolytic gel. This technique leads to a
higher electrode-skin impedance and thus water caps are suspected to be more prone to artefacts [49].
Studies also assessing data manually for artefact removal reported similar artefact rates of 11 to 25%
for mobile EEG devices [36, 42, 50].

12
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The decreased artefact proportion in the home measurements compared to the lab setting might also
be explained by the three participants with anomalous signals, which only occurred during the lab study.
Interestingly, for the SSVEP data, these findings differ from the hypothesis that for homemeasurements,
the frequency of artefacts tends to increase [14, 27, 28]. The artefact susceptibility might be caused
mainly by the water electrodes, since a gel cap study found the artefact proportion to decrease when
measuring at home (11% in the lab, 7% at home) [32].

4.1.2. SNR
One of the main findings of this study is the SNR, which does not differ significantly between caps or
environments.

The SNR remains a difficult concept to define on EEG signals, since its definition requires a pure ’signal’
and pure noise source that are only possible to obtain from phantom subjects where the input signal is
known and not from human participants. Therefore, the true brain signal and noisy attribution must be
approximated and this is done in different ways in the field. Some studies defined the preprocessed
signal as the true signal after using techniques such as filtering and the use of algorithms like artifact
subspace reconstruction (ASR) or independent component analysis (ICA) [37–39, 42]. However, be-
cause most studies use slightly different preprocessing steps, the results are not comparable between
them. Thus, it is not surprising that SNR values reported in these studies span a broad range from -50
to 16 dB.

The SNR definition that was used in this study was also employed by Vlaar et al. Average SNR values
in that study were reported to be a little lower, nonetheless in the same order of magnitude (-11 to -21
dB) [46]. To give insight into this SNR metric, the best and worst performing signals are displayed in
Figure A.3. For each cap in the lab, and for the home measurement, the signals of the participants
with the 20% highest and lowest SNR scores were averaged. This figure shows that the signals with a
higher SNR indeed seem to be of better quality than those with a low SNR.

The distribution of SNR over all channels appears relatively symmetrical in this study and is clearly
highest in the occipital channels (O1, Oz, O2). Since the SNR is calculated on EEG data following
visual stimulation, this result is to be expected [21] and corresponds with other visual-evoked SNR
results in literature [40]. There was no big difference in SNR between occipital channels, as can be
seen in Figure A.4.

Electrode impedance is often used as a proxy for the quality of recorded clinical EEG signals. For
conventional EEG devices, the standard is often 10kΩ and under, but in practice can range up to
50kΩ [51–53]. A low impedance has often been found to lead to high signal quality [54, 55]. However,
looking at the distribution of the impedance levels in Figure 3.2b, there seems to be no correlation
between impedance and SNR for this study. This could be because there truly is no correlation, which
has sometimes been described in literature as well [47, 53]. The finding could also be explained by the
limitations of this study.

4.1.3. Relative 12 Hz power
Over the course of the SSVEP PSD, the gel cap shows a higher power than the water cap for almost
every frequency, not only at the stimulating frequency and its harmonics, but also the frequency bins
in between. This may be due to the ionic bridging of the electrolytic gel used. This gel might provide
a stronger signal to the electrodes, which would lead to higher power across the frequency spectrum.
Therefore, this suggests that the gel cap may be more effective at capturing both the desired neural
signals and possibly other background signals, leading to a generally higher power spectrum.

Often a definition of EEG SNR has been made in the frequency domain, which might better be called
a ’relative power’. The metric is calculated by assigning certain frequency bands to the true signal and
noise, and dividing the power over the signal frequencies by the noise frequency power [40, 47, 51].
These frequency bands of interest differ between studies, dependent on study design. For example,
an SSVEP study might define the signal frequency band around the stimulation frequency, whereas for
RS data this can be around the alpha band. Another variable parameter in this definition is the width of
the band of interest and ’noise’ frequency band. This metric can be insightful, because in most cases,
the higher the level of noise in an EEG channel, the lower the SSVEP response [26]. However, one
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argument against this metric is the existence of true brain signal at the frequencies assigned as noise.
For example, for RS data, all frequencies outside the alpha band contain not only noise but also theta,
beta or gamma waves that might be present during that time. This is why it is not truly a ’signal-to-noise
ratio’ and it is included here as the relative 12 Hz power.

The gel cap showed a higher relative 12 Hz power than the water cap, which indicates a better perfor-
mance of the gel cap at establishing the brains response to visual stimulation at 12 Hz. This finding
suggests that the gel cap provides a stronger or clearer signal at the stimulation frequency. However, it
remains a question whether the lower water cap response means that it is truly insufficient at detecting
frequency-specific neural responses.

A similar relative 12 Hz power of 7 dB for gel electrodes was found by Heijs et al [40]. One study that
employed similar calculation methods reached a lower relative stimulation power of 0.37-2.85 dB for
both dry and gel electrodes [48]. The difference with this study’s results might be attributed to their
lower SSVEP stimulation frequency of 6 Hz, which could lead to a lower response. Or it could be due
to their use of only six electrodes, none of them being located near the Oz electrode, while the response
to visual stimulation is expected the highest near the occipital area (O1, Oz, O2 electrodes) [21, 40].

4.1.4. Relative alpha band power
Between gel and water cap, there was no significant difference in relative alpha band power. This
result indicates a similar capability at detecting the alpha wave during RS eyes closed measurements.
Surprisingly, the home experiment resulted in a higher relative alpha band power than the water cap
lab experiment. This increase in performance was not expected, since the home environment was
suspected to introduce more noise and artefacts. It should be noted that both water cap measure-
ments but especially the home measurement displayed a great range of samples. A known element
of the Berger effect is that there can be a great difference between participants in magnitude of alpha
power [56]. Since the home study partly contained different participants than the lab study, perhaps the
increase in relative alpha power could be due to the fact that the home participants themselves were
more susceptible to the Berger effect.

Average eyes-closed (not relative) alpha power was found to be similar to the values found in this
study for gel electrodes in the lab and at home (30-40 dB) [32]. The relative alpha power values found
in this study are 40% lower than those found in literature of 5-10 dB [47, 48]. This difference could be
attributed to the relatively low amount of participants in these studies (6 and 11), therefore the values
might not be representative of the true mean relative alpha band powers of a population. Apart from the
mean power values, no range was reported, therefore no accurate estimation of the population could
be made.

4.1.5. Alpha band presence
Considering Figure 3.4a, the difference in alpha band power between eyes opened and eyes closed
conditions is clearly visible. This effect also portrays in the participant proportion with a significant
difference between eyes opened and eyes closed conditions. This signal quality metric could be seen
as the bare minimal needed performance from an EEG device. Almost all participants showed this
difference. In literature this effect has also been studied. Generally, a two-fold increase in alpha power
is to be expected when a subject closes their eyes [32, 57].

4.1.6. SVEP presence
The SVEP waveform seems similar between both caps and both lab and home environment for most
participants. The seemingly higher amplitude in the gel cap data suggests an ability of the gel cap to
better capture the response of the brain to visual stimuli. An interesting occurrence is the wave in the
signal that seems to appear after stimulation, clearly visible in Figure 3.5a around t=300ms. The signal
does not seem to return to the baseline signal, that is, the signal before the stimulus. This finding is
out of line with SVEPs usually found in literature [37]. One hypothesis of the cause of this wave is the
alpha wave that appears when the subject has closed their eyes, which was the case for the duration
of this experiment. This fits with the theory that the alpha wave experiences a ’phase-reset’ due to
the stimulation and therefore is more prominently visible after stimulation than before [58]. A finding
supporting this hypothesis is the SVEP waveform of one participant which does not seem to display this
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alpha-like wave after stimulation, see Figure 3.5b. When examining the RS data, it is found that this
particular participant does not display such a clear alpha peak in the PSD as most other participants,
as can be seen in Figure A.5b.

For most participants, the amplitude of the signal at the latency of the first positive peak is highest near
the occipital channel and appears relatively symmetrical, which is in line with previous findings [37].

4.2. Limitations
The observed differences in number of artifacts may be partially due to the three participants with
unusually large artifacts in the data, of which all epochs had to be deleted. Whether the cause of
these artifacts was linked to the properties of the water cap, or something else entirely like amplifier or
lab equipment, is unclear. Additionally, the process of manual artifact deletion could have contributed
to this variability, as it was performed by a non-expert and lacked standardized criteria. Although the
guideline ofmean±3 ·SD was employed for artifact detection, this approach may not be entirely robust.
To enhance the reliability and consistency of artifact removal, future studies should consider having the
data reviewed by a professional with expertise in EEG signal processing, or employing a clear and
robust guideline for artefact detection. Alternatively, advanced techniques such as ASR or ICA could
be employed for more automated artifact or noise removal. However, these algorithms may not perform
identically on different datasets. This raises the concern that any observed differences in signal quality
might reflect variations in algorithmic performance rather than true differences between the EEG caps.

One factor potentially influencing the signal quality and therefore the SNR is the electrode-skin impedance
before the EEGmeasurement. The overall impedance of this study appeared to be higher than the clin-
ical standard in some cases, both for the gel and water cap and especially in the home setting. This
might have lowered the signal quality for both caps, but it could also have skewed the data unfairly if
the higher impedance was not a result of the water cap properties or home environment directly. Ad-
ditionally, the impedance was only measured once, before all three experiments, of which the order
was randomized. The SNR is calculated on the SSVEP data, which could be measured directly after
impedance measurement or at the end of the experiments which could be as much as 15 minutes after
the impedance measurement. Therefore the actual impedance at the time of measurement is not ex-
actly known. It is also hypothesized that for both the gel and water cap, impedance improved during the
experiments. Therefore, in reality, this value could have been different than noted in this study. How-
ever, as this study was not designed to investigate the effect of impedance on signal quality, follow-up
research should be done to confirm this hypothesis. Research has already been done to investigate
this, but conclusions differ [47, 53–55]. A follow-up study could be done by measuring impedance be-
fore every experiment and after all experiments are finished, or by making use of continuous impedance
measurements, which are gaining in popularity together with mobile EEG devices [59].

In the field of EEG measurements, research has been done towards the influence of hair types on
electrode-skin impedance and EEG signal quality [37]. In some cases, researchers even employ
screening criteria for hair characteristics to avoid a negative impact on signal quality [60]. In this study,
no such screening criteria were employed and hair type of the participants was not recorded. In the lab
study, paired comparisons could be made because every participant underwent the experiment with
both caps. The comparison between water cap in the home setting and the water cap in the lab setting,
however, might have been impacted by inter-participant differences, like hair type. This effect might
be of even more importance for the water cap, because the scalp-electrode bridge made by the saline
solution might be hindered by certain hair types. Since for the gel electrodes, the gel was inserted with
the help of a blunt-tipped needle, this bridge was more easily formed. Therefore hair type might have
had less effect on the results.

4.3. Future recommendations
In this study, LED goggles were used to deliver visual stimuli. While the portability of the goggles and
the LETTI device facilitated home measurements, participants were required to close their eyes during
the experiments. This likely contributed to the appearance of alpha waves, which may have influenced
the SVEP and possibly the SSVEP. Future studies might consider reducing the brightness of the flashes
to allow participants to keep their eyes open or exploring alternative visual stimulation methods, such
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as a TV screen or a checkerboard pattern.

This study used several performance metrics to assess signal quality, each highlighting different as-
pects of the EEG signal. Future research could focus on developing an optimal method for integrating
these metrics, potentially by assigning different weights to each metric. These weights might vary de-
pending on the research focus; for instance, placing greater emphasis on relative 12 Hz power when
frequency response is a critical factor, or placing a smaller weight on the relative alpha power when a
paired participant comparison is not possible.

The present study evaluated signal quality exclusively in healthy participants. It would be valuable to
extend this research to populations with specific neurological conditions, such as migraine or epilepsy,
to determine if signal quality metrics differ in these groups compared to healthy individuals. This would
also provide crucial insights into whether the water cap’s performance relative to the gel cap varies
depending on the population being studied.

For future research involving home-based EEG measurements, it may also be beneficial to incorpo-
rate additional factors that could facilitate the transition to home environments. These factors could
include assessing the user-friendliness of the devices and the feasibility of patients conducting the
experiments independently. This can lead to further steps towards quantified signal quality of home
EEG measurements, to assess and improve the possibility of home measurements for better epilepsy
treatment efficacy and migraine attack characterisation.
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Figure A.1: Deviant artefacted signal for one participant.

Figure A.2: SNR for every participant.
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Figure A.3: The four signals with the highest (top row) and lowest (bottom row) SNR, averaged.

(a) (b) (c)

Figure A.4: SNR for all three occipital channels. (a) O1; (b) Oz; (c) O2.

(a) (b)

Figure A.5: RS PSD plots for participants corresponding to SVEP plots. (a) participant 3; (b) participant 6.
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