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h i g h l i g h t s

� Home-based NIBS is a promising new treatment strategy for neuro-psychiatric pathologies ensuring frequent stimulation exposure.
� There are currently no solutions to direct and monitor correct electrode placement for self-application.
� We propose an easy-to-use, digital electrode placement tool that marks an important step to improve home-based set-ups.
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a b s t r a c t

Objective: Home-based non-invasive brain stimulation (NIBS) has been suggested as an adjunct treat-
ment strategy for neuro-psychiatric disorders. There are currently no available solutions to direct and
monitor correct placement of the stimulation electrodes. To address this issue, we propose an easy-to-
use digital tool to support patients for self-application.
Methods: We recruited 36 healthy participants and compared their cap placement performance with the
one of a NIBS-expert investigator. We tested participants’ placement accuracy with instructions before
(Pre) and after the investigator’s placement (Post), as well as participants using the support tool
(CURRENT). User experience (UX) and confidence were further evaluated.
Results: Permutation tests demonstrated a smaller deviation within the CURRENT compared with Pre cap
placement (p = 0.02). Subjective evaluation of ease of use and usefulness of the tool were vastly positive
(8.04 out of 10). CURRENT decreased the variability of performance, ensured placement within the
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suggested maximum of deviation (10 mm) and supported confidence of correct placement.
Conclusions: This study supports the usability of this novel technology for correct electrode placement
during self-application in home-based settings.
Significance: CURRENT provides an exciting opportunity to promote home-based, self-applied NIBS as a
safe, high-frequency treatment strategy that can be well integrated in patients’ daily lives.

� 2023 Published by Elsevier B.V. on behalf of International Federation of Clinical Neurophysiology.

1. Introduction

Alongside conventional methods, non-invasive brain stimula-
tion (NIBS) has been proposed and used as a valuable addition to
the treatment of psychiatric and neurological diseases
(Lefaucheur et al., 2017, Brunoni et al., 2012, Hummel and
Cohen, 2006, Palm et al., 2014, Draaisma et al., 2020, Menardi
et al., 2022). One of the most frequently utilised techniques,
because of its low cost, excellent safety profile and good tolerabil-
ity is transcranial direct current stimulation (tDCS; Antal et al.,
2017). By delivering weak currents via sponge electrodes that are
placed on the scalp, the stimulation is hypothesised to modulate
neural excitability by acting on the resting membrane potential
(for a review see Nitsche et al., 2008, Nitsche and Paulus, 2011).

Several studies have reported that treatment effects are increas-
ing with prolonged or repeated exposure to transcranial electrical
stimulation (tES) (Loo et al., 2012, for a review see Brunoni et al.,
2012). So far, however, stimulation sessions largely require on-
site supervision that limits the frequency of treatment due to facil-
ity and material availability as well as high cost for personnel
(Silva-Filho et al., 2022, Maceira-Elvira et al., 2020). Furthermore,
the reachability or distance of the facility for patients prohibits a
larger outreach, especially as patients may suffer from motor def-
icits and therefore depend on aided transport or are even unable to
reach the facility (Charvet et al., 2015, Bikson et al., 2020). A further
challenge to the current mostly on-site stimulation interventions
has been introduced by the COVID-19 pandemic, which led to
the disruption of many facultative protocols worldwide and calls
for the adaptation of these forms of interventions (Bikson et al.,
2020, Caulfield and George, 2020).

To offer flexibility and autonomy to patients, home-based, self-
applied solutions are being tested as a promising treatment
approach (Palm et al., 2018, Maceira-Elvira et al., 2020, Pilloni
et al., 2022, Park et al., 2019, Alonzo et al., 2019, Dechantsreiter
et al., 2022). In this novel set-up, the stimulation settings and
parameters are remotely controlled and supervised to warrant
safety of the patient (Van de Winckel et al., 2018, Ahn et al.,
2019, Maceira-Elvira et al., 2020, Dechantsreiter et al., 2022). Many
studies have, in this context, implemented a pre-set stimulation
duration and/or minimum session intervals, as well as automatic
stopping functions in case stimulation parameters exceed prede-
fined limits (Cha et al., 2016, Park et al., 2019, Im et al., 2019,
Prathum et al., 2021, Ahn et al., 2019, Brietzke et al., 2020,
Carvalho et al., 2018).

Chavret and colleagues have formulated a framework of guide-
lines for clinical trials that use home-based application of tDCS.
These include extensive training of the investigator / clinician
and patient, dose control, monitoring of compliance and adverse
effects as well as an easy-to-use equipment i.e., setting up of elec-
trodes and headgear (Charvet et al., 2015). However, one open
challenge in this domain remains: how to ensure the correct stim-
ulation electrode placement by self-application in the home-based
setting?

The importance of this matter has been highlighted by studies
investigating electric field distributions in both epilepsy patients

subject to surgery and modelling (Woods et al., 2015, Opitz et al.,
2018). More precisely, it has been strongly recommended to keep
the displacement of the electrodes below 10 mm across the stim-
ulation sessions to avoid major changes in electric field distribu-
tion (Woods et al., 2015, Opitz et al., 2018), which is especially
important when applying high-definition tES that is aiming for
more focality (Datta et al., 2009).

Intensive training for cap or headgear placement of either the
patients or their caregiver is implemented in most clinical trials
using home-based stimulation set-ups (Maceira-Elvira et al.,
2020, O’Neill et al., 2015, Ahn et al., 2019, Van de Winckel et al.,
2018, Bréchet et al., 2021, Martens et al., 2018). A couple of studies
took further measures to aid their participants with references. Cha
and colleagues (2016) instructed their participants to place the
headband holding the stimulation electrodes centrally, so that
‘‘the midline locators were on the vertex and in the middle of the
forehead”, respectively. The second band was instructed to be
placed ‘‘just above the eyebrows and over the ears”. Van de
Winckel and colleagues (2018) defined the correct cap placement
on-site and measured the distance between the participants eye-
brows and the front edge of the cap holding the electrodes, this
then served as an indicator for the patients at home.

Nonetheless, there are no studies so far addressing this issue in
a monitored and objective way. For this purpose, we have devel-
oped an easy-to-use and cost-efficient tool that uses computer
vision and the in-built camera of any laptop or tablet given for
training. It guides patients at home, providing them with real-
time feedback to place the tES electrodes based on the correct
cap placement and tracks the electrode placement for monitoring
purposes.

We hypothesise that this technology not only allows for con-
trolled monitoring and guidance of the participant’s placement of
the cap in each session, but further serves as safeguarding with
the potential to induce confidence, as it helps with cap adjustment
in real-time. Here, we propose a protocol for testing the general
feasibility of the algorithm, an evaluation of its accuracy in com-
parison to expert-based placement and the user experience and
confidence that participants have regarding the cap placement
using this novel technology.

2. Methods

2.1. Participants

Thirty-six healthy participants (31 right-handed, 20 females,
mean age ± standard deviation (SD): 45.1 ± 20.1, age range:
18–76 years old) were recruited for this study. Fourteen partici-
pated in a pilot study evaluating whether there is a difference
between two different interfaces (PROTOTYPE vs. CURRENT) of the
algorithm. There were no differences in cap placement accuracy
when comparing the two (see Appendix A). However, the qualita-
tive feedback showed that older participants especially appreciated
the colours and larger font size of the new interface, whereas
younger participants positively commented on the integrated tuto-
rial (both part of CURRENT). We therefore decided to use CURRENT

F. Windel, Rémy Marc M. Gardier, G. Fourchard et al. Clinical Neurophysiology 153 (2023) 57–67

58



for the main study and to integrate our results regarding this ver-
sion from the pilot study into the main study. Twenty-two partici-
pants took part in themain study. Participants for both the pilot and
the main study were recruited using the following inclusion crite-
ria:� 18 years of age, above cut-off score (>26/30) on theMiniMen-
tal State Examination (MMSE, Folstein et al., 1975), absence of
neuropsychiatric diseases and contraindications for NIBS and Mag-
netic Resonance Imaging (MRI). All participants gave written
informed consent before starting the study. The study was per-
formed in accordance with the declaration of Helsinki (World
Medical Association Declaration of Helsinki, 2013), except for regis-
tration in a database. The approval was obtained from the cantonal
ethics committee Vaud, Switzerland (project number: 2018-
00889).

2.2. Face recognition algorithm

The algorithm uses a simple in-built tablet camera that captures
a set of QR-like markers that are placed on a neoprene cap holding
the stimulation electrodes. During the first on-site visit, individu-
alised cap placement is completed by a NIBS-expert investigator
following 10–20 EEG systems guidelines (Homan et al., 1987). An
algorithm based on facial recognition saves the cap placement
using the QR-like markers together with individual facial key
points as a reference for the subsequent sessions. During the veri-
fication process at home, the algorithm either confirms correct
placement of the cap or helps the patients with visual feedback
to adjust the cap with respect to the reference; it also saves the dis-
tance on three axes from the reference in a csv file for post-study
investigations. For a thorough description of the algorithm, the
QR-like markers and a screenshot of the interface please see
Appendix B and Appendix C.

2.3. Experimental design

2.3.1. Pilot study
The study followed a randomised cross-over design and was

composed of short experimental sessions separated into three
days. Evaluating the protocol feasibility and interface of the algo-
rithm, the first 14 participants (7 females, mean age ± SD:
48.4 ± 21.6, age range: 20–76 years old) performed the following
sessions: Day 1, they were informed, consented and screened.
Next, structural images were acquired (if not available) during a
short MRI scan (T1-weighted anatomic images have the following
parameters: TR = 2300 ms, TE = 2.96 ms, slices = 192 slices, slice
thickness = 1.0 mm, inversion time = 7.1 ms, flip angle = 9�; voxel
size = 1 � 1 � 1 mm3, field of view = 256 � 256 mm2). The images
were read into a Neuronavigation system (Localite, Bonn, Ger-
many) that served to capture electrode positions (RAS coordinate,
see Fig. 1). The participants’ cap placement performance was com-
pared with a tES trained investigator’s cap placement in the follow-
ing three conditions: 1. Before the investigator with instructions
(Pre), 2. after the investigator with instructions (Post), 3. with the
algorithm in the pre-existing interface (PROTOTYPE) and 4. with
the algorithm in a newly designed interface including a tutorial
(CURRENT). The latter was designed to facilitate autonomous usage
of the algorithm through step-by-step guidance, which we hypoth-
esised to be beneficial especially for older participants, those with
little technological experience, or for patients. It is important to
note that the difference between the two algorithms is purely
related to the interface, meaning that the face recognition algo-
rithm represents the backbone of both of them. On Day 1, Pre
was performed, as well as the correct placement by the investiga-
tor, and Post. PROTOTYPE and CURRENT were then randomised
across participants on Days 2 and 3.

2.3.2. Main study
Following the validation of the new interface (see results of the

pilot study in Appendix A), 22 participants (13 females, mean
age ± SD: 43.0 ± 19.3, age range: 18–73 years old) were subject
to a screening and MRI session, Pre and the investigator placement
on Day 1, followed by Day 2 and 3 with either Post or CURRENT in
randomised order. A subset of participants (N = 6, 4 females, mean
age ± SD: 43.8 ± 23.1, age range: 27–73 years old) were addition-
ally tested one week later using the algorithm (FU_CURRENT) and
with instructions only (FU_Post) to evaluate cap placement accu-
racy and confidence over a longer time-span with a wash-out per-
iod in-between.

Each Neuronavigation recording was performed twice per con-
dition and later-on averaged. The root mean square of co-
registration error was aimed to be kept below 3 mm for each par-
ticipant in each cap placement. An overview of the experimental
design is given in Fig. 1.

2.4. Cap placement

The cap (neoprene, different sizes according to head circumfer-
ence) and tablet (Microsoft Surface Go) used for this study are part
of the Starstim-Home system by Neuroelectrics (https://www.neu-
roelectrics.com/solutions/starstimhome, see Fig. 2). For each cap
placement, participants were asked to adjust the correct position
either according to oral instructions (i.e., ‘‘Please place the cap
tightly and deeply and close the chin strap. Try to align the midline
electrodes to the centre of your face”) using the front camera of the
tablet (Pre & Post) or with the help of the algorithm. For the latter, a
reference is created on Day 1 with the placement of the investiga-
tor. Using the tablet’s front camera, the algorithm recognises a set
of markers placed on the cap (see Fig. 2) and facial key-points mea-
sured a priori. The algorithm maps the 2D camera input into a 3D
coordinate space and gives real-time feedback to the participant
while placing the cap.

2.5. Confidence & user experience

For both the Post and CURRENT conditions during the main
study (N = 22), participants were asked to rate their confidence
about placing the cap similarly to the investigator on a visual ana-
logue scale (VAS), ranging from 0 (not confident) to 10 (confident).
Evaluations of the newly created interface of the algorithm were
performed using a standard user experience questionnaire (UX,
Laugwitz et al., 2008, https://www.ueq-online.org/, 26 items –
see Appendix D). We also asked participants to rate usefulness
and ease of use on separate VAS scales and for verbal feedback
regarding their general comments on the algorithm.

2.6. Monitoring

While the electrode localisation algorithm gives real time feed-
back, it detects the frames that are below threshold and therefore
seen as correct. For each of these frames, the distance of the cur-
rent cap placement to the reference is saved on three axes (X, Y,
Z). Each row of the resulting file therefore represents a measure
of cap placement accuracy.

2.7. Data analyses

All statistical analyses were performed in RStudio (RStudio
Team (2022). RStudio: Integrated Development Environment for
R. RStudio, PBC, Boston, MA URL https://www.rstudio.com/). Statis-
tical significance was assumed for p-values < 0.05. Data were
checked for normality via visual inspection of Q-Q plots (ggplot2
package) and using the Shapiro-Wilk test (rstatix package). To
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evaluate the accuracy of the algorithm the deviation of each cap
placement condition (Pre, Post & CURRENT) from the investigator’s
placement in 3D space was calculated using Euclidean distance on
all three axes: AB=

p
(x2 � x1)2+(y2 � y1)2+(z2 � z1)2 and non-

parametric permutation tests for significance to compare not only
the mean as a test statistic but also the SD in the different condi-
tions. We first looked at the deviation data of the frontal target
electrodes that were the main focus of our study. We then aver-
aged over all eleven electrodes recorded to investigate generalis-
ability of the algorithm. The results of the VAS were compared
for the Post and CURRENT conditions using permutation tests as
well.

3. Results

3.1. Cap placements

Data of the pilot- and main-study were combined to compare
frontal electrode deviations in the three conditions compared with
the NIBS-expert investigator’s placement (N = 36). The results are
summarised in Fig. 3.

By visual inspection it is evident that most of the cap place-
ments in the Post and CURRENT conditions range below the sug-
gested maximum 10 mm of displacement (Woods et al., 2015,
Opitz et al., 2018) from the investigator’s cap placement. Both con-
ditions further reduce the mean deviation compared with the Pre
condition. For an overview of the individual data points of each
participant’s frontal electrode deviation please see Fig. 4.

The same trend is seen when averaging over all eleven elec-
trodes recorded. The mean deviation in the Post and CURRENT con-
ditions is slightly elevated compared with the frontal electrodes,
but remains in both conditions below the desired cut-off (see
Fig. 5). Variability of the cap placement performance is higher
when looking at all electrodes. For an overview of the individual

results of each participant’s averaged electrode deviation please
see Fig. 6.

Following significant Shapiro-Wilk tests for normality of data
distribution (all equalled p > 0.02), non-parametric permutation
tests were implemented to evaluate cap placement accuracy. Per-
mutation tests also allow the comparison of test statistics other
than the mean or median. In the case of our results, the variability
of data in form of the SD has been used to assess how widely data
points are distributed per condition.

Permutation tests were performed with a 100,000-sampling.
There was a significant difference between the Pre and CURRENT
conditions when inspecting the frontal target electrodes for the
mean (p = 0.02) and a trend for the SD (p = 0.08). Furthermore,
the comparison between the Pre and Post conditions showed a
trend for both measures (mean: p = 0.07; SD: p = 0.05). No signif-
icant differences were found for the comparison between the Post
and CURRENT conditions, nor when examining the comparisons
with all eleven electrodes. For a summary of the permutation
results, please see Table 1.

To evaluate how the cap placement performance changes over
time without further training, a subset of participants (N = 6) per-
formed cap placements another time one week after Day 1
(Follow-Up, FU). As this subset of participants represents a small
sample, no statistical analyses were performed. Upon visual
inspection of Fig. 7 and Fig. 8, it is evident that apart from one per-
son, all others performed below the desired cut-off of 10 mm dur-
ing the first 3 experimental days. Notably, the mean deviation is
slightly increased during the follow-up session with instructions
only (FU_Post) but not in the follow-up condition using the support
tool (FU_CURRENT).

3.2. Confidence & user experience

When comparing the participants’ confidence for cap place-
ment on the VAS, we can observe high values for both the Post

Fig. 1. Experimental design. Main target electrodes F3, Fz, F4 (frontal) and other electrodes recorded for further analyses C3, Cz, C4, P3, Pz, P4, O1, O2 (central, parietal,
occipital respectively) used for cap placement accuracy comparison (left); experimental design of the main study (right).

Fig. 2. CURRENT complete set-up. Depicted including neoprene cap, tablet and tDCS device (Starstim-Home Neuroelectrics), as well as QR-like markers for cap placement
evaluation.
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and CURRENT condition. Upon visual inspection, the range of
confidence values seems to be slightly decreased after using
the algorithm (CURRENT) compared with the Post (see Fig. 9).
Permutation test did not show a statistical difference between
the two for the mean (p = 0.63), nor for the SD (p = 0.8). It is
important to note, however, that participants were generally
highly confident about their performance reflecting a satisfac-
tory / desirable outcome for both ‘‘after-training conditions”,
which supports the simplicity of the set-up. In the Post condi-
tion, the participants rated their confidence on average with
8.07 with an SD of 1.29; whereas in the CURRENT condition, con-
fidence averaged on a score of 8.25 with an SD of 1.21. Impor-

tantly, confidence ratings increased after the follow-up cap
placements (CURRENT condition (mean ± SD, 9.33 ± 0.66);
FU_Post (9.18 ± 0.79)).

The second VAS, performed after the cap placement with the aid
of the algorithm, showed that participants rated the easiness to use
the algorithm on average 8.02 ± 1.95, and the usefulness of the
technology as 7.81 ± 2.53.

The user experience questionnaire used in this study can be
summed in 6 major components for which values between �0.8
and 0.8 represent neutral evaluation, whereas values > 0.8 depict
a positive evaluation and < �0.8 a negative one. All six points were
evaluated as positive, for details please see Table 2.

Fig. 3. Deviation (in mm) of the frontal target electrodes (F3, Fz, F4) from the investigator’s cap placement in the three conditions (N = 36). The horizontal green line
corresponds to the maximum deviation of 10 mm (as suggested by Woods et al., 2015, Opitz et al., 2018).

Fig. 4. Individual results of frontal electrode deviations in the three conditions Pre, Post, CURRENT (N = 36). The horizontal green line corresponds to the maximum deviation
of 10 mm (as suggested by Woods et al., 2015, Opitz et al., 2018).
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4. Discussion

In the present study, we evaluated performance and usability of
a novel technology and framework that guides and monitors
patients throughout home-based self-application of tES with a
focus on correct electrode placement.

Compared with instructions only and before the investigator’s
cap placement (Pre), the electrode localisation algorithm helps
the participants to place the cap significantly more accurate (CUR-
RENT). The participants’ self-placement supported by the technol-
ogy was as accurate as the NIBS expert investigators’ placement,

whereas the Post condition only showed a trend towards this direc-
tion. There was no significant difference between the Post and CUR-
RENT conditions, however participants performed satisfactorily in
both of them, demonstrating the simplicity and accuracy of the
present set-up. The Post condition is comparable to the instructions
and techniques used in other home-based studies so far (Park et al.,
2019), which not only speaks for the importance of training and
detailed instructions (Charvet et al., 2015), but also confirms that
through the latter, good results can be achieved.

Nonetheless, our results show that CURRENT provides distin-
guishable value to the status quo, as only 3 out of 36 participants
placed the frontal electrodes outside the suggested 10 mm devia-
tion range (Woods et al., 2015), ensuring correct cap placements
in the majority of cases. This additionally shows that no technical
difficulties were experienced by the participants that would lead to
a major decrease in performance of cap placement accuracy. It is
important to note that participants’ deviations were measured
with the help of CURRENT without any prior training on how to
use this technology. This was done to determine how intuitive
and easy-to-use the technology is at first usage. We hypothesise
that focusing less on the user experience and more on accuracy
of CURRENT during the training session might potentially lead to
higher accuracy. This, however, will have to be tested in future
studies. Importantly, the participants’ confidence as well as the
cap placement performance did not decrease for the follow-up ses-
sion 7 days after the initial placements and without further train-
ing. This further highlights the simplicity of the set-up as well as
the confidence induction through usage of CURRENT. Future studies
should investigate the evolvement of confidence and accuracy with
specific training or after several sessions of using the algorithm.

This novel technology offers, for the first time, the possibility to
monitor how well participants perform the cap and electrode
placement at home in a session-by-session manner. Through the

Fig. 5. Deviation (in mm) from the investigator’s cap placement, averaged over all
electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, O1, O2) in the three conditions (N = 36).
The horizontal green line corresponds to the maximum deviation of 10 mm (as
suggested by Woods et al., 2015, Opitz et al., 2018).

Fig. 6. Individual trajectories averaged over all electrode deviations in the three
conditions Pre, Post, CURRENT (N = 36). The horizontal green line corresponds to the
maximum deviation of 10 mm (as suggested by Woods et al., 2015, Opitz et al.,
2018).

Table 1
Permutation test results (100,000 sampling) contrasting the three conditions. Frontal electrodes only are in the left table, all eleven electrodes averaged are in the right table.

Frontal electrodes All electrodes

Test statistic Pre vs. Post Pre vs. CURRENT Post vs. CURRENT Test statistic Pre vs. Post Pre vs. CURRENT Post vs. CURRENT

Mean 1.59 1.99 0.40 Mean 1.04 1.25 0.20
SD 1.50 1.37 0.13 SD 0.86 0.85 0.02
p-values Pre vs. Post Pre vs. CURRENT Post vs. CURRENT p-values Pre vs. Post Pre vs. CURRENT Post vs. CURRENT
Mean 0.07 0.02 0.65 Mean 0.26 0.18 0.83
SD 0.05 0.08 0.87 SD 0.22 0.23 0.98

Fig. 7. Deviation (in mm) of the frontal target electrodes (F3, Fz, F4) from the
investigator’s cap placement in the three initial conditions and one week later
(N = 6). The horizontal green line corresponds to the maximum deviation of 10 mm
(as suggested by Woods et al., 2015, Opitz et al., 2018).
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recording of the cap position on three axes in a simple csv output
file, the investigator can monitor whether the cap has been placed
similarly to where they placed them during the initial on-site visit
following the 10–20 EEG systems guidelines (Homan et al., 1987).
Quantifying electrode placement accuracy can represent a useful
tool to interpret the results of a home-based study.

Furthermore, we assume that CURRENT can be beneficial for dif-
ferent tES techniques in home-based settings. Although tDCS is the
most established technique for home-based self-application, tran-
scranial alternating current stimulation (tACS) has been used in
this setting in recent studies ((Bréchet et al., 2021, Cha et al.,
2021). Novel techniques such as temporal interference stimulation
may be implemented in the near future in a similar fashion and
profit from the monitoring and confidence inducing aspects that
CURRENT offers.

We observed high values of confidence of the participants in
setting up the tES technology in both the Post and CURRENT condi-
tions. Contrarily to our expectations, there was no large difference
in confidence levels between the two. Encouragingly however, the
qualitative feedback we received from participants of different
ages indicates an increase in their confidence level and feeling of
certainty with respect to placing the cap without the algorithm’s
help (‘‘The algorithm allows to be 100% sure about a good position-
ing of the cap. It is easy to use.” (63 years old; for more individual
feedback please see Appendix E). We hypothesise that this positive

evaluation will be particularly important for studies using home-
based self-application of tES for a long duration. We anticipate that
the beneficial effect of CURRENTwill increase with prolonged usage
and especially with increasing time since the on-site visit /
training.

Along these lines, we hypothesise that the use of CURRENT
might reduce the training time needed to familiarise the patients
with the electrode placement at home. Instructions and familiari-
sation with the material will remain critical for patients and partic-
ipants to use the set-up safely and the optimal placement by a
NIBS-expert investigator that is saved as a reference on the tablet
make at least one on-site visit indispensable. However, the qualita-
tive feedback we received indicates a confidence induction by the
algorithm which, together with the monitoring function of CUR-
RENT, might enable relying on the algorithm earlier and reduce
training hours compared with e.g. home-based set-ups in which
no monitoring of cap placement is available and training before
necessarily intensive (Chavret et al. 2015).

The general feedback regarding the interface and usability of
CURRENT, assessed via two different VAS scales (‘‘usefulness” and
‘‘easy-to-use”) as well as a standardised UX questionnaire, yielded
positive results, irrespective of technological knowledge. This qual-
ifies the technology to be used by a wide range of participants and
patients in the future.

An important point to consider is that there is a bias for accu-
racy in favour of the frontal electrodes by measuring the cap place-
ment from a frontal perspective. Accordingly, our results show a
significant difference in displacement only for the frontal, but not
averaging over all eleven electrodes. Using the QR-like markers
and a face recognition algorithm to assess cap placements we
anticipated this result; however, it will be the challenge of further
studies to find comparable solutions for more posterior target
regions.

Another limitation of this study is that we did not acquire long-
term data from patients at home. However, CURRENT is presently

Fig. 8. Individual results of frontal electrode deviations in the conditions Pre, Post,
CURRENT, FU_Post and FU_CURRENT (N = 6). The horizontal green line corresponds
to the maximum deviation of 10 mm (as suggested by Woods et al., 2015, Opitz
et al., 2018).

Fig. 9. Confidence rated on a VAS (Visual Analogue Scale) in the conditions Post and CURRENT (left, N = 22) and for a subset of participants additionally for conditions FU_Post
and FU_CURRENT (N = 6) performed one week later.

Table 2
User experience questionnaire results split into the 6 dimensions assessed (N = 36).
Values above 0.8 indicate positive evaluation.

UX-Q Scales

Attractiveness 1.16
Perspicuity 1.36
Efficiency 1.19
Dependability 1.00
Stimulation 1.21
Novelty 1.05
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used for a series of sessions in a multi-site, double-blind, random-
ized and placebo-controlled trial assessing the effects of tDCS com-
bined with a video-game based intervention in major depressive
disorder (MDD, https://thediscoverproject.site/, Dechantsreiter
et al., 2022). The home-based set-up of this trial consists of a six-
week intervention with 114 patients planned to be included with
daily trainings. This trial is expected to provide important informa-
tion about the easiness of use or potential difficulties throughout a
longer duration of usage.

In sum, this novel technology based on facial recognition
improves the existing set-ups of home-based non-invasive tES in
guiding patients during self-application and in monitoring elec-
trode and cap placements. It greatly adds to the growing body of
research taking the development of home-based tES set-ups
towards creating a controlled environment that can be confidently
and safely used by patients. This may increase the possibility of
high-frequency treatment strategies that can be integrated easily
into the patients’ everyday life.

5. Conclusions

& Computer Vision Technology based on a facial recognition algo-
rithm allows to direct and monitor electrode placement for
home-based self-application of tES to reduce displacement

& Usage of CURRENT favours increased confidence levels of the
participants

& Feasibility and user experience questionnaires returned excel-
lent evaluations & feedback regarding the new support tool

& Regarding the open challenges of assisting the patients in a
home-based set-up for self-application of tES, CURRENT is a sig-
nificant step forward to guide participants and especially
patients towards precise electrode placement and monitoring
the accuracy of individual cap placement in a session-by-
session manner
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Appendix A. Comparison PROTOTYPE & CURRENT

There were no differences in cap placement accuracy when
comparing PROTOTYPE with CURRENT). For all pairwise compar-
isons please see Table A1.

Table A1
Pairwise comparisons of the four pilot study conditions (N = 14).

p-value Pre Post PROTOTYPE CURRENT

Pre - - - -
Post 0.19 - - -
PROTOTYPE 0.50 0.76 - -
CURRENT 0.32 0.90 0.85 -
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Appendix B. Interface of the algorithm during the verification
process

See Fig. B1.

Appendix C. Image processing algorithm

The automatic cap placement algorithm is implemented in
Python 3.5 using open-source (OpenCV 3, https://opencv.org/)
and in-house (LTS5 Face tracker) libraries. The setup consists of a
camera filming the patient’s face and a cap with QR codes. During
the placement procedure, the algorithm receives and processes the
images in real time. Because the algorithm is tailored to the
patient, calibration is required during the first session on-site.
The investigator places the cap on the patient’s head, and the algo-
rithm parameters with this particular placement are saved for ref-
erence. At home, the algorithm will guide the patient to adjust the
cap until reaching the same placement.

The calibration starts with the calculation of the distortion
parameters of the camera to ensure proper mapping of 2D pixels
to 3D coordinates in the later stages of the algorithm
(https://docs.opencv.org/4.x/dc/dbb/tutorial_py_calibration.html).

In addition to the camera calibration, the algorithm asks the inves-
tigator to measure specific anatomical distances on the patient’s
head. These are the distances between the eyes, the nose and the
chin, the nose and the mouth, and the size of the mouth. Thanks
to these measurements and the distortion parameters of the cam-
era, the algorithm estimates the distance of the patient from the
camera during the placement procedure. The final step of the cal-
ibration is the calculation of the relative position of the cap with
respect to the patient’s head. This process is divided into three
steps: cap detection, face detection and distance calculation.

We implemented a cap detection algorithm using ARUCOmark-
ers (https://docs.opencv.org/3.4/d9/d6a/group__aruco.html#-
ga061ee5b694d30fa2258dd4f13dc98129). More specifically, four
ARUCO markers with a unique pattern are clipped onto the cap.
Because of their unique signature, each ARUCO marker can be
detected with its ID, as well as its orientation in space. This makes
the algorithm robust to partial detection.

In parallel, the face detection algorithm finds landmarks on the
patient’s head in the image. The face detector is implemented with
the LTS5 face-tracker library (https://lts5facegroup.bitbucket.io/
LTS5Doc/index.html). First, the algorithm detects the patient’s
head using Haar cascade (Viola & Jones, 2001). Secondly, the algo-
rithm calculates the location of landmarks on the detected face
using a face alignment algorithm from a training set (Qu et al.,
2015). Among these, we keep the ones located around the eyes,
the mouth, the nose and the chin because they correspond to the
anatomical measurements of the calibration step. From these two
detection tasks, the relative location of the cap on the patient’s
head is calculated by mapping the location of the ARUCO markers
and the landmarks from pixels to 3D coordinates (Marchand et al.,
2016), and calculating the Euclidean distances between these
points. These distances are the references for the placement proce-
dure at home.

Once the calibration is validated by the investigator, the algo-
rithm is ready for the cap placement phase and the patient is able
to place the cap autonomously with the guidance provided by the
algorithm. During this phase, the cap detection, the face detection
and the relative distance calculation are performed for each new
image acquired by the camera. The algorithm matches the current
relative position to the reference by comparing the distances calcu-
lated during calibration. The algorithm gives instructions to the
patient until the difference between the new distances and the ref-
erences is < 7.5 mm that we fixed as the threshold for correct
placement.

Appendix D. User experience questionnaire (https://www.ueq-
online.org/)

See Fig. D1.

Fig. B1. Screenshot of the CURRENT interface during the verification process. Light
blue dots indicate the reference position, whereas dark blue dots indicate the
current placement of the cap. The progress bar in the upper right corner fills up as
soon as a satisfactory placement is achieved.
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Appendix E. Qualitative individual feedback (Participant’s
quotes)

‘‘The tutorial and the algorithm give me confidence to adjust the
position. Particularly the position of my body and head.” (73 years
old)

‘‘The algorithm and tutorial give confidence & help to place the
cap in the right way. The successful trials increase the confidence
for future placements at home. It was very easy, explicit and intu-
itive, more so than using a keyboard. With training, it will be ‘‘a
piece of cake”." (73 years old)

‘‘I feel surer using the algorithm.” (27 years old)
‘‘I oriented myself around the placement of the investigator.

This only worked because I still knew it well, later (at home) the
algorithm will be necessary.” (55 years old)
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