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Abstract: Neurology is focused on a model where patients receive their care through repeated visits
to clinics and doctor’s offices. Diagnostic tests often require expensive and specialized equipment that
are only available in clinics. However, this current model has significant drawbacks. First, diagnostic
tests, such as daytime EEG and sleep studies, occur under artificial conditions in the clinic, which may
mask or wrongly emphasize clinically important features. Second, early detection and high-quality
management of chronic neurological disorders require repeat measurements to accurately capture
the dynamics of the disease process, which is impractical to execute in the clinic for economical
and logistical reasons. Third, clinic visits remain inaccessible to many patients due to geographical
and economical circumstances. Fourth, global disruptions to daily life, such as the one caused
by COVID-19, can seriously harm patients if access to in-person clinical visits for diagnostic and
treatment purposes is throttled. Thus, translating diagnostic and treatment procedures to patients’
homes will convey multiple substantial benefits and has the potential to substantially improve
clinical outcomes while reducing cost. NeuroTec was founded to accelerate the re-imagining of
neurology and to promote the convergence of technological, scientific, medical and societal processes.
The goal is to identify and validate new digital biomarkers that can close the last mile in neurology
by enabling the translation of personalized diagnostics and therapeutic interventions from the clinic
to the patient’s home.

Keywords: dynamical disease; digital biomarkers; home diagnostics; ultra-long-term EEG;
machine learning; public–private partnerships
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1. Introduction

Most neurological and neuro-psychiatric disorders, such as epilepsy, Parkinson’s
disease, depression, migraine, multiple sclerosis, Alzheimer’s disease and also the sequelae
of stroke, are not transient but chronic [1–4]. Importantly, their time courses typically
are not linear, but are rather characterized by fluctuations, modulations by sleep and
multidien periodicities, often evolving in highly patient-specific ways [5–9]. These individ-
ual dynamics may inform personalized diagnostics and therapies on an unprecedented
scale. However, in today’s prevailing health care system with hospital- and appointment-
based neurology, it is most often not possible to accurately assess the structure of the time
course of chronic neurological disorders, i.e., their dynamics are under-sampled. What is,
therefore, urgently needed are novel technologies that allow for longitudinal monitoring
of neurological disorders in real-world environments of patients. NeuroTec is a new re-
search hub, located at the Swiss Institute for Translational and Entrepreneurial Medicine
(sitem) directly on the campus of the Inselspital, the University Hospital of Bern (Figure 1).
NeuroTec comprises a testing platform with an instrumented apartment, and sleep, EEG
and circadian labs, designed to accelerate the translation of diagnostics and therapies
from the clinic to the patient’s home. NeuroTec is run by the Department of Neurology
of the Inselspital in close collaboration with the ARTORG Center for Biomedical Engineer-
ing of the University of Bern, with project-specific partners from academia, non-profit
research institutions and industrial partners in public–private partnerships. The first gener-
ation of projects, which we here set out to describe, span both recording and stimulation,
invasive and non-invasive methods, and thus provide a firm yet innovative platform to
transform neurology through synergy and collaboration. The main goal of NeuroTec is to
develop, test and deliver such technologies and to thus pave the way for patient-centered
neurology that aims to diagnose and treat patients in their homes.

Figure 1. NeuroTec is located at the new Swiss Institute for Translational and Entrepreneurial
Medicine (sitem) on the campus of Inselspital, the University Hospital of Bern.

2. Motion and Emotion—Digital Biomarkers for Closed-Loop Deep Brain Stimulation

One core component of NeuroTec is its “Loft”—an instrumented apartment (Figure 2),
which will be used for studies investigating the behavioral aspects of neurological and
neuro-psychiatric disorders. This unique facility enables the investigation of patients in con-
ditions that closely mimic their natural living situation. In one project, we use the NeuroTec
Loft to objectively investigate motor and non-motor symptoms of Parkinson’s disease (PD)
and use this information to individually optimize deep brain stimulation (DBS) parame-
ters. PD is the second most common neurodegenerative disorder characterized by a loss
of dopaminergic cells in the brain, causing motor (e.g., bradykinesia, and tremor) but
also non-motor symptoms (e.g., sleep disorders and neuropsychiatric disturbances). In
the early phase of the disease, typically during the first 3–5 years, pharmacological treat-
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ments, including the use of levodopa (prodrug of dopamine) and other dopaminergic
therapies are sufficient to control symptoms and to restore a good quality of life. With
the progression of the disease, however, the brain of people with Parkinson’s loses its
ability to compensate for the temporal intermittent oral intake of dopaminergic medication,
and, as a result, varying drug levels in the blood lead to troublesome fluctuations of both
motor and non-motor symptoms throughout the day. For patients in this advanced stage
of the disease, DBS represents a proven and established treatment option to better (but
not entirely) control these symptom fluctuations [2]. Nowadays, DBS systems in clinical
use for movement disorders exclusively operate in an open-loop mode; thus, stimulation
can only be delivered continuously without automatized adjustments to the clinical state,
thereby limiting a stable symptom control [2]. Moreover, current DBS systems are lim-
ited by manual and time-consuming iterative adjustments of the stimulation parameters,
which establish a chronic stimulation setting [10]. Closed-loop DBS represents a new
technology on the horizon that is likely to address the fluctuating symptom states more
specifically by titrating the delivery of stimulation according to symptom biomarkers
extracted from brain or other signal sources in real time [11]. Major progress has been
made in linking patterns in brain oscillations recorded from the DBS target structures to
symptoms in PD [12,13]; the first pilot trials using brain signal driven closed-loop DBS
showed promising results [14]. These developments were important impulses for the de-
vice manufacturers, as new neurostimulators with brain sensing capabilities have now
been released for commercial use and for further development of closed-loop DBS al-
gorithms. As an additional goal, we aim to complement brain signal recordings with
sensor-based recordings during the patient’s daily life. Sensor-based quantification of PD
motor symptoms is a well-studied problem (see Ossig C. et al., 2016 [15] and Rovini et
al., 2017 [16] for reviews), but as of yet there are no established methods for unobtrusive
sensor-based monitoring of non-motor symptoms. In this project, we aim to develop and
evaluate the feasibility of a new closed-loop DBS control system that uses both internal
and external signals to minimize PD symptoms and maximize patients’ quality of life,
thus fostering independent living. To achieve this goal, we use sensor fusion and machine
learning algorithms to quantify emotions (e.g., happiness, anger, apathy, depression), motor
symptoms (e.g., tremor, and bradykinesia) and cognitive abilities (e.g., memory, processing
speed). These measures, together with the internally recorded neural oscillations, serve
as inputs to a heuristic controller implemented in the DBS system. The control objective is
to minimize symptoms in the aforementioned domains. We propose to analyze continuous
multi-modal recordings of speech (with an array of microphones), activities of daily living
and sleep (with ambient sensors), body movements and cardiac activity (with a wearable
sensor at the wrist as well as ambient sensors integrated in the bed) and discrete mea-
surements of cognitive performance (with a tablet- or smartphone-based computer game).
Fluctuations of non-motor symptoms, including emotional disturbances, neuropsychi-
atric and behavioral symptoms, and cognitive performance are paramount for the quality
of life but are, at the same time, often under-diagnosed in PD. The idea of using emotion
detection in spontaneous speech and leveraging this new item with context information
from other sensor modalities (e.g., ambient and wearable sensors) opens a novel approach
to better understanding and treating the neuropsychiatric symptoms in PD. In the first
step, we plan to recruit 20 PD patients to conduct a thorough behavioral monitoring and
profiling study. To this end, the behavioral measurements will take place in the patient’s
home (total duration of 12 weeks) and in the sensor-equipped apartment (total duration of
4 days) at NeuroTec (Figure 2). In addition to the aforementioned sensors, which will be
used in the patient’s home (see also Schütz et al., 2019 [17]), there will be more sophisti-
cated sensors in the NeuroTec Loft, providing fine-grained information about the patient’s
activities. We hypothesize that the combination of fine-graded, but relatively short (e.g.,
4 days), measurements in the NeuroTec Loft with the longer duration (e.g., 12 weeks),
but less sophisticated measurements in the patient’s home will help us to quantify both
the temporal fluctuations and the characteristics of the patients’ individual motor and
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non-motor symptoms. As a second step, this same behavioral profiling approach will
be used for patients with DBS to allow for more fine-tuned and individualized calibra-
tion of DBS stimulation parameters to improve the quality of life. Importantly, similar
projects could be envisioned for studying the behavioral correlates of other neurological
and psychiatric “loop disorders” [13], such as dystonia, Tourette’s syndrome, depression
or epilepsy. This approach is uniquely enabled by the clinical and engineering expertise
that are blended through the structure of the NeuroTec, which fosters such collaborations
and provides the required labs.

Figure 2. Marker-free motion tracking in the sensor-equipped apartment (NeuroTec Loft) University
Hospital Inselspital. The living room (a,d) and the kitchen (e) are equipped with 13 cameras that
allow to fit a 54-point skeleton model onto the test-person’s body (b,c).

3. Personalized Chronotherapy Is Important for the Future of Epilepsy Care

Epilepsy is a periodic disorder of the brain that ranks among the most devastating
neurological conditions, affecting all ages, including young and otherwise healthy people.
Although the cyclical nature of seizures in epilepsy has been recognized since antiquity [18],
the scientific study of these phenomena is only starting to emerge, in part because patient-
reported seizure burden is often inaccurate [19]. Furthermore, overt seizures are only the tip
of the iceberg in epilepsy. It is now recognized that epileptic brain activity is present on
an ongoing basis in most patients, without accompanying (obvious) symptoms. Although
the pathological significance of such activity is still an area of active research, it can be
used as a (digital) biomarker to monitor disease activity. However, the current practice
of adjusting treatments in epilepsy still relies on self-reports of seizures at quarterly medical
appointments, where patient’s recall of intervening events is, at best, fuzzy due to the time
elapsed. Thus, there is an unmet need for tighter monitoring of brain activity in epilepsy,
which motivates the development of novel recording modalities, including wearables,
smartwatches, headbands with integrated EEG electrodes and implantable EEG systems.
The latter, despite the need for surgery, may represent a particularly attractive solution
for patients who need continuous monitoring of brain activity to capture seizures that can
occur at any moment.

Recently, using such a system, we have shown that seizures obey certain timing
rules (Figure 3) that are individual, but also shared at the group level (so-called “seizure
chronotypes”). Preferential seizure timing was found at three timescales, from most to least
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prevalent: circadian ( 90%), multidien ( 60%) and circannual ( 10%) [20]. Multidien cycles
of seizures can be further divided into 7-day, 15-day, 20-day and 30-day chronotypes.
Relying on such patient-specific patterns of seizure recurrence, we were able to train
statistical models to forecast seizure risk over the next cycle, up to three days in advance [21].
This confirms that seizures are not entirely random events and opens the way for time-
varying therapies.

Figure 3. Ultra-long term recording of human brain activity with intracranial electrodes over months
to years demonstrates that epileptic seizures do not occur randomly. The interictal epileptiform
activity (IEA)—here quantified by a composite measure of EEG signal features—is characterized
by multi-dien periodicities. Epileptic seizures are more likely to occur during times of increasing
and/or increased IEA.

At NeuroTec, we use the most recently developed subscalp EEG recording devices [22],
aiming to continuously monitor patients with epilepsy night and day to determine patient-
specific seizure chronotypes, while at home, recordings from patients will be automatically
scanned, using machine-learning algorithms. In addition, we will also take advantage
of the sleep labs at NeuroTec to assess behavioral correlates of recorded nocturnal epileptic
brain activity. In parallel, on-site measurements will be carried out, using transcranial
magnetic stimulation combined with EEG (TMS-EEG) to assess the dynamics of cortical
excitability, which is hypothesized to underlie the cyclical timing of seizures. In combin-
ing these approaches—implanted EEG, TMS-EEG and behavioral assessments—we will
achieve a thorough level of understanding of individual manifestations of epilepsy and
their chronicity. Precision, personalization and dynamical assessments are required to
enable chronotherapy in epilepsy, which targets periods of heightened seizure risk. In this
setting, the NeuroTec facilities are designed for comfortable access by patients, they have
all the required state-of-the-art equipment, and they promote ease of integration of clini-
cal care and research, which is notoriously hard to achieve in a hospital or clinic setting.
In the long run, monitoring and probing the brain in individual patients with epilepsy will
enable clinical trials of personalized and dynamical drug therapies, with a tight monitoring
of drug-responsiveness, curtailing the long wait for the “next seizure”. This proactive
mode of data-driven adjustments to treatment is expected to increase quality of life, due to
the better treatment outcome, focus on individual patients, and continued improvements
of diagnostics and care based on the latest research findings. NeuroTec is at the forefront
of this new model that uses continuous patient data as the driver of the diagnostic and
treatment processes instead of insular appointments with the treating neurologist.

4. Detecting Primary Generalized Epileptic Seizures by Less Obtrusive Technology

Primary generalized seizures are characterized by the bi-hemispheric simultaneous
onset of epileptiform signals and may be detected with only a few EEG electrodes ap-
plied to the scalp. Clinically, primary generalized seizures typically involve the sudden
impairment of consciousness. As patients often do not realize or remember that they
have had a primary generalized seizure, the treating physician is faced with incomplete
or inaccurate information. Reliable long-term monitoring of primary generalized seizures
with few scalp EEG electrodes is, therefore, expected to significantly improve personal-
ized treatment by providing objective information about the rate and individual pattern
of seizure occurrences on different time scales and thus promote chronotherapy as de-
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scribed in the preceding section. However, patient compliance is a key factor for success
to achieve reliable long-term EEG monitoring. In the context of epilepsy patients, who
still experience enormous levels of stigmatization [23], it is essential to provide an incon-
spicuous solution for recording brain activity to ensure patient adherence. Today, neither
bulky multi-channel EEG devices nor consumer-grade EEG headbands found in the market
satisfy this urgent demand. A project termed ULTEEM (ultra-long-term EEG monitoring),
funded by the European Space Agency (ESA) and CSEM (Swiss center for electronics and
microtechnology), set out to address this unmet medical need by placing the patients’
comfort at the center of the solution. The new proof-of-concept ULTEEM device, designed
by CSEM, comprises two sensors that can be clipped onto any metallic frame of eyeglasses
(Figure 4). Such a solution is only possible thanks to the unique technology developed
by CSEM, allowing the connection of multiple sensors by a single wire, which does not
even need to be shielded or insulated. Although the connection is simplified, the signal
quality is not compromised. This crucial characteristic differentiates the ULTEEM de-
vice from consumer-grade EEG solutions, providing the neurologist with a signal quality
equivalent to that of clinical-grade EEG devices. Applicable medical device standards
(IEC 60601-1 and IEC 80601-2-26:2019) were followed during the design of the device.
Using dry electrodes, the ULTEEM device acquires a 1-lead EEG between the two temples.
The sensors are powered by a rechargeable battery and communicate with portable devices
via the Bluetooth low energy protocol, which allows real-time visualization of the acquired
data as well as downloading the data at a later time. The pilot study of the device was
performed at NeuroTec EEG Labs with 10 healthy volunteers. The objectives of the evalua-
tion were to assess the usability of the ULTEEM device in a clinical setting, as well as to
benchmark the performance of the system with certified EEG devices. For each subject,
the EEG signals were recorded for 20 min with ULTEEM and simultaneously with a cer-
tified EEG device, using gel electrodes for comparison. In addition to recordings during
quiescence, the subjects were asked to perform activities, such as lateral eye movements,
swallowing, and teeth clenching. All of the 10 subjects who participated in the study
reported that the ULTEEM device was comfortable to wear, and they did not develop any
headaches or feel discomfort during or after the recordings. Synchronized waveforms
from the ULTEEM and reference EEG device were both qualitatively and quantitatively
analyzed. Both types of signals for different time windows and for different activities
were compared by an experienced neurologist, who concluded that the measurements
acquired by the ULTEEM system match well with the measurements obtained with the ref-
erence device. Moreover, a similarity analysis was performed between two waveforms,
using Pearson’s correlation coefficient. For the cases where the subjects were instructed
to perform lateral eye movements, a very strong correlation was observed (Pearson’s
r > 0.97). In the cases where the subjects were recorded during quiescence, akin to typical
clinical recording conditions, the correlations were somewhat less pronounced but still
strong (Pearson’s r > 0.80). In conclusion, a single-lead dry-electrode EEG device designed
for ultra long-term monitoring of epilepsy patients was developed, and a pilot study using
the device at NeuroTec EEG Labs yielded promising results. For the pilot study with
healthy subjects, NeuroTec provided an ideal setting, where the subjects were able to be
assessed by experienced neurologists from the Department of Neurology of Inselspital
teaming up with engineers from CSEM to oversee the study and analyze the results.
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Figure 4. The ULTEEM recording system developed by CSEM (Swiss center for electronics and
microtechnolgy) is integrated into glasses and thus minimizes obtrusiveness and stigmatization.

5. Monitoring Sleep at-Home

Sleep-wake-circadian changes (SWCD) have a bidirectional relationship with neuro-
logical and neuropsychiatric diseases. They can act as driving forces or modulators but also
emerge as early symptoms [24–26]. To monitor sleep over extended periods, we want to
test and validate a system that allows for unobtrusive, easy-to-use, and long-term in-home
measuring of sleep and related relevant parameters. In neurological diseases, such as PD
or Alzheimer’s disease, sleep disorders may occur during the prodromal stages, even years
before the emergence of cardinal symptoms [27,28]. As part of the standard clinical diagnos-
tics, patients are referred to the sleep clinic for overnight polysomnography (PSG) [29] and
additional daytime examinations during which parameters, such as brain activity by EEG,
heart rate, muscular activity, eye movements, respiration rate, blood oxygen saturation,
and general movements, are recorded and analyzed. Such snapshots provide the basis for a
diagnosis but fail to detect fluctuations, periodicities, or subtle changes that can occur over
time. Long-term monitoring is, therefore, paramount in detecting these changes or early in-
dicators during the prodromal stages of neurodegenerative disease, when potential future
treatments are expected to be most effective. This long-term monitoring in the hospital is
not feasible for multiple reasons: high cost, unnatural environment for the patients, and
the highly obtrusive character of the currently used devices, which might negatively affect
sleep and thus, the data quality.

With advances in wireless technologies, new and less obtrusive wearable and am-
bient (smart objects with wireless connectivity) sensing devices for assessing sleep have
been developed (e.g., pressure mattresses, radar and infrared sensors). Several studies
have shown a high correlation between such wearable and ambient devices and the gold
standard PSG [30,31]. To date, studies have often compared only one single device at
a given time to PSG in terms of accuracy, and recruited only healthy participants, resulting
in a lack of a gold standard on two levels: first, each wearable or ambient device records
specific types of data, but it remains to be determined what combination of sensing de-
vices may optimize recording capabilities; second, studies are lacking to validate such
devices in a medical setting with patients with sleep disorders. Finally, such a sensor
network would provide a means for long-term at-home monitoring. This is the starting
point for our sleep monitoring study, funded by the Interfaculty Research Cooperation
(IRC) “Decoding Sleep” of the University of Bern, to be conducted at NeuroTec. Most
physiological parameters can be assessed by different sensing technologies. For example,
the breathing rate may be quantified with a flow cannula placed in front of the nose, where
the actual airflow is measured, but it can also be determined by the assessment of thoracic
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movements, or even be derived from electrocardiographic (ECG) signals [32]. While those
technologies have their strengths and weaknesses (including movement artifacts as a com-
mon weakness), the combination of several technologies with partial redundancy of data
might be the best approach to optimize measurements and minimize the risk of informa-
tion loss. A second project within NeuroTec will study patients with chronic excessive
daytime sleepiness and is known as the Swiss Primary Hypersomnolence and Narcolepsy
Cohort Study (SPHYNCS). For this study, biomarkers to differentiate the causes of chronic
sleepiness will be explored and will include diagnostic sleep testing, biological sampling,
questionnaires and a long-term wearable device [33]. These two studies represent a new
close collaboration between SWEZ and NeuroTec.

The novelty and strength of our approach is the combination of multiple ambient and
wearable sensors into a network (Figure 5) installed in a NeuroTec sleep room to test if this
unobtrusive sensor network succeeds where any single sensor currently fails to compare to
the gold standard PSG in terms of data quality and accuracy. Patients with sleep disorders
will be examined simultaneously with PSG and the multidimensional sensor network.

Figure 5. The unobtrusive multidimensional sensor network comprises contactless technologies, such
as radar and infrared (“ambient” devices). The subject lies on a mattress with integrated pressure
sensors, wearing a smart wristband and a headband with EEG electrodes (“wearables”).

We aim to determine how these unobtrusive technologies can be combined into
a sensor network with the ultimate goal (in future phases) of partially or fully replacing
PSG to reduce obtrusiveness and thus to improve the comfort of patients during the as-
sessment. If successful, it will enable home monitoring of patients without the need for
technical support.

Based on the outcome of this sleep monitoring study (highest accuracy and reliability,
user-friendliness, and least obtrusive character), we will select a final and smaller set
of ambient and wearable sensors. This final set will then be further tested in a small cohort
for long-term at-home monitoring, first at our NeuroTec Loft and then at the actual patient’s
home. Once available, this system would allow for the extended monitoring of patients
with neurological diseases. Examples could be assessing the onset and evolution of REM
behavior disorder in patients with synucleinopathies [34], the onset of sleep-wake-circadian
disturbances in Alzheimer’s disease [35], or the monitoring of patients with disorders that
belong to the narcolepsy borderland [33]. However, one could also imagine a future
where patients receive a kit with those sensors to be installed in their homes, even before
a consultation with their sleep physician. This way, all relevant sleep parameters would be
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already known in the first consultation, providing a more enhanced basis for an accelerated
diagnostic workup. Thus, the sleep monitoring study on the sensor network conducted at
NeuroTec represents the launchpad for personalized sleep medicine in the patient’s home.

6. Computational Modeling and Machine Learning for Data Analysis

In parallel to the development and validation of novel recording technologies, NeuroTec
is also focusing on the development of novel methods for data analysis. Given that NeuroTec
has the capacities for long-term EEG/sensor recordings, as well as for recordings of high-
density EEG, it becomes imperative to develop technologies to analyze the resulting data.

Computational modeling and machine learning approaches are increasingly used
in most fields to facilitate the analysis of complex data sets. The field of computer vision has
seen tremendous progress with the introduction of deep learning algorithms, which have
led to unprecedented performance in various classification tasks [36]. However, the use
of deep learning techniques in neuroscience and, in particular, EEG research remains
limited. Two major challenges impede the more systematic use of these algorithms: the first
is the limited amount of data, and the second is the interpretability. Deep neural networks
need a substantial amount of data to learn from, in order to optimize their parameters
without overfitting, i.e., fine-tuning to the input data, while being unable to generalize to
new samples. This is typically not an issue for the field of computer vision, where large data
sets with hundreds of thousands of images are available. By contrast, the available data
in the field of EEG research remain limited to a few hundreds of repetitions per participant,
due to practical limitations, such as fatigue or time resources [37]. This limitation in data
collection may result in overfitting of most available neural networks. In our work, we are
developing novel deep learning pipelines to augment EEG data sets in order to train deep
neural networks without overfitting. Another direction of research that we are pursuing
is that of interpretability in the field of deep learning. Understanding which features
of a given data set contribute to the output of a neural network is crucial for introducing
deep learning algorithms in basic and clinical research [38]. One main focus of research
at NeuroTec is to develop algorithms that are not only powerful in classifying data, but
also interpretable. In our ongoing endeavors, we are examining the effects of network
architecture in the networks’ performance, and also in the interpretability of the extracted
features. Additionally, we are assessing the effects of bias in biomedical data sets that
are oftentimes used to train neural networks [39,40]. Future work in this direction can
build bridges to clinical neuroscience research with tools from the field of deep learning to
classify disease phenotypes and establish markers of disease progression, with particular
emphasis on sleep research [41].

To complement methodological developments for the field of EEG research, we are
additionally designing novel experimental paradigms that take advantage of the high
density EEG setup and sleep laboratory of NeuroTec. Our main focus is in consciousness
research, and in particular in studying the neural functions that are preserved in conditions
of reduced conscious access to the environment, such as during sleep. During sleep, con-
scious perception of the environment fades away. Nevertheless, despite a temporary loss
of consciousness, the human brain continues to process sensory information from its sur-
roundings. Sounds can reach the sensory areas of the brain and are processed during sleep,
without our overt awareness. The processing of sensory information in the absence of con-
sciousness has also been observed in pathological loss of consciousness, such as during
coma [40,42]. Interestingly, the progression of the neural discrimination of auditory stimuli
in the first days of coma has been shown to be an indicator of post-anoxic coma patients’
chances of regaining consciousness [43]. Despite the clinical relevance that the neural
discrimination of auditory stimuli has in relation to consciousness, its neural substrates
remain underexplored.

In our work, we are combining computational modeling approaches with experimen-
tal techniques, such as scalp and intracranial EEG recordings [44], to study the neural
substrates that allow us to process and discriminate sounds from the environment in re-
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duced consciousness conditions. Improving our understanding of how sensory predictive
functions are altered by the presence or loss of consciousness could have applications
in clinical research. To date, one main challenge in consciousness research is to assess
the levels of consciousness of an unresponsive patient. Because of their subjective na-
ture, levels of consciousness are prone to misclassification [45]. Patients with disorders
of consciousness are often non-responsive to their environment and it is thus hard, if not
impossible, to perform behavioral clinical tests on them. Because of their fluctuating levels
of consciousness, and limited abilities for communication, a misdiagnosis results in up to
40% of cases [45]. To overcome the limitations of behavioral tests, EEG-based approaches
have been introduced to assess levels of consciousness in a more objective way. Several
tests, mainly relying on event-related potentials (ERPs), examine the presence or absence
of EEG responses to sensory stimuli, such as the patient’s own name [46], or the detec-
tion of auditory regularities [47]. However, these approaches have several drawbacks:
(a) they assume a similarity between neural responses in healthy individuals and patients
with disorders of consciousness; (b) they are often based on the absence of evidence such
as the absence of a neural EEG response—which might be confounded by low statistical
power; and (c) they often do not have a ground truth for assessing levels of consciousness,
as several of these approaches have not been assessed in controlled conditions. There is,
thus, a strong need for novel, controlled experimental paradigms and automated tools that
can assist clinical diagnoses of levels of consciousness in a patient-specific way. As an alter-
native to traditional ERP-based analyses, machine learning approaches can be used. These
approaches extract, in a data-driven way, patterns of EEG activity that differ between
conditions of interest, and use those patterns to classify EEG signals [48]. The advantage
of machine-learning approaches over ERP-based analyses is that they can model EEG
data at the single-participant level, which is particularly relevant for the case of clinical
studies, where inter-individual variability is high [49]. Our work at NeuroTec, combining
high-density EEG recordings in sleep and wakefulness with machine learning approaches,
aims at advancing our understanding of alterations in neural functions following loss
of consciousness. This line of research could assist with future clinical diagnosis and
prognostication of patients with disorders of consciousness.

7. From Diagnostics to at-Home Therapies: The Case of Non-Invasive
Brain Stimulation

Pharmacological interventions represent only a partial solution for the treatment
of disorders of the central nervous system, due to the absence of effective molecules, treat-
ment resistance, and tolerance issues. A promising, complementary strategy is the more
direct modulation of brain activity by delivering electromagnetic energy. The last twenty
years have seen a tremendous growth of research and clinical applications of non-invasive
brain stimulation. In particular, transcranial magnetic stimulation (TMS) and transcra-
nial electrical stimulation (tES) are used in the research lab to (1) investigate the causal
role of spatio-temporal activity patterns in cognition and behavior and (2) attempt to
restore disordered neuronal activity in disease states. Yet, despite the extremely favorable
safety profile of non-invasive brain stimulation [50,51], fundamental questions remain
unaddressed. First, only a minority of studies have asked whether the investigated brain
stimulation paradigm successfully engages the network target (i.e., has the desired specific
effect on the targeted brain activity). Importantly, the interpretation of an association
between a behavioral metric and a specific stimulation paradigm is challenging in the
absence of neurophysiological or neuroimaging data on target engagement [52]. Second,
most of the brain stimulation research is performed in the research laboratory, partially
due to equipment constraints (for example, a TMS device requires a dedicated lab space
and experienced technicians to operate it), safety concerns in the case of incorrect use, such
as burns caused by inappropriately applied stimulation electrodes for tES, and heterogene-
ity introduced in research performed outside of the research lab. This represents a missed
opportunity since bringing stimulation neurotechnology to the patient’s home for treat-
ment will close the last mile in neurology and offer vastly increased treatment access at
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the population level. By addressing these two main challenges (measuring target engage-
ment and studying neurotechnology for home use), NeuroTec positions itself at the leading
edge of non-invasive brain stimulation with the promise of becoming a unique hub that
integrates medicine, neuroscience, and engineering expertise to change patients’ lives.

Traditionally, brain stimulation was conceptualized as delivering energy to specific
brain areas that are affected in disease states. One highly successful example is (invasive)
deep brain stimulation for the treatment of Parkinson’s disease (see above). However,
complex behavior and disease states often do not map onto specific brain areas but rather
emerge from the (nonlinear) network interactions of numerous brain circuits and areas.
Coordination and communication in such networks are mediated by the temporal synchro-
nization of rhythmic patterns in macroscopic electric brain activity. The growing insight
that these signals, which can be routinely measured by EEG, are at the heart of cognition
and behavior caused a rebirth of EEG, which had been temporarily marginalized by the ar-
rival of magnetic resonance imaging. EEG is non-invasive, can be deployed in and outside
the lab (see above for innovation in this space at NeuroTec), and captures the activity
dynamics of brain networks with high temporal resolution. Advances in analysis strategies
provide quantitative insights about network interactions and directed information flow.
The last ten years have seen a growing interest in modulating these rhythmic activity
patterns to establish their causal role in behavior and as a potential treatment for disorders
associated with altered oscillation patterns (so-called “oscillopathies”). Two techniques
are currently used for this purpose. The first is using TMS for modulating oscillations
by adjusting the stimulation pulse frequency to match the targeted oscillation [53]. TMS
boasts high spatial resolution but has several disadvantages that prevents it from being
the neurotechnology solution for closing the last mile in neurology (e.g., cost, energy
consumption, size and weight). In contrast, transcranial alternating current stimulation
(tACS, [54,55] (Figure 6)) is a cost-effective and portable technology that is battery-powered,
thereby being well positioned to become a prominent player as an at-home therapeutic
tool for neurological and psychiatric disorders [56,57]. tACS applies a weak electric current
(typical amplitude: 2 mA) to the scalp, which results in a weak electric field (<1 V/m)
in the brain. After some initial skepticism as to whether such a weak perturbation that
changes the membrane voltage by less than 1 mV can indeed modulate network dynamics,
it has become clear that neural oscillations are highly susceptible to even very weak periodic
perturbations that are designed to match the endogenous frequency of brain oscillations
via a well-established principle from physics referred to as the Arnold tongue [58].

Initial clinical trials have demonstrated that tACS can modulate physiological and
pathological oscillations in a targeted manner by entrainment and that stimulation paradigms
as short as five days can induce changes in brain activity that persist for weeks [56]. Yet, the
durability of both neural and clinical effects remains a concern that can be addressed by repeat
stimulation, which makes a clinic-based approach cumbersome and costly. Several pilot
studies support the safety of paradigms for up to 20 weekly tACS sessions [59]. Yet, the next
step of deploying this technology at-home in a scientifically rigorous way remains a key
obstacle for the advancement of this technology. The NeuroTec Loft is an ideal environment
to close this last mile by studying tACS (and, in the future, other portable and targeted
neurostimulation technologies) in a setup that exhibits the main features of what home
use would entail, while still offering the research infrastructure—such as high-density EEG
and advanced video monitoring, typically only available in research lab spaces—that lacks
the external validity offered by the NeuroTec Loft, which mimics an apartment.
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Figure 6. Non-invasive brain stimulation by transcranial alternating current stimulation (tACS)
modulates brain rhythms by entrainment (temporal targeting). The spatial spread of the electric field
is determined by the montage of the electrodes (spatial targeting). The stimulation waveform is a sine
wave tuned in frequency to the targeted network oscillation. Target engagement (and closed-loop
stimulation) is based on EEG. The tACS technology is safe, lightweight, easy to apply, cost effective
and, therefore, ideal for future at-home use.

NeuroTec is working with the Carolina Center for Neurostimulation at the University
of North Carolina and Pulvinar Neuro, a brain stimulation university spin-off company
supported by the National Institutes of Health, to prepare for leveraging NeuroTec as a col-
laborative test location to evaluate device technologies and perform studies that provide
the beach head toward at-home studies. Currently, Pulvinar Neuro is developing a cloud-
integrated stimulation platform that allows multisite trials and eventually at-home stimu-
lation by cloud-controlled stimulation and study management. Next steps could include
the testing of closed-loop stimulation paradigms developed for the targeting of transient
neural oscillations during sleep [60].

8. Summary and Outlook

We have here described the first-generation projects carried out at the recently founded
NeuroTec sitem-insel. These sample projects illustrate that the research and development
at NeuroTec has implications for a large set of disorders and disease states. This spectrum
ranges from neurodegenerative disorders, such as Parkinson’s or Alzheimer’s disease,
to epilepsy, sleep-wake-circadian disturbances, stroke and even psychiatric conditions.
However, despite this multitude of disorders, the research efforts at NeuroTec are tightly
interrelated, due to the strong overlap of applied technologies and methods (Figure 7).
Yet, the coherence of the NeuroTec approach runs deeper than being merely methodical
because many—if not all—of the aforementioned disorders are also bound together through
their conceptualization as disorders with shared (network) pathophysiology. To provide
one important example, recent studies strongly indicate that both epileptic seizures and
sleep-wake-circadian disturbances might promote Alzheimer’s disease [28,61] and thus
offer potential new treatment strategies for this devastating condition that looms over
the progressively aging humankind. We propose that progress in tackling such challenges
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requires exactly the kind of ecosystem for the collaborations offered by NeuroTec, liberated
from the silos of academic departments and from the constraints of established paradigms.
Developing new diagnostics and treatments for brain disorders has remained a humbling
challenge despite the numerous advances in neuroscience research over the last decade.
The key to unlocking the translational benefits of basic science for neurological disorders is
to provide a setting that attracts clinicians and clinician-scientists who are passionate about
pushing boundaries and innovating through collaborations. NeuroTec provides a unique
opportunity for the interdisciplinary and interprofessional training of the next generation
of clinicians, engineers, MD-PhDs, and data and basic scientists. Crucial educational
aspects will include sensitizing health professionals for privacy and data safety [62] and to
inform about risks and chances of invoking emerging technologies, such as blockchain [63],
edge computing [64] or combinations thereof [65], to address these issues.

Figure 7. Overview of the general approach pursued at NeuroTec: novel sensor technologies are
applied to yield a combination of ambient context information with specific information from body
mounted sensors. These data are then used to develop a multimodal patient model that enables
individualized interventions.

One further common thread in the institutional DNA of NeuroTec is the focus on
personalized medicine. By putting patients first across the entire life cycle of projects
in both basic and clinical science, we are creating a culture that elevates technology and
methods to improve the quality of life and outcome in patients. The goal is to make
diagnostic and treatment procedures not only better, but also more tolerable because they
can be performed in the privacy of the patient’s home and, in the future, also in other
natural habitats, as well as during other daily activities, such as commuting [66] or doing
sports [67]. Finally, for the next generation of neurotechnology and digital biomarkers
to reach patients, ultimately, commercialization is required. NeuroTec has structurally
addressed this need through its framework that allows different flavors of public–private
collaborations and partnerships to help companies push the discoveries out of the lab into
the hands of clinicians and patients.

We hope and expect that NeuroTec sitem-insel will develop into an internationally
renowned platform that promotes innovative and effective collaboration between scientists,
engineers and clinicians to develop the future technologies that we will need to bring
diagnostics and therapies to the home of the patient, thus helping to close the last mile
in neurology.
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