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Abstract/Introduction

Stress, considered a physiological response to changes in the environment, has profound
implications for both physical and mental well-being, contributing to various health issues.
Prolonged or chronic stress has been associated with the development of diverse disorders
including functional neurological disorder (FND), underscoring the importance of timely stress
assessment and intervention. Traditional methods for stress evaluation include subjective
measures like questionnaires, but advancements in technology allow for more objective
assessments through physiological indicators such as cortisol levels, alpha amylase activity, and
bio-signals. More recently, neurotechnology solutions using electroencephalography (EEG) and
functional near-infrared spectroscopy (fNIRS) have been independently and jointly investigated
as viable wearable solutions for stress assessment and management in home environments.

While EEG is a common tool for measuring brain electrophysiological signals, it has certain
limitations, including susceptibility to noise and poor spatial resolution. To address these
challenges and enhance stress assessment using a multi-modal approach, the integration of a
wearable dry EEG system with fNIRS can be proposed. This combination offers a more
comprehensive understanding of stress by simultaneously capturing electrical brain activity
and measuring cerebral hemodynamics.

Silverline Research has developed MyndSens, which is an affordable, lightweight, wearable
fNIRS imaging device and relaxation app using paced breath meditation (MyndSens) that can be
integrated with an EEG system to optimally monitor brain bio-signals during stress assessment
and management in home-based environments. To guide development of such an integrated
system, we will leverage data/usability information from a previous project from our
collaborator Dr. Anirban Dutta, which will provide wearable fNIRS-EEG joint imaging and
patient data from hypnosis therapy in the treatment of Functional Movement Disorders for
analysis in this challenge.



The proposed use of this integrated wearable system extends beyond traditional stress
assessment scenarios. It aims to provide real-time monitoring during meditation, hypnosis, and
other relaxation techniques, offering insights into the effectiveness of these practices in
managing stress. In the meeting, we aim for collaborative innovation of a self-monitoring device
for dose-response of various relaxation techniques, as patients and NHS clinicians will
seamlessly combine their insights with engineers and neuroscientists to design a solution that
seamlessly integrates human experiences of relaxation techniques with clinical expertise.

By combining the strengths of EEG and fNIRS into a digital health platform, the integrated
system not only may become a medical product but will be a cost-effective consumer product
for people trying to manage stress. The integration of a wearable fNIRS system with EEG
represents a cutting-edge solution for stress assessment and management with meditation,
breathwork (Fincham et al., 2023) and/or hypnosis therapy (Sanyal et al., 2022). This
innovative approach not only addresses the limitations of traditional stress assessment
methods but also aligns with the growing emphasis on self-administered closed-loop healthcare
solutions in the privacy of one’s own home.

Description of the problem

During the N-code meeting, we focused on the problem of how stress bio-markers can be
monitored using the MyndSens App during breathing and hypnosis sessions. After discussing
with a clinical neurologist specialising in FND, Dr. Abhijit Das, it was suggested that arousal bio-
markers are more relevant to FND. As such, the team decided to focus on developing modelling,
signal analysis and machine learning methods using heart rate (HR) and heart rate variability
(HRV) derived from fNIRS signals.

We first looked at the available literature on the role of arousal in FND, and it was indicated in
the Meta Analysis by Paredes-Echeverri et al. (2022, Autonomic, Endocrine, and Inflammation
Profiles in Functional Neurological Disorder: A Systematic Review and Meta-Analysis), that FND
patients showed lower HRV (rMSSD) compared to healthy controls, which is indicative of
reduced parasympathetic tone.

We then looked at some available publications on signal analysis methods to extract HR and
HRYV from fNIRS signals, and Hakimi et al., (2018, Stress assessment by means of heart rate
derived from functional near-infrared spectroscopy) provided a proof of concept of how HR
derived from fNIRS was superior in classification of stress compared to HR derived from
standard ECG methods (see Fig. 1).
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Fig.1 Signal processing method of HR derived from fNIRS and ECG on stress
classification (from Fig.5 Hakimi et al., 2018).

MLP SVM classifier | @ | PCA [CA ) @—

Another aspect of fNIRS signals is that they provide information on the modes of cerebrovascular
response influenced by relaxation techniques and vagus nerve stimulation. This stimulation
arises from ‘extrinsic nerves’ of the peripheral nervous system (PNS) and ‘intrinsic nerves’ from
subcortical areas, including the locus coeruleus. Modelling methods can be applied to multi-
distance fNIRS measurements (see Fig. 2). Here, the modal analysis of multi-distance fNIRS
measurements of hemodynamics, influenced by mechanisms such as vasomotor, chemical, and
metabolic controls, which become more dominant in states of hyper and hypo arousal, can be
delineated. Specifically, the cluster within the range of >0.05 Hz and <0.2 Hz may play a significant
role in bottleneck cortical blood flow regulation.
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Fig. 2. Modes in the cerebrovascular response measured using multi-distance fNIRS
measurements. In the left panel it can be seen that fNIRS signals at lower frequencies are
lower in elderly than young, indicating reduced cortical blood flow response.

Finally, we considered that the treatment options for FND patients (In-person, Individual
Breathwork and Hypnosis Session with MyndSens) should be developed into a digital health
platform (Remote, group Hypnosis and Breathwork Session with MyndSens digital health
platform).



Solutions proposed

In order to measure HR and HRV from fNIRS signals using the MyndSens sensor, we collected
fNIRS data from the team members during a paced breathing session (see Fig.3) and/or a
hypnosis session, either self-hypnosis (Fig. 4 left panel) or group hypnosis conducted by Dr. Das
(Fig. 4 right panel). It was proposed by Dr. Vysokov that applying mild electrical stimulation to
the Vegas nerve surrounding the mastoid region using the BrainPatch tES system is an effective
way to enhance parasympathetic tone, as such we collected data on a few team members with
the BrainPatch headset and MyndSens App (see Fig. 5)

In order to validate the fNIRS-derived from HR signals with a more established
photoplethysmography (PPG) method, we also synchronously collected PPG signals (Muse PPG
sensor) with the MyndSens fNIRS during some of the sessions.

whie Round 1 of 10

Fig.4. Team member running a self-hypnosis session (left panel) and a group hypnosis
session (right panel) using the MyndSens app.



Fig. 5. Team member running a self-hypnosis session with the Brainpatch headset
stimulating the mastoid region of the vegas nerve and fNIRS recorded with the
MyndSens App

Approaches considered to solve the problem

Derivation and comparison of HR from fNIRS and PPG signals using frequency and peak
detection signal analysis

A key element in the integration of the MyndSens fNIRS device within an at-home stress
management strategy is the disambiguation of signal sources. Initially, we aimed to estimate the
HR of users, which is captured in a distinct peak within the frequency spectrum of the fNIRS
data (Fig. 6). We also derived the HR derived simultaneously using a ground truth PPG
recording device.

Combining spectral analysis, filtering, and peak detection algorithms, we were able demonstrate
that the MyndSens fNIRS device can capture HR over time - producing similar results to the
ground truth.

These computational methods can be used to estimate the HR in real time, providing users with
immediate feedback. Moreover, we will apply similar methods to further disambiguate other
peaks in the frequency spectrum, which capture elements of the breathing pattern and cerebral
haemodynamics.
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Fig. 6 Signal analysis pipeline using frequency and peak detection methods to detect
heart rate from fNIRS signals during a paced breathing session (panels 1-3). Panel 4



shows the comparison HR values derived from fNIRS and PPG signals from a single
subject.

Machine learning models to detect the peak of heart beats in fNIRS signals

The frequency spectrum of the fNIRS signal reveals two distinct peaks. One peak is centered
around 0.1 Hz, corresponding to the respiratory cycle, and the other around 1.25 Hz, which
aligns with the average adult HR of 75 beats per minute. Compared to controlled breathing
sessions, the fNIRS signal shows a strong correlation with respiratory cycles. The blood oxygen
level detected by the MyndSens fNIRS device increases with inhalation and decreases with
exhalation, demonstrating the efficacy of the wearable fNIRS device in accurately reflecting
physiological states. To extract the heartbeat from the fNIRS signal, we employed both a
mathematically-based algorithm and a supervised learning algorithm. By providing a gold
standard heartbeat signal alongside the recorded fNIRS data as input, supervised learning
achieved high accuracy (Fig.7). This approach can also be extended to personalized heartbeat
detection and prediction of physiological states. Machine learning algorithms will be compatible
with the proposed MyndSens fNIRS digital platform, as labeled data can be continuously
accumulated with an increasing number of users. This will lead to progressively more accurate

predictions and further applications.
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Fig. 7. Machine learning methods to detect heartbeat peaks in fNIRS signals. Given fNIRS
signal amplitude and timestamp as input, we set peak timestamp as 1, non-peak
timestamp as 0, and trained the model to learn the location of the heartbeat peak.

Using mathematical models to determine the modes in the cerebrovascular response
measured using fNIRS
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Fig. 8. Stabilization diagram for MyndSens fNIRS analysis.

Figure 8 shows a stabilization diagram that is a graphical tool used in signal processing and
system identification to distinguish physiological oscillatory modes in the data. For MyndSens
fNIRS analysis, it helps in identifying stable frequency components of cerebral hemodynamics
from fNIRS signals. Imagine you have fNIRS data from a MyndSens fNIRS device measuring brain
responses during a breath pacing task. You apply a system identification method and plot the
stabilization diagram. You observe stable modes for 4 to 10 breaths per min, which may
correspond to the low-frequency oscillations (0.07-0.16 Hz). These stable modes can then be
further analysed to understand vasomotion role in cerebral blood flow regulation. In summary,
the stabilization diagram is a crucial data driven tool in MyndSens fNIRS analysis for
distinguishing physiological signals associated with different interventions, thereby enhancing
the interpretation of cerebral hemodynamics and neural activity (by addition of simultaneous
EEG).

Development of a HypnoSens Digital health platform to provide breathing and hypnosis
therapy in FND patients

Remote, group Hypnosis and

In-person, Individual Breathwork and Breathwork Session with MyndSens
Hypnosis Session with MyndSens digital health platform

Fig. 9. Concept of a HypnoSens digital health platform @Home for FND patients where
hypnosis and breathwork sessions are provided remotely and in a group.

Figure 9 shows the proposed HypnoSens digital health platform which is designed for patients
with Functional Neurological Disorders (FND). It offers remote, group-based hypnosis and
breathwork sessions aimed at managing symptoms and improving overall well-being.



Remote Access: Patients can participate in group sessions with their teacher from the comfort of
their own homes, reducing the need for travel.

Group Sessions: Conducting sessions in groups provides a supportive community environment,
enhancing the therapeutic experience.

Hypnosis and Breathwork: These techniques are utilized to help manage FND symptoms, reduce
stress, and promote relaxation.

This platform leverages digital health technology to deliver accessible, effective treatment
options for FND patients, supporting their mental and physical health remotely @Home.

Future work/Discussion and Conclusions
The following were the main discussion points undertaken during the N-code meeting:

Complexity of Identification: Determining reliable brain-based markers by fusing fNIRS and EEG
metrics which can consistently indicate chronic stress/arousal levels. In the N-code challenge
we were only able to start this process of identification of arousal/stress biomarkers from
fNIRS-derived HR in healthy team members, and we are planning on further developing
pipelines for HRV derivation and other frequency components from fNIRS signals, and compare
to the ground truth (PPG and ECG). Once we have undertaken proof of concept studies, we will
plan to test this fNIRS-derived arousal detection solution on FND patients.

Technology Limitations: Using advanced multi-channel neuroimaging tools is impractical at
home; portable alternatives like MyndSens fNIRS sensor headband and IDUN in-ear EEG
earbuds have only 1-2 recording channels.

Consistency and Efficacy: Variability in how we can administer breathwork relaxation and
hypnosis techniques remotely at home that can affect the effectiveness of these interventions.
As such we are planning on consulting with Patient and Public Involvement on ideal
characteristics of the design of the solution.

Measurement and Monitoring: Continuously and reliably measuring changes in brain activity at
home poses significant technical challenges in designing self-administered headset. The
MyndSens headband was easily positioned on the forehead by the user without external
guidance and only visualising the fNIRS signal quality on the MyndSens app.

Data Interpretation and Privacy: Ensuring that users can understand the brain-based marker
feedback while maintaining the privacy and security of this sensitive information for
monitoring. We will develop appropriate feedback metrics of the performance and fNIRS (EEG)
derived biomarkers into the MyndSens app.

Integration with Healthcare: Bridging the gap between home-based interventions and
professional services to ensure cohesive patient care pathway and treatment strategies. With
the development of the HypnoSens digital health platform, we will be able to provide additional
practitioner level feedback to the patient.

Clinical and User Acceptance: Gaining acceptance from the clinician and healthcare community
requires proving the reliability and effectiveness of these home-based interventions with co-
design through Patient and Public Involvement.

Conclusion: By combining the MyndSens fNIRS-derived arousal/stress biomarkers into a
HypnoSens digital health platform, the integrated system not only may become a medical



product for FND patients but will be a cost-effective consumer product for people trying to
manage stress. The integration of a wearable fNIRS system with EEG represents a cutting-edge
solution for stress assessment and management with meditation, breathing, and/or hypnosis
therapy. This innovative approach not only addresses the limitations of traditional stress
assessment methods but also aligns with the growing emphasis on group and self-administered
closed-loop healthcare solutions in the privacy of one's own home.

Future Challenge: To establish fNIRS/EEG-based arousal bio-markers in the MyndSens app and
remote access HypnoSens digital health platform for FND patients
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