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ABSTRACT

The growing prevalence of mental stress and its far-reaching physiological and psychological
consequences underscore the urgent need for reliable and non-invasive solutions for mental
stress assessment. Mental stress has been described as the “Health Epidemic of the 21st
Century” by the World Health Organization due to its staggering impact on global health,
contributing to cardiovascular diseases, hypertension, diabetes, cognitive decline, and
elevated mortality. Despite this growing global burden, current assessment methods rely
primarily on subjective self-report measures such as interviews and questionnaires, including
tools like the Perceived Stress Scale or the Stress Response Inventory, which, though widely
used, are insufficient due to their susceptibility to recall bias, social desirability, variability
across cultural contexts, and the inability to objectively capture the changes in stress
physiological parameters in real time.

To overcome these research gap, this thesis integrates novel methodologies across
engineering, neuroscience, and psychophysiology to propose a comprehensive framework
for stress monitoring, structured through three major contributions: the design and
development of a real-time wearable nasal breathing monitoring device, development of deep
learning models for multilevel stress classification using EEG, and the combined integration
of nasal breathing signals and neural activity to investigate multimodal biomarkers of mental
stress. Together, these approaches provide an innovative and technically rigorous strategy to
establish nasal breathing parameters and EEG signatures as non-invasive, real-time
biomarkers for detecting and managing stress. At the core of this thesis lies the
conceptualization and implementation of a novel wearable nasal temperature sensing (NTS)
device specifically designed to measure the nasal breathing signal.

While traditional tools like respiration belts provide valuable insights, they remain
impractical for daily use due to cost, invasiveness, and motion artifacts. Their restriction to
laboratory settings limits suitability for real-world contexts that capture everyday stress. In
contrast, the developed wearable NTS device is low-cost, lightweight, non-invasive, and
capable of continuously monitoring nasal breathing with robustness against motion
interference. Crucially, this device monitors the nasal breathing signal and introduces novel
features critical to understanding autonomic regulation. The nasal dominance index (NDI)
measures the nasal breathing contribution of one nostril compared to the other. In contrast,
the nasal laterality ratio (NLR) measures the asymmetry to account for individual differences.

The inter-nostril correlation coefficient (INCC) reflects synchronicity between nostrils, and



nostril-specific breathing rate variability (nBRV) captures fine fluctuations in nasal breathing
intervals linked to autonomic regulation. Therefore, the developed wearable NTS device
establishes an entirely new breathing signal acquisition modality for the unobtrusive study
of nasal breathing as a biomarker of mental stress and health. Having established a reliable
physiological signal acquisition platform, the thesis next investigates the cortical dynamics
of mental stress through EEG, focusing on developing advanced computational methods for
objective, real-time, and scalable multilevel mental stress classification.

While EEG has long been recognized as a non-invasive window into brain activity, existing
literature on stress detection has been limited by manual feature extraction and insufficient
exploration of continuous stress gradations. To address this gap, this thesis introduces
StreXNet, a deep learning model uniquely designed for EEG-based stress analysis. StreXNet
integrates three state-of-the-art components: a squeeze-and-excitation enhanced
convolutional neural network (CNN-SE) for spatial-temporal feature extraction and
emphasis on informative features, a long short-term memory (LSTM) network with self-
attention to model temporal dependencies and contextualized sequence information, and
finally an XGBoost classifier for robust categorical decision-making for classification.
Collectively, this architecture enables multi-level classification of stress beyond binary
detection. The results established significant improvements in classification accuracy
compared to previous models, thereby validating EEG as a scalable diagnostic biomarker of
mental stress. In addition to mental stress classification, this chapter explores stress
management through a short-duration mini-meditation-based breathing exercise (MMBE)
intervention, applied following induced stress across multiple levels. Furthermore, this study
also analyzes the significant changes in brain functional connectivity from MMBE using
EEG across different brain waves. This Analysis revealed variation in graph theoretical
parameters, including average degree, average strength, clustering coefficient, and
characteristic path length, indicating that MMBE modulates cortical network parameters.

Building upon these complementary approaches, the major component of this thesis
integrates both nasal breathing signals obtained via the NTS device and EEG recordings for
simultaneous analysis of stress-induced changes in nasal breathing and neural activity
signals. This multimodal framework addresses a gap in mental stress research: while stress
has been studied extensively through cardiovascular indices or respiration signals using a
respiration belt, the nasal breathing signal remains unexplored, despite evidence of links with
mood, cognition, and neurological conditions such as Parkinson’s disease and schizophrenia.

This thesis examines how experimentally induced multi-level stress alters NDI, NLR,
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iINCC, and nBRV in conjunction with changes in frontal log alpha power (FLAP), an
established biomarker of mental stress. Results reveal that increased mental stress
significantly disrupts nasal breathing patterns consistent with a dysregulated autonomic state.
This thesis also investigates the correlation between NDI and FLAP. By examining this
relation, this work may offer a valuable foundation for how peripheral respiratory patterns
may correlate with neural processes, offering a new perspective for exploring stress-related
physiological and neurological interactions. Establishing this connection constitutes an
original contribution to psychophysiological research, proposing that nasal breathing indices
can complement EEG markers as a non-invasive biomarker of stress assessment.

The broader significance of this work lies in its establishment of a multimodal, integrative
paradigm for mental stress assessment. Collectively, the contributions of this thesis can be
summarized as follows: the design and development of a novel nasal wearable for nasal
breathing monitoring, the development of StreXNet as a state-of-the-art EEG-based deep
learning model for multi-level classification of mental stress, and the evidence that short-
duration breathing interventions for stress management, and the demonstration of multimodal
linkages between stress-induced changes in nasal breathing signal and cortical activity,
presenting a powerful conceptual integration of autonomic and cortical biomarkers.

Beyond scientific contributions, the translational implications of this thesis are substantial:
by providing a novel wearable nasal breathing device and an integrative framework with
EEG for mental stress assessment. It lays the foundation for real-world systems capable of
mental stress monitoring in occupational, educational, clinical, and domestic settings. The
combined use of NTS wearable devices and EEG-based neural activity measurements could
form the basis for healthcare solutions, including stress tracking, biofeedback-driven
interventions, and future clinical decision-support systems integrating respiratory and neural
biomarkers. Moreover, this research introduces the novel possibility of using nasal breathing
fingerprints as accessible and individualized indicators of mood, cognition, and neurological
health, positioning nasal breathing not merely as a biomarker of mental stress but as a central
and underutilized biomarker that could inform the detection of stress-linked disorders
ranging from depression and anxiety to neurodegenerative disease.

In conclusion, this thesis presents a technically sound and conceptually integrative body of
work advancing mental stress research through engineering innovations in wearable sensors,
computational advances in EEG-based deep learning, and multimodal exploration of
autonomic-cortical coupling under mental stress. Together, these contributions pave the
scientific and technological foundation for next-generation, non-invasive, real-time, and
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personalized systems for mental stress detection and regulation, addressing one of the most

pressing health challenges of the twenty-first century.
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breathing or normal standing conditions used to validate the NTS signal under
controlled ambient temperature and varying movement speeds. The protocol
ensures consistent timing for steady-state breathing/standing segments,
enabling reliable comparison of NTS-derived indices across conditions. The
markers also indicate the points at which trial transitions were introduced to

support synchronized analysis.

Normalized Signals waveform of the NTS device and respiration belt for 10
seconds at a normal standing position. Here. “E”- exhalation process for the
NTS device and the expiration process for the respiration belt sensor; “ 17 -

inhalation process for the NTS device and the respiration belt; SOI - the start
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Fig.

2.6

Fig.

2.7

Fig.

2.8

Fig.

2.9

of the inhalation phase; SOE - the start of the exhalation phase. The Y-axis and

X-axis represent the normalized unit and time in seconds, respectively.

Graphical representation of peak-to-peak temperature (Tpp) oscillation. Here,
NDTpp (ATypn) and DTpp (ATpy) represents the Tpp oscillation of the non-
dominant and dominant nostrils, respectively. The NDI and NLR represent the
nasal dominance index and nasal laterality ratio, respectively. The red color
represents the nondominant nasal cavity and the blue color represents the

dominant nasal cavity based on Tpp oscillation.

Schematic representation of data categorization based on the nostril position
of the left and right nostrils. Here, AT}y and ATry represents the peak-to-peak
temperature (Tpp) oscillation for the left and right nostrils, respectively. The
NDI and NLR represent the nasal dominance index and nasal laterality ratio,

respectively.

Bland-Altman plots for breath rates from the NTS device and respiration belt
across the subjects. Both red color lines represent the upper and lower limits
of agreement, the black color line represents the mean of difference, and the
green color line represents the zero line. Here, (a) - Normal standing position;
(b) - Slow speed (1.5 km/h); (¢) - Medium speed (3.5 km/h); and (d) - Fast
speed (5.5 km/h). The Y-axis represents the difference in measurements for
BRnts and BRyelt, and the X-axis represents the mean of BRnts and BRpelt. The

mDiff represents the mean of the difference, and SD is the standard deviation.

The range of temperature (Tpp) oscillation during nasal breathing for one
healthy subject (across the trials). Here, the range of temperature oscillation
(AT) exp-1nsp = Texp= Tinsp, Where Texp is the end-expiratory temperature (EET),
and Tinsp is the end-inspiratory temperature (EIT). The ATy and ATgy
represents the peak-to-peak temperature (Tpp) oscillation for the left and right
nostrils, respectively. (a) Range of temperature oscillation with respect to three
different ambient temperatures at 6 bpm respiration rates. Here, T1, T2, and T3

is the ambient temperature of 18°C, 28°C, and 38°C respectively. (b) Range of
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Fig.
2.10

Fig.
3.1

temperature oscillation with respect to three different respiration rates at 18°C
ambient temperature. Here, BRi, BR>, and BR3 represent the different
respiration rates of 6 bpm, 12 bpm, and 18 bpm, respectively. The blue and red
colors represent the range of temperature oscillation for the left and right nasal

cavities, respectively.

Mean expiratory Tpp oscillation and standard deviation (error bars) of 1 healthy
subject for both left and right nasal cavities at different ambient temperatures
and respiration rates. (a) Mean expiratory Tpp oscillation with respect to three
different ambient temperatures at a 6 bpm respiration rate condition. Here, Tj,
T2, and T3 is the ambient temperature of 18°C, 28°C, and 38°C respectively.
(b) Mean expiratory Tpp oscillation with respect to three different respiration
rates at 18°C ambient temperature. Here, BRi, BR», and BR3 represent the
different respiration rates of 6 bpm, 12 bpm, and 18 bpm, respectively. Here,
the blue and red colors represent the mean expiratory temperature for the left

and right nasal cavities, respectively.

An overview of the end-to-end mental stress classification framework from the
EEG signal. Here, (a) End-to-end mental stress classification framework from
64-channel EEG signal. BP filter, ASR, and ICA indicate the bandpass filter
(0.1-45 Hz), artifact subspace reconstruction, and independent component
analysis, respectively. The SE+CNN, AT+LSTM, and XGB represent the
squeeze excitation block enhanced convolutional neural network, attention-
based long short-term memory, and extreme gradient boosting classifier. SF,
TF, OC, and DL-OC represent the spatial features, temporal features,
optimized classifier, and deep learning-based OC. BO represents the Bayesian
optimization, and “n” represents the number of trials. The S, NS, MSL1,
MLS2, and MSL3 represent the stress, no-stress, mental stress level 1, mental
stress level 2, and mental stress level 3, respectively. For model evaluation, the
preprocessed EEG was segmented to generate multiple labeled samples per
session. The framework supports both binary (NS vs S) and four-class (NS,
MSLI1, MSL2, MSL3) stress decoding using the same preprocessing and
classification pipeline. This figure summarizes the end-to-end flow from

acquisition to predicted stress label.
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Fig.

3.2

Fig.

3.3

Fig.

3.4

Fig.

3.5

An overview of Visual instruction on the computer screen and a mental
stressor. (a) Visual instructions on the computer screen. MAT represents the
mental arithmetic task. (b) Components of mental stressors during MAT
tasks.Stress manipulation is operationalized using combined cues, including
time pressure, performance feedback (correct/incorrect), and comparative
scoring, to increase perceived urgency and evaluation. The “Hurry up” and
time-constrained clock are explicitly designed to elevate cognitive load during
MAT execution. These standardized on-screen elements improve repeatability

across participants and sessions.

An overview of the experimental protocol of a representative session during a
particular level of MAT. Ins, EC, EO, and RP represent the instruction session,
eye-closed condition, eye-open condition, and RP, respectively. “D” and E”
psychopy-based automatic triggers during start and end of the block,

respectively, and T is the time in seconds.

An overview framework to study the effect of breathing exercise on varied
induced mental stress using electroencephalogram (EEG). Here, ChX
represents the EEG channel with X number varies from 1 to 63; PSD represents
the power spectrum density; MSL1, MSL2, and MSL3 represent mental stress
level 1, mental stress level 2, and mental stress level 3, respectively; S1 and S2
represent the NB and MMBE session respectively; FrL, FrR, PrL, PrR, CtL,
CtR, FCL, and FCR represents the left frontal, right frontal region, left parietal,
right parietal, left central, right central, left frontocentral, and right
frontocentral brain region respectively. The PSD is estimated from the
preprocessed EEG to quantify band-specific changes associated with stress and
breathing intervention. The features are computed by aggregating electrode-
level power into defined cortical regions (Fr, PrL, PrR, CtL, CtR, FCL, FCR)
for statistical comparison across mental stress levels. This workflow provides
an interpretable link between intervention, stress level, and regional EEG

power changes.

An overview of the experimental paradigm for NB (S1) and MMBE (S2)
sessions. Here, MSL, INST, EC, EO, MAT, NB, MMBE, and RP represent the
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Fig.

3.6

Fig.

3.7

mental stress level, instruction session, eye-closed condition, eye-open
condition, mental arithmetic task, normal breathing period, mini-meditation-
based breathing exercise, and recovery period, respectively. “A” and “B”
psychopy-based automatic triggers during the start and end of the session. The
“S1” represents the frontal view of an individual sitting on a chair with EEG
electrodes (represented by red dots) during the S1 (NB) session. The “S2”
represents the Frontal view of an individual sitting on a chair with EEG
electrodes (represented by red dots).This paradigm provides consistent
sequencing of stress exposure (MAT), breathing blocks (NB/MMBE), and
recovery periods across each stress level, enabling within-subject comparisons.
The triggers (“A” and “B”) mark block boundaries for accurate
synchronization of EEG segments with the task and breathing conditions. The
structure allows direct assessment of intervention-specific effects under the

same stress intensity.

An overview framework to study the effect of breathing exercise-based
neuromodulation as an intervention on induced mental stress using a functional
connectivity approach. PLV represents the phase lock value; NB and MBI
sessions represent the normal breathing and meditation-based breathing
intervention, respectively. PLV is computed across canonical frequency bands
to construct connectivity matrices, enabling comparison of network-level
organization between breathing conditions and stress phases. Graph-theory
metrics are derived from these matrices to quantify global and local changes

in connectivity.

A schematic diagram of the proposed StreXNet architecture for mental stress
classification. In the convolution neural network (CNN) block, Conv1D, BN,
ReLU, and SE represent the 1D convolutional layer, batch normalization layer,
rectified linear unit, and squeeze excitation block, respectively. XGBOOST,
AT-LSTM, and FCN represent extreme gradient boosting, attention-based long

short-term memory, and fully connected networks, respectively.
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Fig.
3.8

Fig.
3.9

Fig.
3.10

Fig.
3.11

Fig.
3.12

A schematic diagram of the 3-fold cross-validation during training and testing
for classification models. Here, MSL1, MSL2, and MSL3 blocks represent the
EEG data during MAT at mental stress level 1, mental stress level 2, and
mental stress level 3. NS1, NS2, and NS3 block represent EEG data during
eye open condition as no-stress (NS) from MSL1, MSL2, and MSL3 sessions,

respectively.

Statistical results of MAT performance accuracy (MPA) for three difficulty
levels. Here, MSL1, MSL2, and MSL3 represent mental stress levell, mental
stress level2, and mental stress level3, respectively. The asterisk (*) indicates

the significant difference with p < 0.05.

Confusion matrix (CM), receiver operating characteristic (ROC) curve, and
precision-recall (PR) curve for two-class and four-class mental stress
classification from the proposed StreXNet model. (a) CM for two-class
classification, (b) CM for four-class classification, (¢) ROC curve for two-class
classification, (d) ROC curve for four-class classification, (¢) PR curve for
two-class classification, and (f) PR curve for four-class classification. The
AUC, ClIr, S, NS, MSL1, MSL2, and MSL3 denote the values of area under
the curve, color, stress, no-stress, mental stress level 1, mental stress level 2,

and mental stress level 3, respectively.

A representative 2D topographical brain activity from EEG signals at different
time steps for no-stress (NS), mental stress level 1 (MSL1), mental stress level
2 (MSL2), and mental stress level 3 (MSL3). Here, the higher activation in
microvolt (uV) indicates a higher mental stress level compared to low brain

activation.

Difference in Log alpha power between mini-meditation-based breathing
exercise (MMBE) and normal breathing (NB) session across brain regions.
Here, FrL, FrR, PrL, PrR, CtL, CtR, FCL, and FCR represent the left frontal,
right frontal region, left parietal, right parietal, left central, right central, left
frontocentral, and right frontocentral region, respectively. MSL1, MSL2, and
MSL3 represent mental stress levell, mental stress level2, and mental stress

level3, respectively.
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Fig.
3.13

Fig.
3.14

Fig.
4.1.

Fig.
4.2.

Significant interaction effect of mental stress level (MSL) and breathing
intervention (BI) for cortical source node during recovery period. Here, Av.D,
Av.S, Ch.PL and CLC represent the average degree, average strength,
characteristic path length, and cluster coefficient, respectively. MSL1, MSL2,
and MSL3 represent mental stress level 1, mental stress level 2, and mental
stress level 3, respectively. NB and MMBE indicate normal breathing and
meditation-based breathing as interventions, respectively. Curves show
condition-wise trends of graph metrics across stress levels, highlighting nodes
where the interaction between MSL ansd Bl is statistically significant. NB and
MMBE traces allow direct visualization of whether breathing intervention
modulates the stress response trajectory at the network level. The reported F-
and p-values correspond to the interaction term obtained from the repeated-

measures statistical analysis.

The lateral, superior, and inferior views of the brain's left (LH) and right (RH)
hemispheres show that cortical sources have a significant interaction between
mental stress level and breathing intervention. The highlighted cortical regions
indicate nodes exhibiting a significant interaction between mental stress level
and breathing intervention, as identified by the source-level connectivity
analysis. Views are provided to clearly localize effects across hemispheres and
cortical surfaces for neurophysiological interpretation. These regions serve as
targets for summarizing stress-induced intervention-sensitive network

alterations.

An experimental setup for data acquisition to study the effect of mental stress
on nostril breathing parameters and electroencephalogram (EEG) brain activity
while wearing the EEG (64 channels) system and nasal temperature sensing

(NTS) device.

A schematic representation of visual guided instructions of the computer
screen, representative MAT (mental arithmetic task) for three different levels,
and mental stressor component of an individual (a) Guided visual instructions
on the computer screen. The Clk and MPS represent the clock and the MAT
(mental arithmetic task) performance score. (b) Representation of MAT for

three different mental stress levels (MSL). MSL1, MSL2, and MSL3 represent
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Fig.
4.3.

Fig.
4.4.

Fig.
4.5.

Fig.
4.6.

Fig.
4.7.

Fig.
4.8.

mental stress level 1, mental stress level 2, and mental stress level 3,
respectively. (c¢) Mental stressors’ components. The “Sub” indicates the

participant's MPS.

An overview schematic of the experimental paradigm of a representative
session during a particular level of mental stress. Ins and EC represent the
instruction and eye-closed conditions. “B” and E” indicate the psychology-
based synchronization trigger during the start and end of the block, and T is

the time in seconds.

The schematic representation of EEG-derived Power Spectral Density (PSD)
with nasal breathing signals to compute nasal breathing-related parameters.
Here, NDI, NLR, iNCC, and nBRYV represent the nasal dominance index, nasal
laterality ratio, inter-nostril correlation coefficient, and nostril breath rate

variability, respectively.

A schematic representation of the pre-processing steps of the EEG and NTS
signal. Chx represents the EEG channel with x number varies from 1 to 63; LN
and RN represent the left nostril and right nostril respectively; BPF, ASR, and
ICA indicate the bandpass filter (0.1-45 Hz), artifact subspace reconstruction,
and independent component analysis respectively; LPF and Cf represent the

low pass filter and cut-off frequency (4 Hz) respectively.

The schematic representation of the breath-cycle window-based epoch for the
electroencephalogram (EEG) signal analysis. Epx is the n'" epoch of the EEG

signal. NTS is the nasal temperature sensing (NTS) device.

Mental arithmetic task (MAT) performance score for three mental stress levels.
Here, MSL1, MSL2, and MSL3 represent mental stress level 1, mental stress
level 2, and mental stress level 3, respectively. The asterisk (*) indicates the

significant difference with p < 0.05.

The Poincare plot of successive BB intervals (time intervals between two
consecutive breath beats) in seconds (s) for a particular individual during three
stress phases (pre-stress, stress, and post-stress) and three mental stress levels

(MSL1, MSL2, and MSL3). Here, MSL1, MSL2, and MSL3 represent mental
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Fig.
4.9.

Fig.
5.1.

stress level 1, mental stress level 2, and mental stress level 3, respectively. The
acute stress condition decreased the area of the Poincar¢ ellipse relative to both
pre-stress and post-stress conditions, suggesting lower breathing variability
and increased sympathetic dominance. In contrast, the pre-stress and post-
stress phases increase the ellipse area again, indicating restored breath

variability.

Receiver Operating Characteristic (ROC) curves of frontal-log-alpha power
(FLAP). The NS, MSL1, MSL2, and MSL3 represent the no-stress (pre-stress
condition), mental stress level 1, mental stress level 2, and mental stress level

3, respectively.

Overview framework for proposed thesis illustrating the development of a
nasal temperature sensing (NTS) device (Chapter 2), assessment of mental
Stress using EEG (Chapter 3), and the integration of the NTS device with EEG-

based features for stress assessment (Chapter 4).
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