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Utilizing Speech as a Biosignal for Monitoring Respiratory Health
and Beyond

Sejal Bhalla
University of Toronto
Toronto, Ontario, Canada
sejal@cs.toronto.edu

Abstract

Speech arises from the complex coordination of respiratory,
neurological, cardiovascular, and muscular systems, making it a
rich yet underutilized biosignal for health monitoring. This
research explores the use of speech captured via mobile and
wearable devices to assess and monitor respiratory health, with a
focus on individuals with chronic obstructive pulmonary disease
(COPD). It introduces methods for passive, continuous symptom
monitoring using natural speech and explores structure-preserving
speech representations to estimate lung function from acoustic
features. Building on the insights from speech-based respiratory
assessments, this thesis proposes a disease-agnostic speech
diagnostic framework powered by self-supervised learning. By
enabling low-burden, scalable assessments from natural speech, it
supports equitable access to early diagnostics and personalized
care across a broad spectrum of health conditions.

CCS Concepts

« Human-centered computing — Ubiquitous and mobile devices;
+ Computing methodologies — Artificial intelligence; « Applied
computing — Health informatics; Consumer health.
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1 Introduction

Chronic respiratory diseases, including chronic obstructive
pulmonary disease (COPD) and asthma, are among the most
widespread and debilitating health conditions globally. Affecting
over 450 million people and causing millions of deaths annually
[25], these diseases impose a substantial burden on individuals and
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healthcare systems alike. Effective disease management relies on
regular assessments through lung function testing and symptom
tracking, which are essential to guide treatment, monitor
progression, and anticipate exacerbations. However, gold-standard
spirometry requires active effort and clinical oversight, making it
impractical for frequent use at home [3, 16]. Barriers such as
patient frailty, the cost of lung function testing, and limited health
literacy further restrict access, especially in underserved
populations [12, 22]. As a result, there is growing interest in
leveraging ubiquitous technologies to capture digital biomarkers
of lung health remotely, passively, and with minimal user burden.

1.1 Problem Statement

Existing out-of-clinic monitoring techniques using mobile and
wearable devices often depend on high-effort tasks, such as the
six-minute walk test [10] or forced breathing maneuvers
[17, 23, 36, 37] to elicit measurable indicators of lung function.
While effective, these methods impose physical demands on users,
limiting adherence and making them unsuitable for frequent
monitoring, especially among individuals with severe illness. This
highlights the need for sensing modalities that are minimally
burdensome, unobtrusive, and seamlessly integrated into daily life.

Speech presents a physiologically grounded and low-burden
alternative. Its production is tightly coupled with respiratory
mechanics, as airflow through the vocal folds encodes information
about pulmonary function. Unlike sporadic symptoms such as
coughing or wheezing, speech offers a naturally occurring signal
that can reflect both chronic impairment and acute changes in
respiratory condition. Importantly, it can be passively captured
using microphones in smartphones and smartwatches, enabling
unobtrusive monitoring in everyday environments.

Despite its potential, speech remains underutilized in respiratory
health monitoring. Lung function estimation studies have shown
moderate accuracy [11], while symptom monitoring efforts often
rely on controlled recordings [2, 28, 34, 39], limiting real-world
applicability. Both directions require distinct yet complementary
improvements; the former demands robust analysis of passively
collected speech, and the latter calls for representations that capture
the physiological instead of linguistic characteristics of speech.
Addressing these challenges is key to building scalable, low-burden
respiratory monitoring systems using ubiquitous devices.

1.2 Thesis Overview

The overall goal of my research is to leverage speech in novel
ways for monitoring different health conditions, with a focus on
respiratory health. This entails two objectives: (1) developing
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systems for tracking daily variations in symptoms and (2)
estimating critical lung function metrics.

To achieve the first objective, I leveraged a longitudinal speech
dataset collected from COPD patients in real-world settings, paired
with their daily symptom reports. I designed a robust speech
processing pipeline, called PulmoListener [5], capable of handling
the unique challenges posed by real-world audio, such as high
noise levels and multiple speakers. To gain a deeper understanding
of the underlying physiological processes during symptom
exacerbations, I investigated the relationships between
speech-derived features, physiological variables (e.g., heart rate

variability and physical activity), and respiratory health outcomes.

This analysis provided insights into the complex interplay between
respiratory function, autonomic regulation, and vocal production,
uncovering composite biomarkers of respiratory health.

To achieve the second objective, I explored speech
representations and features tied to respiratory performance to
reduce the error in computing key metrics of pulmonary function
[4]. T will expand the scope of this research by creating a
generalized speech diagnostic framework. This framework will
leverage the complexity of vocal production to identify and
monitor conditions beyond respiratory illnesses, establishing
speech as a versatile biosignal for diverse health applications.

2 Related Work

This section reviews prior work on respiratory assessments, with
an emphasis on the broader use of speech as a biosignal. It outlines
the strengths and limitations of existing methods and describes
how my research advances these efforts toward more robust and
generalizable speech-based health diagnostics.

2.1 Ubiquitous Respiratory Assessments

Traditional assessments of chronic respiratory diseases such as
COPD rely heavily on spirometry, which measures airflow
limitation through parameters like forced expiratory volume in 1
second (FEV1) and forced vital capacity (FVC). While essential,
these measures do not capture the full complexity of COPD, a
multifaceted disease involving both pulmonary and systemic
manifestations [7, 20, 21]. Therefore, modern respiratory
assessments incorporate a combination of parameters—lung
mechanics, airflow measurements, patient-reported symptoms,
and vital signs—to facilitate holistic clinical decision making.

2.1.1  Symptoms. Self-reported symptoms articulate the challenges
patients face in everyday life. Prior studies have demonstrated
success in recognizing individual respiratory symptoms such as
cold [34], coughing [26, 28, 38, 39], wheezing [8], and fever [6]
using smartphones and smartwatches. However, most of these
systems are designed to detect isolated symptoms and do not model
respiratory health holistically, largely due to the lack of diverse,
symptom-rich clinical datasets.

Sedaghat et al. [33] addressed this limitation by using passively
collected speech and daily symptom scores to infer overall
respiratory condition, marking a shift from symptom classification
to severity estimation. However, their system’s performance was
limited because of manual feature extraction. My work has built
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on this by using a more rigorous speech processing pipeline that
accounts for temporal speech dynamics in free-living contexts.

2.1.2 Lung Function. Lung function estimation using mobile
devices falls into two categories: (1) systems that record forced
exhalation via embedded microphones [17, 23, 37], and (2) systems
that infer lung function from acoustic features during prompted
speech tasks [11, 29]. While the former closely resembles clinical
spirometry, it places considerable burden on users and often
requires supervision. The latter is more convenient but has
demonstrated limited performance. Moreover, many studies focus
on disease classification rather than estimating clinical metrics,
limiting their clinical utility. My work has addressed these gaps by
treating speech as a biosignal instead of a linguistic artifact,
exploring new feature representations and modeling approaches
that improve the precision of lung function estimation.

2.2 Speech as a Biosignal

Speech is not only affected by respiratory processes but also by
neurological, psychological, cardiovascular, and muscular systems.
Therefore, speech is a multidimensional biosignal with applications
that extend beyond respiratory illnesses. Over the years, there has
been a substantial body of work that has explored the use of speech
processing for diagnostics [15, 18, 31, 33, 34], but most systems are
usually tailored to a single disease. For example, models trained to
detect dysarthria may perform poorly on tasks involving COVID-19
due to their reliance on disease-specific biomarkers.

Recent advances in self-supervised learning (SSL) [9, 19] offer a
path toward universal speech representations, yet generalization
remains a challenge as many models fail to perform well on unseen
datasets due to confounding factors like noise, gender, and device
variability [32, 41]. WavRx [40] takes a step toward disease-agnostic
modeling using WavLM embeddings, but its scope is limited to only
a few health conditions.

To address these limitations, my future research will expand the
scope of speech diagnostics to a broader range of health conditions.
Inspired by foundation modeling approaches in ECG and PPG [1],
I propose physiologically-grounded training objectives that
minimize the influence of confounding factors, thereby improving
generalizability across health states and recording environments.
Ultimately, this work will culminate in a scalable, disease-agnostic
diagnostic framework that integrates robust speech processing
with physiologically informed machine learning, enabling
comprehensive health assessment through natural speech.

3 Methodology

This section presents three interconnected efforts toward robust
speech-based health monitoring systems. The first focuses on
predicting daily symptom severity in COPD patients using
passively collected speech and wearable sensor data. The second
targets lung function estimation using novel phoneme-aware
speech representations, and the third outlines a future direction for
a disease-agnostic framework built on self-supervised learning.
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Figure 1: The system overview of PulmoListener. Audio recorded within a given hour is split, processed, and sorted such that
the segment most likely containing the patient’s own voice is identified. Features are extracted from those segments across all
hours of the day to produce a daily feature vector that can be used for symptom severity classification.

3.1 Symptom Monitoring using Passively
Collected Speech

PulmoListener [5] is an end-to-end speech processing pipeline
designed to tackle the challenges of using real-world speech to
track daily variations in COPD symptom severity. As shown in
Figure 1, it combines voice activity detection and speaker
verification to isolate speech segments relevant to speech analysis.
These segments are then processed into sequences of features over
the course of a day to account for diurnal modifiers of speech
independent of respiratory health. PulmoListener was evaluated
on the wearCOPD v2 dataset [35]—a longitudinal dataset
comprising passively recorded smartwatch audio and daily
symptom self-reports from eight individuals with COPD over an
average duration of 164 + 92 days. I investigated how this system
could be used both for predicting same-day symptom severity and
forecasting symptom severity several days in advance.

In a follow-up study!, I extended this investigation to examine
the relationship between interpretable vocal features and COPD
symptom progression using an expanded version of the dataset. I
analyzed how acoustic speech parameters correlate with daily
self-reported symptoms and occurrences of exacerbations through
linear mixed-effects models. Additionally, I incorporated other
physiological variables, such as step count and heart rate
variability, to explore their combined predictive value. By
examining these factors concurrently, this work contributes to a
more holistic understanding of COPD and supports the
development of comprehensive, multimodal monitoring strategies.

3.2 Phoneme-Aware Speech Analysis for Lung
Function Estimation

Prior work has used temporal and spectral features from natural
speech to estimate lung function metrics, often relying on fixed-
length windows to segment audio [11, 33]. This approach resultsina

I This work was recently accepted in Nature Scientific Reports.
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heterogeneous feature space that requires training on large, diverse
datasets for robust performance. Alternatively, some studies prompt
users to produce sustained phonemes (e.g., /s/ or /aa/), yielding more
consistent features but relying on unnatural tasks that may not
generalize to real-world speech [13, 14, 24, 29]. To bridge these
approaches, I leveraged phoneme-level segments extracted from
natural speech for lung function estimation.

For this analysis, I used the in-lab subset of the wearCOPD v2
dataset [35], which includes 11 COPD patients who read scripted
passages and completed spirometry testing. After using forced
alignment to match the audio recordings with their scripts, various
phonation, prosodic, and spectral features were then calculated for
each identified phoneme. I then conducted a correlation analysis
to evaluate associations between these features and lung function
metrics. This was done for both traditional sliding window-based
features and phoneme segments to assess which segmentation
strategy yields stronger associations with lung function.

3.3 Disease-Agnostic Speech Diagnostic
Framework (Future Work)

Building on insights from my previous studies, I will conclude
my thesis by developing a self-supervised foundation model for
speech-based health monitoring. To achieve this, I will curate large-
scale speech datasets spanning respiratory (COPD and asthma),
neurodegenerative (Parkinson’s and Alzheimer’s), psychological
(depression and emotion), cardiovascular (heart failure and stroke),
and cardiometabolic conditions (hypertension and diabetes). This
will allow me to benchmark how well various models, including
the proposed self-supervised approach, generalize across diseases.

The model will be trained on both healthy and pathological
speech data to improve robustness and reduce reliance on generic
speech corpora. Inspired by structure-preserving objectives used
in foundation models for other physiological signals (e.g., ECG and
PPG) [1, 27], I will incorporate physiological constraints into the
pretraining phase. Specifically, I will design a novel pretext task
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that preserves the phonetic structure of speech during
representation learning. Since individual phonemes engage the
respiratory, neurological, and muscular systems in distinct ways,
the variation in their representations can reveal different
physiological indicators of disease.

4 Evaluation

This section summarizes the empirical findings from completed
studies and outlines the future directions that build on these results
to advance speech-based health diagnostics.

4.1 Key Findings

PulmoListener achieved an average sensitivity of 0.79 + 0.03 and
specificity of 0.83 + 0.05 when classifying daily symptom severity in
COPD patients. It also demonstrated the ability to forecast symptom
severity up to four days in advance, with a sensitivity of 0.75 + 0.02
and specificity of 0.74 + 0.07. These results highlight the feasibility
of using passively collected natural speech for real-world symptom
monitoring and early intervention.

To better characterize which aspects of speech contribute to
these predictions, I examined the association between vocal
features and COPD outcomes. Categories of features reflecting
phonation, prosody, and articulation each exhibited unique
relationships with symptom severity and exacerbation risk. For
instance, phonation features like jitter and shimmer decreased on
days with elevated symptom scores, while prosodic markers such
as the mean fundamental frequency and its variability were
positively associated with worsening conditions. These
associations were further modulated by physiological variables.
For example, during periods of low HRV, higher jitter was linked
to worsening symptoms. Reduced physical activity similarly
intensified these associations, aligning with prior evidence that
inactivity is a marker of exacerbation risk.

For lung function estimation, Figure 2 shows the distribution of
correlation magnitudes between phoneme-level audio features and
FEV1. While the range reflects variability in predictive power, six
of the fourteen phonemes resulted in correlations that exceeded
the baselines, demonstrating the utility of analyzing speech at the
phoneme level. Similar results were observed when the dataset
was analyzed with respect to FVC as the target lung function
metric. The disparate combinations of phonemes and audio
features surfaced by these experiments illustrate the utility of
restricting analysis to individual phonemes. Further, the variability
in correlation direction across different phonemes highlights that
distinct sounds may capture unique aspects of lung function. Since
each phoneme engages specific articulatory and respiratory
mechanisms, aggregating them into unstructured segments risks
obscuring these informative patterns.

4.2 Future Work

The next phase of my research will focus on developing a
disease-agnostic speech diagnostic model. As outlined in
Section 3.3, this model will leverage phonetic training objectives
and self-supervised learning. To ensure robust and reproducible
evaluation, I will construct a benchmark spanning general-purpose
and disease-specific speech tasks. Recognizing that speech

495

Sejal Bhalla, Eyal de Lara, & Alex Mariakakis

1.0 ¢ Maximum correlation === Maximum baseline correlation
0.8
—
a S
w
< IPNG (NI AP I PR I
-‘é 0.6 kY
: T
.2
=}
o
g 0.4 [
<)
O
0.2 { \

BL1 BL2 /ae/ /ah/ /d/ e/ fer/ fih/ fiyl kI [l o Il Js1 16 72

Phoneme

Figure 2: Box-and-whisker plots showing how the
distribution of correlation magnitudes between audio
features and FEV1 varies across different phonemes. The
two leftmost distributions correspond to phoneme-agnostic
baselines BL1 and BL2 with window lengths of 2 seconds
and 120 milliseconds, respectively.

patterns vary across age, gender, and ethnicity, I will assess the
fairness of the model using frameworks such as HEAL [30],
refining the training objectives and architecture to improve both
accuracy and equity across populations.

5 Expected Contribution

This research makes four key contributions toward advancing

speech as a biosignal for health monitoring:

(1) It introduces a robust pipeline for passive, continuous speech
monitoring in real-world settings, enabling daily assessment
of symptom severity and early detection of deterioration in
individuals with COPD.

(2) It develops methods for integrating interpretable vocal features
with other physiological signals to identify multimodal markers
of COPD progression.

(3) It improves upon prior approaches to speech-based lung
function estimation by developing novel phoneme-aware
speech representations that align more closely with underlying
respiratory physiology.

(4) Itlays the foundation for a disease-agnostic model by leveraging
self-supervised learning and large-scale, multi-condition speech
datasets to support generalization across health conditions.

By addressing key limitations in digital health systems, this work

supports scalable, low-cost health monitoring using everyday

devices. Additionally, the introduction of standardized tools and
benchmarks will support reproducibility and accelerate future
work in speech-based health diagnostics.
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