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Abstract

Overburdened health systems worldwide face challenges exacerbated by an aging population. Speech,
a rich and ubiquitous biomarker, offers the potential for a widespread low-cost detection of neurodegen-
erative, psychiatric, and respiratory diseases. This potential stems from the involvement of the respira-
tory, nervous, and muscular systems in speech production, which encodes information on dysfunctions
in any of these systems. At all levels of speech production, biosignals can be captured and studied to
obtain paralinguistic information.

This thesis begins by exploring one such biosignal—-electromyography signals (EMG) produced during
speech articulation—establishing the foundation for Silent Computational Paralinguistics. During COVID-
19, remote biomarkers gained importance. We explored facial images and visual speech combined with
acoustic speech to detect obstructive sleep apnea, achieving promising results with knowledge-based
and transfer learning methods in a pilot study of 40 subjects.

Despite high performance in the automatic detection of speech-affecting diseases, questions remain
about what these models are actually learning and the basis for their predictions, which can significantly
impact patients’ lives. Ensuring the reliability and generalizability of the results is crucial. We advocate
for a robust and interpretable health monitoring model, suitable for the simultaneous detection of sev-
eral diseases, as speech-affecting disorders often have overlapping effects on the speech signal. We
propose a framework for defining normative speech through reference intervals of clinically significant
features. We leverage deviations from this model to perform the detection of Alzheimer’s and Parkinson’s
diseases, using different classifiers, namely Neural Additive Models for enhanced interpretability.

Furthermore, in a quest to bridge black-box models and interpretability, we explore large language
models to annotate high-level, low-dimensional interpretable speech characteristics, termed macro-
descriptors (e.g., text coherence, lexical diversity). Using only four macro-descriptors, we outperform
Alzheimer’s detection with conventional language-based features.

This thesis contributes to a deeper understanding of the multifaceted potential of speech as a

biomarker for holistic health.
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Resumo

Atualmente, os sistemas de salude estao sobrecarregados em todo o mundo e enfrentam enormes de-
safios agravados pelo envelhecimento da populacéo.A fala emerge como um biomarcador rico e ubiquo,
com enorme potencial para o desenvolvimento de ferramentas remotas, de baixo custo e larga escala
para o rastreio de varias doencas do foro respiratorio e psiquiatrico, bem como doencas neurodegener-

ativas.

Este potencial deriva do envolvimento dos sistemas respiratorio, nervoso e muscular na producao
da fala, que, consequentemente, contém informacdes sobre disfuncbes em qualquer um desses sis-
temas. Em todos os niveis da produgéo de fala, biossinais podem ser captados e estudados para obter

informacao sobre o0 seu conteudo linguistico e paralinguistico.

Esta tese comegou por explorar um desses biossinais — os sinais de eletromiografia (EMG) produzi-
dos durante a articulacao da fala — contribuindo para estabelecer os fundamentos de uma nova area
de investigacao, a Paralinguistica Computacional Silenciosa. Durante a pandemia COVID-19, o foco foi
redirecionado para outros biomarcadores, capazes de ser recolhidos remotamente. Exploraram-se im-
agens faciais e visual speech como modalidades complementares do sinal acustico para a deteg¢ao de
apneia obstrutiva do sono, obtendo-se resultados promissores com transfer learning e caracteristicas

baseadas em conhecimento especifico, num estudo com 40 sujeitos.

Nao obstante os resultados promissores obtidos, persistem dividas sobre o que estes modelos real-
mente aprendem e em que informagoes se baseiam para fazer a predigdo de doengas. Assegurar a
fiabilidade e a generalizagdo dos resultados é crucial. Esta tese propde um modelo robusto e inter-
pretavel, adequado para a detegao de miltiplas doengas. Propde-se uma framework que define a fala
normativa através de intervalos de referéncia de caracteristicas acusticas e linguisticas com significado
clinico. Os desvios em relacdo a esta referéncia sdo usados para a classificacdo de doengas como
as de Alzheimer e Parkinson, utilizando diferentes classificadores, nomeadamente Modelos Aditivos

Neurais para uma maior interpretabilidade.

Finalmente, numa tentativa de conciliar modelos do tipo caixa negra com interpretabilidade, explora-
se 0 uso de large language models para anotar caracteristicas de fala de alto nivel e baixa dimensional-
idade, denominadas macro-descritores (e.g., coeréncia textual, diversidade lexical). Utilizando apenas
quatro macro-descritores, supera-se a detegdo da doenca de Alzheimer utilizando caracteristicas con-

vencionais.

vii



Esta tese contribuiu para uma compreensao mais profunda do potencial multifacetado da fala como

biomarcador para a saude, numa perspectiva holistica.

Palavras Chave

Fala; Doencas que afetam a fala; Multimorbilidade; Multimodal; Interpretabilidade
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ESS than half of the world’s population is covered by essential health services', with access being
L largely influenced by economic and geographic constraints. “Ensure healthy lives and promote
well-being for all at all ages” is the third goal of the United Nations Agenda for 2030, and although until
the end of 2019 there were advances in many areas of healthcare, the progress rate was not sufficient
and it was further negatively impacted by the Coronavirus disease 2019 (COVID-19) pandemic. One of
the many consequences of the COVID-19 health crisis was that people became unable or afraid to seek
healthcare services for routine check-ups and timely diagnoses.?

It is widely recognized that timely diagnosis, and disease monitoring leads to healthier and longer
lives. Recent works [Wurcel et al., 2019] discuss the value of diagnostic information, and how to evaluate
it, as they consider that diagnostic information can be a key to guide effective, efficient and affordable
health systems.

Recent technological advances, in particular in the machine learning (ML) and deep learning (DL)
fields, have allowed the development of highly accurate predictive systems for numerous applications,
including medical diagnosis and monitoring tools. Such technologies, allied with the potential of different
biomarkers, provide a route for mass screenings of multiple diseases, which would mean a step towards
a scalable improvement in global healthcare.

Speech is a rich biomarker that carries information about the speaker’s gender®, age [Bahari et al.,
2014; Hechmi et al., 2021], emotions [Schuller et al., 2013b], personality traits [Lee et al., 2021], and
temporary states, such as intoxication or sleepiness [Schuller et al., 2011]. Most importantly in the con-
text of this thesis, speech also conveys information on health states, which has motivated many speech-
based health applications, including speech therapy [Abad et al., 2013], and the diagnosis and moni-
toring of speech affecting diseases. The range of these diseases extends beyond the so-called speech
and language disorders (e.g. sigmatism, stuttering), and includes neurodegenerative diseases such as
Parkinson’s disease (PD) [Correia et al., 2021; Pompili et al., 2017], Alzheimer’s disease (AD) [Lopez-de
Ipina et al., 2018; Zargarbashi and Babaali, 2019], Huntington’s disease [Yoon et al., 2006] and Amy-
otrophic Lateral Sclerosis [Gomez-Vilda et al., 2015]; psychiatric disorders such as depression [Correia
et al., 2021], bipolar disease [Karam et al., 2014], and burnout; and diseases that concern respiratory

organs, such as obstructive sleep apnea (OSA) [Botelho, 2018; Botelho et al., 2019; Perero-Codosero

"Data from: https:/sdgs.un.org/goals/goal3 (last accessed 08-02-2021)

2https://unstats.un.org/sdgs/report/2020/goal-03/ (last accessed 08-02-2021)

3According to the World Health Organization, gender refers to socially constructed roles and norms and sex usually refers
to a person’s biological characteristics. While the terms are interrelated, they are sometimes conflated or used interchangeably
in health data [Kaufman et al., 2023]. This is the case of several speech corpora with gender annotation, and literature on the
detection of speech affecting diseases. Thus, in this thesis, the terms men, women, male, female, gender and sex, refer to
biological sex, encompassing the physical and hormonal characteristics intrinsic to male and female bodies. This differentiation
is relevant because physiological differences, such as those affecting the fundamental frequency of speech, manifest differently
across sexes. For instance, due to changes in the composition of the vocal folds, in women, pitch tends to decrease with aging
and in men, pitch tens to increase with aging. From a health perspective, recognizing the unique speech attributes associated with
male and female biological profiles allows for more accurate and sensitive biomarker identification. While this thesis predominantly
refers to the binary dimension of biological sex due to the availability of substantial data, it is important to acknowledge that gender
is a spectrum and sex may include intersex individuals [Kaufman et al., 2023]. Currently, data on these groups is sparse and
therefore not possible to analyse using standard machine learning techniques.



et al., 2019], and COVID-19 [Deshpande and Schuller, 2020]. The references provided describe only a
few examples, but many others could be mentioned.

The reason why all these diseases have effects on the speech signal — either more subtle, e.g. in the
case of obstructive sleep apnea, or more noticeable, as in the case of a high severity Parkinson’s disease
— is the fact that speech production is a complex process that involves not only the articulatory muscles
but also the nervous and respiratory systems. Speech production starts in the brain with the formulation
of the speech intention, which manifests itself as patterns of electrical potentials in the cortex. The
electrical signal is conducted through the nervous system to the muscles involved in speech kinematics,
and finally, speech is emitted from the mouth as sound waves. At all these speech production levels,
biosignals can be captured and studied to retrieve information about the linguistic and paralinguistic*
content of spoken communication [Schuliz et al., 2017].

Other non-invasive biomarkers have been shown to provide valuable information for disease screen-
ing, which can be complementary to the speech signal. For instance, cough signals have proven helpful
for COVID-19 [Schuller et al., 2021] and tuberculosis detection [Botha et al., 2018], facial images have
been used for OSA [Balaei et al., 2017] and depression diagnosis [Zhou et al., 2018], snore signals
have been utilized for OSA diagnosis [Calabrese et al., 2009], and text transcripts have been applied for
depression [Lopez-Otero et al., 2017] and Alzheimer’s disease [Pompili et al., 2020a]. These biomarkers
can be collected via web or mobile phone applications, and thus contribute to supporting medical diag-
noses during telemedicine appointments, which have proven to be of great importance during pandemic
situations, such as the recent one.

Notwithstanding the large potential of the aforementioned biomarkers combined with the strong pre-
dictive capabilities of machine learning systems, as well as the encouraging results reported by many
researchers, one observes that systems for the automatic detection of speech affecting diseases are
not widely integrated into commercial healthcare products [Milling et al., 2022]. Unlike the healthcare
sector, many industry sectors, including mobile phones, automobile industry, virtual assistants, have
implemented speech and machine-learning based solutions in commercial products. The question that
immediately arises is why? — Why have these promising and effective technologies not yet been adopted
in the healthcare market? Addressing this question requires the consideration of multiple factors, includ-
ing (but likely not limited to): (i) difficulty of acquiring sufficiently large datasets for health-related tasks

which are representative of a population, due to patient-privacy laws, ethical concerns, lack of aware-

4Three levels of information can be extracted and studied from the speech signal: linguistic, paralinguistic and extralinguistic
information [Laver, 1994]. Linguistic information relates to the message being conveyed. At this level, we can extract information
such as coherence or lexical diversity of speech, which may be useful for example for the diagnosis of Alzheimer’s Disease.
Paralinguistic information refers to everything that is not linguistic, but is associated with the content of the linguistic message, such
as intent, politeness or emotional state. Unlike linguistic and paralinguistic information, extralinguistic information is independent
of the message being conveyed, as it captures characteristics of the speaker, such as the speaker’ habitual voice quality, or
pitch range. In this thesis, as is frequent in the speech research community, the term paralinguistic is used comprehensively to
designate all information which cannot be described only in strictly linguistic terms [Schuller et al., 2013a], thus encompassing
both paralinguistic and extralinguistic information. By consolidating these under the term “paralinguistic”, we acknowledge the
holistic nature of speech as a rich biomarker.



ness in the medical community, and time and money concerns; (i) the fact that existing datasets and
research findings pertain the detection of a single disease compared to healthy controls, when in real-life
scenarios where the systems may be deployed, if someone does not suffer from a specific disease, it
does not mean they are healthy controls — they may suffer from a different disease whose speech signal
is not projected to the same space as healthy controls; (iii) difficulties in interpreting machine learning-
based predictions due to the inherent black-box nature of the models; (iv) the fact that machine learning
models may capture solely correlations, which may simply reflect biases present in the dataset or other
spurious correlations; (v) the fact that some machine learning models are associated with so-called epic
failures [McGregor, 2020], which human decision-making processes would certainly prevent.

Most of these reasons are somewhat related to the lack of trust in current ML systems, which some-
times suffer from the problem of shortcut learning, i.e. the learning of decision rules that perform well
on standard benchmarks but fail to transfer to more challenging testing conditions, such as real-world
scenarios [Geirhos et al., 2020]. Many researchers have argued in favour of more explainable, inter-
pretable, and transparent machine learning systems [Caruana et al., 2015; Stiglic et al., 2020]. Judea
Pearl, in “The Book of Why” [Pear| and Mackenzie, 2019], advocates for the importance of transparency,
as it enables effective communication. He argues that most limitations of deep learning systems stem
from their inability to go beyond what he calls the rung one of the Ladder of Causation: Association®.
This fact may have not hindered some astonishing advances, such as the performance of AlphaGo
[Holcomb et al., 2018], but it does hinder learning systems that operate in rich webs of causal forces,
such as medicine [Pearl and Mackenzie, 2019]. Pearl argues that ML methods today provide a way to
go from finite sample estimates to probability distributions, but we still need to get from distributions to
cause-effect relationships [Pearl and Mackenzie, 2019].

Very recently, various subfields of Artificial Intelligence research have been disrupted by the emer-
gence of Large Language Models (LLMs), which have exhibited impressive language generation and
understanding capabilities, and have even gained widespread recognition among the general public.
Their remarkable performance in numerous tasks has provided the opportunity to reconsider the need
for interpretable machine learning — indeed they are able to solve complex problems while providing a
human-understandable explanation. This raises intriguing questions: Are these models sufficient for di-
agnosing language affecting disorders solely based on transcriptions of patients’ speech? Alternatively,
can their language understanding capabilities be leveraged to better characterize the discourse patterns
of patients?

All these aspects, from the different biosignals involved in speech production, the non-invasive

biomarkers complementary of acoustic speech, the limitations of current ML-based systems applied

5The Ladder of Causation, proposed by Judea Pearl, has three rungs: rung one — association, which allows only to see
associations between variables, leading to a very superficial understanding of the world; rung two — intervention, actors can
intervene and change the world, which leads to the understanding of cause-effect relationships; and rung three — counterfactuals,
where actors can image alternative worlds where the actor would have done something different.



to scarce data, the importance of interpretable models, and the role of the new Large Language Mod-
els, define the context in which we frame this thesis, which explores the potential of speech for disease
detection. Initially, our focus was on understanding the interconnections of speech production, the differ-
ent biosignals that precede the sound wave, and the mechanisms through which each disease impacts
speech production. This led to the establishment of the novel field of Silent Paralinguistics, i.e., the
assessment of speaker states and traits from non-audible spoken communication [Botelho et al., 2020z;
Diener et al., 2020]. Our early studies, which retrieve Electromyography (EMG)® from the speech signal,
and the speaker identity from EMG yielded promising results. Initially, we were aiming at conducting our
speech research alongside other modalities such as EMG or Electroencephalography (EEG), however,
the generalized COVID-19 lockdown precluded the collection of more data that could provide insights
into the manifestations of each disease in the biosignals produced by the nervous systems, stalling this
line of research. The pandemic highlighted the importance of delivering timely check-ups and diagno-
sis remotely, e.g., through telemedicine. Consequently, we shifted our focus to other biomarkers that
could be collected non-invasively, unobtrusively, and remotely via web or mobile phone applications.
Specifically, we proposed to use visual speech as a new modality for silent paralinguistics and disease
detection [Botelho et al., 2021]. We argue that visual speech, also known as lip reading, encodes in-
formation on the craniofacial structure, speech articulation, and breathing patterns, which may provide
additional relevant diagnostic information. Furthermore, visual speech is captured through face filming,

making it suitable for remote acquisition, similarly to acoustic speech.

After exploring the potential of visual speech and facial images to complement the speech signal for
disease detection, we discuss the challenges inherent to the datasets used by the research community,
which may hinder the reliability of results. A significant issue, which is also reflected in the reasons
mentioned earlier that are hampering speech and ML-based applications to support medical diagnosis,
is the existence of multiple speech-based datasets tailored for detecting individual diseases. Additionally,
most of these datasets are considerably smaller than ideal for the effective application of ML tools, and
they are recorded under varying conditions. This is particularly relevant in the context of long longitudinal
studies, where recording conditions change over time. Can these datasets be leveraged to build a model
that addresses health in a comprehensive manner? We argue that a valid starting point is to characterize
reference speech independently of the dataset or recording conditions, and then to use such a definition
to identify signature patterns of speech affecting diseases. Particularly, we focus on glass-box predictive

models that provide clinically meaningful explanations for the decision process.
Finally, as the new large language models disrupted Al research, we hypothesize that these models
can capture high-level clinically-meaningful characteristics of discourse, which can be used for explain-

able disease screening.

8EMG is a technique that captures the electrical signals generated during muscle contraction [Schuliz et al., 2017]



1.1 Objectives and research questions

The overall goal of this thesis is to explore the potential of speech as a trustworthy biomarker to support
accessible medical diagnosis. With this main objective and the previous motivation in mind, we raise
more specific research questions that we aim to address. While our current approach to these ques-
tions frequently involves the detection of specific diseases through binary classification—comparing each
disease to healthy controls—our broader vision is to propose speech as a holistic biomarker for multiple
diseases. This marks a step towards scalable remote mass screenings, capturing early signs of various
conditions. Although current research is mostly conducted within the scope of individual diseases, our
ultimate aim is to move beyond single-disease detection and towards a more comprehensive use of

speech in disease screening. The research questions are the following:

RQ1 Do biosignals involved in speech production preceding the sound wave, e.g. EMG, contain par-

alinguistic information?

RQ2 Are other non-invasive modalities, such as facial images, and visual speech complimentary of
speech signals for disease detection? In this context, are in-the-wild data acquired from online
repositories a valid alternative to standardized data collection that could provide larger datasets for

training ML models?

RQ3 What are the challenges inherent to the existing small datasets for single disease detection? How
can we leverage the multiple small datasets to create one generalizable model for health monitor-

ing?

RQ4 Can we determine reference intervals that characterize and define healthy speech, independently
of the dataset? Can we leverage this definition of healthy speech to identify signature patterns of

each speech affecting disease?

RQ5 How can the advanced text understanding capabilities of new LLMs contribute to the automatic

detection of speech-affecting diseases?

1.2 Contributions

The research described through this thesis has been published in ten peer-reviewed articles.
The following two publications summarize our findings concerning the first research question. | was

the lead author and contributor in [A] and part of the team in [B].

[A] Botelho, C., Diener, L., Kuster, D., Scheck, K., Amiriparian, S., Schuller, B. W., Schultz, T., Abad,
A., and Trancoso, |. (2020). Toward silent paralinguistics: Speech-to-EMG — Retrieving articulatory

muscle activity from speech. In Interspeech.



[B] Diener, L., Amiriparian, S., Botelho, C., Scheck, K., Kister, D., Trancoso, I., Schuller, B. W., and
Schultz, T. (2020). Towards silent paralinguistics: Deriving speaking mode and speaker ID from

electromyographic signals. In Interspeech.

Our contributions to the second research question have resulted in the following two publications.
Publication [C] focuses on the creation of the in-the-Wild Speech Medical (WSM) Corpus, for Parkinson’s
Diseases and depression detection. In this publication, my contributions concern the experiments that
use i-vectors and x-vectors for classification. | was the lead author in publication [D], which uses a
pilot corpus acquired in-the-wild data to perform multimodal detection of obstructive sleep apnea, using

speech, facial images and visual speech.

[C] Correia, J., Teixeira, F., Botelho, C., Trancoso, I., and Raj, B. (2021). The in-the-wild speech
medical corpus. In ICASSP. IEEE.

[D] Botelho, C., Abad, A., Schultz, T., and Trancoso, |. (2021). Visual speech for obstructive sleep

apnea detection. In Interspeech.

Our findings regarding the third research question were summarized in the following publications.
In publication [E], we explore different methods to detect COVID-19 from cough signals. My contribu-
tions concern the experiments using TDNN-F embeddings. The relationship to this research question
is to highlight possible unexpected biases in the datasets — in this case a bias introduced by different
bandwidth of the recordings of diseased and control subjects. In publication [F] we describe a parallel
analysis of two corpora: a longitudinal conversational corpus in German, and a cross-section English
corpus containing image descriptions, for the automatic detection of Alzheimer’s disease. We observe
that with different corpora, different features seem to be more relevant for Alzheimer’s disease detection,
which raises questions on transferability of results across small datasets. In this publication, Ayimnis-
agul Ablimit and | were joint lead authors. Motivated by the results published in [F], we explored the
challenges of using cross-domain corpora or longitudinal corpora in the context of pathological speech

studies, which were published in [G], where | was also lead author.

[E] Solera-Urena, R., Botelho, C., Teixeira, F., Rolland, T., Abad, A., and Trancoso, I. (2021). Transfer

learning-based cough representations for automatic detection of covid-19. In Interspeech.

[F1 Ablimit, A.*, Botelho, C.*, Abad, A., Schultz, T., and Trancoso, |. (2022) Exploring dementia detec-

tion from speech: cross corpus analysis. In ICASSP. (*equal contribution of first two authors)

[G] Botelho, C., Schultz, T., Abad, A., and Trancoso, |. (2022). Challenges of using longitudinal and

cross-domain corpora on studies of pathological speech. In Interspeech.



Our work addressing the fourth research question has led to the publication of one conference paper
[H] and one journal paper [l], where | served as the lead author and contributor. In publication [H], we
explore the idea of characterizing reference speech, using reference intervals, a concept traditionally
used in clinical laboratory science, which we adapt for speech analysis in the context of health. Publi-
cation [I] expands upon this concept by proposing to leverage the definition of reference speech for the
detection of multiple speech-affecting diseases. Our approach applies Neural Additive Models, a class

of transparent neural networks, to enhance the interpretability of our findings.

[H] Botelho, C., Abad, A., Schultz, T., and Trancoso, I. (2023). Towards reference speech characteri-

zation for health applications. In Interspeech.

[11 Botelho, C., Schultz, T., Abad, A., and Trancoso, I. (2024). Speech as a Biomarker for Disease

Detection. — submitted to IEEE Access.

Finally, publication [J] addresses our fifth research question by exploring the ability of LLMs to detect
Alzheimer’s Disease from picture description transcriptions and to annotate macro-descriptors, which
are high-level dimensions useful for disease detection. | was lead author and contributor in this publica-

tion.

[J] Botelho, C., Mendonga, J., Pompili, A., Schultz, T., Abad, A., and Trancoso, I. (2024). Macro-

descriptors for Alzheimer’s disease detection using large language models. In Interspeech.

Besides the peer-reviewed publications, | gave an expert talk at ICASSP 2022 — Singapore, together
with Ayimnisagul Ablimit. The talk, entitled “Speech as a disease biomarker”, summarizes our work,

while discussing the challenges in the field.

1.3 Thesis structure

The remainder of this thesis begins with a discussion of the fundamental concepts necessary for un-
derstanding the associations between speech alterations and the various speech affecting diseases, in
chapter 2. This chapter starts by explaining the speech production process and proceeds to describe
various speech affecting diseases, detailing their impact on speech. It further discusses how these dis-
eases are often risk factors for each other and how their effects on the speech signal partially overlap.
Consequently, it provides our perspective, advocating for a global view on health and the use of speech
as a biomarker for multiple diseases. This perspective is particularly relevant for guiding the rest of this
thesis.

Chapter 3 introduces the health-related speech corpora available to the research community, as well
the methods for the automatic detection of speech affecting diseases, including features, evaluation

metrics and strategies to cope with limited size dataset.



Chapter 4 summarizes our exploratory work on the novel field of silent computational paralinguis-
tics, and the interconnection between speech and another biosignal involved in the speech production
process — EMG. In particular, the chapter focuses on using speech signals to retrieve the underly-
ing EMG signals. This type of speech-to-EMG conversion facilitates a deeper understanding of the
interconnections among various biosignals and their roles in communication. Additionally, it holds po-
tential applications in medicine, particularly in enhancing articulatory awareness during speech therapy.
Further applications include computer animation, enabling visualization of realistic muscle movements
[Sagar and Scott, 2009], or as a means to generate large amounts of synthetic EMG data from audio,

decreasing the amount of costly laboratory recordings of EMGs.

Chapter 5 concerns the multimodal automatic detection of obstructive sleep apnea, a sleep-related
breathing disorder which is estimated to affect over one in every eight individuals worldwide, most of
which are currently undiagnosed. We focus on biosignals that can be collected remotely, e.g. through a
telemedicine appointment: speech, facial images and visual speech — a modality which we introduced,
for the first time, for paralinguistic applications and that builds on our previous finding that muscle con-
traction captured by EMG signals on the face encode paralinguistic information. The work for OSA
detection uses in-the-wild data as an alternative for standard medical data collection. In this chapter, we
further discuss the suitability of using such large datasets available online in multimodal repositories for

disease detection.

Although the results presented in chapter 5, as well as other works in the literature regarding the
detection of speech affecting diseases, are very promising, there are a few issues to address before a
transition to commercial products can take place. Such issues, which mostly relate to the robustness
and generalizability of results to new datasets, are explored in chapter 6. The chapter presents a col-
lection of experiments that highlight some of the challenges introduced by the datasets used by the
speech community for disease detection. Concretely, it discusses unexpected biases; the difficulty of
translating models and results to new domains, including different recording conditions, speech tasks
and languages; and finally it explores how much information about the recording conditions is encoded

in the features that are typically used to detect diseases from speech.

These challenges motivated the development of an interpretable approach suitable for the detection
of multiple diseases. Chapter 7 presents a framework that first defines reference speech, and then lever-
ages this definition to perform disease detection. Reference speech is characterized using reference
intervals for clinically meaningful acoustic and linguistic features derived from a reference population, a
novel approach in the speech health field inspired by biochemistry’s use of reference intervals for medi-
cal diagnostics. We then quantify deviations of new speakers from this reference model, and use these
deviations as input to detect Alzheimer’s and Parkinson’s disease. One classification strategy explored

is based on Neural Additive Models, a type of glass-box neural network. The chapter also discusses



strategies for multidisease classification, contingent on the availability of adequate data.

Chapter 8 discusses the role of LLMs in the detection of language-affecting diseases, under two sce-
narios. In the first scenario, we evaluate LLMs’ performance when directly queried for disease prediction.
In the second scenario, we explore their potential as annotators of high-level discourse characteristics,
designated macro-descriptors, which are then used for detecting Alzheimer’s disease. The experiments
described compare the performance of both open access and closed source LLMs, based on manual
and automatic transcriptions, and using several prompting strategies. We also explore whether pause
information is able to further aid Alzheimer’s disease detection.

Chapter 9 summarizes and discusses the main findings of each chapter and outlines directions for
future research. The chapter concludes with final remarks, briefly addressing ethical considerations and
highlighting the importance of explainability and reliability in the automatic detection of speech-affecting

diseases.
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HE fact that speech production is a complex process that involves the respiratory, nervous, and
T muscular systems implies that disruptions in any of these systems can perturb the speech signal.
Consequently, speech can encode information indicative of diseases affecting these systems. This
chapter begins with an overview of the speech production process’ to facilitate reasoning on which
speech alterations are associated with each disease studied in this dissertation, and how to map these
alterations to measurable features or predictable outcomes. More comprehensive descriptions exist
in the literature, e.g. refer to [Singh, 2019]. Afterwards, we characterize common speech affecting
diseases, including OSA, COVID-19, AD, PD, and depression, and discuss their impacts on the speech
signal.

Given the association of several of these diseases with aging, we also include sections on aging
and multimorbidity. This chapter concludes with our perspective on the importance of a global view of
health. This is particularly relevant because speech-affecting diseases are often considered risk factors
for each other, and their effects on speech frequently overlap. This perspective is integrated into an
article published at the IEEE Access Journal Botelho et al. [2024].

2.1 Speech production

The speech production process starts in the cerebral cortex, with input from several other areas in the
brain, including those of artistic expression, cognitive thought, planning, and hearing. The information is
then transmitted through the nervous system to allow a coordinated activity of the muscles in the larynx,
chest and abdominal regions, the vocal folds, and all the articulators [Singh, 2019]. The lungs expel the
air, which passes through the trachea and the larynx, where the vocal folds are housed. At the vocal
folds, there are some pressure differentials which cause them to open and close cyclically, resulting
in the release of hundreds of air pulses per second, generating sound waves. This process is called
phonation. The sound waves produced during phonation pass through the vocal tract, schematized
in Figure 2.1. The vocal tract is composed of resonance chambers and articulators, which filter the
excitation signal to produce distinct sounds that compose the languages we speak. Simultaneously, a
feedback mechanism is activated from the ears, and from visual input, if present [Singh, 2019]. These
systems and processes are described with more detail in the sections below.

Usually, all these components function in close coordination, but it is not always the case. For
instance, we can have audible speech without phonation, which is the case of whisper. We can also
have phonation without oral articulation as in some aspects of yodeling that depend on pharyngeal
and laryngeal changes; and we can have silent speech without breath and voice, and thus without

acoustic output, e.g. for lip reading. Furthermore, there are also two other types of speech without

TMost of this section uses the description of speech production by Encyclopedia Britannica [Arnold et al., 2019] as a reference.
In the absence of an explicit reference, [Arnold et al., 2019] should be considered.
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Figure 2.1: (a) Vocal tract and the main articulators involved in speech production [Huang et al., 2001]. (b) Block
diagram of human speech production.

acoustic output, which encompasses only the cognitive formulation of speech: imagined speech and
inner speech. Imagined speech is similar to silent speech, but without the actual movements of the
articulators. Imagined speech corresponds to a motor imagery of speaking, in which the speakers should
feel as though they are producing speech rather than simply talking to themselves. Given that imagined
speech is produced without any articulatory movements, this speaking mode requires observations at
the neural level [Schuliz et al., 2017]. Inner speech corresponds to an internalized process in which one

thinks in pure meanings [Schuliz et al., 2017].

The nervous system

The nervous system controls the speech production process, both at a conscious and unconscious level.
The human brain possesses several language centers in the cortex, including the Brocca’s area, the
Wernicke’s area, and the cortical hearing center, as represented in Figure 2.2. These language centers
are interconnected with subcortical areas, such as the thalamus, responsible for emotional integration,
and the cerebelum, responsible for movement coordination.

Brocca’s area is located in the frontal lobe of the brain cortex, and is responsible for the motor
control of the movements for expressive language. From the cells in Brocca’s area, fibers emerge that
eventually connect with the cranial and spinal nerves that control the muscles of oral speech. Injury in
this region causes expressive aphasia, i.e., the inability to speak or write. The Wernicke’s area, located
in the temporal lobe of the cortex, is responsible for receptive speech comprehension. An injury in this
area results in receptive aphasia, i.e., inability to understand spoken or written communications, as if
the person had never learned the language before. The auditory cortex receives and processes the
contents of sounds, voices, or music.

Speech production is further regulated by feedback mechanisms — the auditory feedback and the pro-
prioceptive sense. The auditory feedback mechanisms, enabled by the auditory cortex which receives

and processes the contents of sounds [Sitek et al., 2013], informs the speaker about pitch, volume,
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Figure 2.2: Language centers in the brain. The Angular Gyrus is represented in orange, Supramarginal Gyrus is
represented in yellow, Broca’s area is represented in blue, Wernicke’s area is represented in green and
the Primary Auditory Cortex is represented in pink.?

4Author credits: By James.mcd.nz - self-made - reproduction of combined images Surfacegyri.JPG by Reid Offringa and
Ventral-dorsal streams.svg by Selket, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=3226132

inflection of the voice, articulation precision, selection of appropriate words, and other audible features.
The proprioceptive sense provides continuous information on the position of the muscles, tendons, joints,
and other moving parts. Limitations of these systems compromise the quality of speech, as observed in
pathological scenarios, such as deafness, paralysis, and underdevelopment.

Examples of diseases that may condition the normal functioning of the nervous systems are Alzheimer’s

disease and Parkinson’s disease.

Laryngeal system
Voice originates in the larynx. Structurally, the larynx is composed of the vocal folds and a frame of three
cartilages, as shown in Figure 2.3. Most of these cartilages ossify to variable degrees at different ages, in
the presence of masculinizing hormones. The cartilages and the muscles that are attached to them can
adjust the shape, position and mechanical motion of the vocal folds [Singh, 2019]. The muscles of the
larynx can be subdivided into extrinsic (thyropharyngeus, cricopharyngeus, and the short cricothyroid?),
which move the larynx as a whole, and intrinsic, which move the vocal folds to shape the glottis. The
larynx is enervated by two nerves, the superior laryngeal nerve and the recurrent or inferior laryngeal
nerve. The shape of the larynx is compared to the shape of a horn. A well-shaped, wide and flexible
larynx enhances the projective potential of the voice. In turn, a morphologically narrow, pathologically
constricted, or emotionally tightened larynx leads to a constricted voice sound with poor carrying power.
The vocal folds or vocal cords are two membranes held together that oscillate to produce voiced
sounds. These oscillations are self-sustained vibrations maintained by pressure differentials. During
expiration, the air in the lungs is driven upwards through the trachea against the undersurface of the
vocal folds. This increases the subglotic pressure until it exceeds the closing effort of the vocal cords.

When that happens, a puff of air escapes, lowering the subglotic pressure, and closing again the vocal

2Although the short cricothyroid muscle is actually external to the larynx, it is typically discussed within the intrinsic muscles.
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Figure 2.3: Larynx anatomy, from [Harrel and Dudek, 2019].

cords. Then, the subglotic pressure raises again and the cycle is repeated. The frequency of this cycle
corresponds to the fundamental frequency of the sound wave generated, F0, and the pitch we perceive
in the speech sound. When the vocal folds are too tense and do not vibrate periodically, the sound

emitted is unvoiced.

The vocal folds are a layered structure, with three layers: an inner muscular layer, a middle soft
tissue layer called the lamina propria, and an external epithelial layer. The lamina propria is a layer
of approximately 1 mm composed of an extracelular matrix, mainly constituted of the proteins collagen
and elastin that are responsible for the elastic properties of the vocal folds [Singh, 2019]. The fibers
of collagen and elastin are thought to play an important role in glottal closure, i.e., in the closing of the
vocal folds during phonation.

There are many biological parameters that affect phonation and thus the characteristics of the voice
signal. Some of these parameters are stable for a given individual across their lifetime, and others are
variable for the same individual. Particularly, parameters that affect FO include the size of the larynx,
which in turn, is conditioned by the body type, sex, and age. The size of the larynx is approximately the
same in small boys and girls, while an adult male larynx is approximately three times the size of a female
larynx. Shorter vocal chords produce higher-pitched voices. The fundamental frequency of the speech
sound, FO, is typically around 100 Hz for male and 200 Hz for female speakers. Within the individual
fixed range, there are other variables impacting the pitch, which include the tension of the cords, the
force of the glottal closure, and the expiratory air pressure. The increased tension of the cricothyroid
muscles increases the pitch, and vice-versa [Arnold et al., 2019]. Under pathological conditions, for
instance, the glottal closure may not be complete, which means the energy in the higher harmonics is
reduced and the voice is perceived as “weak” [Singh, 2019]. Also, as people age, there is a decrease
of collagen and elastin in the body (thus, also in the lamina propria of the vocal folds), which causes the

vocal folds to be unable to close completely with the negative intraglottal pressure, which again leads
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to a “weak voice” [Singh, 2019]. The hormonal state of the speaker has also been associated with FO
variations [Singh, 2019] and voice quality: for instance, when a female’s voice is lower or rougher, it may
indicate the presence of virilizing hormones, which cause excessive ossification of the larynx cartilages.
In reverse, the lack of these hormones in males leads to a deficit in ossification, resulting in a voice that
sounds more female-like.

Examples of diseases that may impact the laryngeal system are obstructive sleep apnea, and
COVID-19, as will be further discussed later.

Articulatory system

The articulatory system includes three cavities — the nasal cavity, the oral cavity, and the pahryngeal
cavity — which are the resonators; and the articulators, such as the soft and hard palate, the tongue,
teeth, and lips. For any sound, depending on the configuration of the vocal tract, resonances occur
at specific frequencies, or at a narrow band of frequencies around a central frequency, due to the soft
tissue. These resonant frequencies are called formants. The identity of each sound unit is largely coded
in the formats, which are a consequence of the configuration of the articulators.

The soft palate, or velum, acts as a valve enabling the passage of air through the nasal tract. When
the soft palate isolates the oral cavity from the nasal cavity, oral sounds are produced; when the sepa-
ration is not complete, nasal sounds are produced instead. The hard palate enables the production of
consonants when the tongue is placed against it, and when the tongue is placed away from the palate,
vowels are produced, which makes the tongue an articulator organ. The teeth are also responsible for
articulation, enabling the tongue to be placed against it to produce certain consonants. The lips can be
shaped differently to affect vowel quality, or closed to stop the airflow to produce certain consonants,
such as /p/, /m/, and /b/ [Huang et al., 2001]. The configuration of these supraglottic structures is very
characteristic of each individual, which makes each person’s voice unique, and as identifiable as fin-
gerprints are [Arnold et al., 2019]. The anatomic shape and physiologic flexibility of the supraglottic
structures are impacted by the inborn shape, and the learned behaviour of using it for communication.
For instance, a native speaker of a given language learns certain articulatory patterns which remain
audible in all other languages learnt after puberty [Arnold et al., 2019].

An example of a disease that may impact the articulatory system is Parkinson’s disease, as will be

described later in this chapter.

2.2 Common speech affecting diseases

Speech affecting diseases can be grouped into four broad categories: speech and language disorders
such as sigmatism, and stuttering; neurodegenerative diseases, such as PD, AD, Huntington’s dis-

ease and Amyotrophic Lateral Sclerosis; psychiatric disorders such as Depression, Bipolar disease, and
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burnout; and diseases that concern respiratory organs, such as OSA, tuberculosis, COVID-19, and the
common cold. These four categories do not constitute a formal classification. For an official categoriza-
tion of these diseases according to the International Classification of Diseases 11th Revision (ICD-11),
refer to Appendix A. In this work, we will address the automatic detection of OSA, COVID-19, AD, PD,
and depression. These diseases have a high worldwide prevalence and constitute examples of respira-
tory, neurodegenerative and psychiatric disorders. This section describes each of these diseases and
their implications in the speech signal.

Another relevant categorization for characterizing how speech is affected by different diseases is the
one used by Monoson and Fox [1987], who distinguish three types of speech anomalies: Resonance
anomalies characterized by an abnormality in voice quality, which can be associated with an abnormal
coupling of the vocal tract and oral tract, or related to an abnormality in vocal tract damping and compli-
ance — “cul-de-sac” resonance; Articulatory anomalies characterized by a mispronunciation of speech
sounds, associated with faulty function or control of the articulators (tongue, lips, hard and soft palate);

and Voice anomalies, later also called phonation anomalies result from a laryngeal dysfunction.

2.2.1 Obstructive Sleep Apnea (OSA)

Obstructive Sleep Apnea (OSA) is a sleep-concerned breathing disorder characterized by repetitive
pharyngeal collapse during sleep, which results in complete stops or decreases of the breathing air-
flow, despite continued or increased inspiratory efforts [Arnold et al., 2017]. This leads to decreased
blood oxygen levels and increased carbon dioxide levels. In response to the increased inspiratory effort
associated with hypoxia and hypercania, the patients arouse from sleep with activation of the sympa-
thetic nervous system, which causes sleep fragmentation, neurocognitive sequelae and cardiovascular
sequelae [Malhotra and White, 2002; Ong and Crawford, 2013]. Patients with OSA report decreases
in their quality of life, mood and personality changes, relationship discord associated with loud snor-
ing [Paiva et al., 2014], depression, cognitive impairment, and excessive daytime sleepiness [Punjabi,
2008]. OSA is also associated with diabetes, hypertension and cardiovascular diseases [Arnold et al.,
2017; Pozo et al., 2009]. Furthermore, there is growing evidence of a bidirectional relationship between
sleep disorders and dementia [de Chazal et al., 2020].

It is estimated that approximately one thousand million adults aged 30 to 69 years old have OSA [Ben-
jafield et al., 2019], which represents one-seventh of the world’s adult population [Lyons et al., 2020].
These numbers tend to increase with the growth of OSA’s main risk factors: obesity and population
aging. Untreated OSA imposes extensive costs for the individuals, their families, and the society at
large regarding the economy, health system, and public safety [Armeni et al., 2019; Lyons et al., 2020;
Sullivan, 2016].

The severity of OSA is quantified using the Apnea-Hypopnea Index (AHI), which measures the num-
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ber of apneas and hypopneas per hour. OSA diagnosis requires an AHI of more than 5 respiratory
events per hour with maintained or increased inspiratory effort, associated with typical symptoms: day-
time fatigue or sleepiness, unrefreshing sleep, loud snoring, and witnessed breathing interruptions by the
bed partner. In the absence of the typical symptoms, the diagnosis requires a minimum of 15 respiratory
events per hour [Paiva et al., 2014]. The gold standard diagnosis of OSA is based on polysomnography,
a medical exam that is time consuming, expensive, and uncomfortable for the patient and the family
[Kriboy et al., 2014b]. Moreover, this method is unable to keep up with the growing number of cases
and thus unlikely to meet future demands [de Chazal et al., 2020]. Consequently, more comfortable

procedures are needed that are both cost-effective and less time-consuming.

Effects on speech

The pathophysiological mechanisms responsible for OSA, described in the literature, e.g. in [Malhotra
and White, 2002], have an impact on the speech production process, not only through the compromised
pharyngeal anatomy characteristic of OSA patients, but also associated neuromotor dysfunction. The
compromised pharyngeal anatomy characteristic of apnea patients can be explained by certain cran-
iofacial features, including skeletal and/or soft tissue components [Sutherland et al., 2012]. Skeleton
components include a shorter mandible corpus, smaller mandibular enclosure area, retrognathia of the
mandible, maxillary constriction and shorter length, narrow cranial base, inferiorly positioned hyoid bone,
longer anterior face and extended head position. Soft tissue components include enlarged tongue, uvula
and soft palate, larger lateral pharyngeal wall and parapharyngeal fat pad volumes, smaller upper airway
space and imbalance between tongue size and craniofacial enclosure [Lyons et al., 2020; Sutherland
et al., 2012].

According to Monoson and Fox [1987], the speech of OSA patients is characterized by three types
of speech anomalies described earlier: resonance, articulatory and phonation anomalies. These three
types of anomalies can result from altered structure or function of the vocal tract, above described as
characteristic of OSA. In their study in 1987, where trained judges listened to the speech of 13 subjects
suffering from sleep apnea, Monoson and Fox [1987] concluded that (quoting) “the majority of sleep
apnea individuals we have encountered can be judged to have a speech disorder apparently related
to vocal tract dysfunction resulting in altered articulation and resonance.” In a later study by the same
authors [Fox et al., 1989], judges listened to the speech of 27 sleep apnea subjects. The judges were
able to identify differences between sleep apnea patients and controls in terms of articulation, resonance
and phonation. Surprisingly, phonation was found to be the most relevant discriminator between sleep
apnea and controls. Pozo et al. [2009] associates the phonation anomalies to the heavy snoring of
OSA patients, which can cause inflammation in the upper respiratory system and affect the vocal cords.
Furthermore, Pozo et al. [2009] have also found significant differences between OSA and control group

speakers in terms of relative levels of nasalization between different linguistic contexts.
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2.2.2 Coronavirus disease 2019 (COVID-19)

The COVID-19 respiratory disease is an infectious disease caused by the SARS-CoV-2 virus [WHO,
2022a]. It was declared a pandemic by the World Health Organization in 11 March 2020 and has had
dramatic personal, societal and economical consequences that extend until today.

The main symptoms of COVID-19 include fever, coughing, and breathing difficulties. Other symptoms
include chills, repeated shaking with chills, muscle pain, headache, sore throat, and loss of taste or
olfact. Most people infected with the virus experience mild to moderate respiratory illness and recover
without requiring special treatment, or are completely asymptomatic. However, some people become
seriously ill and require medical attention. People at risk of developing more serious symptoms include
older people and those with underlying medical conditions like cardiovascular disease, diabetes, chronic
respiratory disease, or cancer [WHO, 2022a].

Clinical diagnosis of COVID-19 relies on reverse transcription polymerase chain reaction (RT-PCR)
and antigen tests. However, these procedures present several disadvantages: significant monetary
cost, intrusive and in-person collections of samples performed by professionals that strain public health
systems, diagnosis delays due to saturation of laboratories, etc. For all these reasons, we observed an
increasing interest in developing reliable, cost-effective, immediate and easy to use tools that can help

health care operators, institutions, companies, etc. to optimize their screening campaigns.

Effects on speech
COVID-19is a disease that affects primarily the respiratory tract [Shah et al., 2022]. Reports indicate that
between 60% and 80% of symptomatic patients develop a dry cough, and roughly a third develop a wet
cough [Song et al., 2021]. Patients also report fluid accumulation in the lungs and respiratory distress
[Suess and Hausmann, 2020]. These respiratory impairments naturally impact patient vocalizations,
influencing both coughing and voice quality [Shah et al., 2022]. Asiaee et al. [2020] have posited that
recurrent coughing may lead to inflammation or degeneration of vocal fold tissue, potentially increasing
jitter and shimmer in patients with COVID-19. This vocal fold trauma could further result in air leakage
and incomplete closure of the vocal folds, conditions associated with a breathier voice and increased
spectral noise, which in turn results in decreased Harmonics-to-noise Ratio (HNR) and cepstral peak
prominence (CPP). Asiaee et al. [2020] also report a decreased maximum phonation time, which is
indicative of airflow insufficiency due to reduced lung volume. According to [Singh, 2019], a person’s
lung capacity is associated with the intensity and duration of the intervocalic breath, the duration of inter-
breath intervals, as well as the amplitude of the signal during standardized normal conditions, and total
utterance duration. However, these parameters may also be affected by other factors, such as speaking
style, emotions and mental states.

Other studies have also identified that the motion of the vocal folds is adversely affected in symp-

tomatic COVID-19 patients [Al Ismail et al., 2021; Deshmukh et al., 2021]. In particular, by visual com-
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parisons between oscillation patters of healthy and symptomatic COVID-19 patients, anomalies can be
observed, such as asynchrony, motion asymmetry, reduced oscillation range, etc. [Al Ismail et al., 2021].
In a self-assessment study, COVID-19 patients reported difficulty producing certain voiced sounds

and noticed changes in their voice [Lechien et al., 2020].

2.2.3 Alzheimer’s disease (AD)

Fifty-five million people worldwide live with dementia — a syndrome that leads to the gradual decrease in
multiple cognitive functions beyond what is considered normal in biological aging [WHO, 2021 (accessed
on September 28, 2021]. The most frequent form of dementia, Alzheimer’s disease (AD), is a progres-
sive neurodegenerative disorder characterized by loss of neurons and synapses in the cerebral cortex
and in certain subcortical regions. At an early stage, AD causes impairments in memory, language, and
spatio-temporal orientation. As the disease progresses, other alterations arise, including visuo-spatial
deficits, changes in abstraction and judgment, and later apraxia (difficulty in organizing motor actions
intentionally).

AD is typically diagnosed when there are cognitive or behavioral symptoms that interfere with the
person’s ability to perform usual daily activities or work [McKhann et al., 2011]. This diagnosis is subjec-
tive, and is often confused with normal biological aging or stress. However, detailed neuropsychological
testing is possible, and can reveal mild cognitive difficulties up to eight years before a person fulfills the
clinical criteria for the diagnosis of AD [Backman et al., 2004]. Examples of these detailed neuropsycho-
logical tests are the Mini-Mental State Exam (MMSE), and the Alzheimer’s Disease Assessment Scale -
Cognitive Subscale (ADAS-Cog) [Rosen et al., 1984].

Effects on speech
Although memory impairment is the most prominent symptom of AD, language impairments are also
prevalent. In particular, the speech of patients with AD is characterized by word-finding difficulties, repe-
titions, reduced vocabulary, an overuse of indefinite and vague terms, and inappropriate use of pronouns
[Forbes et al., 2002; Oppenheim, 1994]. Furthermore, the discourse of AD patients is described as fluent
but not informative, characterized by incomplete and short sentences, and lacking coherence and co-
hesion [Hier et al., 1985; Pompili, 2019]. Several authors have also encountered alterations in temporal
parameters of speech, such as hesitation rate and speech tempo, that may indicate deficits in underlying
cognitive processes, such as speech planning, structural organization, and production [Hoffmann et al.,
2010].

More detailed characterizations of AD and its impacts in speech can be found, for example, in [Pom-
pili, 2019] and [de la Fuente Garcia, 2021]. Voleti et al. [2019] provides a very complete review of existing

speech and language features for studying cognitive and thought disorders, including AD. Boschi et al.
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[2017], and Hecker et al. [2022] also provide exhaustive reviews on voice analysis for recognizing neu-

rological disorders, including AD.

2.2.4 Parkinson’s disease (PD)

Parkison’s disease (PD) is the second most common neurodegenerative disorder in the western world,
after AD and the most common movement disorder, affecting about 1% of people over 60 years old [De Lau
and Breteler, 2006]. PD is characterized by degeneration of dopaminergic neurons in the brain, resulting
in dopamine deficiency [Dalle and Mabandla, 2018]. Although the cause of the degeneration is not es-
tablished, Dallé and Mabandla [2018] summarizes mechanisms that may contribute to the vulnerability
of the dopaminergic neurons. PD is mainly considered an idiopathic disease, i.e., a disease with un-
certain origin apparently arising spontaneously, but studies have reported that it can also have genetic
or environmental origins, and both origins can be associated with early life stress [Dalle and Mabandla,
2018].

The diagnosis of PD is generally made when patients are around sixty or seventy years old, al-
though some cases are found in people in their forties. The standard method to diagnose and evaluate
the neurological state of Parkinson’s patients is through the revised version of the Unified Parkinson’s
Disease Rating Scale (UPDRS), provided by the Movement Disorders Society [on Rating Scales for
Parkinson’s Disease, 2003].

The major motor symptoms of PD include resting tremor (shaking of a body part when at rest), rigidity
(resistance to movement when trying to move), akinesia (absence of normal unconscious movements),
bradykinesia (slowness of movement), hyperkinesia (reduction in movement amplitude), and postural
instability (impaired balance of the body). These motor symptoms are often accompanied by non-motor
symptoms including anxiety, depression and/or impairment in cognitive functions [Dallé and Mabandla,
2018]. These motor symptoms are secondary to the neuronal degeneration that occurs in the central
nervous system, several years prior to the onset of the clinical symptoms — a preclinical silent phase
that often includes depression symptoms [Dallé and Mabandla, 2018]. A critical analysis and deeper
research on this preclinical asymptomatic phase may help monitor people at risk of developing the

disease, and predict it before the onset of the symptoms.

Effects on speech

About 89% of PD patients develop speech impairments [Ramig et al., 2008], most commonly hypokinetic
dysarthria. This condition is characterized by weakness, paralysis, and lack of coordination in the motor
speech system, affecting respiration, phonation, articulation, and prosody. Deficits in phonation are
caused by inadequate closing of the vocal folds which is associated with muscle rigidity, and result in a
breathy or hoarse voice quality. Ma et al. [2020] describes decreased HNR in PD patients, associated

with an asthenic or “weak voice”; increased jitter, which indicates unstable vocal fold vibration and is
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associated with a rough vocal quality; and increased shimmer, associated with breathiness. Phonation
problems are typically the first to occur, and as the disease progresses the other impairments gradually
appear [Ramig et al., 2008].

Articulatory impairments are associated with reduced amplitude and velocity of the movements of
the lips, jaw, and tongue. In particular, patients may have difficulties pronouncing stop consonants, such
as /p/, 1t/, /k/, v/, /d/, /g/, and repetitions of consonant-vowel combinations.

Prosodic impairments are evident on suprasegmental analysis, and include variations in intonation
(monopitch), and loudness (monoloudness) [Ramig et al., 2008].

Overall, these deficits contribute to reduced speech intelligibility and naturalness. Detailed charac-
terizations of speech produced by PD patients can be found in [Arias-Vergara, 2022; Pompili, 2019].

It is also important to note that the medication frequently taken by Parkinson’s disease patients, as
well as by patients with other diseases, may also have an impact on vocal characteristics [Goberman
et al., 2002; Ma et al., 2020; Pompili et al., 2020c].

2.2.5 Depression

Depression, also referred to as major depressive disorder or clinical depression, is a common mental
disorder, affecting 5% of adults worldwide [WHO, 2022b]. Late-life depression, i.e., depression that
affects adults older than 65 who have never had depressive symptoms before, is also very common.
Depression is characterized by persistent feelings of sadness and hopelessness, as well as loss of
interest or pleasure in activities previously enjoyed [WHO, 2022b]. Serious cases of depression can lead
to suicide, which, in turn, is responsible for the death of 700,000 people every year [WHO, 2022b]. There
are interrelationships between depression and physical health. For example, cardiovascular disease can
lead to depression and vice versa. These interrelationships are further described in section 2.3.
Despite the high prevalence and enormous societal impact of depression, its diagnosis remains sub-
jective and heavily dependent on patients’ cooperation and physicians’ expertise [Cummins et al., 2011].
In countries of all income levels, people who experience depression are often not correctly diagnosed,
and others who do not have the disorder are too often misdiagnosed and prescribed antidepressants
[WHO, 2022b]. The standard approach for diagnosing depression, according to the American Diagnos-
tic and Statistical Manual of Mental Disorders, 5" Edition [Association et al., 2019, is to verify that the
individual being diagnosed experiences depressed mood or loss of interest and pleasure, and four or
more symptoms out of a list, which includes weight gain or loss when not dieting; increased or decreased
appetite; slowing down of thought and a reduction of physical movement (observable by others); sleep
disturbance; psychomotor agitation or retardation; feelings of worthlessness or guilt; diminished ability
to think or concentrate, or indecisiveness; and recurrent thoughts of death or suicidal ideation. These

symptoms must coexist during the same two-week period [Cummins et al., 2015b] for confirming the
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diagnosis. The criteria-based diagnosis of depression can also be accomplished with other instruments,
including several self-administered questionnaires, such as the Patient Health Questionnaire [Kroenke
and Spitzer, 2002].

Effects on speech
Besides the symptoms already described, the speech of depressed subjects is also altered. Concretely,
it is characterized as dull, monotonous, lifeless, quieter and with reduced loudness variations [Cummins
et al., 2015b; Singh, 2019]. The psychomotor retardation characteristic of depression leads to a tighten-
ing of the vocal tract, and consequently phonation anomalies that are expected to result in smaller range
of formant frequencies [Flint et al., 1993]. The impairments in the control of glottal mechanisms are also
expected to increase jitter and shimmer [Kliper et al., 2015]. The psychomotor retardation may also be
associated with a decreased speaking or articulation effort. Pause frequency and duration are also ex-
pected to be altered. Cummins et al. [2022] found that depressed subjects speak slower than controls,
regardless of the language spoken, when comparing speakers of English, Dutch and Spanish. Singh
[2019] describes changes in the breathing patterns, with silences occurring in inappropriate locations
considering the linguistic content, reduced syllabic stress and harsher and breathier voice quality.
Besides these acoustic queues, the speech of depressed subjects is also marked by linguistic fea-
tures. Rude et al. [2004] found that depressed individuals use more first-person singular pronouns, more
negative emotion words and less positive emotion words. Although different authors have found con-
tradictory results, Talbgll [2019] has conducted a review of 26 papers, and found correlations between
these three markers and depression. The usage of first-person singular pronouns has been associated
with the hypothesis that depressed individuals are in a high self-focused state, which builds on the the-
ory of the psychologists Jeff Greenberg and Tom Pyszczynski [Pyszczynski and Greenberg, 1987], that
depressed subjects become trapped in a bad self-regulatory cycle [Talball, 2019]. The usage of more
negative emotion words has been explained by Beck’s cognitive theory of depression [Beck, 1967],
which states that depressed individuals experience themselves, others, and the future in a negative
way [Talbgll, 2019].

For a very complete description of how depression impacts speech, refer to [Cummins et al., 2015a].

2.3 Multimorbidity and geriatric health

By 2050, the global population over 60 years old is estimated to reach 2.1 billion people, more than
doubling the 2019 figure. This rapid increase is happening at an unprecedented rate and it is expected
to escalate even further, especially in developed countries [WHO, (access date: April 16, 2023]. Aging
is, of course, not a disease, but it also causes alterations on the speech signal that may either overlap
with or mask the effects of certain diseases. For that reason, we included this section on aging and its

impact on the speech production process and thus on the speech signal.
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2.3.1 The effects of aging on speech

Presbyphonia is the medical term for the changes in the voice due to normal aging [Singh, 2019]. From
childhood to adulthood, there are rapid changes in the voice. From the early twenties until about the
age of 55, the voice pitch remains relatively stable, after which the vocal tract tissue starts undergoing
deterioration, resulting in voice changes. These changes depend from person to person. Singh [2019]
describes that some people may develop voice tremors due to neurological changes, some people
may experience vocal fold thickening resulting in FO decrease, while others may experience vocal fold
atrophy resulting in FO increase. The author also describes that in women, pitch tends to decrease with
age and in men, pitch tends to increase with age. These changes are associated with the composition
of the lamina propria of the vocal folds. Some men also experience a thickening of the mucosa, which
becomes more viscous and may result in slurred enunciation of speech sounds [Singh, 2019]. The
author argues that (quoting) “these changes of voice are continuous, and can often be related to the
pitch of the person at or close to the beginning or end of the steady-state for voice, i.e adulthood and
middle-age”, and thus vocal changes due to aging can be predicted.

Schwoebel et al. [2021] recorded 6650 subjects — most participants reported speaking English as
their first language, feeling reasonably well, and being non-depressed and non-anxious — performing
different speech tasks, and observed that the gap between FO of male and female speakers decreases
with aging, which is consistent with the FO variations described by [Singh, 2019]. The authors also
observed a decrease of speech rate in free speech and reading tasks, and an increase in pause duration,

with aging.

2.3.2 Multimorbidity

The coexistence of two or more chronic conditions in the same individual, or multimorbidity, is common
and has been rising in prevalence over recent years [World Health Organization, 2016]. A study per-
formed in a developed country found that 25% of the population had two or more long-term conditions
[Barnett et al., 2012], and other studies have also shown high levels of multimorbidity in low- and middle-
income countries [Wang et al., 2014]. The coexistence of multiple diseases leads not only to increased
referrals between healthcare providers, but also to complex drug treatments, which are often based on
clinical guidelines defined and tested for single diseases, and thus may result in hazardous outcomes
[Ferrucci et al., 2020; World Health Organization, 2016]. The problem of multimorbidity gains special
importance in the context of an aging population, where the coexistence of multiple diseases tends to
be the norm and not the exception [World Health Organization, 2016].

There are two main mechanisms that mediate the physical decline, the cognitive decline, and frailty,
characteristic of aging, which act in opposite directions: one is the accumulation of damage, and the

other is the resilience. Accelerated aging may occur either because of faster rates of damage accumu-
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lation or because of rapid shrinking and eventual collapse of resilience [Ferrucci et al., 2020]. Resilience
is “the harmonic assemblage of the biochemical processes that are aimed at maintaining the identity,
integrity, and autonomy of individual organisms against the perturbations induced by both internal and
external environments” [Ferrucci et al., 2020].

Some of the most frequent medical conditions in elders include cancer, heart disease, PD, AD,
stroke, and arthritis. Furthermore, these medical comorbidities are a risk factor for depression, as
well as the converse [Krishnan et al., 2002]. The prevalence of the coexistence of depression and
other diseases varies across different studies. Greenwald [1995] reports that the prevalence of major
depression and AD is in the range of 5%—15%, and major depression and PD of 15%—-20%, with another

25% of patients in each group suffering from minor depression [Krishnan et al., 2002].

Depression and cognitive decline

Depression has been considered a risk factor for the later development of dementia [Krishnan et al.,
2002]. In fact, a study including 1764 older adults without baseline cognitive impairment found that
depressive symptoms were predictive of cognitive decline [Wilson et al., 2014]. Late-life depression is
also associated with cognitive decline, mild cognitive impairment and dementia [Laird et al., 2019]. This
association may be due to late-life depression and cognitive decline being manifestations of the same
underlying neuropathology. Both conditions are associated with reduced brain volume, increased hip-
pocampal atrophy, increased white matter microstructural changes, and altered structural and functional
connectivity [Laird et al., 2019].

The differences in the susceptibility to cognitive decline resulting from aging, pathology, or insult® can
be explained by the cognitive reserve. Factors such as early-life cognitive ability/intelligence, education,
occupation complexity, physical exercise, social and cognitive engagement contribute to cognitive re-
serve by promoting neuroplasticity. Cognitive reserve also provides psychological resilience [Laird et al.,
2019]. Evidence suggests cognitive reserve reduces the association between cognitive impairment and
depressed mood, as shown in a study with 37,000 older adults [Opdebeeck et al., 2015].

Depression and Parkinson’s disease

A systematic review [Dallé and Mabandla, 2018] focusing on the connections between early life stress,
depression, and PD concluded that early life stress may contribute to the development of depression
and patients with depression are at risk of developing PD later in life. Depression has been identified
both as a risk factor and as a symptom of PD [Dallé and Mabandla, 2018]. Some studies suggest that
depression in PD is simply a reaction to the disability of the illness, but research has shown that the
incidence of depression in PD is higher than in other illnesses with similar disability [Krishnan et al,,
2002].

SInsult refers to an injury, attack or trauma to the body or one of its parts, or something that causes or has a potential for
causing such injury.
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Depression is frequently both underdiagnosed or overdiagnosed in PD patients because the typical
appearance of PD patients has strong similarities to the appearance of depressed patients. Examples of
symptoms common to both diseases are hypomimia (reduced degree of facial expression), hypophonia,

psychomotor retardation, loss of energy, loss of appetite, loss of libido, and insomnia.

Sleep disorders, depression and cognitive impairment

There is a bidirectional association between sleep disorders and depression. On one hand, sleep dis-
turbance is the most prominent symptom of depressive patients and it is typically considered a conse-
quence of depression. On the other hand, insomnia was also identified as a risk factor for the devel-
opment of emerging or recurrent depression among young, middle-aged and older adults [Fang et al.,
2019].

OSA has also been associated with affective disorders, and often leads to decline of cognitive func-
tions, or even permanent brain damage. Vanek et al. [2020] conducted a narrative review which analysed
125 papers on the association between OSA, depression and cognitive decline. Although evidence for
the link between depression and OSA varies, several of the analysed studies report an interrelationship
between the two disorders. The authors describe several possible links between OSA and depression.
One possible link is the fact that disturbed sleep patterns negatively impact the stress system, and thus
increase the susceptibility of OSA individuals to depression. Another possible link is through obesity:
obesity is a major risk factor for OSA and there is an increased prevalence of depression in obese pa-
tients. The connection between obesity and depression is bidirectional: obesity can be a risk factor for
depression, and weight gain can be a side effect of several psychopharmacs. The third link could be the

role of chronic inflammation both in OSA and depressive patients.

OSA’s daytime symptoms, such as excessive sleepiness, loss of energy, irritability, withdrawal from
social activities, poor concentration, cognitive dysfunction, anxiety or depressive mood problems, and
psychomotor changes, are very similar to the symptoms of major depressive disorder. For this rea-
son, assessing the link between depression and OSA can be difficult, and it may lead to misdiagnoses.
Unrecognized comorbid OSA in a patient with a psychiatric disorder may lead to inappropriate benzodi-

azepine medications, which may cause more apneas or hypopneas as they decrease muscle tonus.

The review also found evidence for cognitive impairments caused by OSA, which could be mediated
through repetitive hypoxemia. In fact, imaging studies show that part of the damage from untreated
OSA can be irreversible. Nevertheless, the study calls for future research, as impairments in cognitive

functions could be mimicked by loss of concentration due to sleep deprivation.
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Figure 2.4: Interrelationships between different diseases that affect an aging population.

2.4 The importance of a global perspective on health

The above section describes the interconnections between depression, OSA, AD, and PD. Figure 2.4
presents a diagram that summarizes the primary mechanisms modulating the coexistence of these con-
ditions. The diagram highlights the high likelihood of these diseases co-occurring in the same individuals,
as they act as mutual risk factors.

The World Health Organization emphasizes that the overall healthcare of people with multiple health
conditions should be provided by medical generalists who combine a community base and comprehen-
sive clinical skills with “interpretive medicine”, integrating multiple sources of knowledge with individual
needs assessment [World Health Organization, 2016]. Likewise, we hypothesize that a speech-based
tool to support medical diagnosis and monitoring of chronic conditions, as is the case of AD, PD, and
OSA, should address health from a holistic perspective, and allow an interpretative assessment of multi-
ple diseases, rather than providing a binary classification between a given disease and healthy controls.
Moreover, the ongoing diversification of medical disciplines increases the difficulty of identifying all dis-
eases for a single specialist. This further underscores the need for a comprehensive, speech-based

diagnostic tool that can assist in the identification and monitoring of multiple conditions.

Besides the fact that these diseases often co-exist, it is also important to note that their manifestations
on the speech signal (described in the previous sections) partly overlap with each other. Figure 2.5
presents a diagram where we summarize how each of the described diseases impacts the speech signal,
and examples of speech features that can capture such alterations. As can be seen in the diagram, it
is notorious that the impact of certain diseases on the speech signal may overlap with that of other

diseases. For example, both depression and PD are associated with psychomotor retardation, and thus
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Figure 2.5: Examples of mechanisms through which speech affecting diseases impact the speech signal. The
diagram includes references R1—[Voleti et al., 2019], R2—[Bedi et al., 2015; Iter et al., 2018], R3—[Sanz
et al., 2022], R4—[Hier et al., 1985; Pompili, 2019], R5—{Forbes et al., 2002; Oppenheim, 1994], R6—
[Hoffmann et al., 2010], R7—[Krishnan et al., 2002; Laird et al., 2019], R8—[Singh, 2019], R9—[Rude
etal., 2004; Talball, 2019], R10-[Flint et al., 1993], R11-[Cummins et al., 2015a], R12-[Ma et al., 2020],
R13-[Vasquez-Correa et al., 2017], R14—[Ramig et al., 2008], R15-[Hecker et al., 2022], R16—[Asiace
et al., 2020], R17-Al Ismail et al., 2021], R18—{Pozo et al., 2009], R19-[Malhotra and White, 2002],
R20-[Monoson and Fox, 1987], R21—-[Halahakoon et al., 2019], R22—[Kerns and Berenbaum, 2002],
R23-[Hoodin and Gilbert, 1989], R24—[Martinez-Sanchez et al., 2016], R25—[Noffs et al., 2021], R26—
[Noffs et al., 2018], R27-[Jiao et al., 2017], R28—[Saxon et al., 2019]. (*) articulation rate and pauses
have been reported to be associated with depression, via psychomotor retardation, however, although
psychomotor retardation is also present in PD, these features have inconsistent reports for PD [Skodda,
2011]. (**) Disturbed nasalization, as a consequence of impaired velum control, is associated with PD
via psychomotor retardation and with OSA. In PD an increase in nasal airflow is reported [Hoodin and
Gilbert, 1989], while for OSA, a smaller difference between nasal and oral sounds is reported [Monoson
and Fox, 1987].

have similar manifestations on the speech signal. It also becomes clear that often these speech features
that capture speech alterations are non-specific for a single disease, and thus, when considered alone,
may be insufficient for the automatic detection of diseases. F0-based features, for instance, appear to
be altered as a result of several diseases, not to mention possible alterations associated with healthy
aging, described earlier in section 2.3.1, or even healthy changes across the menstrual cycle in fertile
women [Bryant and Haselton, 2009]. It is also important to refer that some of the features depicted in
the diagram have had inconsistent reports in the literature. For example, Voicing Onset Time (VOT) has
been found both higher and lower in people suffering from PD when compared with healthy controls
[Fischer and Goberman, 2010]. The frequencies of formants have also been inconsistently reported to
change with depression [Cummins et al., 2015a]. Furthermore, there are many other factors that directly
or indirectly impact the speech production process, and thus introduce alterations on the speech signal.
Some of these factors include medication, or other medical interventions, emotions, or mental states.

Considering all these possible sources of variation, it is worth pointing out that the diagram in Fig-
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ure 2.5 does not intend to be an exhaustive list of all manifestations of each disease, nor an exhaustive
list of all diseases that can impact speech. Instead, with this figure, we aim to provide a rough overview
of the most notorious effects in speech associated with each of the diseases explored in this disserta-
tion. In fact, there is a vast literature describing how speech is impacted by individual diseases, but to the
best of our knowledge, there are no works that systematize the overlapping effect of multiple diseases
in speech together with the main mediating mechanisms.

This diagram provides our effort in this direction, and represents a first step towards a better un-
derstanding of how speech could be used as a biomarker for multidisease screening. Singh, in her
book [Singh, 2019], defends that causal relationships between parameters and voice must be sought,
or reasonably guessed, and then features should be chosen to capture such causal relationships. This
diagram intends to allow such reasoning. For example, if we hypothesize that COVID-19 causes vocal
fold inflammation due to repetitive coughing, features that capture such inflammation should be derived
to predict COVID-19. Furthermore, when studying a different disease, not contemplated in the diagram,
one can start by asking if it shares any of the mechanisms already listed, for example, is the disease
often associated with overweight? or does the disease cause reduced lung capacity? In such cases,
one can anticipate some of the mentioned speech alterations. It is noteworthy that most of the mecha-
nisms that mediate the diseases’ impact on speech signals are hypotheses presented in the literature,
and are not necessarily present in all cases of the disease. Further research and discussion within
multidisciplinary teams are required to validate these hypotheses.

Another key aspect of this diagram is that it suggests that one possible approach for the use of
speech as a biomarker for health conditions is to focus on detecting certain symptoms, risk factors,
and/or pathological mechanisms, instead of providing only a binary classification. Unfortunately, to the

best of our knowledge, no public datasets exist with such annotations.

2.5 Summary

This chapter provides an overview of the fundamental concepts necessary for understanding the utiliza-
tion of speech as a biomarker in the detection of various diseases. The discussion encompasses the
speech production process, speech-affecting diseases, their interrelationships, and their effects on the
speech signal.

This chapter further emphasizes the importance of a holistic perspective to health that transcends
simple binary classification of diseases. Indeed, it explores how several speech-affecting diseases and
the process of healthy aging act as mutual risk factors, sometimes influencing speech in overlapping

ways.
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THIS chapter presents the corpora and the methods typically used for the automatic detection of
speech affecting diseases. In particular, it introduces frequently used features, strategies for
working with limited-size corpora, and evaluation metrics. Further detailed literature review is provided

throughout the dissertation, as relevant to each chapter.

3.1 Pipeline for the automatic detection of speech affecting dis-

eases

The typical approach for disease detection from speech signals, summarized in Figure 3.1, follows the
general pipeline used to solve classification problems using machine learning. It starts with a data
collection step, which is often conducted in partnership with healthcare institutions that can provide
and annotate the data. Afterwards, there is a pre-processing step that can include silence removal,
diarization, audio segmentation, and transcription of the acoustic signal into text records. Although
datasets are frequently noisy, it is not advised to perform algorithmic data enhancement, as most noise
removal techniques modify the signal and leave artifacts in it, which are likely to modify the micro-traces
in the signal that are necessary for disease detection [Singh, 2019]. After data pre-processing, data
are represented in a format that can be used as input to the machine learning systems: either via
knowledge-based features' or representations learnt by a neural network. In the context of disease
detection from speech, datasets are often small and the feature sets have high dimensionality. Thus,
there may be a step of dimensionality reduction to avoid the curse of dimensionality and overfitting.
Finally, there is a classification stage. Most studies are designed to solve a binary classification task,
aiming at distinguishing a given disease from healthy controls. Besides classification, several works
also focus on the regression of disease severity, which is particularly importance for monitoring disease
progression. The scenario of multi-disease detection is rarely addressed.

Some of the data representation approaches leverage the concept of transfer learning, capitaliz-
ing on the enormous potential of large deep learning models at the feature extraction stage. Con-
versely, the classifiers used for disease detection are frequently traditional machine learning algorithms,
such as Support Vector Machine (SVM), Logistic Regression (LR), Linear Discriminant Analysis (LDA),
Gaussian Mixture Model (GMM), Probabilistic Linear Discriminant Analysis (PLDA), Decision Tree (DT),
or Random Forest (RF) which can be more effectively trained using smaller amounts of data. The state-
of-the-art using deep learning for speech based classification tasks, and particularly for health, is evolv-
ing at an incredible pace. However, these methods demand extensive data, which is often unavailable

for speech-based disease detection.

"knowledge-based features refer to features chosen and derived based on domain-specific knowledge, e.g. by experts who
have a deep understanding of the specific domain, or based on the literature.
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Figure 3.1: General pipeline for the automatic detection of diseases, from speech.

3.2 Speech representation

There is a plethora of speech data representations described in the literature, used for distinct appli-
cations. In this section, we describe several of these techniques, focusing on the techniques used
throughout the experiments described in this thesis. Providing a comprehensive listing and description
of all speech representation techniques would be impractical due to the vast scope and extensive nature

of the subject.

MFCC Mel-frequency cepstral coefficients (MFCC) represent the envelope of the short time power spec-
trum, which is a manifestation of the vocal tract shape. The Mel scale simulates the human auditory
canal, as the frequency bands become wider for higher frequencies. MFCC are a standard represen-
tation of the speech signal, used in many applications, including as input features to neural networks

trained for the extraction of neural representations, as is the case of x-vectors, described below.

ComParE The Computational Paralinguistics Evaluation (ComParE) feature set [Eyben et al., 2013;
Schuller et al., 2013b] consists of 6373 features, originally proposed for the Computational Paralinguis-
tics Challenge 2013. It was designed based on the features used for the challenges 2009-2012, and
the lessons learnt in those challenges. It includes energy, spectral, MFCC, and voicing-related low-level
descriptors. These low-level descriptors include logarithmic HNR, voice quality features, Viterbi smooth-
ing for FO, spectral harmonicity, and psychoacoustic spectral sharpness. Statistical functionals are also
computed. This feature set has been widely used in the speech paralinguistic community throughout the
years, and it continues to be used recently (e.g. for AD detection [Luz et al., 2020]). Its implementation
is publicly available with the openSMILE toolkit [Eyben et al., 2013].

eGeMAPS The extended Geneva Minimalistic Acoustic Parameter Set (eGeMAPS), proposed in 20186,
was designed to be a basic standard acoustic parameter set for various areas of automatic voice anal-
ysis, such as paralinguistic and clinical speech analysis, based on their theoretical significance, their
capability to reveal physiological alterations, and the good results they obtained in previous works [Ey-
ben et al., 2016]. eGeMAPS is a feature set of 88 low-level descriptors and functionals that represent the
speech signal in terms of spectral, cepstral, prosodic, and voice quality parameters. Its implementation
is publicly available with the openSMILE toolkit [Eyben et al., 2013].

i-vectors The i-vector approach [Dehak et al., 2010] was first introduced as a speaker representation

for speaker verification. It aims at modeling together speaker and channel variability in a single low-rank
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sub-space, called the total variability space. It has been successfully used to solve other tasks related
to speech, including language recognition [Dehak et al., 2011] and emotion recognition [Lopez-Otero
et al., 2014]. More recently, i-vectors have also been used for disease detection from speech (e.g. for
PD detection [Moro-Velazquez et al., 2020], and OSA detection [Perero-Codosero et al., 2019]).

x-vectors x-vectors are deep neural network based speaker embeddings, proposed as an alternative
to i-vectors for speaker [Snyder et al., 2018] and language recognition [Snyder et al., 2017b] tasks. The
neural network used to produce the x-vector embeddings comprises three main blocks. The first block is
a set of time delay neural network (TDNN) layers operating at frame level with a small temporal context.
These layers work as a 1-dimensional convolution with a kernel size corresponding to the temporal con-
text. The second block, a statistical pooling layer, aggregates the information across the time dimension
and outputs a summary for the entire speech segment that captures long-term speaker characteristics.
The third block is a set of fully connected layers, from which x-vectors embeddings can be extracted after
the network is trained. Contrarily to i-vectors, which are generative, the x-vector system is discriminative,
hence questions could be raised on whether it would also capture paralinguistic information. It has been
shown that it does carry paralinguistic information, in particular the health state of the speaker. X-vectors
have been used for the automatic detection of OSA [Perero-Codosero et al., 2019], PD [Correia et al.,
2021; Moro-Velazquez et al., 2020], AD [Zargarbashi and Babaali, 2019], and depression [Correia et al.,
2021]. These embeddings can be extracted using pre-trained models or trained from scratch using the
Kaldi toolkit [Povey et al., 2011], or more recently SpeechBrain [Ravanelli et al., 2021]. Since x-vectors
first appeared, several enhancements have been proposed to the original architecture. In particular,
we highlight the factorized time delay neural network (TDNN-F) architecture proposed by [Povey et al.,
2018] for speech recognition, and by [Villalba et al., 2020] for speaker recognition; and the Emphasized
Channel Attention, Propagation and Aggregation in Time Delay Neural Networks (ECAPA-TDNN) archi-
tecture, introduced by [Desplanques et al., 2020], with enhancements based on the recent trends in the

computer vision field.

PASE+ The problem-agnostic speech encoder (PASE) model, introduced by [Pascual et al., 2019] and
enhanced to PASE+ by [Ravanelli et al., 2020], is a self-supervised encoder for robust representation
learning. PASE+ combines a convolutional encoder followed by twelve workers, that cooperatively solve
various self-supervised regression and binary classification tasks. The regression tasks include the re-
construction of the waveform, log power spectrum, MFCCs, prosody, filter banks, and gammatone. This
reconstruction is made in windows of 25 ms and 200 ms. The binary workers are trained to maximize
mutual information between anchor and positive samples from the pool of PASE-encoded representa-
tions, thus aiming at extracting higher-level information from speech signals. Two primary tasks are
defined for the binary workers, based on different sampling strategies: Local Info Max, which samples

the positive representation from the same sentence as the anchor and the negative from a different sen-
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tence, likely from another speaker, encouraging the model to distinguish speakers based on consistent
local features; and Global Info Max for which the anchor and positive representations are obtained by
averaging all the PASE features extracted over long chunks of 2 s belonging to the same sentence, while
the negative representation is obtained over a chunk of 2 s from a different sentence.

PASE+ features are extracted at the end of the encoder after joint training of the encoder and the
workers. These features have been shown to contain relevant information for paralinguistic tasks such

as emotion recognition [Pascual et al., 2019].

Many other recent speech representations have been used for disease detection that are not thor-
oughly described here as they were not employed in the experiments conducted in this work, however,
they deserve mention. These include the Bag-of-Audio-Words [Riley et al., 2008; Schmitt et al., 2016],
Deep spectrum [Amiriparian et al., 2017], auDeep [Freitag et al., 2017], TRILL (TRIpLet Loss network)
[Shor et al., 2021], Bidirectional Encoder Representations from Transformers (BERT) embeddings [De-
vlin et al., 2018], wav2vec 2.0 embeddings [Baevski et al., 2020], HUBERT embeddings [Hsu et al,,
2021a], and WavLM embeddings [Chen et al., 2022]. Wav2vec 2.0 and WavLM representations are
used in this thesis’s experiments to perform automatic speech recognition, rather than directly as fea-
tures for disease detection. Unlike the other representations mentioned here, BERT embeddings are
derived from text, but they have been extensively used on top of manual or automatic transcriptions
for disease detection (e.g. [Pompili et al., 2020b]). It is worth noting that most of these models leverage
self-supervised learning, which allows them to learn rich representations from vast amounts of unlabeled

speech data, making them particularly powerful for various downstream tasks.

3.3 Existing Corpora

This section presents an overview of the speech corpora designed to study speech affecting diseases,
which have been used throughout the experiments described in this thesis. In particular, we will cover
the in-the-Wild Obstructive Sleep Apnea Corpus (WOSA), the Parkinson’s disease Corpus from the Ap-
plied Telecommunications Group (GITA) at the Universidad de Antioquia, Colombia Parkinson’s Spanish
corpus (PC-GITA), the in-the-Wild Speech Medical Corpus (WSM), the Distress Analysis Interview Cor-
pus — Wizard Of OZ (DAIC-WOZ), the Alzheimer’'s Dementia Recognition through Spontaneous Speech
(corpus) (ADReSS), the Interdisciplinary Longitudinal Study on Adult Development and Aging (ILSE),
the COVID-19 COUGH corpus (C19C), the COUGHVID crowdsourcing dataset, and the Crowdsourced
Language Assessment Corpus (CLAC). Table 3.1 summarises the main characteristics of these cor-
pora. Additionally, we describe VoxCeleb and the Texas Instruments/Massachusetts Institute of Tech-
nology corpus (TIMIT), which, although not originally designed for disease detection, were used in some

of the experiments conducted in this thesis.

35



Table 3.1: Corpora of speech affecting diseases. m, f, and o refer to genders — male, female and other. *Although
WOSA corpus was not made publicly available, the vlogs can be found on YouTube. TILSE is a longitudi-
nal corpus, thus the number of participants with disease corresponds to the number of participants that
have any type of cognitive impairment (AD, age-associated cognitive decline, or other forms of dementia)
at any of the recording times. * information not made available.

Publicly Participants (m; f; 0)
Corpus Disease Language Available Tasks Control Disease = Observations
PC-GITA PD Sp Yes exercises 25;25;0 25;25 -
WSMpp PD Eng Soon vlog 98;106; 0 105;104 -
WSMgepr depression Eng Soon vlog 130; 146; 0 123; 144 -
DAIC-WOZ  depression Eng Yes interview 61;39;0 18;24 -
WOSA OSA Eng No* vlog 4;4;0 4;4;0 -
ADReSS AD Eng Yes image description 35;43;0 35;43 -
ILSE AD Ger No interviews 349; 338; 0 171; 1441 longitudinal
C19C COVID-19 - Yes cough 1 1 cough dataset
COUGHVID COVID-19 - Yes cough 5632;2638; 0 395;285 cough dataset
CLAC healthy Eng Yes exercises 903; 916; 13 - healthy only

Parkinson’s disease Corpus from the Applied Telecommunications Group (PC-GITA)

The PC-GITA [Orozco-Arroyave et al., 2014], also referred to as the New Spanish Speech Corpus in
some publications, is a collection of speech recordings, where the subjects perform a number of speech
exercises. This dataset is balanced both in terms of gender and age, and includes subjects with ages
ranging from 31 to 86 years old. The corpus is spoken in Colombian Spanish, and the recordings were
captured in noise-controlled conditions, in a sound-proof booth that was built at the Clinica Noel, in
Medellin, Colombia. Participants were diagnosed by neurology experts, and were labeled according to
standard clinical protocols: the UPDRS, and Hoehn and Yahr (H&Y) [Goetz et al., 2004]. The recording
protocol considered different tasks, including repeating and sustaining vowels; dysdiadochokinesia anal-
ysis, or DDK (i.e. the rapid repetition of words and phonemes such as /pa-ta-ka/, /pa-ka-ta/, /pe-ta-ka/,
/pa/, /ta/, /ka/); repeating sentences with different levels of syntactic complexity; reading sentences and
dialogues, and spontaneous speech. The complete evaluation protocol amounts to less than 10 minutes
of speech per patient. Each of the subjects completed the full battery of exercises, for a total of 4800
recordings. The corpus was made available for the 2015 ComParE challenge [Schuller et al., 2015], for

the regression of PD severity.

In-the-Wild Speech Medical corpus (WSM)

The WSM corpus [Correia, 2021; Correia et al., 2021] comprises 928 vlogs from YouTube, totaling

over 131 hours of speech from individuals potentially affected by depression (WSMgepr) or Parkinson’s

disease (WSMpp). WSM is thus an audiovisual corpus, containing recordings of subjects speaking

spontaneously about topics of their choosing, without any guided exercises or interviews, and under

varying channel and noise conditions, contrasting with typical speech-affecting disease corpora.
Videos were annotated based on the presence of a self-reported health status claim, verified by

crowdsourced manual inspection. Thus, labels are not medically validated and may be noisy. Never-
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theless, evidence suggests that self-reports are reliable proxies for actual health status [Correia, 2021;
Correia et al., 2021]. Each video is associated with crowdsourced annotations not only for the self-
reported health status in terms of the target disease, but also for the perceived age and gender of the

speakers. WSM corpus is balanced in terms of perceived age, gender and self-reported diagnosis.

DAIC-WOZz

The DAIC-WOZ [Graich et al., 2014] is a multi-modal collection of semi-structured clinical interviews
performed by an animated virtual agent, controlled by a human interviewer out of the participants sight.
It was designed to simulate the standard protocols created for identifying people at risk for depression,
anxiety and post-traumatic stress disorder. The participants were labelled for depression using the
Patient Health Questionnaire (PHQ-8) [Kroenke and Spitzer, 2002] . The age distribution is not reported.
This corpus was made publicly accessible, through the Audio/Visual Emotion Challenge and Workshop
(AVEC 2016) [Valstar et al., 2016], and its subsequent editions. The DAIC-WOZ contains 189 interviews,
ranging from 5 to 20 minutes, which were segmented into utterances at boundaries with at least 300 ms
of silence. Out of the 189 interviews, 45 interviews were made available as test set, without label

annotations. Thus, the number of participants in Table 3.1 excludes these 45 interviews.

In-the-Wild Obstructive Sleep Apnea (WOSA) Corpus

The WOSA corpus is a pilot corpus introduced in our earlier work [Botelho, 2018; Botelho et al., 2019],
inspired by the concept of the WSM corpus [Correia et al., 2018a]. This corpus consists of segments
from 16 YouTube vlogs, all featuring English-speaking individuals. The dataset includes eight subjects
who claim to suffer from OSA and eight control subjects. Among the OSA subjects, six were undergoing
treatment with continuous positive airway pressure (continuous positive airway pressure (CPAP)) during
sleep, one was using an oral appliance, and one was not receiving any treatment. The control subjects
were selected randomly from vlogs on unrelated topics. Later in this thesis (chapter 5), we expand the

WOSA corpus to encompass 40 subjects.

ADReSS

The ADReSS corpus [Luz et al., 2020] comprises speech recordings and the corresponding manual
transcriptions of 156 subjects describing the Cookie Theft picture. This dataset is a subset of the Pitt
corpus [Becker et al., 1994], also known as DementiaBank, and was curated for the 2020 ADReSS Chal-
lenge [Luz et al., 2020]. The participants include 78 individuals diagnosed with Alzheimer’s disease and
78 healthy controls, matched for age and gender. Speech recordings were segmented using voice ac-
tivity detection and subsequently normalised. The dataset made available contained both full enhanced
audio, and normalised audio chunks. The primary objective of this dataset is to address the lack of

standardisation that currently affects the field of dementia detection from speech, facilitating systematic
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Figure 3.2: The Cookie Theft picture, from the Boston Diagnostic Aphasia Examination [Goodglass et al., 2001].

comparison of various approaches.

The “Cookie Theft” image, depicted in Figure 3.2, has been widely used for studying cognitive im-
pairments through speech. It can be described using seven concepts: woman doing dishes, sink over-
flowing, boy on stool, children stealing cookies, girl reaching for cookie, stool falling, and woman not

noticing [Mackenzie et al., 2007; Nicholas and Brookshire, 1995].

ILSE

ILSE [Sattler et al., 2015] is a longitudinal corpus, designed to investigate satisfying and healthy aging
in middle adulthood and later life. It includes participants born in Germany, in two distinct cohorts: 1930-
1932 and 1950-1952. Each participant engaged in up to four measurements, conducted in intervals of
approximately 5 years. At each measurement, the subjects were recorded during biographic interviews,
where they gave elaborate answers to open-ended questions. During the interviews, the participants had
enough time to think about their answers. The average duration of the recordings became shorter with
each follow-up interview, given that with each measurement time, the gathered biographic information
was accumulated and the questions were reduced. The speech recordings of the first two measurements
were stored on tapes. For the third and fourth measurement, digital recording devices were used. All
interviews have been digitized using a sampling rate of 16kHz, and 16-bit linear PCM quantization. The
changing recording conditions over time are one of the main challenges of this corpus. Further details
about the ILSE corpus can be found in [Martin et al., 2000].

The effort to manually transcribe the interviews is ongoing. Currently, there are manual transcripts
for 145 interviews from 91 participants. These transcripts have varying quality and do not include time
alignment information. To distinguish this subset of the ILSE corpus from the subsets used in previous
works, and from the subsets that may be used in the future with larger the dimensions, we denote this
subset as ILSE145. Out of these 145 interviews, 108 are controls, 16 suffer from AD, and 21 have age

associated cognitive decline.
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The entire ILSE corpus is fairly large, when compared to other health-related speech corpus, as it
consists of approximately 6,500 hours of recordings, including over 1000 participants, recorded over a
20 year period. However, the number of participants with AD is limited because it represents the natural
prevalence of dementia in the population studied. In fact, only 27 out of the 1002 develop AD. Due to

the coverage of sensitive private information, the corpus is not publicly available.

COVID-19 Cough Corpus

The C19C corpus is a curated subset of the Cambridge COVID-19 Sound database [Brown et al., 2020;
Han et al., 2021], a crowdsourced corpus with examples of breathing, coughs and speech recorded in-
the-wild, made available for the Computational Paralinguistic Challenge in 2021 [Schuller et al., 2021].
The C19C corpus contains 725 cough recordings from 397 participants and the corresponding labels for
the self-reported COVID-19 status. Data are distributed in three speaker-independent, gender-balanced
subsets: train (71 positives/215 negatives), development (48 positives/183 negatives) and a blind test

set (208 samples).

COUGHVID

The COUGHVID corpus [Orlandic et al., 2020] is a non-curated, publicly available dataset®. Recordings
were performed using a lossy codification and present a variety of conditions (sampling rate, bandwidth,
number of channels, and quality). Volunteers recorded their coughs and reported their COVID-19 sta-
tus (positive/symptomatic/healthy), age, gender, and medical condition. A small fraction of the dataset
was annotated by expert pulmonologists with information regarding the type of cough (wet/dry/incon-
clusive), presence of audible dyspnea, wheezing, stridor, choking, and nasal congestion, diagnosis
(upper/lower respiratory tract infection/obstructive lung disease/COVID-19/healthy cough), and severity
(healthy cough/mild/severe). It comprises 27,550 recordings, 15,125 of which are classified as coughs
by an automatic cough detector developed by the COUGHVID team. 10,763 of them have self-provided
gender and COVID-19 status annotations, distributed as follows: 680 COVID-19 positives (395 male/285
female), 8270 healthy (5,632 male/2638 female), and 1,813 symptomatic (1,114 male/699 female). Table
3.1 only includes the COVID-19 positive and healthy people.

CLAC

The Crowdsourced Language Assessment Corpus (CLAC) [Haulcy and Glass, 2021] was created to
provide a collection of audio samples from various healthy speakers, providing speech tasks similar
to what is standard in corpora for the detection of speech affecting diseases. The authors suggest
that this corpus can be used to learn general representation of speech from healthy subjects. CLAC

includes speech from 1,832 speakers almost all located in the USA. The speakers were recruited via

https://zenodo.org/record/4498364
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a crowdsourcing platform and claim to have no health-related symptoms that might affect their speech.
The speech tasks include counting from 1 to 20, saying the days of the week, describing two images
— Cookie theft, and Picnic — reading two passages, repeating the words “artillery”, “catastrophe” and
“impossibility”, and maximum phonation of the vowel /a/. In addition to the audio files, the corpus includes
transcripts for several tasks, as well as speaker metadata, including age and years of education. The
latter is a pertinent variable, especially when investigating disorders that affect discourse. The average
age of the participants was 35.7 years and the average years of education was 15.4. Transcripts were

automatically generated using the Google Speech Recognition APl [Zhang, 2017].

TIMIT

The TIMIT corpus [Garofolo et al., 1992] contains read speech recordings from 630 native speakers of
American English representing 8 major dialect divisions, with each speaker reading ten phonetically-
rich sentences. The speakers were screened by a professional speech pathologist. One subject was

excluded due to lack of age information. The corpus was designed for automatic speech recognition.

VoxCeleb
VoxCeleb [Nagrani et al., 2019] is a large-scale corpus intended for speaker verification, containing short
clips from celebrity interviews uploaded to YouTube. The corpus is composed of two parts, VoxCeleb 1
and 2, totalling over 7,000 speakers of multiple ethnicities, accents, occupations and age groups.

A subset of VoxCeleb was annotated by Hechmi et al. [2021] with age, gender, and nationality, among
other information. This subset includes 840 speakers from the USA, with available age information.

Speakers form other countries were not considered to avoid including interviews not spoken in English.

3.4 Coping with small datasets

As described in the previous section, corpora designed for the detection of speech affecting diseases
are typically small when compared to corpora used for other speech-based applications, such as speech
recognition or speaker recognition, namely for English. Although it would be desirable to work with larger
datasets, there are some strategies that have been used to cope with small datasets, in the context of

speech affecting diseases.

Data augmentation There are two main approaches to perform data augmentation. The first is to intro-
duce copies of the data with perturbation, e.g. introducing background noise, such as music, babble, or
reverberation; speeding up or slowing down the recordings; specAugment [Park et al., 2019]; FilterAug-
ment [Nam et al., 2022]; and FrAUG [Ravi et al., 2022]. This type of strategy is mostly used associated
with deep neural networks, and besides increasing the amount of data, it also makes the models more

robust to slight shifts in the training domain. The second approach is to synthesize new data using

40



Table 3.2: Definition of TP, TN, FP and FN.

Predicted Positive  Predicted Negative

Actual Positive  True Positive (TP)  False Negative (FN)
Actual Negative False Positive (FP) True Negative (TN)

Generative Adversarial Networks (GANSs), as done by [Deng et al., 2017] for autism detection.

Transfer learning This technique consists of training a neural network on a task for which there is a
sufficient amount of data, and transfer the learnt representations to a similar task, for which less data is
available. A comprehensive survey of various transfer learning approaches is provided in [Zhuang et al.,
2020], which categorizes the techniques formally. A large portion of very recent works for disease detec-
tion from speech leverages the idea of transfer learning. For instance, studies employing the neural data
representations described in the previous section (3.2) for disease detection exemplify this approach.
Pompili et al. [2020b], for example, leverages x-vectors and BERT embeddings for Alzheimer’s disease

detection.

Intelligent labeling paradigms This technique refers to leveraging a small set of labeled data to an-
notate a larger dataset with minimal human involvement. Examples of such paradigms include semi-

supervised learning, active learning, and cooperative learning [Cummins et al., 2018].

Crowdsourcing Another possibility is to use crowdsourcing to collect new data or to annotate it, e.g.
[Brown et al., 2020; Correia et al., 2021; Han et al., 2021; Haulcy and Glass, 2021; Sharma et al., 2020].
The advantage of this approach is that it is able to retrieve new and real data. The main disadvantage in
the context of speech affecting diseases is that labels are not medically verified. Besides, the recording

conditions typically present large variability.

Cross-validation Cross-validation is a technique for training and evaluating machine learning systems
when little amount of data is available [Refaeilzadeh et al., 2009]. It is very frequently used in the
context of the detection of speech affecting diseases for that exact reason. However, it may also lead
to overfitting to the testing folds and the underestimation of the errors [Vabalas et al., 2019; Varoquaux,
2018].

3.5 Model evaluation and metrics

Several metrics for evaluating classification problems rely on the concepts of true positives (TP), true
negatives (TN), false positives (FP) and false negatives (FN), as defined in Table 3.2.

In the context of binary classification of speech affecting diseases, the most used metric is Unweighted
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Average Recall (UAR). This metric, defined in Equation 3.1, assigns equal weight to all classes, making
it particularly suitable for evaluating problems with imbalanced class ratios, as is often the case with
datasets related to speech-affecting diseases [Cummins et al., 2018]. In earlier paralinguistic studies,

the term “unweighted accuracy” was used to refer to UAR (e.g. Schuller et al. [2011]).

UAR, is the average of true positive rates (TPR), also known as recall or sensitivity, and true negative
rate (TNR), also called specificity, both of which are more frequently reported in medical literature.
Sensitivity (Equation 3.2) describes the percentage of individuals with the disease that are correctly
identified by the test, while specificity (Equation 3.3) refers to the percentage of individuals without the
disease correctly labelled as controls. Let us consider a scenario involving large-scale screening for a
hypothetical highly contagious disease. At the end of the screening process, if the test is negative, the
individual is told to continue regular daily activities, whereas a positive result prompts further medical
testing due to the risk of having the disease. In this scenario, it is crucial to minimize false negatives, as
failing to identify a contagious individual could lead to further spread of the disease. Hence, a very high
recall or sensitivity is desired. Conversely, a high number of false positives would overload healthcare
services with unnecessary additional tests, consuming valuable resources. This scenario illustrates
the trade-off between different metrics and highlights the importance of considering multiple metrics
simultaneously, when possible.

Other frequently reported metrics include accuracy, precision, and F1-score, defined in Equations 3.4,
3.5, and 3.6, respectively. It is also common to report unweighted averages of precision and F1-score

for both classes.

UAR = %(TPZPFN + FPT+N TN @1
TPR = T}j;—iPFN’ (3.2)

TNR = F;+7NTN’ (3.3)
Accuracy = 75— fT?]@D I ;11]\\; TFN’ (3:4)
Precision = T}—"jji—iPFP’ (3.5)
Flscore — 2precisi0n x recall (3.6)

precision + recall’
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Besides evaluating model performance, it is also important to evaluate its robustness, especially in
high stake applications, such as the screening of diseases. Although this type of evaluation techniques
is rarely employed in works that aim to perform disease detection from speech, we believe they also de-
serve mentioning. The robustness of the model can be evaluated with the same predictive performance
metrics, e.g. UAR but using out-of domain distributions. This can be achieved using, for example, a
different corpus for the detection of the same speech affecting disease. However, these corpora are
scarce, and even when more than one corpus is publicly available for the same speech affecting dis-
ease, they often differ in terms of recording conditions, languages, demographics and speech tasks.

This makes measuring robustness more challenging, as it will be discussed in chapters 6 and 7.

3.6 Summary

This chapter provides an overview of the standard techniques used for the automatic detection of speech
affecting diseases, as well as the corpora available to the research community. It emphasizes that one
substantial challenge in using speech as a biomarker for disease detection is data scarcity. We present

strategies to cope with limited-size datasets.
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Towards silent paralinguistics: EMG
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MG signals recorded during speech production encode information on articulatory muscle activity
E and also on the facial expression of emotion, thus representing a speech-related biosignal with
strong potential for paralinguistic applications. In this chapter, we estimate the electrical activity of the
muscles responsible for speech articulation directly from the speech signal. To this end, we first perform
a neural conversion of speech features into electromyographic time domain features, and then attempt
to retrieve the original EMG signal from the time domain features. The results reported in this chapter,
which were published at Interspeech 2020 [Botelho et al., 2020a], together with the results present in
[Diener et al., 2020] laid the groundwork for the emerging field of Silent Computational Paralinguistics.
This chapter reflects the initial direction of this PhD, which aimed at understanding the interconnec-
tions of speech production, the different biosignals that precede the sound wave, and the mechanisms
through which each disease impacts speech production. However the generalized COVID-19 lockdown
precluded further data collection, hindering this research line. The following chapters shift the focus to
other biomarkers that can be collected non-invasively, unobtrusively, and remotely via web or mobile
phone applications.
It is important to note that the state-of-the-art mentioned in this chapter reflects the time of publishing
these results. The field of silent paralinguistics and silent communications has since seen significant

advancements and evolution.

4.1 Introduction

As previously described in chapter 2, not only the articulatory system, but also the respiratory sys-
tem and the nervous system play an important role in the speech production process. At the different
levels of speech production, e. g. at the brain, at the peripheral nervous system, muscular action poten-
tials, or directly during speech kinematics, biosignals can be captured and studied to draw conclusions
about linguistic and paralinguistic content of spoken communication [Schuliz et al., 2017]. Many re-
searchers have taken advantage of biosignals, proposing systems to generate speech features from
Electrocorticography (ECoG) [Angrick et al., 2019; Anumanchipalli et al., 2019; Herff et al., 2016], EEG
[Krishna et al., 2019, 2020b], EMG [Diener et al., 2018; Janke and Diener, 2017; Wand et al., 2018],
ultrasound [Denby and Stone, 2004; Kimura et al.], and video recordings of speech articulation [Michel-
santi et al., 2020; Vougioukas et al., 2019].

The inverse problem of transforming acoustic speech signals into the underlying biosignals involved
in speech production has likewise sparked recent interest. In particular, this concerns the issue of
acoustic-to-articulatory inversion (AAl) , i. e., the estimation of articulatory movements from the acoustic
speech signal. Most AAl works are based on Electromagnetic Articulography (EMA) data (e. g. [llla and
Ghosh, 2019, 2018; Liu et al., 2015]), and ultrasound imaging [Porras et al., 2019]. Krishna et al. [2020a]
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converted acoustic features to EEG features, whereas Anumanchipalli et al. [2019] estimates articulatory
dynamics from audio recordings, which are later included as an explicit intermediate representation in
the decoding of speech from signals captured with ECoG.

By examining how speech is converted into other biosignals involved in speech production, work on
AAl may help us understand the interconnections between different biosignals and their role in com-
munication. Among these, signals captured using facial EMG are arguably one of the most important
involved in speech production, e. g., due to their role for signalling facial expressions of emotion [Kappas
et al.] as well as social intentions such as politeness [Kister, 2020]. Furthermore, the synthesis of EMG
from acoustic speech shows rich potential — for example in medicine, as a means to increase articula-
tory awareness in speech therapy, or in computer animation, as a means to visualize realistic muscle
movements [Sagar and Scott, 2009]. AAl research further complements work on Silent Computational
Paralinguistics, i. e., the assessment of speaker states and traits from non-audibly spoken communica-
tion [Diener et al., 2020], by generating large amounts of synthetic EMG data from audio. Thus, future
work on EMG-based speech models may require smaller amounts of costly laboratory recordings once
important features can be validated against synthetic EMG obtained from AALI.

To the best of our knowledge, our work is the first that proposes the conversion of acoustic speech
into signals captured using EMG. Ours is a two-step approach (see Figure 4.1), motivated by the
standard two-step speech synthesis methodologies. First, we generate EMG time domain (TD) features,
and then we derive the EMG from those features. In this initial study, we consider these two steps as
independent tasks, and consequently, when synthesizing the EMG signal from the TD EMG features,
the TD EMG features considered are the ones obtained from the true EMG signal rather than the ones
synthesized in step one. Thus, this second step is designed as a proof-of-concept to validate whether
the EMG TD features encode sulfficient information to retrieve the original EMG signal. With these two
separate steps, we intend to present the basis for a single pipeline that allows the retrieval of the original
EMG from speech, and also to validate the use of TD EMG features as intermediary representations
in future silent paralinguistics systems. For step one, we propose an hourglass-shaped feed forward
neural network, while for the second step, we propose a convolutional block followed by a bidirectional
long short-term memory (BLSTM) block. Both steps are evaluated using the Concordance Correlation
Coefficient (CCC) [Lin, 1989].

4.2 Corpus

All experiments in this study were conducted on the EMG-UKA parallel EMG-Speech corpus [Wand
et al., 2014], available from ELRA [ELRA Catalogue ID ELRA-S0390, 2014]. The corpus includes 63

small and large sessions from 8 speakers, in 3 speaking modes (audible, silent speech, and whispered
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Figure 4.1: Two-step Speech-to-EMG system: Acousticyrcc-to-EMGrp (step 1) followed by EMGrp-to-EMGoyg
(step 2).

speech). In this work, we use the EMG and speech recordings that correspond to the audible speech
mode. Information on the number and duration of the sessions can be found in Table 4.1. Each speaker
has a varying number of sessions: two speakers (speaker 2 and 8) recorded a larger number of sessions
(32 and 19, respectively) while the other speakers recorded up to 3 sessions. Further information on the

sessions can be found in [Wand et al., 2014].

Table 4.1: EMG-UKA Corpus.

Duration [h:m:s]
Session Type Number of sessions Average  Total

Small 61 0:03:08 3:11:34
Large 2 0:27:02 0:54:04

The acoustic data in the EMG-UKA corpus was recorded at a sampling rate of 16 kHz with a stan-
dard close-talking microphone, whereas the speech-related EMG signals were recorded using a Becker
Meditec Varioport amplifier with 6 EMG channels, operating at 600 Hz. The two signals were synchro-
nized via a hardware marker that marks the same point in time, and assuming an electromechanical
delay between muscle activation and speech production of 50 ms. Figure 4.2 shows the positioning of
the electrodes, capturing the EMG signal of six articulatory muscles [Wand et al., 2014]: Zygomaticus
major and levator anguli oris (both 2, 3), platysma (4, 5), depressor anguli oris (5), the anterior belly of
the digastric (1-2), the tongue (1-2, 6), and a reference channel on the nose (1-1).

Each session is divided into train and test data. The small sessions contain 40 train utterances and 10
test utterances. The large session of speaker 2 contains 500 train utterances and 20 test utterances, and

the large session of speaker 8 contains 496 train utterances and 13 test utterances. While the training
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(b)

Figure 4.2: EMG electrode positioning in the EMG-UKA corpus. Electrodes numbered in black in (a) are measured
against a reference electrode behind the ear, whereas white numbers indicate bipolar derivation. Figure
(a) from [Diener, 2021] and muscle chart in (b) from [Wand et al., 2014] and adapted from [Schiinke
et al., 2006].

data partially varies across sessions, the 10 test utterances are unique and the same in all sessions.
In the larger sessions, the test set includes repetitions of the 10 test utterances [ELRA Catalogue 1D
ELRA-S0390, 2014].

4.3 Method

We address the conversion of acoustic speech to EMG as a two-step problem. In the first step, named
“Acousticyrcc — EMGTp”, we convert speech represented by 25 MFCC [Imai, 1983] into 5 so-called
time domain (TD) EMG features, establishing an approach parallel to the previous work on the inverse
problem of generating speech from EMG signals [Janke and Diener, 2017]. In the second step, named
“‘EMGp — EMGoyig”, we assess the possibility of retrieving the original EMG signal from these 5 TD
features.

EMG signals are speaker dependent, due to varying tissue and skin properties across speakers, as
well as due to different muscle and fat proportions, and session dependent e. g., due to small shifts in the
electrode positioning. For these reasons, we expect cross-session experiments to perform worse than
single-session, as suggested by previous work [Diener et al., 2018]. Single-session experiments have,
on the one hand, less data variability, but, on the other hand, provide a smaller amount of data for model
training. Furthermore, single-session models are lacking in generalizability. Our two-step approach
enables the use of simpler models in step one (session-dependent problem) and deeper models for step
two (session- and channel-independent problem). The train and test partitions described in section 4.2
are maintained in all experiments. The development set was defined in each experiment, with the same

dimension as the test set, as a random subset of the pool of training instances.
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4.3.1 Feature extraction

Both acoustic and EMG signals were windowed using a 32 ms Blackman filter, shifted by 10 ms per
step (i.e., an overlap of 22ms). We extract 25 MFCCs [Imai, 1983] per audio frame. The choice of
25 MFCCs was motivated by the use of a similar setting in works that explore the inverse problem of
EMG-to-Speech [Diener et al., 2020; Janke and Diener, 2017]. To introduce some context, we stack this
feature vector with a stacking height of 15 frames into the past and future, thus representing each audio
frame by a vector of dimension 25 x 31 = 775.

The EMG is represented as a series of 5 TD features per EMG frame: low frequency power (LF
power), low frequency mean (LF mean), high frequency power (HF power), high frequency zero-crossing
rate (HF ZCR), and high frequency rectified mean (HF rectified mean). The threshold for low/high fre-
quency was 134 Hz.

This TD feature set was originally proposed by Jou et al. [2006]; Jou [2008] and has been used to
convert speech-related EMG to acoustic speech in several works, such as [Diener et al., 2018], [Diener
et al., 2015], and [Janke and Diener, 2017].

4.3.2 First step: ACOUStiCMFcc — EMGTD

The first step was performed using a neural network containing a hourglass-shaped encoder that con-
verts the 775-dimensional vectors representing each audio frame with context into a higher-level repre-
sentation, and a set of six workers, each corresponding to one EMG channel. The encoder consists of
three feed forward layers [1024, 256, 512], regularized with dropout with p = 0.5 and batch normaliza-
tion, with rectified linear units (ReLU) activation. This hourglass shape has been employed in previous
works addressing the inverse problem of converting TD EMG features to MFCCs [Diener et al., 2015].
Each of the six workers corresponds to an output linear layer with dimension 5 (each node corresponds
to one TD feature) — see Figure 4.1. The loss function is based on the CCC, computed as follows:

C F
1 .
lOSS = m ;(F - Z:lccc(ycfaycf))v (41)

where F' is the number of features, C the number of channels, y and ¢ are the target and predicted
values. The learning rate resembles 0.002, the batch size 32, and the model was trained for 50 epochs
with an Adam optimizer. As the EMG signal is session and speaker dependent, we defined three sets of

experiments:

1. Single session. The model is trained and tested with data from the same session. We perform
two single session experiments, with the two large sessions available in the corpus, which belong

to speakers 2 and 8.
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2. Multi-session. Training and testing in leave-one-session-out cross-validation setting: for each
speaker, the model is trained with all training utterances of all sessions but one, and tested with the
test utterances of the left-out session. We perform two multi-session experiments, with speakers 2
and 8 (speakers with a larger number of sessions).

3. Multi-speaker. Training and testing in leave-one-speaker-out cross-validation setting, i. e., models
are trained on all training utterances of all speakers but one, and tested on all test utterances of the
left-out speaker. We repeat this for the 8 speakers. In these experiments, there is no session nor

speaker overlap between train and test folds.

4.3.3 Second step: EMGrp — EMGoyig

The second step consists of synthesizing the original EMG signal from the 5 EMG TD features directly
extracted from the EMG signal. Being able to retrieve the EMG signal from the TD EMG features justifies
their usage as intermediary representations in future silent paralinguistics works. Furthermore, while we
consider the reliable generation of EMG TD features an important proof-of-concept, the generation of
the original EMG signal opens up new avenues for research and understanding of EMG signals related
to spoken communication, and for silent speech, which cannot be captured acoustically.

A schematic representation of the network used can be found at the bottom of Figure 4.1. It consists
of a convolutional-BLSTM neural network, similar to what has been proposed for other paralinguis-
tic tasks, such as detection of emotions [Trigeorgis et al., 2016] and breathing patterns from speech
[Schuller et al., 2020]. The neural model includes one convolutional block, one BLSTM block, and one
output linear layer. The convolutional block includes three 1D convolutional layers [128, 256, 512], kernel
size [5, 3, 3], stride 1, padding to keep time dimension constant, no pooling, tanh as activation function,
and batch normalization. The BLSTM block includes two BLSTM layers with hidden layer size 256 and
dropout with a probability of 0.4, followed by batch normalization. Finally, the output linear layer has a
dimension of 6 to match the sampling frequency of the EMG signal (600 Hz) and a frame shift of 10 ms
used to compute the features. Each utterance is fed into the network as a tensor of dimension f x ¢,
where f is the number of TD features, and ¢ is the number of frames in the signal. The f dimension is fed
as channels for the first 1D convolutional layer, and the convolution occurs across the time dimension.
The convolutional and BLSTM blocks perform a feature mapping in the sense that they keep the time
dimension of the tensor constant. At the linear output layer, the time dimension is mapped to match the
EMG sampling frequency. The learning rate resembles 0.001, the batch size 5, and the learning rate
decay 0.1 with a period of 20 epochs. We use 1 — CCC(y, ) as loss function, in which y and ¢ denote
the target and predicted values. We train the model up to 50 epochs with early stopping depending on
the performance on the development set.

The extraction of TD EMG features from the raw EMG signal is independent of the speaker, session,
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and electrode positions (EMG channels), thus, when retrieving the raw EMG from TD features using
a neural network, it is not relevant to distinguish between speakers, sessions nor electrode positions.
Therefore, the data used to train and evaluate the model includes all channels from all speakers and all
sessions. This results in a training set, a development set, and a test set composed of 2793, 643, and

643 utterances, respectively.

4.4 Results

CCC, used to evaluate all results, assumes values in [—1, 1], where a coefficient of 0 reflects no cor-
relation between the true and the predicted values, a coefficient of 1 reflects perfect agreement and a
coefficient of —1 reflects perfect reversed agreement. CCC reflects the absolute correctness rather than
only a relative one. No other metrics are reported for the sake of space and conciseness. We chose
CCC over other standard metrics, such as mean squared error, because CCC assumes values in a

bounded interval, easier to interpret when no previous baselines are available.

Acousticyrcc — EMGTp: session and speaker dependencies

The Acousticyrcc — EMGp results at the single-session (speaker 8), multi-session (speaker 8), and
multi-speaker experiments are detailed in Figure 4.3. The single-session results (Figure 4.3, on the
left) appear promising. We achieve a CCC value of 0.54 for speaker 2, and 0.63 for speaker 8, when
averaging all feature scores across all channels. These results increase to 0.64 and 0.75 if the HF ZCR
feature is excluded.

—— LF power —— LF mean —— HF power HF ZCR  —— HF rect. mean

1.0
0.9
0.8

IR

Chl Ch2 Ch3 Cha Chs Ché hl Ch2 Ch3 Cha Chs Ché hl Ch2 Ch3 Ch4 Chs Ché
Single-session experiment Multi-session experiment Multi-speaker experiment

Figure 4.3: CCCs between the synthetically generated TD EMG features and the target, for the test sets of the
single-session (speaker 8), multi-session (speaker 8), and multi-speaker experiments. The black dots
represent the mean + standard deviation obtained for the different sessions in the cross-validation
experiments.

The results obtained at the multi-session and multi-speaker (Figure 4.3 — center and right) experi-
ments appear worse when compared to the single-session experiment. The average CCC for all the
features and channels for the multi-session experiments is 0.50 and 0.57, respectively, for speakers 2
and 8, while for the multi-speaker experiment, the CCC is 0.46. The average CCCs improve to 0.59,
0.66 and 0.55 when excluding HF ZCR.
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The multi-session and multi-speaker experiments were evaluated in a cross validation setting. The
aforementioned figure shows the mean and standard deviation of CCC for each feature at each channel,
obtained for all folds. We find that there is some variation in the results for the different folds. These
results support the notion that EMG signals recorded in this type of setting may be strongly session de-
pendent, likely due to small shifts in electrode positioning. The multi-speaker results appear worse than
the multi-session results, although it is not evident whether this is caused by physiological differences
between speakers (e. g., fat, muscles, skin), or a result of an increasing variability in electrode position
(due to an increased number of sessions, and different number of sessions per speaker) which may

hinder the learning ability of the system.

Acousticyrcc — EMGp: feature analysis

Figure 4.3 suggests that HF ZCR is much harder to predict than the rest of the TD features in all the
experiments. Figure 4.4 presents an example of the target and the predicted LF mean and HF ZCR
of channel 0, obtained in the single-session experiment with speaker 8, to illustrate the meaning of the
different CCCs.

The CCCs achieved at the single session experiments for LF mean, LF power, HF rectified mean,
and HF power are above 0.5 for all channels. These results are at a comparable level with the prediction
of the first three MFCCs when converting audible EMG to acoustic speech [Diener et al., 2020]. For the
remaining MFCCs, the results in the speech-to-EMG direction are much better than the results in the
direction EMG-to-speech.
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Figure 4.4: Examples of the target and predicted features LF mean and HF ZCR (single-session, speaker 8).

EMGp — EMGorig
We use the five target TD features to generate the original EMG signal. Figure 4.5 shows an example of
the predicted and target EMG signals, suggesting a reasonable match.

As HF ZCR appeared to be harder to predict than the remaining features, we also generate the
speech-related EMG signal based on the remaining four TD features. Table 4.2 shows that although
the CCCs obtained with both feature sets are very satisfactory, the results are better in the presence of

ZCR. Thus, we conclude that ZCR contains relevant information for the generation of EMGoyg.
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Figure 4.5: EMG signal generated from TD features.

Table 4.2: CCC between the target and the predicted EMG signal, using four and five TD features.

Input Features CCC
LF mean, LF power, HF rectified mean, HF power, HF ZCR 0.663
LF mean, LF power, HF rectified mean, HF power 0.602

4.5 Summary

The results described in this chapter, together with the results present in [Diener et al., 2020] established
the foundation for the novel field of Silent Computational Paralinguistics, which opens up new avenues
for research with EMG signals related to spoken communication, for a deeper understanding of speech

production, and for silent speech interfaces.

In this chapter, we presented initial results on a novel two-step approach to generate speech-related
EMG signals from acoustic speech. In the first step, we successfully converted MFCCs into TD EMG
features. Thus, we established the foundation of the speech-to-EMG approach - i. e., the inverse of prior
works that have aimed to generate speech from EMG data. The CCCs achieved in the single session
experiments for the prediction of LF mean, LF power, HF rectified mean, and HF power were comparable
to the first three MFCCs generated from audible EMG in our work on EMG-based Silent Computational
Paralinguistics [Diener et al., 2020]. Multi-session and multi-speaker experiments, although performing
worse than the single-session experiments, still achieved satisfactory results. We expect that this may
be improved with deeper and more complex models when more data is available. In the second step,

we generated a signal that follows reasonably the true EMG signal, using the TD features.

It is possible that an end-to-end approach using an encoder-decoder architecture may achieve better
results. However, our early experiments on an end-to-end setting did not achieve satisfactory results,
possibly due to data scarcity. We leave for future work this integration of both speech-to-EMG and EMG-
to-speech in one system, as well as the retrieval of paralinguistic information from the generated EMG

signals.

We anticipate that with the acquisition of additional data, the emerging field of Silent Computational

Paralinguistics will play a role in disease detection. By investigating biosignals beyond acoustics, it may
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be possible to differentiate diseases based on which parts of the speech production process are most
disrupted. However, further data collection was not possible due to the COVID-19 pandemic, hindering
this line of research. Consequently, in the following chapters, we redirected our focus to other biomarkers

that can be collected remotely.
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HIS chapter builds upon research conducted during my Master’s Thesis, which focused on speech-
T based detection of sleep deprivation and sleep disorders, specifically obstructive sleep apnea
(OSA), in two scenarios: controlled data collection in Portuguese and in-the-wild data. Here, in addition
to analyzing the speech signal, we investigate facial images and visual speech as three complementary
modalities for automatically detecting OSA. While our primary focus is on OSA, we anticipate that these
modalities may also prove valuable for detecting other speech-affecting diseases.

Our experiments compare knowledge-based features and transfer learning methodologies in a pilot
in-the-wild corpus with 40 subjects. We further discuss the suitability of using in-the-wild data from
Youtube vlogs for the automatic detection of diseases. The work described in this chapter has been
published at Interspeech 2021 [Botelho et al., 2021].

5.1 Introduction

As previously described in section 2.2.1, it is estimated that approximately one-seventh of the world’s
adult population suffers from OSA [Benjafield et al., 2019], and the numbers tend to increase with the
growth of OSA’s main risk factors: obesity and population aging. Thus, more comfortable, cost-effective
and less time-consuming alternatives for OSA’s diagnosis are required. In particular, biomarkers are on
demand, which could be collected non-invasively, and remotely. Together with technical systems that
support medical diagnoses, such automatic OSA detection would allow for large scale screenings in the
patients’ homes.

Several authors have proposed systems for automatically detecting OSA, using machine learning
algorithms fed by biomarkers derived from speech [Benavides et al., 2014; Botelho et al., 2019; Kriboy
etal., 2014a; Perero-Codosero et al., 2019] and facial images [Balaei et al., 2017; Lee et al., 2009a; Nos-
rati et al., 2016]. The success of these biomarkers builds on the fact that OSA patients have anatomical
and functional abnormalities of the upper airway and an altered craniofacial morphology, which impacts
both speech and facial expressions, as previously described in section 2.2.1.

Our approach consists of tackling OSA detection using not only acoustic speech, and facial images,
but also a third modality: visual speech. There is a long history of research on visual speech recognition
[Chung and Zisserman, 2016; Ma et al., 2021; Zhou et al., 2014], and a growing interest in audio-visual
speech enhancement and separation [Gabbay et al., 2017; Tan et al., 2020]. Nevertheless, to the best of
our knowledge, visual speech has not yet been explored in the context of Silent Computational Paralin-
guistics. We argue that embeddings trained for lip reading also encode information on the craniofacial
structure, speech articulation and breathing patterns. For the particular problem of OSA detection, which
has been shown to benefit from information derived from both speech and craniofacial structure, we hy-

pothesize that visual speech may conjugate both domains. Furthermore, this modality may be robust
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when using in-the-wild data, in which the speech signal is often contaminated with music, noise and
other voices.

Large health-related data sets are difficult to acquire due to time and monetary constraints, lack of
awareness, as well as ethical, legal, social, and privacy concerns. Thus, in this work, we decided to
follow the idea proposed by Correia et al. [2018b, 2021], and collected a corpus of in-the-wild data,
composed of YouTube vilogs of 40 subjects, roughly half of which claimed to suffer from OSA. In fact,
this corpus corresponds to an extension of the WOSA corpus, a small pilot corpus we collected in
earlier work [Botelho, 2018; Botelho et al., 2019]. Although we frame this problem with in-the-wild data,
which is easier to acquire in larger scale, we expect that the three modalities can be of great relevance
in the context of online medical appointments or remote population screenings where both audio and
visual data is available. Acknowledging concerns surrounding the use of in-the-wild data, Appendix B
details a series of experiments where classifiers trained on in-the-wild vlogs for detecting Parkinson’s
disease and depression are tested on medically verified data collected under controlled conditions.
These experiments demonstrate promising results, suggesting that in-the-wild vlogs are suitable for
disease detection and serve as an initial step when other data sources are unavailable. These findings
are presented in the Appendix to maintain focus within this chapter, as they use different corpora and

concentrate solely on the speech modality.

5.2 Related Work

The altered craniofacial features characteristic of individuals who suffer from OSA, which were thor-
oughly described in section 2.2.1, motivated several researchers to use facial images and speech sig-
nals for OSA detection. These works have mostly proposed systems based on classic machine learning
methods and knowledge-based features. We note that the related work discussed here reflects the

existing literature available at the time these experiments were conducted.

5.2.1 OSA detection from speech signals

Given the articulatory, phonation and resonance anomalies expected to be present in the speech of OSA
patients (see section 2.2.1), several authors have addressed the automatic detection of OSA through
voice analysis, using corpora in Spanish [Benavides et al., 2014; Espinoza-Cuadros et al., 2016; Perero-
Codosero et al., 2019; Pozo et al., 2009; Solé-Casals et al., 2014] and Hebrew [Elisha et al., 2012;
Goldshtein et al., 2011; Kriboy et al., 2014a,b]. The most common acoustic features in these works
are Mel frequency cepstral coefficients (MFCC), linear prediction cepstral coefficients (LPCC), Energy,
Harmonics-to-noise ratio (HNR), jitter, and formants frequency and bandwidth. The most common clas-

sification and regression methods are Gaussian Mixture Models (GMM) [Elisha et al., 2012; Goldshtein
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et al.,, 2011; Pozo et al., 2009], Linear Discriminant Analysis (LDA) [Benavides et al., 2014; Kriboy et al.,
2014a], k-Nearest Neighbors (kNN) [Kriboy et al., 2014a; Sole-Casals et al., 2014], Support Vector Ma-
chines (SVM) [Sole-Casals et al., 2014], Bayesian Classifiers [Solé-Casals et al., 2014], Neural networks
[Solé-Casals et al., 2014], Adaboost [Sole-Casals et al., 2014], and Support Vector Regression (SVR)
[Espinoza-Cuadros et al., 2016; Kriboy et al., 2014b].

Goldshtein et al. [2011] made a separate analysis for female and male speakers, and they reported
better results for female speakers. A limitation of their work is the fact that they manually segmented
the vowels and the two nasal phonemes, /n/,/m/, from speech signals. The work of Elisha et al. [2012]
followed the work of Goldshtein et al. [2011], and it concluded that the phonemes carrying more distin-
guishing information were the vowel /a/ and the nasal phonemes (/m/ and /n/), which is consistent with
the resonance anomalies previously described in section 2.2.1.

Espinoza-Cuadros et al. [2016] collected the largest corpus, having obtained worse results than
the other works, in both regression and classification tasks. This motivated them to make a careful
review of previous works and on possible pitfalls that could be responsible for overoptimistic results. The
authors pointed out three main pitfalls: small and very often unbalanced corpora, which are more prone
to overfitting; presence of confounding variables such as gender, age and body mass index unevenly
distributed between classes; and feature selection on high dimensionality feature spaces when little data
is available, which is also most likely to cause data overfitting.

The works of Kriboy et al. [2014a] and Solé-Casals et al. [2014] hypothesized that acoustic properties
of speech that are altered by body position help distinguish between OSA and non-OSA subjects. In fact,
there is an increased frequency and severity of apneas in supine position, most likely due to unfavorable
airway geometry, increase in collapsibility, gravity and inadequate dilator muscle compensation.

Fewer works have leveraged deep learning methodologies for OSA detection. An exception is the
work proposed by Perero-Codosero et al. [2019] which explores x-vecfors and domain adversarial train-

ing for OSA detection from speech.

5.2.2 OSA detection from facial images

Lee et al. [20092] studied the craniofacial morphological phenotype of subjects with and without OSA
using a quantitative photographic analysis technique. To this end, they used frontal and profile standard-
ized images of the subjects’ face, where a set of landmarks was manually annotated (see Figure 5.1).
Afterwards, they derived a total of 71 measurements of various craniofacial regions. They concluded that
it was possible to identify craniofacial phenotypic differences in OSA in Caucasian subjects. In this study,
Lee et al. used a dataset including 180 subjects, of which 114 had OSA (respiratory events >=10/h)
and 66 were selected as controls (number of respiratory events <10/h).

Nosrati et al. [2016] proposed to use the same 71 craniofacial measures to automatically detect
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Figure 5.1: Photographic landmarks used in [Balaei et al., 2017; Lee et al., 2009a; Nosrati et al., 2016]. Image from
[Nosrati et al., 2016].

whether a subject suffered from OSA. They used frontal and profile photographs of the same 180
subjects. A calibration object of known size was taped to the forehead and the cheek of the subjects,
before taking the photographs. It was used to calibrate measurements determined from the photograph.
Nosrati et al. found that, out of the 71 measurements, the most informative features were a set of five
features, including face width (t/-tr), mandibular length 2 (gn-go), binocular width (ex/-exr), cranial base
area (tl-exl-exr-tr), and criocomental space distance (cer-cr-me). Using these five features and an SVM
trained in a leave-one-out cross-validation training fashion, they achieved an accuracy of 73.3% for the

binary detection of OSA (chance level: ~ 63%).

One key limitation of the aforementioned works is the reliance on manual landmark annotation. Bal-
aei et al. [2017] proposed to overcome this limitation, by training a system that automatically identifies
the same facial landmarks. Afterwards, they derive four measurements or features, common to the set
of 71 features proposed by Lee et al. [2009b]: face width (t/-tr), eye width (ex/-exr), cervicomental angle
(np-cer-me) and mandibular length 1 (me-go). Two out of these four measurements also belong to the
set of features identified as most relevant by Nosrati et al. [2016]. In their work, Balaei et al. studied
365 subjects, 223 with OSA and 142 control subjects. Out of the 365, 169 subjects are common to
Lee’s dataset [Lee et al., 2009b]. The calibration of the new subjects’ photographs was performed using
a laser ruler with known size, projected onto the face for the photograph. They achieved an accuracy
of 69.8% for binary OSA detection using the automatic landmarks to extract the four features, followed
by a logistic classifier (chance level ~ 61%). Furthermore, they observed that the automatic landmark
detection introduced approximately a 10% error relative in the determination of the features. Balaei et al.
also experimented an alternative approach, that feeds directly the downsampled images to a feed for-
ward neural network, without the step of calculating facial landmarks and features. With this approach,
they achieve 61.8% accuracy (chance level is not reported, although it is mentioned that the test set is

chosen randomly from the data subset used for this experiment, which contains 61% of OSA subjects).

In another study, Balaei et al. [2018] compared not only the manually and automatically extracted
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landmarks followed by feature computation, but also the feasibility of using directly the aligned land-
marks’ coordinates as input to the classification method. Their study, which used frontal and profile
facial photographs of 376 subjects, showed that using directly the landmarks’ coordinates, without the
feature computation step, achieved better results. With this approach, they achieved an accuracy of
69.7% with manually annotated landmarks, and 69.2% with automatically extracted landmarks (the ratio
of OSA and controls in the test set is not reported, although it is 62:38 in the entire dataset).
Espinoza-Cuadros et al. [2015] have addressed the estimation of OSA’s severity, using uncalibrated
craniofacial features, computed from automatically detected landmarks. They compared the craniofacial
features to speech signals, represented by i-vectors, and observed that craniofacial features were better
predictors of OSA severity than i-vectors. In fact, they point to a weak connection between OSA and
speech. In their work, they studied a dataset of 285 male subjects and, although their main task was re-
gression, they also provide results for the binary classification, achieving an accuracy of 70.8% (chance

level was not reported).

5.2.3 Visual Speech

In this work, we explore a third modality, inspired by the recent progress in audio visual recognition,
particularly for in the wild datasets. This progress has been shown for the Lip Reading in the Wild
(LRW) Dataset [Chung and Zisserman, 2016], which comprises video clips from over 1000 speakers
from BBC programs, and includes a vocabulary of 500 English words. Each video clip is one second
long, and contains the target word surrounded by other context words. The lip reading task is then
framed as a multi-class classification problem, which predicts, for each video clip, the spoken word.
Many approaches have been proposed to tackle this challenging task. One of such approaches is the
ensemble of models proposed by Ma et al. [2021]. In their work, each model in the ensemble consists of
a modified ResNet-18 which leverages born-again distillation (iterative self-distillation) for improving the
performance. Their best single model corresponds to the third generation of knowledge distillation, and
achieves a top-1 accuracy of 87.9% on the LRW dataset. The ensemble of methods achieved a state of
the art top-1 accuracy of 88.5%, a promising value for the use of visual speech as an extra modality in

paralinguistic tasks.

5.3 Method

We address OSA automatic detection using three modalities — acoustic speech, facial images, and visual
speech —, extracted from vlogs collected from YouTube. For each modality, we start by a data selection
and pre-processing stage, followed by feature extraction and binary classification. We also perform early

and late fusion of the three modalities.
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Figure 5.2: Methodology pipeline.

We compare both knowledge-based features and neural representations obtained using transfer
learning from different but related tasks, for which more data was available. In particular, one of the
neural representations used were embeddings trained for identity recognition for both speech and facial
image modalities.

The binary classification step was performed using a neural network (NN) classifier, trained in a
leave-one-subject-out cross-validation setting to work around the limited number of subjects.

A schematic representation of the methodology is depicted in the Figure 5.2. Below, we describe in
detail the data collection procedure, the features and neural network architectures used for each of the
modalities. The descriptions related to the speech modality are more succinct, as most of the techniques

have been thoroughly described in chapter 3.

5.3.1 Data collection

Following the idea presented by Correia et al. [2018b, 2021], we collected vlogs publicly available on
YouTube, where subjects claim to have OSA. The platform was queried using the keywords “obstructive
sleep apnea vlog”, “sleep apnea vlog”, “my obstructive sleep apnea”, and “my CPAP' review”. Before
selecting the videos, we manually verified that subjects claimed to suffer from OSA or weight-related
sleep apnea and that it was not a different kind of video, such as lectures on OSA, medical professionals

explaining OSA, or advertisement on CPAP machines, where the main subject does not claim to suffer

TCPAP is the most efficacious and widely used treatment option for obstructive sleep apnea. It is a ventilator that applies a mild
pressure on a continuous basis, through a mask that the patients wear during the night. The positive airway pressure prevents the
airways to collapse or to become blocked making the patient unable to breath [Arnold et al., 2017].
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from OSA. After selecting the videos of subjects claiming to have OSA, we used a subset of the control
videos that are part of the WSM corpus [Correia et al., 2021]. These videos were also collected from
YouTube, and were queried using unrelated keywords, such as “book review”, “lets talk viog”, “lets talk
knitting”, to serve as control subjects. The selection was carefully performed in order to collect the same
number of videos featuring male and female subjects, both for OSA and control classes.

The resulting corpus corresponds to a second version of the WOSA corpus, which we have collected
in earlier work [Botelho, 2018; Botelho et al., 2019].

While we are aware that the labels in this dataset are noisy and not medically verified, our approach
is motivated by the success of prior work. For example, in [Botelho et al., 2019] we successfully used
speech recordings of similar datasets for OSA classification, and [Correia et al., 2018b, 2021] applied
the approach to the detection of Parkinson’s disease and depression (WSM corpus). We have also
performed a cross-corpus comparison, where we trained models using the WSM corpus, i.e. using
in-the-wild data, and tested with data from controlled conditions with medically verified labels. These
results, presented and discussed in Appendix B, are reassuring as they present evidences for the suit-
ability of in-the-wild data.

5.3.2 OSA detection using acoustic speech

To address the detection of OSA from acoustic speech, we run a speech activity detector, followed by

feature extraction, and binary classification, as illustrated on the top branch of Figure 5.2.

Data cleaning and pre-processing

The original audio files were converted to mono and downsampled to 16kHz. Afterwards, we experi-
mented using a Python interface of the WebRTC Voice Activity Detector (VAD) [Wiseman, retrieved in
March 2021], but we observed that it classified as speech several segments with music, noise, and/or
sound effects. We opted to perform speech/non-speech segmentation using an in-house VAD which
consists of a feed-forward NN trained with perceptual linear prediction (PLP) features, followed by a
finite state machine, trained with broadcast news [Meinedo and Neto, 2005]. Nevertheless, the segmen-
tation was not free or errors and some music/sound effects were still introduced as speech segments in

the analysis.

Feature extraction
We compared three types of features: x-vectors, embeddings extracted with the PASE+, and knowledge-
based features. The architecture and intuition for using X-vectors and PASE+ embeddings in paralin-
guistic tasks has been described in chapter 3.

X-vectors were extracted using Kaldi [Povey et al., 2011], with a model pre-trained on VoxCeleb [Na-

grani et al., 2019]. VoxCeleb, previously described in section 3.3, contains clips of celebrity interviews
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on YouTube. Although the quality of interviews in VoxCeleb is probably better than those of the “home-
made” vlogs included in the corpus we collected for OSA detection, the domain is arguably similar. Prior
to x-vector extraction, we extracted 30 MFCCs computed every 10 ms from 25 ms-length frames. We
applied again VAD to filter out remaining non-speech frames, and perform cepstral mean and variance
normalization. The resulting x-vector embeddings were 512 dimensional.

The PASE+ embeddings were extracted using a pre-trained model® [Pascual et al., 2019; Ravanelli
et al., 2020]. Each audio segment was thus represented by a matrix with the dimension 256 x n_frames.

The knowledge-based (KB) feature set corresponds to 109 features, proposed in [Botelho et al.,
2019] for OSA detection. This feature set includes features related to formants, harmonics-to-noise ratio,
jitter, FO, Spectral Flux, MFCCs plus their first and second order derivatives (AMFCC and AAMFCC),
and LPCC.

Classification Experiments

We defined three experiments to perform OSA classification using speech signals:
A. X-vectors Experiment: The x-vectors were fed to a fully connected feed forward neural network.
B. PASE+ Experiment: The PASE+ embeddings were fed to a convolutional neural network (CNN).

C. KB features Experiment: The KB features were fed to a fully connected feed forward neural network.

The choice of the neural architecture depended on the input type: x-vectors and KB features repre-
sent each audio segment with a fixed size vector, and thus were fed to a fully connected feed forward
neural network; PASE+ features have a dimension that depends on the duration of the audio input, and
thus were fed to a 1D CNN, followed by a statistical pooling layer. All three neural networks were trained
using cross entropy loss, in which each class was weighted by the inverse of its relative frequency in the
training folds. Appendix C provides further details on the networks’ architecture and training hyperpa-

rameters.

5.3.3 OSA detection using facial images

The overall system that uses facial images for OSA detection, as depicted in the middle branch of
Figure 5.2, consists of five main steps for data cleaning and processing, feature extraction and finally a

binary classification component based on neural networks to perform the OSA detection.

Data cleaning and pre-processing
We started by extracting the key frames of each video. Given that the videos were obtained in-the-wild,
we have no control over the subject’s face, at which angle it appears, if it is occluded or if it appears at all

in the key frames. Thus, a pre-processing step removed all frames unsuitable for the classification task.

2https://github.com/santi-pdp/pase
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The pre-processing included face detection, non-frontal image removal, and removal of outliers. After

pre-processing, we made sure that all the subjects included in the analysis had at least 5 facial images.

For data cleaning and feature extraction different pre-trained models were used, thus images had to
be resized and cropped in different ways. For face detection, images were resized to (300, 300) to match
the pre-trained model. If the original dimension was not square, the smallest dimension was padded with
zeros. After face detection, all images were cropped around the face, using the face box identified by a
face detector (see below for further details). If the face box had the dimensions (i, w), the cropping area
is a square box, with dimensions heropping = Weropping = maz(h + ah, w + aw), where « represents a

margin around the face box, to avoid cropping the chin, forehead and neck. « was set to 1.

Face detection. The first step to selecting frames relevant for OSA detection is face detection. For
this step, we used the pre-trained deep neural network (DNN) face detector in OpenCYV, which is based
on the single shot detector (SSD) [Liu et al., 2016], using a ResNet-10 network. The SSD is a deep
learning approach for object detection. It is based on a CNN that produces a fixed-size collection of
bounding boxes and scores for the presence of object class instances in those boxes, followed by a
non-maximum suppression step to produce the final detections [Liu et al., 2016]. The model was trained
using images available from the web, but the source was not disclosed. The pre-trained OpenCV DNN
model and configuration for face detection are publicly available®. We used the 8-bit quantized version
using Tensorflow. The minimum confidence for accepting the face as detected was set to 0.98. All

frames with multiple or zero faces detected were excluded.

Non-frontal image removal. To assess if a face is approximately in frontal position, we computed
68 facial landmarks (Figure 5.3) using Dlib’s pre-trained model*. The model consists of an ensemble
of regression trees learnt via gradient boosting, which can be used to estimate in real time the face’s
landmark positions directly from a sparse subset of pixel intensities. The model's implementation was
based on [Kazemi and Sullivan, 2014], and it was trained on the iBUG 300-W face landmark dataset
[Sagonas et al., 2016]. Based on the computed landmarks, a face is considered to be in frontal position
if (i) the distance of each eye to the face margin is approximately the same for both eyes; and (ii) the
distance of the rightmost landmark of the mouth to the margin of the face is approximately the same as
the distance of the leftmost landmark of the mouth to the margin of the face. Conditions (i) and (ii) are

expressed in equations 5.1 and 5.2, respectively,

. dist(lg7, ll) dist(l46, 117)
1- 5.1
e <dist(z4ﬁ,zl7)’ distiar,1) )~ o

Shttps://github.com/spmallick/learnopencv/tree/master/AgeGender
4http://dlib.net/files/shape_predictor_68_face_landmarks.dat.bz2
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where dist(l;,1;) represents the Euclidean distance between landmarks [; and [;, I; corresponds
to the ' landmark in Figure 5.3, and 7 is a tolerance term set to 0.1, to account for possible face

asymmetries, or minor landmark computation errors.

Feature Extraction
We compared three sets of features for OSA detection: KB, bio-inspired features (BIF) features, and face
embeddings. Prior to computing BIF, the face images were converted to black and white and resized to

(100, 100), to obtain vectors with constant dimensions.

Knowledge-based features. Following [Balaei et al., 2017; Espinoza-Cuadros et al., 2015; Nosrati
et al., 2016], we defined a set of five KB features: face width, binocular width, mandibular length, cranial

base area, and mandibular nasation angle, described in Figure 5.3 and Table 5.1.
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Figure 5.3: KB features. Table 5.1: KB features defined in terms of landmarks I;.

The KB features used in this work do not match exactly those of previous works (figure 5.1), and
the definition had to be adjusted, for four reasons: (i) we do not have access to profile images of the
main subject; (ii) we use the landmarks extracted as described in section 5.3.3 to compute the features,
which are different from those used in previous works; (iii) the distance of the subjects to the camera
varies substantially, both within and across vlogs; and (iv) there is no object of known size to allow for
calibration. To deal with (iii) and (iv), we made the assumption that individuals have roughly the same
eye width and area, and used these measures to normalize all other features. Although this is a coarse
approximation, it allows to calibrate the measures that are going to be used as input features for the

classification system.

Bio-inspired features. BIF, proposed by Guo et al. [2009] for age estimation, are extracted in two steps
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or layers: layer S; and layer C;. At layer Si, the cropped face is filtered by a set of Gabor functions
at different orientations and scales. Afterwards, layer C performs a pooling operation which keeps the
maximum and the standard deviation of the Gabor filtered outputs. Previous bio-inspired models only
use the maximum for the pooling operation. Guo et al. introduced the standard deviation in the pooling
operation because it captures local variations which might be important to characterize the subtlety
of aging (e.g., wrinkles, creases, and eyelid bags). Although these subtleties may be crucial for age
estimation, it is not clear whether they will be an advantage for OSA detection, given that OSA has
been mainly associated with larger altered craniofacial morphology. Nonetheless, there is evidence that
short term [Kim et al., 2017] and long term [Jang et al., 2020] sleep deprivation induces skin alterations,
such as decreased skin hydration, decreased skin elasticity, decreased skin blood flow and altered skin
pores, which could be captured by BIF and thus contribute for OSA detection from facial images. On the
other hand, considering that our dataset was collected from YouTube vlogs, it is possible that these skin
alterations are eliminated on purpose by the subjects, through makeup or image processing techniques
to soften the appearance of their skin. We used OpenCV’s implementation of BIF®, using the default

number of bands (8) and rotations (12).

Face embeddings for face recognition. The facial embeddings were extracted using DIib’s pre-trained
model for face recognition® [King, 2017], which consists of a version of the ResNet-34 described in
[He et al., 2016], with 29 convolutional layers. The model was trained on a dataset of about 3 million
faces and 7485 individuals, derived from the face scrub dataset [Ng and Winkler, 2014], VGG dataset
[Parkhi et al., 2015] and other images scraped from the internet. The NN was evaluated on the standard
Labeled Faces in the Wild benchmark [Huang et al., 2007], achieving 99.38% accuracy. The embeddings
generated are vectors of size 128. Although face recognition and disease diagnosis are different tasks,
one can hypothesize that they are related enough to allow the transfer of meaningful information. As
previously described, the craniofacial morphology of the subject contains information useful for OSA

detection, and this same craniofacial morphology is likely to be a key-component for face recognition.

Outlier removal

At this point, all frames that do not include approximately frontal face images were automatically re-
moved. However, there are still frames in the pool that may show a non-target subject or any object mis-
takenly classified as face. To remove these frames, we performed outlier removal based on interquartile
range (IQR) scores. IQR is a measure of statistical dispersion, being equal to the difference between
75" (Q3) and 25" (Q1) percentiles, IQR = Q3 — Q1. So, a data point p is considered to remain in the
pool if inequation 5.3 is satisfied. To define whether a face image is an outlier, we represented each face

in the image by the KB features.

Shttps://docs.opencv.org/3.4/dc/d12/classcv_1_1face_1_1BIF.html
6ht‘cps ://github.com/davisking/dlib-models?tab=readme-ov-file#dlib_face_recognition_resnet_model_vldatbz2

68


https://github.com/davisking/dlib-models?tab=readme-ov-file#dlib_face_recognition_resnet_model_v1datbz2

p>Ql—15%IQR
p<Q3+15%IQR

Classification Experiments
We defined six classification experiments to perform OSA detection based on the raw images, and on

each of the feature sets described above, using different NNs:

A. Facial images Experiment: In this experiment, the raw images, previously resized to (100, 100), were
fed to a CNN.

B. Facial images Experiment with local attention: Experiment A was repeated, adding an attention block.
The idea of local attention is introduced by the convolutional layer in the attention block, which filters
the inputs and selects which pixels to give more weight. This experiment was designed to provide
some explanation on which part of the image was considered more relevant by the network, for the

classification task.

C. Facial images Experiment with global attention: Experiment A was also repeated, using global atten-

tion. The global attention layer follows the standard attention layer architecture.
D. Knowledge-based features Experiment: The KB features were fed to a fully connected NN.
E. Bio-inspired features Experiment: The BIF vectors were fed to a fully connected NN.

F. Facial embeddings Experiment: The embeddings were fed to a fully connected NN.

Appendix C provides further details on the network’s architectures and training hyperparameters.

5.3.4 OSA detection using visual speech

We address the detection of OSA from visual speech as depicted in the lower branch of Figure 5.2. We
started by a data selection step that includes VAD and face detection to ensure that we only attempt
OSA detection in segments where the main subject is speaking while appearing on camera. Then we

extract lip reading embeddings which are fed to a NN, for classification.

Data cleaning and pre-processing

First we performed VAD, using the Python interface of WebRTC VAD, previously mentioned in sec-
tion 5.3.2. Secondly, we took the audio chunks for which voice was detected and split those into one-
second segments. Unlike the methodology used in [Chung and Zisserman, 2016], we did not attempt
to perform a segmentation which includes a given target word, because we were not aiming at classify-
ing any particular words. Instead, our goal was to capture articulation and breathing patterns together

with the craniofacial morphology, which can encode paralinguistic information. Thus, we segmented the
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audio chunks resultant from VAD sequentially, into one-second segments.

Afterwards, we performed face detection on all the frames that correspond to the one-second voice
clips. For this step, we used the same model used for the facial images methodology, described in
section 5.3.3. If the face detector did not find a face in at least 75% of the frames that correspond to
a one-second clip, that clip was excluded. Then, for the faces in the selected clips, we computed the
68 facial landmarks, using the same model described in 5.3.3. The faces were aligned to a reference
frame, following the methodology in [Ma et al., 2021]. Finally, we cropped the faces around the mouth

region (region of interest) to a bounding box 96 x 96, following [Ma et al., 2021].

Feature extraction

The lip reading embeddings used here were extracted using a pre-trained model’ proposed by [Va et al.,
2021] (see section 5.2.3). As mentioned before, Ma and Martinez’s best single model corresponds to
the third generation of knowledge distillation. We used this third generation ResNet-18 to extract the lip
reading embeddings. Each clip is represented by a matrix of size n_framesx512. The vlogs have slightly

different frame rates, thus, we use the first 25 frames of each clip, which is approximately one-second.

Classification Experiments
The 25 x 512 lip reading embeddings were fed to a CNN. Further details on the network architecture and

training hyperparameters are described in Appendix C.

5.3.5 Fusion of the three modalities

We compare two strategies to combine the three modalities: late fusion (experiment A) and early fusion

(experiment B).

A. Late fusion experiment: After making a prediction for each subject, for each modality, we performed a
majority vote to assign a final prediction to each subject. We used the predictions of the best performing

system of each modality.

B. Early fusion NN experiment: To perform early fusion, we used the facial embeddings to represent
the image modality, the x-vectors for the speech modality, and the lip reading embeddings for the visual
speech modality. Because the pre-processing of the three modalities was done independently from
each other, the segments are not synchronous in time, and their quantity is different across the three
modalities. Thus, we randomly sampled 100 instances of each modality per subject, with replacement.
Afterwards, we fed the three embeddings to a NN that follows the structure represented in Figure 5.4.
The neural network architecture and training hyperparameters are further detailed in Appendix C. We

repeated the sampling process 100 times to create 100 distinct datasets. Then, we trained 100 models,

"https://sites.google.com/view/audiovisual-speech-recognition
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Figure 5.4: Network architectures for the early fusion experiment B. FC stands for fully connected block, and Conv
stands for convolutional block.

which allows us to present the results with a 95% confidence interval.

5.4 The WOSA-2.0 corpus

The unprocessed dataset initially contained YouTube viogs of 47 subjects. After processing within the
facial images modality, 7 subjects were excluded, resulting in a final corpus of 40 vlogs publicly available
on YouTube. This corpus, named WOSA-2.0, is an extension of our previous work [Botelho, 2018;
Botelho et al., 2019]. Not all 16 speakers from the original WOSA are included here, as some videos
were removed from YouTube in the interim. Of the 40 vlogs, 22 feature subjects who claim to suffer from
OSA, while the remaining 18 serve as control subjects. The gender distribution is presented in Table
5.2.

-y ¢

(a) Control subjects (b) OSA patients

Figure 5.5: Examples of images included in the final dataset for analysis.

Figure 5.5 shows examples of facial images included in the corpus, to illustrate the control and OSA
vlogs that were included in the corpus. Although most images are nicely cropped and in frontal position,
there are a few images where the subjects are not exactly on frontal position. Moreover, there are
subjects wearing sunglasses or with eyes almost closed. Thus, it is likely that the KB features in the

facial images modality are affected by this variability.
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Table 5.2: Corpus participants. Table 5.3: Corpus: instance counts and duration per modality.

OSA Control Total Count per subject Duration (s)
subjects  subjects count mean + std mean + std
Total 22 18 Facial images 2733 68 + 56 -
Male 12 9 Audio files 4953 124 + 133 4+7
Female 10 9 Video clips 22261 557 + 401 1+0

Although the subjects claim to suffer from OSA and talk about their disease, we believe that this
fact does not compromise the results using lip reading embeddings. We manually verified that the
vocabulary of the Lip Readind in the Wild (LRW) corpus, used for training the lip reading extractor, does

not contain the target words “obstructive sleep apnea”, “apnea”,

sleep”, “disease”, nor “disorder”. The
only words in the vocabulary related to healthcare were “hospital” and “medical”. For the vlogs for which
the automatic transcription was publicly available (38 out of 40) we counted the number of occurrences
of those two words. The word hospital occurs 5 times (0.02%), all of them spoken by subjects with
OSA, and the word “medical” occurs 35 times (0.16%), 32 of which spoken by subjects with OSA. This
assumption could be further minimized, in future work, by considering control data focused on medical
vlogs, and thus ensuring a more similar vocabulary. Besides the vocabulary usage, it is possible that the
paralinguistic content, namely the emotional tone, of the vlogs where the main subjects are describing
their own experience with the disease differ from those where controls subjects are discussing unrelated
control topics, or even medical vlogs. This limitation is addressed by the experiments in Appendix B.
The different pre-processing steps for each modality described in section 5.4 resulted in different
numbers of instances per modality. The summary of the number of instances per speaker, per modality is
presented in Table 5.3. The large standard deviations indicate a large variation in the count of instances
per subject — while some subjects may have very few instances others have several hundreds. All

subjects have at least 5 instances in each modality.

5.5 Results

5.5.1 Feature distribution

Before analysing the classification results, we investigated some of the features, and compared them
across controls vs. OSA patients.

Knowledge-based features for facial images Figure 5.6 shows statistics of the five KB features for the
facial image modality, after zero mean and unit variance normalization, for OSA patients and the control
group. By comparing the median values, we observe that the mandibular length, and the mandibular
nasation angle are shorter in subjects with OSA than in controls, which is consistent with the findings

of [Lee et al., 2009a]. On the other hand, for the three remaining features, we did not achieve results
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consistent with those of [Lee et al., 2009a]: Lee et al. [2009a] reports, for subjects with OSA, a larger
binocular width and a larger cranial base area, while we observe the contrary; [Lee et al., 20092a] also
reports a larger face width for subjects with OSA, while we observe that OSA and control groups have

approximately the same values.
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Figure 5.6: Boxplots of the normalized KB features, for OSA and control subjects.

The fact that our observations do not match the ones of Lee et al. [20092a] sustains the hypothesis
that the KB features are not robust for OSA detection using facial images collected in-the-wild. The
automatic computation of these features appears to be very sensitive to non-standardized poses of the
face, occlusions induced by hand movements, beards or sun glasses, and the inconstant eye aperture
in different frames of the videos which is used for calibrating the cranial base area. This variability intro-
duced by in-the-wild data adds to the fact that the automatic detection of landmarks already introduces a
relative error of 10% in the determination of the features, observed by [Balaei et al., 2018]. Furthermore,
the fact that labels in our dataset may be noisy because subjects only claim to suffer from OSA and
controls are chosen randomly, could contribute to the differences in our observations. This is valid not

only for the KB features, but for all features.

Embeddings for identity recognition We plotted x-vectors and the embeddings designed for face
recognition in Figure 5.7, using the t-SNE technique for visualizing high-dimensional data [Maaten and
Hinton, 2008]. In the center plots, we mark each subject with a different color, and we observe that
data naturally clusters around subject id. This is more evident for facial images than for x-vectors, which
suggests that the audio data can be more noisy than the facial images - including background noise,
music, etc., that may blur the subject clusters. On the left plots, we observe that there is no distinct
separation between OSA and control groups, for neither of the modalities. The figure also shows a
comparison of male and female embeddings, on the right plots. We observe that, in this projection of

the high-dimensional space, x-vectors seem to better capture the gender identity than face embeddings.
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Figure 5.7:

i. OSA vs Controls ii. Different subjects iii. Female vs Male
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(b) Face recognition embeddings

t-SNE [Maaten and Hinton, 2008] visualization of face embeddings and x-vectors, for OSA vs control
subjects (left), different subjects (center), and female vs male subjects (right). Note that the numbers
assigned to each of the subjects are just denoting different subjects, but are not IDs — subject 1 in a)
does not necessarily match subject 1 in b).

5.5.2 Classification results

Table 5.4 presents the classification results for the experiments described in section 5.4. Considering

that the training mode was leave-one-subject-out cross validation setting, we define three accuracy

metrics: accuracy is computed with the ratio of correctly classified instances on all cross-validation

folds, over all instances of the dataset; mean accuracy per subject results from computing the mean

of the acc

uracies obtained in each fold (i.e. each subject); and majority vote accuracy results of first

performing a majority vote over the predictions for all instances belonging to each subject, obtaining one

single prediction per subject, and then computing the accuracy. This last metric leverages the fact that

we have multiple instances for each subject, and compensates for the fact that some instances may be

noisy or even contain different subjects.

Table 5.4 also shows the chance level, or prior, for each modality, which corresponds to having a

classifier that always predicts the most frequent class in the dataset. The prior for accuracy differs

across modalities because the number of instances also differs; the prior for subject-level accuracy

metrics remains constant because we are assuming a classifier based solely on the number of subjects,

which rem
When

ains constant for all modalities.

analysing Table 5.4, overall, we observe that the facial images modality achieves the best
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Table 5.4: Accuracy results [%)] of the classification experiments. The prior corresponds to always predicting the
label of the class with the highest a priori probability in the training fold.

Modality Experiment Acc Mean acc Majority
per subject vote acc
prior 50.8 55.0 55.0
X-vectors 65.1 62.9 67.5
Speech PASE+ 60.3 62.3 62.5
KB 55.6 55.5 55.0
prior 53.5 55.0 55.0
images 76.1 70.6 75.0
images (local-att) 76.3 73.4 77.5
Facial images images (global-att) 58.1 60.9 65.0
KB 55.7 51.9 57.5
BIF 61.1 58.4 55.0
face embeddings 68.9 63.6 65.0
. prior 51.7 55.0 55.0
Visual speech | e 69.8 69.6 80.0
prior 55.0 55.0 55.0
Fusi early fusion (NN)  67.6[67.1,68.1] 67.6[67.1,68.1] 71.7[70.9, 72.6]
usion .
late fusion - - 82.5

results at the instance level, and visual speech achieves the best results after performing a majority
vote. The speech modality performs worse than the other two. This is consistent with the findings of
Lee et al. [20092], which revealed a weaker association of OSA with speech, than with craniofacial
characteristics. We hypothesize that the contamination of several audio segments with music and noise
may further contribute to the worse performance of the speech modality. The use of a VAD module
designed for broadcast news may not be robust enough for the vlog domain and must be replaced in
future work. Future work can also consider concatenating the audio segments, such that each audio
segment is at least one minute long before extracting the audio features. Comparing the three speech
representations, we observe that x-vectors outperform the other two representations. The neural models
trained for extracting both x-vectors and PASE+ features were trained with data augmentation, and thus

may be more robust in a in-the-wild setting when compared to the KB features.

Regarding the facial images modality, we also observe that the KB features achieve the worst results
at the instance level, in this in-the-wild setting. These results were expected, given the variability intro-
duced by in-the-wild data collection previously described. BIF achieve better results than KB features
at image level, but worst results after majority vote. As mentioned in section 5.3.3, BIF were designed
to capture subtle variations in the texture of the skin, which although may have the potential to reveal
OSA-induced sleep deprivation, are likely hidden by the YouTube content creators, using makeup and/or
video editing. Face embeddings achieve better results than KB features and BIF, most likely because

they capture more macro craniofacial morphology, which plays an important role in OSA detection.
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Moreover, they might be more robust to manual manipulation, such as makeup. Feeding directly the raw
images to a convolutional neural network outperforms all other forms of representations. When using
the local attention layer, the accuracy reaches 76% at the instance level and 78% after majority voting.
The results obtained with the local attention are better than the accuracy results reported by [Balaei
et al., 2017] (69.8%) and [Nosrati et al., 2016] (73.3%), although results are not directly comparable,
since datasets used in those works are different.

The embeddings trained for lip reading used to represent the visual speech modality outperform the
other modalities, when comparing the majority vote accuracy.

The late fusion of the modalities by simple majority voting of the best three systems is able to slightly
improve the performance, when compared to single modalities. The same does not happen for the early
fusion experiment. However, the fact that we were able to provide 95% confidence intervals increases

the trust in the early fusion results.

5.5.3 Interpreting predictions

Figure 5.8 shows the majority vote predictions attributed to each subject, for each modality. Overall, the
three modalities tend to guess correctly more often the health status of OSA patients than controls. We

also see that different modalities fail at classifying different subjects.

Facial Images v Speech = Visual speech
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Figure 5.8: Rounded predictions per subject, using each modality. Subjects 1 to 18 are the controls, and 19 to 40
are OSA patients.

The best performance at the instance level was achieved using facial images, with the system de-
scribed in experiment B. Thus, in this section, we analyse that system’s predictions, in terms of misclas-
sifications and investigating the attention weights.

Who are the false positives and false negatives? considering that OSA has a much higher prevalence
in overweight subjects, it was important to make sure that the facial images-based classifiers were not
simply detecting overweight subjects, and classifying them as OSA patients. In Figure 5.9, we show
who are the false positives and the false negatives. We observe that the shown false positives are not

overweight subjects, implying that our model is not an overweight detector.
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True positives True negatives

Figure 5.9: Examples of the attention scores learned by the system in experiment B of the facial images modality.
The brighter pixels represent regions interpreted as more relevant by the system.

What does the model attend to? In an attempt to shed light on the model’s decision process, we
plotted the attention weights on top of each image, to understand which regions were considered more
relevant. Figure 5.9 shows some of these plots, side-by-side with the input image. The input image has
the colours altered due to a PyTorch operation, but the colour information is not relevant for this analysis.

To compute these plots, first we computed the mean of the attention weights across the channels
dimension, then we upsampled the attention weights to match the height and width of the input image,
using a bicubic interpolation. Afterwards, we added the upsampled attention weights to a black image
with the same dimensions as the input image, to obtain the attention filter. For facilitating visualization,
we normalized the attention filter between 0 and 1. Finally, we overlayed the normalized attention filter,
multiplied by an «, on top on the original input image, multiplied by a 5. We used o« = 0.85and g = 1—«.

On the figures with the attention weights — left-side images on Figure 5.9, the brighter pixels represent
areas considered more relevant for OSA detection. For most images, the higher scores were given to the
area of the face and neck and/or edges around the face and neck. However, there are some unexpected
cases — e.g. (c) and (i) — where higher scores were given to the background, which should not be
relevant for the final decision. Preliminary experiments with of-the-shelf background removal methods

did not yield better results for the classification task.

5.6 Summary

In this chapter, we explored three different modalities — acoustic speech, facial images and visual speech

— for detecting obstructive sleep apnea, using in-the-wild vlogs. Our findings highlight the potential of
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visual speech as a complementary modality for OSA detection. We anticipate that this preliminary
investigation could extend to other speech-affecting disorders, particularly Parkinson’s disease and de-
pression. These conditions are marked by reduced emotional expression and psychomotor retardation
affecting articulation. Visual speech embeddings have the capacity to capture information on articula-
tory and breathing patterns, as well as facial expressions of emotion, potentially aiding in the detection
of these diseases. Notably, within our research group, a Master’s Thesis has explored visual speech
in the context of Parkinson’s Disease [Ferro, 2023]. While, to the best of our knowledge, no studies
have specifically investigated visual speech for depression detection, numerous works have employed

multimodal approaches integrating speech and video (e.g. [Nasir et al., 2016]).

In this work, we compared KB features and transfer learning strategies. While past studies have
commonly used KB features, in our in-the-wild setting, these features did not yield good results with
speech or facial images. Improving the pre-processing and data selection might enhance their effec-
tiveness but could also reduce the already limited amount of data. For instance, incorporating a face
recognition system to ensure selected frames belong to the main subject should be considered, as the
current outlier removal step addresses this only partially. Additionally, augmenting the facial images KB

feature set with measurements like neck perimeter or double chin identification could be beneficial.

Transfer learning approaches, namely using embeddings for identity recognition, outperform the KB
features. However, given our small sample size of 40 subjects, these embeddings may also overfit the
training subjects and struggle to generalize properly to unseen subjects. The results might be improved
by fine-tuning the networks that extracts the embeddings for the OSA detection task, instead of freezing

the networks and using the embeddings as features.

Further improvements could be achieved with more extensive training and independent testing data.
Data collection could be enhanced to include diverse age ranges and racial representations in both OSA

and control groups.

Notwithstanding the good results obtained with end-to-end models, it is important to note that some of
the attention plots show higher scores for background regions, which raises some questions on what are
these models really learning. We cannot be absolutely sure that this system is not yet another example
of anthropomorphism or shortcut learning [Geirhos et al., 2020], but we can emphasize the fact that,
for most examples, the attentions scores focus around the face and neck, as expected. Furthermore,
the results are in general very promising, compared to previous research, and considering the extra
complexity introduced by the fact that data was not collected in a standardized approach, but rather
in-the-wild, with strong variability.

Another avenue worth exploring is comparing the results obtained with the facial images modality with
the results that could be achieved using educated guesses based on the intuition of medical experts. It

will be interesting to investigate whether the machine learning systems make mistakes comparable to
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those of medical experts.

Additionally, we conducted experiments to discuss the validity of using YouTube vlogs with other two
diseases, depression and Parkinson’s disease, which are detailed in Appendix B. The results achieved
with cross domain experiments support the idea that the self-reported health status is a good proxy
for the true health status, and also that this type of data allows us to model the diseases and not
merely emotional or paralinguistic content that may be evoked when subjects are talking about their own
disease. However, given the high prevalence of undiagnosed OSA, as discussed in chapter 2, caution is
advised when interpreting these findings. A final idea for a promising future work direction is to address
the uncertainty inherent to in-the-wild labels by employing soft labels instead of one-hot encodings.
Instead of assigning zero probability of disease to a supposed control subject, soft labels can effectively
capture disease prevalence within specific sub-populations based on demographics. It is recognized
that training with fixed labels amidst noisy annotations typically results in poorer generalization [Vyas

et al., 2020], and adopting soft labels could mitigate this issue.
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HIS chapter presents a collection of experiments that highlight some of the challenges associated
T with the datasets used by the speech community for disease detection. In particular, we discuss
unexpected biases; the difficulty of translating models and results to new domains, including different
recording conditions, speech tasks, and languages; and finally, we explore how much information about
the recording conditions is encoded in the features typically used to detect diseases from speech. The
work presented in this chapter has been peer-reviewed and published at international conferences.
Particularly, the experiments in section 6.2 were published in [Solera-Urena et al., 2021] (second author
of the publication), those in section 6.3 were published in [Ablimit et al., 2022], and the experiments in

section 6.4 were published in [Botelho et al., 2022].

6.1 Introduction

Some of the results we discussed in the previous chapter for OSA detection are very promising. These
findings align with a growing body of research demonstrating substantial performance in the automatic
detection of various diseases using speech signals. For example, Han et al. [2022] and Al-Hameed et al.
[2016] reported accuracies of 94.2% and 94.7%, respectively, in the binary classification of Alzheimer’s
disease patients and controls using the DementiaBank dataset. Additionaly, Orozco-Arroyave et al.
[2016] achieved up to 99% accuracy on the automatic classification of Parkinson’s disease patients and
controls. These references provide a few examples among many existing studies.

Notwithstanding the promising results reported, and the large potential of the machine learning sys-
tems allied with noninvasive biomarkers, the reviewed literature does not indicate any transition of these
systems to commercial products. Arguably, the most important issue to address before such transition
takes place is to ensure the generalisability and reliability of the obtained results. Often the datasets
used to train such systems have three strong limitations. The first limitation is that datasets are small
when compared to the size of the datasets used for other speech tasks, and may not be representa-
tive of an entire population. The second limitation is that they focus on a single disease versus healthy
controls, whereas in real-life, and namely in the context of an aging population, the coexistence of mul-
tiple diseases in the same patient, or multimorbidity (discussed in section 2.3), tends to be the norm
and not the exception [World Health Organization, 2016]. The third limitation is that often datasets are
heavily influenced by the conditions in which they were recorded or collected, the type of speech task
they present, and the language that is spoken. This means that it is difficult to translate results to new
datasets, and to understand whether a performance drop observed upon out-of-domain validation is
due to the changing conditions, or because the model was learning from spurious correlations in the first
place, and not from characteristics indeed attributable to the disease.

This chapter illustrates these limitations with concrete experiments and analysis. It presents a col-
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lection of works that focus on identifying problems and raising questions. The first work described in
this chapter focuses on the automatic detection of COVID-19, in this case from cough signals. The
COVID-19 pandemic deeply impacted the world we live in, and we observed that the scientific commu-
nity worked together and contributed in the best possible way'. However, despite the many efforts and
collaborations, the research field of using Al for disease detection failed to deliver a suitable screening
test that could be deployed easily with limited costs. We exemplify one problem that we identified in the
COVID-19 cough data, that questions the reliability and generalizability of the obtained results.

The second work consists of a qualitative and quantitative analysis of speech and language features
derived from two different corpora with the aim of predicting early signs of dementia. The two corpora
differ not only in terms of speech task, but also in terms of language and time frame: one is a longitudinal
German corpus, and the other is a cross-sectional English corpus. The results achieved are also differ-
ent, which raises the question: what are the learning systems really learning? Shouldn’t the properties
of speech that are attributable to a disease hold across different datasets?

Following on this last question, we interrogate just how different can datasets be, even when main-
taining the same language and similar speech tasks? Or even, for the case of a longitudinal dataset, how
different can the audio samples that were collected at different measurement times be? Thus, the third
work described in this chapter focuses on distinguishing audio samples of healthy speech that belong
to different datasets, using the speech features typically adopted in works that use speech for disease
detection. Furthermore, we suggest that one possibility to tackle the first two above mentioned limita-
tions of datasets (reduced size and multimorbidity) is cross-corpora studies. In one hand, cross-corpora
studies would allow to perform out-of-domain evaluation of the models trained in each small dataset.
On the other hand they could enable the simultaneous detection of multiple diseases. In this context,

understanding whether it is possible to combine different datasets becomes a very relevant question.

6.2 Biased datasets: the case of COVID-19 detection

As previously mentioned in section 2.2.2, since 2019, society was deeply impacted by the COVID-19
world pandemic. In particular, the years 2020 and 2021 were marked by an increasing interest in de-
veloping reliable, cost-effective, immediate and easy to use tools that could help healthcare operators,
institutions, companies, etc. to optimize their screening campaigns for COVID-19. Several researchers
and institutions have made efforts to collect speech, cough and breath data from healthy controls and
people affected by COVID-19. Included in these efforts is the Cambridge COVID-19 Sound database
[Brown et al., 2020; Han et al., 2021], which was partially used for the ComParE 2021 COVID-19 Cough

Challenge [Schuller et al., 2021]. These initiatives provided researchers from all over the world a valu-

Thttps://www.nytimes.com/2020/04/01/world/europe/coronavirus-science-research-cooperation.htmi,
https://www.nature.com/articles/d41586-020-00905-9
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able space to share ideas and findings and to compare their results in a common test-bed.

This section describes our contributions to the ComParE 2021 COVID-19 Cough Sub-challenge,
where we leverage transfer learning to develop a set of COVID-19 classification subsystems based on
deep cough representation extractors (TDNN-F and CNN embeddings, and PASE+ features)?. Most
importantly, in these sections, we also discuss the challenges of the dataset, the unexpected spurious
variables we could find, and how these challenges may compromise the results in the literature. More
than criticizing the dataset, this section aims at raising awareness for data quality, and the importance of
working towards transparent classification systems in the context of healthcare, that could inform against

possible biases in the dataset.

6.2.1 Related work

During the pandemic, research on automatic detection of COVID-19 from speech or respiratory sounds
builds on previous studies investigating similar methods for other respiratory diseases such as pertus-
sis, asthma, pneumonia, and tuberculosis [Pramono et al., 2016]. Although there are no conclusive
evidences, preliminary findings suggest the presence of specific acoustic signatures of COVID-19 in
coughs and speech, potentially enabling detection even in asymptomatic individuals and differentia-
tion from other respiratory illnesses. Due to the limited availability of COVID-19-labeled data, many

approaches employ transfer learning, data augmentation, and class balancing techniques.

Previous work predominantly employs CNNs in various configurations. For example, Brown et al.
[2020] propose a pre-trained VGGish model [Hershey et al., 2017] as a generic audio feature extractor.
Bagad et al. [2020] and Imran et al. [2020] initially train CNNs for cough detection and subsequently
fine-tune the networks for COVID-19 detection. Chaudhari et al. [2021] propose an ensemble consisting
of two Deep Neural Network experts and a CNN, trained from scratch, for direct COVID-19 detection.

Besides CNN-based approaches, other models have also been used for COVID-19 detection. Pinkas
et al. [2020] present a three-stage system comprising a self-supervised transformer that generates em-
beddings from the inputs, a set of Recurrent Neural Network classifiers specialized in one or multiple
types of input, and a final SVM meta-model.

Some works also incorporate self-reported symptoms information. For instance, Han et al. [2021]
encode these symptoms as one-hot vectors, which are combined with traditional speech features at
the feature or decision levels. Additionally, Pal and Sankarasubbu [2021] describe a system involving a
DNN that produces cough embeddings from traditional handcrafted features, and a transformer-based
self-attention network that generates embeddings from symptoms and demographic data. These em-

beddings are then concatenated and passed through a fully connected layer to yield the final decision.

2The entire work published in [Solera-Urefia et al., 2021] on COVID-19 is presented here, for context and coherence, however
it is necessary to highlight that my main contributions concern the experiments that use TDNN-F embeddings.
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6.2.2 Corpora

This work uses two datasets, described in detail in section 3.3: the COVID-19 COUGH (C19C) corpus,
provided for the ComParE 2021 COVID-19 Cough Sub-Challenge; and the COUGHVID corpus, that
was used to train and/or fine-tune the transfer learning-based cough representation extractors. For both
datasets, silence segments were removed using a modified version of a cough segmenter developed by
the COUGHVID team®.

In our preliminary analysis of the C19C corpus, we noticed that some files present a reduced band-
width of 4 kHz, hypothetically corresponding to audio samples originally recorded at a sampling rate of
8 kHz. This condition certainly reflects the reality of many real-world applications. However, we noticed
that all the narrow-band recordings in the train and development subsets correspond to the COVID-19
positive class. From our analysis of the baselines and our own systems, we consider that this might
be affecting their performance by making the training process pay attention to this spurious condition.
For this reason, we decided to create a second version of the dataset by removing all the narrow-band
recordings in the original train and development subsets, even at the cost of reducing the number of
COVID-19 positive examples. The resulting dataset, denoted as “C19Cypang”, CONtains 273 samples in
the train subset and 223 in the development subset. The test subset is kept unchanged to keep the orig-
inal definition and evaluation conditions of the challenge. Table 6.1 summarizes the number of samples

in the original dataset, and in “C19Csbang” Version.

Table 6.1: Number of cough samples in C19C corpus, before and after excluding narrow-band files. C19 refers to
COVID-19 patients, and HC refers to healthy controls.

All samples Narrow-band samples
Train Dev Test Train Dev Test

C19 HC C19 HC C19 HC C19 HC

C19Criginal 71 215 48 183 208 | 13 0 8 0 8
C19Cumwans 58 215 40 183 - 0 0 0 0 -

6.2.3 Method

In this study, we employ transfer learning from a set of deep cough feature extractors that generate
TDNN-F embeddings, CNN embeddings and PASE+ features. Subsequently, we use three SVMs to
distinguish individuals as either healthy controls or COVID-19 patients, based on these cough-derived

features.

TDNN-F embeddings
The success of x-vector representations for the detection of different diseases from speech motivated

us to explore their applicability to coughs, hypothesizing that x-vector-like embeddings trained using

Shttps://c4science.ch/diffusion/10770
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coughs, instead of speech, are capable of encoding relevant information about the cough signal and
transferring medically meaningful information. Based on this hypothesis, we implemented a reduced
version of the TDNN-F based network [Povey et al., 2018], proposed for speaker recognition by [Villalba
et al., 2020]. The network architecture and training parameters are detailed in Appendix D.

We used the COUGHVID dataset to train the TDNN-F embedding network, addressing the limited

availability of COVID-19 labeled data for training from scratch by separating training in two steps:

1. Initial training: The network was first trained for age estimation (regression) and gender detec-
tion (binary classification) using COUGHVID recordings with known age and gender information.
Data were divided into training (7145 recordings), development (1531 recordings), and test (1531
recordings) subsets. We hypothesized that, similarly to speaker identity, a representation relevant

for age and gender estimation would also encapsulate health-related information.

2. Fine-tuning: The pre-trained network was then fine-tuned using expert pulmonologists’ annota-
tions in a multi-task classification framework involving five tasks: cough type (dry/wet), presence
of dyspnea (yes/no), presence of wheezing (yes/no), diagnosis (healthy cough/lower tract infec-
tion/upper tract infection/obstructive disease/COVID-19), and severity (healthy cough/mild/severe).
This step aligns more closely with COVID-19 classification than the initial age and gender tasks,
and may provide more informative representations. These annotations were provided for a small
fraction of the dataset, by one to four experts and consolidated via majority voting, excluding
recordings with tied votes. This resulted in 1285 recordings for training, 265 for development, and

256 for testing.

Input features were 30 MFCCs computed every 10 ms from 25 ms-length frames. Cepstral mean
and variance normalization was applied using a 3 s-length sliding window. These steps were performed
following the egs/voxceleb/v2 Kaldi recipe [Povey et al., 2011]. The resulting cough TDNN-F embeddings

are 128-dimensional vectors.

CNN embeddings
We leverage transfer learning from the mentioned VGGish model by Hershey et al. [2017] trained on a

vast corpus for audio classification. We use this model in two settings:
1. Pre-trained network: We extract the embeddings from the pre-trained network.

2. Fine-tuning: Prior to embedding extraction, we fine-tune the model for COVID-19 detection using
a balanced subset of the COUGHVID dataset (680 positive and 680 negative cough recordings;

80% of this subset is used for training and 20% for development).

Inputs to the VGGish network consisted of log Mel-spectrogram features computed every 0.24 s
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from 0.96 s-length segments. Further details on the network architectire, and training parameters are

provided in D. The resulting cough CNN embeddings are 256-dimensional vectors.

PASE+ features

In our experiments, we used two PASE+ feature extractors, as detailed in section 3.2. The first PASE+
extractor was trained on Librispeech [Panayotov et al., 2015]. The second was trained from scratch on
COUGHVID data. The resulting embeddings are 256-dimensional feature vectors are extracted for each

10 ms frame.

COVID-19 classification

Given the limited amount of COVID-19 annotated data, our approach leverages transfer learning to ob-
tain rich representations of cough, as described before. Subsequently, SVMs are used on top of each
representation, to classify healthy controls and partietns suffering from COVID-19. Given the different
nature of these representations, their respective pipelines are slightly different. File-wise TDNN-F em-
beddings are directly fed to the SVM. The CNN-based extractor generates a sequence of embeddings
for each recording, computed from cough segments of 0.96 s with a shift of 0.24 s. Here, the sequence
of embeddings is fed to the SVM and a final decision is taken by majority voting. PASE+ features are
generated every 10 ms, with a receptive field of about 150 ms. In this case, an average feature vec-
tor computed across the whole sequence of features is fed to the SVM classifier. These three SVMs
were trained on both the C19C and C19Cyang datasets. Different kernels (linear/RBF), data normal-
izations (zero mean and unit variance/[0,1] range) and class balancing methods (none/downsampling
of the majority class/class weighting) were explored. The optimal configuration and hyperparameters
were determined based on development results using a grid-search. Finally, system dependent scaling
factors (and an offset) are estimated through linear logistic regression on the development subsets to
combine the soft decisions of each individual system. The regression approximates log-likelihood ratios,

thus, a theoretically determined decision threshold can be used for making hard decisions.

6.2.4 Results

Table 6.2 shows the performance in terms of UAR of the ComParE 2021 CCS baselines [Schuller et al.,
2021] and our own system. All systems were trained separately on both the C19C and C19Cs,pand
training subsets and evaluated on the corresponding dev and devy,pang SUbsets. Reported test results
correspond to our best individual systems trained either on the C19C or on the C19Cy,pang datasets —
this distinction is marked with *.

Upon evaluating our proposed transfer learning-based cough representations, it is observed that
the highest performance on the development t,upana is achieved using the PASE+ features trained with
COUGHVID data. These features attain a UAR of 66.8% on development fuiipand and 64.1% on the test
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Table 6.2: Performance results (UAR [%]) on the C19C corpus. The * denotes whether the system used to present
test results was trained on C19C or on C19Cynang datasets.

System deVoriginal ~ d€Vfuliband  test

oPENSMILE 61.4 53.0 65.5

oPENXBOW2qqo 64.7 56.5 72.9

ComParE 2021 CCS DeepSpPecTRUM+SVM 63.3 57.3 64.1

Sub-challenge Baseline AuDEEP gq 45 67.6 57.3 67.6

End2You 61.8 - 64.7

Fusion of Best - - 73.9
) . Trained COUGHVIDsg;ep1 68.8 63.6 -
TDNN-F Embeddings ;6 tuned COUGHVIDg s~ 68.1 62.3 :
. Pre-trained YouTube 66.9 62.4 -

CNN Embeddings Fine-tuned COUGHVID 71.2+ 65.6  62.3*
Trained Librispeech 63.1 61.7 -

PASE+ Features Trained COUGHVID 67.4 66.8*  64.1*

Calibrated Fusion Fusion of experts 72.3* 66.1 69.3*

set, showing a 5.1% improvement over the PASE+ extractor trained on the larger Librispeech dataset.
A comparison of the results obtained by the PASE+ representations on the devyging and devypand
suggests a higher robustness of these features to this spurious correlation.

The fusion of the best TDNN-F (trained on COUGHVIDgiep1), CNN (fine-tuned on COUGHVID),
and PASE+ (trained on COUGHVID) classifiers achieves the best performance, among our proposed
systems, on the test set.

It is also important to notice that an analysis of the results obtained on the C19Cq,pang dataset, which
excludes the narrow-bandwidth files, reveals that our proposed approaches outperform all baseline sys-
tems. In fact, baseline systems achieve a maximum UAR of 57%, which is barely above chance level
(50%). Furthermore, the best performing baseline on the test set, oPENXBOWzgqg, achieves only 56.5%
accuracy on devypang- These observations suggest that the baseline systems likely rely on spurious
correlations, such as the bandwidth, to make predictions. Consequently, these systems exhibit poor
generalization to new or out-of-domain data, and thus would be ineffective in real-world applications.
Moreover, had we not identified the bias during our initial data inspection, there would have been no
indication that the systems were learning patterns unrelated to COVID-19.

One possible strategy to overcome biased datasets, such as the C19C, is to perform comparisons
across different corpora. For example, it would be unlikely that all COVID-19 related datasets would
contain reduced bandwidth audios only for the case of subjects suffering from COVID-19. Verifying
whether results hold in out-of-domain validation, or whether the conclusions observed in one dataset
match the conclusions obtained in a different dataset gives a step towards more reliable and robust
results. Furthermore, considering that corpora for health applications are often very limited in terms of

size and population representation, it is very relevant to further study the generalizability of the results.
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6.3 Transferability of results across datasets and languages: the

case of Alzheimer’s disease detection

This section proposes a comparative analysis for detection of Alzheimer’s disease (AD) from speech,
in two different corpus: the Interdisciplinary Longitudinal Study on Adult Development and Aging (ILSE)
[Sattler et al., 2015], which consists of German biographic interviews, and the English cross-sectional
ADReSS corpus, containing picture descriptions.

Speech and language biomarkers are strong indicators of dementia, and provide a low-cost and
widespread alternative for the assessment of cognitive states. Several researchers have proposed
methods to detect dementia and AD from speech and language features (e.g. [Jarrold et al., 2014;
Pompili et al., 2020a; Toth et al., 2015; Weiner et al., 2016]), making use of different speech corpora and
achieving promising results. Contrarily, very few studies perform cross-corpora comparisons. Arguably,
the uncertainty about the generalizability of results and methods is one of critical issues to solve before
deploying speech and machine learning based solutions in clinical applications.

Thus, in this section we propose to analyse dementia detection in parallel, for the two corpora. We
explore the audio and text modalities using 8 distinct sets of features/embeddings. We further discuss
the longitudinal dimension of ILSE corpus, and the inherent challenges of changing recording conditions
over time. In summary, this cross-corpus and cross-lingual study aims at answering the following key

questions:

1. Are the distributions of features considered informative for the detection of AD similar in the two
distinct corpora?

2. Do the best performing methods for dementia detection in the ILSE corpus work in ADReSS?

3. What aspects should be taken into special consideration when performing this analysis in a longitu-

dinal corpus versus a cross-sectional corpus?

6.3.1 Related Work

The ADReSS 2020 challenge [Luz et al., 2020] released a benchmark speech dataset balanced in terms
of age and gender, for two tasks: AD speech classification, and neuropsychological score regression.
The main goal of this challenge was to address the lack of standardisation that currently affects the
field, and introduce a dataset on which the different approaches could be systematically compared. The
ADReSS contains two baselines for AD classification. The acoustic baseline uses ComParE features
[Eyben et al., 2013] and LDA classifier, achieving 62.5% accuracy; the linguistic baseline uses a set
of 34 language outcome measures (e.g., duration, mean length of utterances, type-token ratio, open-
closed class word ratio, percentages of 9 parts of speech) and LDA classifier, and achieved an accuracy
of 75%. As described in [Luz et al., 2021], the best performing models presented in the ADReSS 2020
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challenge achieved an accuracy of 89.6% [Yuan et al., 2020] and 85.45% [Syed et al., 2020], using both

text-based and acoustic features, and only text features, respectively.

6.3.2 Corpora

In the experiments described in this section we compare the ILSE145 and ADReSS corpora, previously
described in 3.3. Although ILSEn145 includes interviews associated with three diagnoses: controls, AD
and age-associated cognitive decline (AACD), we only conduct the classification experiments on AD
versus controls, to allow a fair comparison with the ADReSS corpus

The speech recordings in ADReSS corpus, made available for the 2020 challenge [Luz et al., 2020],
were segmented using VAD and later normalised. The dataset made available contained both full en-
hanced audio, and normalised audio chunks. In our approach, we used the full enhanced audio and the
corresponding transcriptions. We divided data into training / test sets with 108/48 subjects, respecting

the partitions proposed in [Luz et al., 2020].

6.3.3 Method

Pre-processing
ILSE data: Given that the interviews have not been segmented at speaker turns, speaker diarization

[Weiner et al., 2016] was applied to exclude speech from interviewers.

ADReSS data: For each recording, we discarded the interventions of the interviewer, and processed
only the participants’ parts. Only plain text was retained in the transcriptions, excluding non-speech
events such as pauses and laughter. This approximates the ADReSS transcriptions to the transcriptions
available for ILSE, and to the output that can be generated by an Automatic Speech Recognition (ASR)

system.

Automatic Extraction of Features for Screening
We extracted speech and language indicators to capture speaker characteristics as well as the content
and form of the message being transmitted. The 8 sets of features described below were extracted at

the interview/complete picture description level.

Linguistic Inquire and Word Count (LIWC) [Tausczik and Pennebaker, 2010] is a text analysis tool
that counts words in psychologically meaningful categories. It has been applied to mark individual
differences in cognitive processing, namely for dementia screening [Weiner and Schuliz, 2018]. Each
word is mapped to one out of N categories (N = 68 for German and N = 64 for English), using
a language-dependent LIWC-dictionary. Each LIWC feature reflects the percentage of occurrences

of each category. LIWC categories may differ slightly across languages, but for each language they
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were created to capture linguistic processes, psychological processes, personal concerns, and spoken

categories.

Part-of-Speech (PoS) tags group words with similar grammatical properties into the same PoS tag,
capturing the grammatical structure of the participants’ speech. The transcripts are tagged using a
language-dependent TreeTagger [Schmid, 1999, 2013], and each feature corresponds to the percentage

of occurrences of each tag. The dimension of this feature set is 55 for ADReSS, 57 for ILSE.

Perplexity [Frankenberg et al., 2019] reflects how easy or hard it is to predict the words in a text.
Perplexity scores have been shown to correlate with MMSE scores of subjects that develop AD or mild
cognitive impairments 10-12 years later [Frankenberg et al., 2019]. For each interview, we developed
n-gram language models by taking 80% of the segments of the interview as training set and evaluating
the perplexity of the developed language models on the remaining 20% (n = 1, 2 and 3). The set of

features related to the language models has dimension 15.

PoS Perplexity: We also apply perplexity to the PoS tags to explore the complexity of grammatical
usage, using a 5-gram language model. This feature set has dimension 23 [Frankenberg et al., 2019].

VAD based features are a set of 11 clinically interpretable features based on silence/pauses metrics
used in [Weiner et al., 2016]. This set includes silence count, silence count ratio, mean silence duration,
silence duration variance, median silence duration, mean speech duration, speech duration variance,

median speech duration, silence to speech ratio, mean silence count, and silence rate.
ComParE, extracted using openSMILE [Eyben et al., 2010].

i-vectors, extracted using Kaldi’s [Povey et al., 2011]. The i-vector was extractor trained on the AMI

corpus [Carletta et al., 2005].

ECAPA-TDNN embeddings, 192-dimensional vectors, were extracted using the model made available

by SpeechBrain [Ravanelli et al., 2021], pre-trained on Voxceleb data®.

The models used for extracting i-vectors and ECAPA-TDNN embeddings were not re-trained spe-
cially for ILSE using German data, for two main reasons: (1) to the best of our knowledge, there is no
comparable German dataset regarding data size and number of speaker, and (2) Studies have success-
fully used x-vectors trained with VoxCeleb for disease detection in a different language [Jeancolas et al.,
2021; Moro-Velazquez et al., 2020]

Feature normalization
All feature sets except i-vectors and ECAPA-TDNN embeddings were normalized with zero-mean and
unit-variance normalization. For ILSEnq145, the normalization was performed separately for the interviews

that belong to the same measurement time. The rationale behind this choice is that the interviews

“https://huggingface.co/speechbrain/spkrec-ecapa-voxceleb

91



audSpec_Rfilt_sma_de[2]_quartilel silence_rate sixltr Sixltr (ADReSS)/Elevenltr (ILSE)
o

I\ —— control | o0 — control —— control

—— control
AACD
— AD
031 == control /
z -- AD 03
1

AACD
\

\ AD
== control

AACD
\ — ap
“ ——control
\ —— AD

I AACD
\

I — AD

== control

(a) (b)
Figure 6.1: Density plots for feature distribution across both datasets. (a) Left: audSpec_Rfilt_.sma_de[2] quartile1
from ComParE feature set; center: silence rate from VAD feature set; right: “six+ letter words” from
LIWC feature set. The solid lines refer to ILSE and the dashed lines refer to ADReSS. (b) we plot the
“six+ letter words” for ADReSS against a variation of that feature for ILSE, using eleven+ letter words.

at different measurement times are very distinct in terms of recording conditions, length (varies from
roughly 1h to 5h per interview, excluding the interviewer segments) and discussed topics. Thus, this
type of normalization was chosen to avoid the possible bias introduced by the fact that the majority of
control interviews are from the first measurement period, and all the AD interviews are from the third

one. |-vectors were scaled such that the L2-norm of each vector was 1.

Classification

We conducted binary classification to distinguish between patients with AD and controls, for each fea-
ture set using three classifiers: GMM with diagonal covariance, LDA and SVM with Radial Basis Func-
tion (RBF) kernel. Models were trained separately for each dataset using leave-one-subject-out cross-
validation to cope with the limited dataset size. For the ADReSS data, performance was also evaluated
on the held-out test set. Performance was measured using UAR. In the case of ADReSS, a balanced
dataset, UAR is equivalent to accuracy, facilitating direct comparison with other studies reporting accu-

racy.

6.3.4 Results

Feature distribution

We qualitatively analyzed the distributions of the features for both datasets, using density plots. Figure
6.1 (a) shows only some examples of the feature distributions, for brevity. Regarding the feature aud-
Spec_RYfilt_sma_de[2] quartile1 from ComParE feature set, we observe that the control distribution and
the AD distribution are slightly shifted from each other, in the same direction for both datasets — which
is a desired behaviour for features that could generalize AD detection across different corpora. On the
other hand, the same does not happen for the features silence rate from VAD feature set, and “sixltr”
(six or greater letter words) category in LIWC. For the silence rate, the distribution shifts seem to be
inverted: ADs seem to have a higher silence rate when compared to controls in the ADReSS corpus,

and a lower silence rate in ILSE corpus. The feature “sixltr” shows a distinct separation between AD
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Figure 6.2: LDA projections of each feature set. The solid lines refer to ILSE and dashed lines refer to ADReSS.

and control distributions in the ADReSS dataset, but not in the ILSE dataset. This is likely because
six-letter words are relatively long in English, often associated with formal speech, and it is understand-
able that people with cognitive deficits would use less of these words compared to healthy individuals.
In contrast, German typically uses longer words, making “sixltr” a less effective indicator of cognitive
impairment. To explore this hypothesis, we computed a new feature — “elevenltr” (words with eleven
letters or more) — for the German ILSE dataset, and compared it with the “sixltr” feature for the English
ADReSS (Figure 6.1 (b)). The rationale behind the choice of 11 letters is the fact that the average word
length in English is 5.1 [Marian et al., 2012] and in German it is 10.6 [Admoni, 2019]. Comparing both
plots, it seems that the 11-letter feature is better for German, than the 6-letter feature, because there is
a smaller overlap between the control and AD distributions. Nevertheless, simply through a qualitative
analysis, it is hard to say if the 11-letter feature for German is equivalent to what the 6-letter feature
represents in English. These results call for future research to identify which features can be transferred
across different languages and speech tasks, and how to adapt the features to make them meaningful
across domains. Specifically, it may be beneficial to consider the number of phonemes rather than let-
ters, as phonemes serve as more fundamental “building blocks” of words, which would entail the need
tor phonetic transcriptions.

The large number of features does not allow an individual analysis of all of them, thus Figure 6.2
shows the one-dimensional LDA projection of each feature set. LDA projections are supervised (control
vs. AD), and they were computed independently for each dataset, using all available data. Through
visual inspection, one can observe that the projections of ECAPA-TDNN embeddings and i-vectors seem

to have a smaller overlap between control and AD distributions, than the rest of the feature sets.

Besides the comparison of features across corpora, we also qualitatively explored how speaker em-
beddings vary across different interviews in ILSEn145. For this end, we plotted in Figure 6.3 t-SNE
projections [Maaten and Hinton, 2008] of ECAPA-TDNN embeddings extracted at the interview level for
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Figure 6.3: t-SNE representations of ECAPA-TDNN embeddings extracted at the interview level for all the 37 sub-
jects in ILSEm145 that have 2 or more interviews. Each subject is represented by a different color, and e,
+, and B denote interviews that occurred at the first, second and third round of interviews, respectively.
Black circles around the marks denote an interview where the subject has AD and gray circles denote
an interview where the subject has AACD. Red arrows highlight subjects for which all their interviews
were projected to the same region — showing a purely qualitative analysis.

the 37 subjects that have two or more interviews. Through visual inspection, we observe that the embed-
dings extracted from different interviews of the same subject sometimes (roughly for half of the subjects)
lie in the same region of space, and sometimes are plotted far apart. This observation is not stronger
in the cases where subjects develop AD or AACD, as it is possible to make the same observation (with
roughly the same frequency) in healthy subjects. We thus hypothesize that the variability for the same
speaker embeddings across different interviews is probably explained by larger margin through changes

in the recording conditions and/or aging, which may obfuscate more subtle changes due to AD.

Classification

Table 6.3 summarizes the results obtained when performing the classification using each of the feature
sets, for ADReSS and ILSE. For ADReSS, the acoustic features were able to achieve 66.7% of UAR, and
the linguistic features achieve 77.1% of UAR on the held-out test set. These results surpass the baseline
provided for the 2020 ADReSS challenge (62.5% and 75%, respectively) [Luz et al., 2020]. The linguistic
features which are more informative are LIWC and PoS tags, while ECAPA-TDNN embeddings achieve
the best performance when compared to other acoustic representations. SVM is the best classifier.

Furthermore, we observe a large performance gap between training cross validation and the held-out
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Table 6.3: Classification results in ADReSS and ILSE (UAR [%]).

ADReSS ILSE
GMM LDA SVM

CV test | CV test | CV test GMM | LDA | SVM
LIWC 69.4 604 | 99.1 68.8 | 99.1 77.1 78.9 | 39.2 | 481
PoS 64.8 542|898 688|926 77.1 83.8 | 41.2 | 38.0
Perplexity 55,6 542 | 685 458 | 73.1 56.2 559 | 558 | 71.6
PoS Perplexity 55.6 47.9 | 71.3 58.3 | 68.5 54.2 55.7 | 54.9 | 50.0
VAD 509 56.2 | 694 604 | 70.4 625 457 | 495 | 56.7
ComParE 944 479 | 75.0 60.4 | 99.1 58.3 49.5 | 69.0 | 34.0
i-vectors 55,6 50.0 | 60.2 65.5 | 56.5 54.2 84.6 | 79.3 | 86.0
ECAPA-TDNN 935 66.7 | 954 60.4 | 99.1 66.7 619 | 66.7 | 52.9

test set, which reflects some overfitting during training. Nevertheless, the models are still able to surpass

baseline performance on the test set.

For the ILSE corpus, because we do not have defined a held-out test set, we report all results only
in terms of leave-one-subject-out cross validation. The best results for the linguistic features (83.8%
UAR) are achieved with the pair PoS tag features and GMM classifier, while the best result achieved

with acoustic features is 86% with i-vectors and SVM classifier.

In general, when comparing the cross-validation results of ILSE with the cross-validation results of
ADReSS, the former appear worst than the latter. Nevertheless, it is possible that the models are over-
fitting more the ADReSS data. Another important aspect to highlight is the fact that the best classifiers
and the best feature sets for one dataset do not match the best for the other dataset, with the exception

of the PoS tag features.

We also experimented with models trained in one dataset and evaluated on the other, i.e., we took a
model trained on ILSE and tested on ADReSS and vice-versa. The results were barely above chance
level. The exception occurred for the perplexity features, that achieved a UAR of 62.5% on the test set
of ADReSS, using an SVM model trained in ILSE.

One should consider that the two datasets differ not only in language, but also in the number of
subjects, total duration of the audio, and type of data. ILSE recordings correspond to German biographic
interviews, while the ADReSS recordings correspond to the English description of the Cookie Theft.
While it is true that both tasks trigger spontaneous speech, the area and diversity of vocabulary, as
well as the emotional content are expected to differ across datasets. These facts may explain the
different results found across datasets. Nevertheless, considering that datasets for medical diagnosis
are typically small and heterogeneous, we argue that it is crucial that future research discusses how to

translate results across different domains, and how to measure robustness and reliability of the results.

95



6.4 Healthy speech across corpora and time

In the previous section, although we achieved promising results for each dataset individually, the optimal
feature sets differed between datasets, and models trained on one dataset performed poorly on the
other. While the differences in terms of language, speech task, and recording conditions may explain the
different results, we argue that it is crucial to discuss how to translate results across different domains,
and how to measure robustness and trust of the results achieved in the research area of speech for
health.

In this section, we discuss whether it is possible to combine different datasets for disease detection.
This could be useful, for instance, to perform out of domain validation, i.e., to train the classifiers in
one domain and test them in a different domain, to promote generalizability, reliability and robustness of
results. Alternatively, it could also be useful to combine different datasets in the context of simultaneous
disease detection, given that most datasets pertain a single disease. Finally, this discussion is also rele-
vant in the context of long duration longitudinal studies, where it is only natural that recording conditions
change over time.

Although ideally, acoustic-based systems for disease detection would be language-independent, re-
cent studies have found that language-specific differences in aspects such as phonation and prosody
may influence the perception of speech impairment [Despotovic et al., 2021]. For this reason, we re-
strain the problem to mixing corpora in the same language. Thus, we compare the speech of healthy
subjects, speaking the same language, collected across different datasets, using features that are typ-
ically adopted in studies of pathological speech. Concretely, we design experiments to answer the

following questions:

1. How easy is it for a machine learning classifier to distinguish between recordings of healthy peo-
ple collected for different datasets (or measurement time, in the case of longitudinal studies), using
acoustic features typically used for disease screening from speech?

2. Are embeddings obtained with neural networks trained with data augmentation more robust to dataset
changes than knowledge based features?

3. Can unsupervised clusters of speech data, represented by the typical acoustic features used for
health classification, be mapped to the source dataset (or measurement time, in the case of longitu-

dinal studies)?

6.4.1 Method

As explained above, this study compares the speech of healthy subjects (i.e., subjects for which there
is no reported presence of disease) across different recording conditions. We define two studies. The

non-longitudinal study, study 1, involves six corpora in American English. The longitudinal study, study 2,
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pertains always the same corpus, ILSE corpus in German, but involves changes of recording conditions
over four recording times. The comparison of speech samples over changing recording conditions was
made on the basis of feature sets that are typically used in studies of disease detection from the acoustic
signal, namely: eGeMAPS, ComParE feature set, i-vectors and ECAPA-TDNN embeddings, all of which
have been previously described in section 3.2. This section briefly describes the datasets and the set

up of each of our experiments.

Corpora
In the selection of the cross-sectional English datasets for this study, we involved spontaneous speech
datasets, read speech datasets and datasets including both. All datasets are roughly balanced in terms
of gender. As a starting point, we selected three data subsets corresponding to the healthy control
subjects of corpora collected for detecting diseases from speech: AD (ADReSS), PD (WSM), and De-
pression (DAIC-WOZ and WSM). To complement these subsets we took CLAC, a dataset collected
on purpose to serve as a speech corpus of healthy English speakers and two other corpora totally un-
related to the study of diseases from speech: TIMIT and VoxCeleb. The criteria for choosing the last
two corpora, TIMIT and VoxCeleb, was the availability of age information that could be explored in later
studies.

All datasets used in both study 1 and study 2 have been previously described in section 3.3. ADReSS
and ILSE were also used in the previous section.
ADReSS, includes speech recordings of 78 healthy control subjects. Our study was restricted to the
subset of this corpus used in the ADReSS challenge. Although the version used in the challenge was
acoustically enhanced, we opted for using the original version from the Pitt corpus [Becker et al., 1994]

in order to avoid the tonal noise.

CLAC's speech tasks considered in this study correspond to the reading passages and picture descrip-

tions.
DAIC-WOZ, includes speech recordings of 100 healthy subjects.

TIMIT, contains speech from 630 speakers, but one subject was excluded due to lack of age information.
The recordings of the 10 reading sentences of each subjected were concatenated into a single file, to

provide an average segment duration more comparable to the remaining datasets.

VoxCeleb [Nagrani et al., 2019] includes short clips taken from interviews uploaded to YouTube. Hechmi
et al. [2021] have annotated a subset of VoxCeleb 2 with age, gender, nationality, among other informa-
tion. In this study, we included only the interviews of subjects with available age information from the

USA, to avoid including interviews that are not spoken in English. This results in a subset of 840 subjects.

WSM, includes 587 subjects which did not claim to suffer from PD or depression, and for whose vlog
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Table 6.4: Corpora description.

#Subjects #Segments Age Duration
M F O] Train Dev Test|range meanzstd | mean[s] total[h]

Six English datasets:

ADReSS 35 43 0| 46 8 24 |50-78 66+7 58 1.3
CLAC 894 900 13| 4351 939 930 (18-80 36+12 35 61
DAIC-WOZ 61 39 0| 525 85 66 NI NI 72 14
TIMIT 438 191 0| 392 69 168 [20-75 3048 31 5
VoxCeleb 477 363 0 | 2492 73 140 |10-80 44415 45 34
WSM 289 298 0 | 3384 545 842 [18-70 37410 79 105
ILSE:

Time 0 52 37 0 |10303 1628 1899|44-63 5549 71 273
Time 1 47 42 0| 5683 1003 1132|48-68 6545 68 146
Time 2 45 44 0| 3510 579 754 |55-75 6349 67 90
Time 3 45 44 0| 2751 532 466 |62-83 69149 68 64

only one subject appears in the entire video. The audio recordings were segmented using an in-house
VAD [Meinedo and Neto, 2005].

ILSE, is a German corpus of biographic interviews. Although each participant engaged in up to four
measurements, in this study we used a single interview from each speaker, amounting to 356 speakers
equally divided into 4 subsets. Naturally, the age of the subjects in the longitudinal corpus increases
across the measurement times, but because the corpus includes two cohorts with distinct birth dates,
there is always some age overlap between each of the measurement times.

We respected the train/dev/test set partitions proposed for these corpora, unless the partitions were
not made available, in each case we randomly split the data to define the partitions. In ADReSS and
DAIC-WOZ, we excluded speech from interviewers. In interview/vlog datasets and TIMIT, we concate-
nated several participants turns such that each audio segment would have roughly one minute of audio.
Table 6.4 summarizes the number of subjects and segments, as well as age and duration information
for each of the datasets used. We normalized the eGeMAPS, and ComParE feature sets with zero
mean and unit variance, based on the train set, for all experiments except when a different normalization

strategy is explicitly described.

Experiments

Experiment A: Supervised classification of healthy speakers from distinct datasets — We perform classi-
fication using SVMs and each of the feature sets described above. The SVM hyperparameters (kernel,
C, gamma and degree) were chosen with a grid search on the development set. The goal of this exper-
iment is to discuss how easy it is for a learning system to detect the dataset. In experiment Experiment
A-1, we perform 6-class classification, using the 6 English datasets. In experiment Experiment A-2, we
perform 4-class classification to distinguish between the 4 measurement times of the longitudinal cor-

pus ILSE. Although we expect that this experiment is harder than experiment A-1, it is just as relevant
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Figure 6.4: t-SNE projections of each of the feature sets, for the 6 English datasets (a) and 4 measurment times of
ILSE (b). B for male and a for female.

because it is natural that recording conditions change over the course of large longitudinal corpus, and
the participants of the studies may only develop diseases at later measurement times. Hence, recording

conditions will be a strong confounder when trying to detect diseases from speech in such data.

Experiment B: Clustering — We perform agglomerative clustering to assess whether, even without su-
pervision, data would naturally cluster around source dataset. We hypothesize that the gender of the
subjects may also play a relevant role when forming the clusters, thus we compare three different num-
bers of clusters {2, number of classes, 2 x number of classes}, where number of classes corresponds
to the number of datasets or measurement times. In Experiment B-1, we perform clustering over a pool

of data that includes all 6 English datasets. In Experiment B-2, we perform clustering over ILSE data.

6.4.2 Resulis

Exploring the features Figure 6.4 (a) and (b) show the t-SNE projections of each of the feature sets, for
the six English datasets and ILSE, respectively. We observe that eGeMAPS and ComParE feature sets
allow the projection of the different datasets/measurement times to clearly separate regions of space.
On the other hand, ECAPA-TDNN appears to provide a less clear separation between datasets. It is
also visible that gender plays an important role. For example, TIMIT (in brown) forms two clear clusters,

one for male and one for female speakers, in all feature sets.

Classification results Supervised classification results are reported in terms of accuracy, and un-
weighted average recall (UAR), Unweighted Average Precision (UAP), and Unweighted Average of F1

score (UF1) across the classes. We emphasise UAR analysis, given that it is the standard metric used

99



Table 6.5: Experiment A-1: classification of six distinct datasets using features often used for disease detection
from speech.

Dev [%] Test [%]
Acc UAP UAR UF1 | Acc UAP UAR UAF1

eGeMAPS 89.3 844 928 86.8|90.6 88.8 89.3 884
ComParE 99.8 99.6 97.9 98.6|98.6 98.7 94.8 96.6
ECAPA-TDNN 83.7 81.6 79.8 77.2|86.1 779 82.0 782
i-vectors 946 90.8 942 91.4|89.0 88.7 89.1 87.5

After dataset-dependent normalization:

eGeMAPS 95.3 925 84.8 86.5|92.7 912 812 835
ComParE 96.7 96.3 79.4 818|909 916 734 744
ECAPA-TDNN 81.2 53.8 50.6 48.3|73.3 53.0 50.2 47.9
i-vectors 76.7 65.8 53.0 49.7|72.7 67.4 524 487

for disease classification from speech, because the vast majority of datasets have an imbalanced class
ratio [Cummins et al., 2018]. The results of the classification experiments A-1, using the six English
datasets are presented on the top part of Table 6.5. All UAR results are above 82%, and the Com-
ParE feature set reaches 95% UAR. These results show that dataset classification is fairly easy, using
these standard feature sets. We expected that ECAPA-TDNN embeddings would contain less informa-
tion relevant for dataset classification, because they are discriminative representations trained with data
augmentation, thus should be more robust to small domain shifts. The results confirm this expectation,
i.e., ECAPA-TDNN embeddings achieve the lowest results over all metrics, but the performance gap is
not as large as could be expected. i-vectors, on the other hand, model total variability, which can justify
the fact that they contain more information specific to the dataset conditions, such as the speech task or

recording conditions.

The bottom part of Table 6.5 shows the results after performing dataset dependent normalization
of the features. We hypothesize that this normalization may remove some dataset-specific information,
and make the feature sets more dataset agnostic. In fact, the performance drop after normalization
confirms that hypothesis. This performance drop is particularly evident for ECAPA-TDNN embeddings
and i-vectors. Nevertheless, this normalization does not remove all dataset-specific information, given

that results for all feature sets are highly above chance level (16.6% UAR).

Table 6.6 presents the results for experiment A-2, which involves classifying the ILSE corpus into the
four distinct measurement times, before and after measurement time-dependent feature normalization.
Consistent with the findings from experiment A-1, the ECAPA-TDNN feature set performs worse than
the remaining feature sets, when trying to classify measurement time. Regarding the effects of the mea-
surement time feature normalization, for most feature sets (i-vectors, ECAPA-TDNN and ComParE) we
observe a performance drop post-normalization. However, this performance drop is not as pronounced

as in experiment A-1. Additionally, the reverse trend is observed for eGeMAPS. This observation is likely
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Table 6.6: Experiment A-2: classification of the four measurement times in ILSE, using features often used for
disease detection from speech.

Dev [%)] Test [%]
Acc UAP UAR UF1 | Acc UAP UAR UF1

eGeMAPS 89.7 89.9 89.7 89.7|85.1 86.0 85.1 85.3
ComParE 92.1 921 92.1 92.194.7 949 94.7 94.8
ECAPA-TDNN 67.1 67.8 67.1 67.1|67.7 69.0 67.7 68.0
i-vectors 90.3 90.8 90.3 90.5|88.6 89.9 88.6 88.8

After measurement time-dependent normalization:

eGeMAPS 88.7 88.6 88.7 88.5/91.8 919 91.8 91.8
ComParE 93.8 93.8 93.8 93.794.2 945 942 94.2
ECAPA-TDNN 726 79.4 726 719|659 76.3 659 66.9
i-vectors 81.7 83.1 81.7 81.9|81.7 833 81.7 81.6

(a) No normalization (b) Dataset dependent normalization

Figure 6.5: Agglomerative clustering of the 6 English datasets, using i-vectors. From left to right: 2, 6 and 12
clusters.

attributable to the fact that the different measurement times within the ILSE corpus are more similar to
each other, than the six English datasets used experiment in A-1. Consequently, the impact of separate

normalization is less pronounced in this context.

Clustering results Figures 6.5 and 6.6 show the results for the clustering experiments B-1 and B-2, re-
spectively, using i-vectors as input features. We opted to display i-vectors because they seem to provide
the most clear results. In each heat map displayed in figures 6.5 and 6.6, each row corresponds to one
predicted cluster, and each column to a characteristic that we hypothesize that could be associated with
each cluster. The colors correspond to the normalized frequency of observations of the given character-
istic in each of the predicted clusters, thus the values in each column sum to 1. The most left heat map
corresponds to clustering into two clusters; the center corresponds to the number of cluster equal to the
number of classes (six datasets in Figures 6.5, and four measurement times in Figure 6.6); and the right
heat map corresponds to 2x number of classes.

Analyzing Figure 6.5 (a) we observe that when clustering into two clusters, there is no predicted
cluster that corresponds mostly to female (nor male) speaker. On the other hand, when clustering
into six clusters, we do observe that each cluster corresponds roughly to each of the datasets. The
exception occurs for WSM and VoxCeleb, which are placed into the same cluster — this makes sense

considering that both WSM and VoxCeleb are collected from YouTube, although the former corresponds
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Figure 6.6: Agglomerative clustering of ILSE data, using i-vectors. From left to right: 2, 4 and 8 clusters.

to vlog format and the latter to interview segments. TIMIT is split into two separate clusters, possibly one
corresponding to male and the other to female subjects. In the the 12-cluster heat map, we observe that
each cluster corresponds mostly to either male or female subjects of a single dataset, with the exception
of WSM and Voxceleb.

After dataset dependent normalization of i-vectors, Figure 6.5 (b), we observe that each cluster
cannot be mapped anymore to single dataset. These results are consistent with the performance drop

for i-vectors observed in Table 6.5 after normalization.

In Figure 6.6 (a), we observe that when the number of clusters for ILSE is two, there is a tendency
to cluster according to gender. The 8-cluster heat map shows some mapping between predicted cluster
and datasets. We observe that several of the female speakers of times 1 and 2 are grouped into cluster
0, and the male speakers of the same times are grouped into cluster 3. Most of the remaining clusters
correspond to to a single gender, and a single measurement time. After measurement time dependent
normalization of i-vectors, Figure 6.6 (b), any existing mapping between clusters and measurement times
or gender vanishes. Although in Table 6.6 there is also a performance drop after i-vector normalization,
Figure 6.6, (b) might suggest even worse supervised classification when applying normalization, than

the results actually obtained.

It is important to highlight that the results in Figures 6.5 and 6.6 are completely unsupervised, and the
fact that, in figures (a), data naturally cluster according to dataset or measurement time shows that these
feature sets encode much information about the recording conditions/task. Furthermore, the absence
of defined clusters in figures (b) does not mean that dataset (or time measurement) specific information
is completely removed by the normalization. It just means that it becomes less evident in the context of

unsupervised learning.

Figure 6.7 shows the euclidean distances between the mean i-vector of each of the six English
datasets, and of each of the four measurement times in ILSE (right). We observe that the smaller
distances occur for the pairs WSM-VoxCeleb and measurement time 0 and 1, which is consistent to what
we observed in the cluster figures. Generally, we also observe that the distances between measurement

times in ILSE are smaller than distances between distinct datasets.
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ADReSS CLAC DAIC TIMIT VoxCeleb
ADReSS 0 Time0 Timel Time2
CLAC 0.52 0 Time 0 0
DAIC 0.44 0.47 0 Time1l 0.20 0
TIMIT 0.61 0.55 0.43 0 Time2 031 0.33 0
VoxCeleb 0.42 0.41 0.38 0.48 0 Time3  0.25 0.32 0.36
WSM 0.45 0.33 0.41 0.51 0.22

Figure 6.7: Euclidean distances between mean i-vectors of each of the six English datasets (left), and of each of
the four measurement times in ILSE (right).

6.5 Summary

The experiments described in this chapter highlight some of the challenges of the current datasets used
by the speech community for disease detection. In particular, we started by describing our experiments
using the C19C corpus for COVID-19 detection, and we discuss how the corpus is strongly affected by
a confounding condition - the bandwidth. This work exemplifies unexpected biases in datasets and how
those biases can question the validity of black box machine learning-based classifiers. We also discuss
our experiments that target AD automatic detection from speech in a longitudinal conversational corpus,
spoken in German — the ILSE corpus — and establish a comparison with a publicly available cross-
sectional corpus, spoken in English — the ADReSS corpus. Although we achieve promising results for
each dataset individually, we observe that the best classifiers and the best feature sets for one dataset
do not match the best for the other dataset, which raises questions on the transferability of the methods
to new domains, such as different languages, different tasks and different recording conditions.

Lastly, we explore healthy speech collected in different datasets and different recording times of the
same longitudinal dataset, using the same features typically employed for the detection of diseases from
speech. We show that all feature sets analysed encode substantial information about the dataset/record-
ing conditions over time. We support this claim through supervised learning experiments with results
largely above chance level, and through unsupervised experiments where data naturally clusters accord-
ing to the dataset/measurement time. These experiments emphasize the importance of understanding
our classifiers, and making sure that disease detection is not performed based on specific dataset char-
acteristics. They open the discussion on how can we combine different datasets, both for out-of-domain
validation and for multi-disease classification.

The experiments described in this chapter call for future research to explore, on one hand, how can
we be sure that what we are learning is indeed attributable to the disease and not to aging, differences in
recording conditions or other characteristics of the dataset; and on the other hand, which methods can
we use to leverage data from different domains/datasets to build trustworthy models that address health
from a holistic perspective. One could argue that collecting larger datasets, in controlled conditions,

covering different diseases and languages could solve or minimize several of the challenges discussed
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here. However, considering the difficulty of collecting such a dataset, in terms of resources and ethical
concerns, we believe there is space for improvement using interpretable and trustworthy solutions that

leverage already existent data.
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HE previous chapter called for research in the direction of leveraging different datasets, each an-
T notated for a single disease, to develop a robust health monitoring model. This model should
effectively handle dataset shifts, consider multiple diseases, and provide explanations aligned with clin-
ical reasoning. Hence, we propose that a valuable first step is to characterize the speech of control
subjects, and to work towards a definition of reference speech that can be used independently of the
dataset of origin.

This chapter presents a framework that first defines reference speech, and then leverages this def-
inition to perform disease detection. Reference speech is characterized using reference intervals for
clinically meaningful acoustic and linguistic features derived from a reference population. This novel
approach in the field of speech health is inspired by the use of reference intervals in clinical laboratory
science for medical diagnostics. We then quantify deviations of new speakers from this reference model
(deviation-scores), and use these deviations as input to detect Alzheimer’s and Parkinson’s disease.
One classification strategy explored is based on Neural Additive Models, a type of glass-box neural
network.

The framework proposed in this chapter for reference speech characterization and disease detection
is designed to support the medical community by providing clinically meaningful explanations that can
serve as a valuable second opinion.

The experiments detailed in this chapter resulted in two manuscripts. One manuscript was pub-
lished at Interspeech 2023 [Botelho et al., 2023], and the other was published at the IEEE Access
Journal [Botelho et al., 2024].

7.1 Introduction

In the quest for a more trustworthy use of speech as a biomarker for disease screening, we aim to ad-
dress two main aspects. The first aspect concerns the need to ensure that disease classification models
learn properties indeed attributable to the disease, and not other confounding factors. In fact, this
problem has also been identified by other works. For example, Berisha et al. [2022] discussed the asso-
ciation between small sample sizes and inflated results. They found that accuracy in classifying healthy
controls and dementia patients from speech data increased as sample sizes decreased, suggesting
publication bias and overfitting as the main contributing factors. In a recent survey talk', Cummins has
also discussed this problem and cautioned against the Clever Hans Effect in this context. Ozbolt et al.
[2022] identified several methodological issues that could lead to overoptimistic results in classifying PD
patients and healthy controls using sustained vowels, including age-unmatched classes, large feature

vectors, and data leakage between train and test sets. Espinoza-Cuadros et al. [2016] highlighted two

N. Cummins. Machine Learning for Speech-based Health Analysis: State-of-the-art and Future Challenges. Survey talk at
Interspeech 2022 https://www.interspeech2022.org/program/surveytalk.php
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main methodological limitations in obstructive sleep apnea detection from speech analysis: the influence
of confounding factors, such as age, height, sex, etc., and overfitting of feature selection and validation
methods when working with a high dimensional feature set compared to the number of samples. The
frequently reported overoptimistic results due to confounding factors and overfitting on small datasets
call for more reliable research on the use of speech as a biomarker for disease screening. Namely,
using interpretable models may represent a step towards ensuring that the model is learning properties
indeed attributable to the disease, and not other confounding factors.

The second aspect that we aim to address relates to multimorbidity, and the fact that speech affecting
diseases often have overlapping effects on the speech signal, and are frequently considered risk factors
for each other, as previously discussed in chapter 2, section 2.3.

Based on these considerations, we hypothesize that a speech-based tool to support medical diag-
nosis and monitoring of chronic conditions, should adopt a holistic approach to health. This approach
should facilitate an interpretative assessment across multiple diseases rather than relying on black-box
models that offer a binary classification between a specific disease and healthy controls. However,
existing datasets for disease detection are often limited in size and labeled for individual diseases. Con-
sequently, as discussed in sections 6.3 and 6.4, the naive combination of different datasets containing
individuals with a single specific disease to perform a cross-corpora study for multi-disease classifica-
tion would most likely result in unreliable results that would not properly generalize to unseen recording
conditions.

Conisdering this, we claim that a valuable step towards the adoption of speech and language tech-
nologies in real health applications would be to obtain a definition of reference speech that could be
used independently of the dataset of origin, and later be applied to identify disease signatures. In this
study, reference speech refers to the speech characteristics common to a reference population, ideally
comprising healthy individuals of varying ages and biological sexes. Acknowledging the challenges of
defining health and the prevalence of subclinical disease?, we do not assert that our reference popula-
tion consists exclusively of healthy speakers. Instead, we utilize the speech of individuals who self-report
as disease-free. We propose to characterize reference speech through Reference Intervals (Rls) of clin-
ically meaningful speech and language features. Rls represent the typical range of values for specific
parameters within a reference population. In this context, Rls are computed as the 2.5th and 97.5th
percentiles of the distribution of each parameter within the reference population. Ideally, the speech
characteristics of an unseen healthy individual should fall within the Rls derived from the reference pop-
ulation. The concept of Rls is commonly applied in clinical laboratory science to interpret laboratory
results and assess individual health.

This chapter presents our first efforts in this direction, where we explore Rls in the context of patho-

2Unlike a clinical disease, which has identifiable signs and symptoms, a subclinical disease lacks recognizable clinical findings.
Many diseases (e.g. diabetes) often remain subclinical before manifesting clinically [Stoppler, 2021].
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logical speech. First, we define a knowledge-based feature set informed by previous literature on the
expected manifestations of different diseases in speech (particularly those summarized in figure 2.5, in
chapter 2), including linguistic and acoustic features. A key aspect of these features is that they should
be explainable and have some physical meaning, to allow meaningful discussion with the medical com-
munity. Then, we define reference intervals for these speech features using a reference population,
based on CLAC corpus [Haulcy and Glass, 2021].

We then leverage the definition of reference speech for the detection of speech affecting diseases.
Each disease detection task is formulated as a binary classification problem (patients versus controls).
Specifically, we focus on the detection of Alzheimer’s disease, using the ADReSS corpus, and Parkin-
son’s Disease, using PC-GITA’s subset of sustained vowels. We introduce various deviation-scores to
quantify the divergence of an individual's speech from that of the reference population. These deviation-
scores serve as inputs for disease classification.

The models explored to tackle the classification task are Support Vector Machines (SVM), Logistic
Regression (LR), and Neural Additive Models (NAMs) [Agarwal et al., 2021]. NAMs are interpretable
neural networks that provide insight into the decision process, which can be of utmost importance in the
medical domain, especially to avoid the models learning spurious correlations.

The disease detection task focuses separately on Alzheimer’s and Parkinson’s disease due to the
absence of public datasets including patients of each disease. However, this chapter aims to develop an
approach extendable to multiple diseases and capable of simultaneous disease detection. Ultimately,
our vision aims to propose speech as a biomarker for general health monitoring, emphasizing broader

applications beyond the detection of individual diseases.

7.2 Related work

Characterizing reference speech

Some researchers have delved into characterizing certain features in the context of healthy speech,
providing means and standard deviations. In particular, Teixeira and Fernandes [2014] studied jitter,
shimmer, and harmonics-to-noise ratio in 34 female and 7 male speakers, focusing on sustained vowels
/al, /i/, and /u/ at various tones. No other acoustic features were included in this study. More recently,
Shivkumar et al. [2020] proposed a toolkit for the extraction of clinically meaningful linguistic features,
and presented statistics for these features for the healthy speakers in the AMI meeting corpus [Carletta
et al., 2005]. This study, however, did not include any acoustic feature, since its purpose was to illustrate
the toolkit. Hence, the aim of these two studies was not to define or comprehensively characterize

reference speech.
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Schwoebel et al. [2021], on the other hand, introduced the Voiceome Protocol and the correspond-
ing Voiceome Dataset as standards to characterize reference speech. The authors reported statistics
(means and standard deviations) for several acoustic and linguistic features, broken down by age range
and gender, on their associated GitHub®. Although a valuable resource, the dataset was not made

available upon request.

Reference intervals (RIs) in clinical laboratory science

Reference intervals are crucial in clinical laboratory science for interpreting quantitative pathology re-
sults, such as those from hematology tests [Jones et al., 2018]. Rls, defined by a lower and upper
reference limit, represent the expected range of values in a reference population [Ozarda et al., 2018].
Laboratory results outside the Rl do not necessarily imply disease but indicate the need for further med-
ical evaluation [Ozarda et al., 2018]. There are two approaches to determine reference intervals: the
direct approach and the indirect approach.

The direct approach refers to the traditional method that involves selecting a reference population of
a minimum of 120 individuals for each partition (e.g. sex, age range); collecting samples for that pop-
ulation; performing statistical evaluation using non-parametric methods and outlier removal techniques;
and estimating the reference interval between the two reference limits [Horowitz et al., 2010]. However,
this method faces challenges such as defining health, the presence of subclinical disease, and selection
bias associated with small cohorts [Jones et al., 2018]. Further guidelines can be found in [Horowitz
et al., 2010]. Laboratories often report results with fewer samples than recommended, and selected in-
dividuals rarely represent overall biological variability, leading to poorly generalizable reference intervals.
This limitation can be mitigated using bootstrapping [Ozarda, 2016].

An alternative method, referred to as the indirect approach, mines data from existing pathology
databases, i.e., it is based on laboratory results collected for other purposes, usually for routine clinical
care. These databases include results from diseased patients but also from healthy subjects, allowing
for the extraction of the underlying reference distributions [Ozarda et al., 2018]. This approach is faster,
cheaper, avoids patient inconvenience, and circumvents ethical issues related to informed consent from
vulnerable populations [Jones et al., 2018; Ozarda, 2016], while providing extensive data for analysis.
However, the presence of diseased sub-populations can influence Rls, and at least 400 subjects per
partition are recommended [Jones et al., 2018]. Partitioning the population should be done according
to the effects of age and gender on the results. Other co-factors, such as body-mass index, ethnicity, or
collection methodology may also be considered, although this information is rarely available in routine
pathology databases. Ichihara et al. [2010] describe several methods for partitioning the population.

While guidelines favor the direct approach [Horowitz et al., 2010], the indirect approach is increasingly

popular, especially in pediatric and geriatric populations where data sampling is more challenging.

Shttps://github.com/jim-schwoebel/voiceome
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If the underlying data distribution in the reference population is Gaussian, the reference limits that
constitute the Rl correspond to the mean +1.96 x std, in which std stands for standard deviation [Ichihara
et al., 2010]. If such an assumption cannot be made, which is frequently the case for the studies of RI
estimation, either data must be first transformed to a Gaussian distribution, e.g. using a Box-Cox power
transformation, or a non-parametric estimation can be made. In the case of a non-parametric estimation,
the limits of the RI correspond to the 2.5t" and 97.5!" percentile [Ichihara et al., 2010]. Both the non-
parametric approach and the power transformation of data followed by the parametric approach provide
similar results according to Ichihara et al. [2010], but the non-parametric method is recommended in

some studies [Horowitz et al., 2010].

7.3 Framework overview and corpora

The analysis conducted in this chapter can be subdivided into two main tasks: Task 1 focuses on defining
reference speech, and Task 2 leverages this definition to perform the detection of speech affecting
diseases. Each task entailed a series of smaller steps (some of them shared across both tasks) and
required specific data.

Below, we introduce the corpora required for both Task 1 and Task 2. The definition of reference
speech, explored in Task 1, requires a reference population. However, some of the steps within Task
1 demand supplementary data beyond the reference population. Ideally, these additional data would
originate from a distinct corpus. Nonetheless, this study utilizes control subjects from datasets employed

in disease detection.

Reference Population
Aligned with the indirect approach for estimating reference intervals described in Section 7.2, the refer-
ence population used to derive reference intervals was sourced from existing publicly available databases.
Since routine pathology databases typically lack speech recordings, we used CLAC Corpus [Haulcy and
Glass, 2021], a corpus created to provide a collection of audio samples from healthy speakers, de-
scribed in detail in chapter 3. CLAC presents several advantages. Firstly, it is substantially larger than
other publicly available speech corpora in the field of speech as a biomarker for health. Secondly, it in-
cludes speech tasks frequently studied for disease detection. Thirdly, it presumably has a low incidence
of unhealthy subjects. The subsets of the corpus used in this study include two picture description tasks
(Cookie Theft picture and Picnic picture, typically used in the diagnosis of cognitive impairment), and a
sustained vowel task (/a/). The 13 speakers who identify as “other” in terms of gender were excluded
from the analysis because the sample size was too small.

Although integrating multiple datasets would be ideal, this study focuses on picture description and

sustained vowel tasks to enable a comparison with publicly available datasets for AD and PD detection.
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To the best of our knowledge, no other publicly available datasets include these tasks with healthy

speakers, or speakers claiming to be disease-free.

Population for disease detection

Two datasets were used to explore disease detection: ADReSS [Luz et al., 2020] for the analysis of
Alzheimer’s disease, and PC-GITA [Orozco-Arroyave et al., 2014] for the analysis of Parkinson’s disease.
Both datasets have been described in chapter 3, and used in other experiments in the previous chapter.
Although the audios released in the ADReSS challenge were acoustically enhanced, the experiments
described in this chapter used the original version made available in the Pitt Corpus [Becker et al.,
1994]. The interviewers’ interventions were removed, using the annotations provided in the manual
transcriptions. PC-GITA is fully spoken in Spanish, thus, to allow a fair comparison with the reference
intervals determined for English, the only task explored in this work is the enunciation of a sustained

vowel /a/ (three repetitions per subject).

7.4 Task 1: Reference speech characterization

Task 1 proposed an approach to characterize reference speech, by defining reference intervals for a
set of knowledge-based features informed by the literature. This approach is inspired by the indirect

approach for reference interval estimation, described in section 7.2.

7.4.1 Method

The task of defining reference speech started by a pre-processing step which included ASR or vowel
segmentation when appropriate (step 1). This step was followed by the extraction of interpretable acous-
tic and linguistic features (step 2), and by the removal of outliers (step 3). Subsequently, we assessed
the necessity of partitioning the reference population based on gender, age ranges, or speech tasks by
employing Mann-Whitney U tests [McKnight and Najab, 2010] (step 4). The reference intervals for each
feature were then established using the refined reference population (step 5). Additionally, we investi-
gated a dimensionality reduction strategy to enhance interpretability (step 6). Figure 7.1 presents an

overview of these steps.

7.4.1.A Step 1. Data pre-processing

The data pre-processing step involves the application of different sub-steps depending on the nature of
the speech task. If the task involves a sustained vowel, vowel segmentation is employed. Conversely,

for spontaneous speech tasks, ASR is applied.
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Figure 7.1: Overview of the steps entailed in task 1: Reference speech characterization.

Table 7.1: Sustained vowel pre-processing steps.

Step Notes

Exclude any files whose maximum RMSE is below 0.005.
Search for abrupt changes in the RMSE. Changes above 15% of the RMSE of the signal are considered abrupt
changes.

N —

IF no abrupt changes are detected
Keep the recording.
ELSE
Extract the segments between each abrupt change.
Discard the segment after the last abrupt change until the  This segment may correspond to a gain reduction.
end of the recording.
8: Select the segment with the largest duration (without
abrupt RMSE changes) for analysis.
:  ENDIF
10: Split all segments longer than 4 seconds into chunks of  To approximate the average duration of vowel segments in PC-GITA.
3 s, with a sliding window of 2 s.
11: Before feature extraction, identify a “stable” sustained A “stable” segment corresponds to at least 110 periods without voice
vowel segment. breaks. A voice break is considered if a period is larger than the max-
imum phonation period, set to 0.02 s. This criteria was defined based
on a speech pathologist advice.

N gk

12: After feature extraction, exclude the segment if the stan-
dard deviation of FO is larger than 100 Hz.

Vowel segmentation

Due to its nature as a crowdsourced corpus, CLAC includes recordings that exhibit anomalies, particu-
larly in the recordings of sustained vowels. Examples of these anomalies include recordings with very
little energy, recordings with a decrease in gain after a couple seconds because the tool used for data
collection did not recognize the sound as speech, etc. For this reason, and to improve the overall qual-
ity of the recordings that constitute the reference population, data filtering was performed to remove or
segment sustained vowel recordings from CLAC, following the twelve pre-processing steps described
in Table 7.1. The parameters (e.g. minimum acceptable root mean squared energy (RMSE) of 0.005,
the threshold of 15% for abrupt changes, and the threshold of 100 Hz for standard deviation of FO)
were empirically defined. Steps 1-10 were applied to the sustained vowel recordings in CLAC. Step 11
and 12 were applied both to the recordings in CLAC and PC-GITA, although no files exist on PC-GITA
with a standard deviation of FO larger than 100 Hz. This process resulted in the exclusion of 12 vowel
recordings (out of the 300) in PC-GITA, and 355 (out of 2811) in CLAC.

Automatic speech recognition (ASR)

The extraction of linguistic features required transcriptions of the picture description task. Unlike previous
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studies optimizing ASR systems for individuals with Alzheimer’s and Parkinson’s disease (e.g., [Hu et al.,
2023])), this study adopts a zero-shot approach suitable for the general population and various speech-
affecting diseases. Thus, ASR systems specifically trained on the corpora under study were avoided.

Five state-of-the-art ASR systems, available at Hugging Face, were compared:

» wavim-libri-clean-100h-large. This model is a fine-tuned version of Microsoft’s self-supervised
WavLM-Large model [Chen et al., 2022]. It has been specifically finetuned on the Librispeech

ASR clean dataset, making it highly effective for recognizing clean speech data.

» wav2vec2-large-960h [Baevski et al., 2020]. This model developed by Facebook was pre-trained
and fine-tuned on the 960 hours of Librispeech. It leverages the wav2vec 2.0 architecture, which

is known for its effectiveness in self-supervised learning for speech recognition.

» wav2vec2-large-robust-ft-swbd-300h. This model is a version of the wav2vec2-large-robust model
[Hsu et al., 2021b] fine-tuned on the Switchboard corpus [Godfrey et al., 1992], which com-
prises telephone speech under noisy conditions. This fine-tuning enhances its robustness to noisy

recordings, making it well-suited for real-world applications where background noise is prevalent.

» wav2vec2-large-xIsr-53-english [Grosman, 2021]. This model is a fine-tune of Facebook’s XLSR-
Wav2Vec?2, which learns cross-lingual speech representations by pretraining a single model from
the raw waveform of speech in multiple languages. The fine-tuning was conducted in English using

the train and validation splits of Common Voice 6.1 [Ardila et al., 2019].

 whisper-large [Radford et al., 2023]. Whisper is a general-purpose speech recognition model
developed by OpenAl, based on an encoder-decoder transformer architecture. Its main advantage,
and the primary reason to be used here, is that it transfers well to new domains, without any
dataset-specific fine-tuning. However, it is important to note that the data used to train Whisper
has not been disclosed. Therefore, there is a possibility that datasets such as ADReSS and CLAC

were part of the training set.

The decision to compare multiple ASR systems, rather than using the model providing the lowest
Word Error Rate (WER) on the LibriSpeech benchmark [Panayotov et al., 2015], was driven by the
diverse recording conditions of CLAC and ADReSS, compared to LibriSpeech. Models trained on data
with diverse recording conditions are expected to yield the best transcriptions.

Table 7.2 presents the WER of the five ASR systems on ADReSS. Performance on CLAC is not
reported because manual transcriptions are not available in this corpus. Whisper achieves the best
performance, likely due to its training on 680,000 hours of supervised data from the web [Radford et al.,
2023]. However, Whisper often outputs transcriptions cleaner than the actual audio in terms of fluency,

namely by removing fillers or repetitions, which may encode relevant information for studying cognitive
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Table 7.2: Automatic speech recognition on ADReSS.

Model WER
wavim-libri-clean-100h-large [Chen et al., 2022] 53.7
wav2vec2-large-960h [Baevski et al., 2020] 48.0
wav2vec2-large-robust-ft-swbd-300h [Hsu et al., 2021b]  37.0
wav2vec2-large-xlsr-53-english [Grosman, 2021] 61.1
whisper-large [Radford et al., 2023] 26.9

Table 7.3: Examples of automatic transcriptions on ADReSS.

Example 1

reference (...) the mother doing the dishes the sink the water running (...)
whisper (...) the mother doing the dishes and the water running (...)
wav2vec (...) the mother doing the dishes the sink the water running (...)

Example 2

reference (...) and their mom and uh well this here (...)
whisper (...) and their mom and this here (...)
wav2vec (...) and their mom and uhe this yeur (...)

impairment. The second-best model, wav2vec2-large-robust-ft-swbd-300h (henceforth referred to as
wav2vec), retains such disfluencies but sometimes produces non-existent words, potentially affecting
downstream tasks. Table 7.3 provides examples of automatically generated transcriptions. Given this
distinction, all subsequent analysis is made in parallel using the transcriptions generated by whisper and
wavavec.

The wav2vec ASR system failed to produce an output for 6 files in ADReSS, 3 from the train set, and

3 for the test set.

7.4.1.B Step 2. Feature Extraction

Singh [2019] distinguishes 3 processes for computational profiling of humans from their voice: knowledge-
driven, data driven, or a combination of both. This work explores the latter. The mechanisms through
which the different diseases impact speech, summarized in figure 2.5, motivated the definition of a
knowledge-driven feature set containing 41 interpretable features. Later, feature selection was con-
ducted using a data driven approach. This knowledge driven feature set contains both acoustic (28) and
linguistic (13) features which are thoroughly described in table 7.4. The features are grouped into four
categories: content-related, rhythm-related, voice quality-related and vocal tract shape-related features.
Content-related features were derived from automatically generated transcriptions. While the analysis
of the picture description task encompassed all features, the analysis of sustained vowels was solely
based on voice-quality and vocal-tract related features.

Different methods were used to extract the features, as listed in table 7.4. Particularly the content-
related features were extracted using the BlaBla toolkit [Shivkumar et al., 2020], dedicated scripts, or
pre-trained models.

The coherence features were based on the cosine similarity between sentence embeddings of
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Table 7.4: Description of the features used. Observations: In rhythm-related features, when the descriptions refer
to the total time, it assumes that silences before the start and after the end of the speech signal were

removed.
Category Feature Name Functional Method Description
Content density - BlaBla Proportion of number of open class words, i.e. nouns, verbs, adjectives and ad-
verbs, to the number of close class words, i.e. determiners, pronouns, conjunctions
and prepositions [Shivkumar et al., 2020].
Idea density - BlaBla Proportion of verbs, adjectives, adverbs, prepositions and conjunctions to all words
across sentences [Shivkumar et al., 2020].
Honoré statistic - BlaBla Calculated as (100 * log(N))/(1 — (V1)/(V)), where V is number of unique
words, V'1 is the number of words in the vocabulary only spoken once, and N is
overall text length [Shivkumar et al., 2020].
Brunet's Index - BlaBla Calculated as N (Vv —0-165) ‘where V" is number of unique words and N is overall
text length. Measures the lexical richness. It is a version of TTR, insensitive to text-
length [Shivkumar et al., 2020].
- BlaBla The number of word types divided by the number of word tokens [Shivkumar et al.,
Type-to-token ra- 2020] .
tio (TTR)
Discourse marker - BlaBla The rate of discourse markers across all sentences [Shivkumar et al., 2020] (eg.
rate ”s0, ok, anyway, right” [Cambridge University Press]).
Polarity - TextBlob Varies between [—1, 1], where —1 defines a negative sentiment and 1 defines a
positive sentiment.
Content Repetition ratio - dedicated Number of repeated words over total number of words
script
First person - dedicated Ratio of number of personal pronouns ("i", "me”, "mine”, "my”), to the text length.
pronouns script
Coherence mean, variability cosine Cosine similarity between sentence embeddings of adjacent text segments (14 to-
similarity kens), computed with the pretrained sentence-transformer model all-mpnet-base-
v2. (More details in the text.)
Coreference chain  — wl-coref Number of coreference chains over text length.
ratio
Ambiguous - wl-coref Number of coreference chains that start with a third-person pronoun over the num-
coreference chain ber of coreference chains.
Speech rate - praat Approximated number of syllables over total time [Feinberg, 2022].
Articulation rate - praat Approximated number of syllables over phonation time [Feinberg, 2022].
Average syllable - praat Average syllable duration [Feinberg, 2022].
duration
Mean pause dura-  — praat Mean duration of silence segments, excluding silences before and after speech,
tion motivated by [Weiner et al., 2016].
Rhythm Mean speech du- - praat Mean duration of speech segments [Weiner et al., 2016].
ration
Silence rate - praat Total silence time over total time, motivated by [Weiner et al., 2016].
Silence-to-speech  — praat Number of silent segments over the number of speech segments, motivated
ratio by [Weiner et al., 2016].
Mean silence  — praat Number of silence segments over total time, motivated by [Weiner et al., 2016]].
count
FO mean, std praat Fundamental frequency of vibration of the vocal folds.
HNR - praat Compares the energy in the harmonics to the energy in the non-harmonic (noisy)
components of the speech signal [Singh, 2019].
local Jitter - praat Jitter refers to cycle-to-cycle perturbations of FO in frequency. Speech with high
jitter is perceived as roughness [Singh, 2019]. Local jitter is the average absolute
difference between consecutive periods, divided by the average period [Boersma
and Weenink, 2024], measured in %.
local absolute Jit- — praat Average absolute difference between consecutive periods, measured in sec-
ter onds [Boersma and Weenink, 2024].
Voice RAP Jitter - praat Relative average perturbation - the average absolute difference between a period
quality and the average of it and its two neighbours, divided by the average period [Boersma
and Weenink, 2024].
ppa5 Jitter - praat Five-point Period Perturbation Quotient — same as RAP jitter but based but com-
puted with it and its four closest neighbours [Boersma and Weenink, 2024].
local Shimmer - praat Shimmer refers to cycle-to-cycle variation of FO in amplitude. Speech with high
shimmer is perceived as buzzing [Singh, 2019]. Local shimmer is the average ab-
solute difference between the amplitudes of consecutive periods, divided by the
average amplitude [Boersma and Weenink, 2024], measured in %.
local db Shimmer - praat Average absolute base-10 logarithm of the difference between the amplitudes of
consecutive periods, multiplied by 20 [Boersma and Weenink, 2024].
apqg3 Shimmer - praat Three-point Amplitude Perturbation Quotient — average absolute difference between
the amplitude of a period and the average of the amplitudes of its neighbours, di-
vided by the average amplitude [Boersma and Weenink, 2024].
aqgpg5 Shimmer - praat Five-point Amplitude Perturbation Quotient — same as apg3, but computed with it
and its four closest neighbours [Boersma and Weenink, 2024].
apql1 Shimmer - praat 11-point Amplitude Perturbation Quotient — same as apg3, but computed with it and
its ten closest neighbours [Boersma and Weenink, 2024].
F1 mean, median praat Formants occur around frequencies that correspond to the resonances of the vocal
tract. First formant frequency — relates to the shape of the area behind the tongue
(on the throat). If the ressonator has a small area, then the formant frequency
should be higher.
Vocal F2 mean, median praat Second formant — relates to the shape of the area from the hump of the tongue to
tract the tip of the lips
F3 mean, median praat Third formant.
Fa mean, median praat Fourth formant.
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adjacent text segments, computed with the pre-trained sentence-transformer model all-mpnet-base-
v2*. At the time this work was conducted, this model, trained with over 1 billion training pairs, provided
the state of the art on the Sentence Embeddings Benchmark [Reimers and Gurevych, 2019]. The
embeddings were extracted for chunks of 14 tokens. The choice of 14 tokens was rooted on two reasons:
(i) in CLAC, in the task where subjects describe the cookie theft picture, the average number of words per
sentence in the provided transcriptions was 15, and in the task where subjects are describing the picnic
picture, the average number of words per sentence is 13 words; and (ii) according to the American Press
Institute [2009], readers understand over 90% of the information when sentences have 14 words. After
computing the cosine similarity of adjacent sentences, the mean and the variance are computed for the
entire picture description. This measure of coherence was based on the incoherence model, described
in [Bedi et al., 2015] and [lter et al., 2018] for the assessment of speech of subjects suffering from
psychosis and schizophrenia. The use of the variance was inspired by the concept of ongoing semantic

variability, proposed by Sanz et al. [2022] as a text-level semantic marker of Alzheimer’s Disease.

Ambiguous coreference chains are sequences of words or phrases in a text that refer to the same
entity or concept, which start with an ambiguous pronoun. Ambiguous pronouns refer to entities not
explicitly mentioned or mentioned only cataphorically, i.e., after the pronoun. The usage of ambiguous
pronouns, or referential incoherence, is a common pattern in incoherent speech. The usage of ambigu-
ous pronouns was captured following the approach of lier et al. [2018]: (1) a pre-trained coreference
resolver extracts the reference chains (i.e., the lists of terms that should refer to the same entity), and (2)
if the first term in the reference chain is a third-person pronoun (he, she, they, etc.), then it is considered
an ambiguous pronoun. The pre-trained coreference resolver was the wl-coref® [Dobrovolskii, 2021],
that detained the state of the art on the CoNLL-2012 Shared Task® [Pradhan et al., 2012] at the time
this work was conducted. The entire transcription of the picture description was used to compute this

feature.

The remaining three feature categories — rhythm, voice quality, and vocal tract shape — were de-
rived directly from the audio samples, using Praat [Boersma, 2001], through the Python package praat-

parselmouth [Jadoul et al., 2018]. Praat was chosen for its frequent use in clinical practice.

For some data samples, it was not possible to extract all linguistic features. Particularly, for 9 wav2vec
transcriptions in ADReSS (4 in the test set), 15 wav2vec transcriptions in CLAC, and 16 whisper tran-
scriptions in CLAC. Feature extraction failed because the generated transcriptions were either too short
(for example, did not contain more than 14 tokens to compute coherence), or no English words were

recognized.

“4available for download at https://www.sbert.net/docs/pretrained_models.html
Savailable for download at https://github. com/vdobrovolskii/wl-coref.
6score board available at http://nlpprogress.com/english/coreference_resolution.html.
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Figure 7.2: Two principal components of the reference population with identified outliers marker in yellow: (a) sus-
tained vowel task, (b) picture description.

7.4.1.C Step 3. Outlier Removal

The identification of outliers in the reference population, i.e., samples that differ substantially from the
other observations, was based on the Mahalanobis distance [Mahalanobis, 2018] to the mean of the
population, an approach well-suited for multivariate data. The cutoff threshold was set to three times the
standard deviation from the mean of the Mahalanobis distance. This analysis was conducted separately
for the picture description and the sustained vowel tasks, using rythm, voice-quality, and vocal-tract
related features. Content features were not considered to ensure that results are independent of the
ASR model.

This outlier removal method excluded a total of 70 (28 vowels and 42 picture description) samples,
out of the pool of 4,992 audio samples for which it was possible to extract all features (approximately
1%). By excluding these samples, we expect to exclude bad quality audios and possibly samples from
speakers affected by subclinical diseases.

Figure 7.2 depicts a projection of the audio samples’ features into a two-dimensional space using
principal component analysis, plotting the two principal components for each (a) sustained vowel and (b)
picture description sample. This visualization technique suggests that the method effectively removed
the most prominent outliers. Table 7.5 presents the number of audio samples and speakers in the
reference population for each speech task after outlier removal, with a detailed breakdown by gender

and age range.

7.4.1.D Step 4. Reference population partition

Most features in the feature set are strongly impacted by different factors, which may include recording
conditions, and speaker dependent factors, such as gender, age, body mass index, accent, education,
smoking habits, etc. They may also exhibit substantial differences depending on the speech task (e.g. in
spontaneous versus read speech). It is possible that these factors have a stronger impact on the speech

signal, than that caused by speech affecting diseases, and thus could bias the results. It becomes
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Table 7.5: Number of audio files and speakers, and average file duration in the reference population, per speech
task, and by gender and age range, after vowel segmentation and outlier removal.

CLAGicture CLAC,ouel All
Files Speakers | Files Speakers | Files Speakers

Count
M <50 1115 772 1040 598 2155 782
M >50 142 104 133 77 275 106
F <50 1081 749 1044 641 2125 756
F >50 188 139 179 113 367 140

All 2526 1764 | 2396 1429 | 4922 1784
Average duration + standard deviation (s)

All 38 + 22 - [3+1 - | - -

For each factor possibly influencing the speech features:

1. Formulate the question:
Is there a statistically significant difference between the two groups, that justifies estimating a different RI for each group?

2. Perform a Mann-Whitney U test for each of the features:
H,: The groups are derived from the same population

H,: The groups are not derived from the same population

If p<0.01, we reject H, ——— Distinct Rls should be derived for each group

3. Compare the number of features for which it is recommended to derive different Rls.

Figure 7.3: Determining whether to define different Rls for different values or ranges of each speech affecting factor.

important to determine whether different reference intervals should be estimated for different ranges of
each of these factors. Due to the lack of data on all variables, this work focused on gender and age range
which are the most critical factors for reference interval estimation [Ozarda, 2016]. We also explored the
impact of different speech tasks and source dataset.

To determine whether the reference population should be partitioned to define different reference
intervals for distinct genders, age ranges, and speech tasks, we followed the approach detailed in figure

7.3. We started by formulating the following questions:

* Q1: Is there a statistically significant difference between the speech features of male and female
speakers, that justifies estimating different Rls for each gender group?

» Q2: Is there a statistically significant difference between the speech features of adult speakers at
different age ranges, that justifies estimating different Rls for each age range? Here, we simplified
the problem to two age ranges: subjects below 50 years old, and subjects with 50 years or more.
We acknowledge that this analysis should be carried with finer age ranges, but such analysis was

not possible considering the size of the reference population, particularly for the older subset.

» Q3: Is there a statistically significant difference between the same speech features extracted for

different speech tasks?

+ Q4: Is there a statistically significant difference between speech features of multiple datasets, that
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Table 7.6: Number of features with p-value > 0.01 in the Mann-Whitney U test applied to questions Q1-Q3. For
these features, the recommendation is to derive a single reference interval valid for both subpopulations.

Q1 Q2 Q3 Q4 Q4-dataset normalization

Total feature count 41 41 20 41 41
All 11 31 -
features with
p.value Z Female - 31 4 23 39
0.01 Male - 31 4 18 40
F&M - 26 2 14 39

would impede combining datasets under the same RI?

To answer these questions, we performed a Mann-Whitney U test [McKnight and Najab, 2010] that
evaluates whether two subgroups are likely to be derived from the same population (null hypothesis).
A p-value >= 0.01 indicates that there is not sufficient evidence to reject the null hypothesis, i.e., there
is not sufficient evidence supporting that the two subgroups belong to different distributions, allowing
us to assume they can be represented under the same reference interval. Table 7.6 summarizes the
number of features with a p-value >= 0.01, for each question. The findings presented refer to an analysis
conducted using the 28 acoustic features, and 13 linguistic features extracted from whisper transcripts.
A similar analysis could be reported for wav2vec transcriptions. A detailed description follows below.

To answer Q1, we analysed data for a single speech task from a single dataset, to minimize other
potential sources of variability: CLAC—picture_description. We computed the Mann-Whitney U test be-
tween male and female individuals, and concluded that for 11 out of the 41 features there is no evidence
supporting partitioning the reference population and deriving distinct Rl. These 11 features are mostly
linguistic (7), but also rhythm-related (4). Given that for the majority of the features, the recommendation
is to partition, henceforth we developed two separate models: one for each gender.

Regarding Q2, we conduct the analysis both before and after partitioning the reference population
by gender. Our analysis prior to gender-based partition indicates that there is no statistically significant
difference between the features derived for adults younger and older than 50 years old for 31 out of the
41 features. Similarly, upon analysing the results posterior to gender-based partitioning, we identified 31
features (out of the 41) for which no partitioning by age is required, for both female and male subpopu-
lations. However, these 31 features are not identical for both genders. Specifically, there is an overlap
of 26 features where it is not advised to partition by age. The features for which it is recommended to
derive distinct Rls per age range are mostly voice quality related features (9), but also linguistic (3), vocal
tract (2) and rhythm (1). Although we have reached a recommendation to partition the population by age
range for 10 out of the 41 features, both when analysing the entire reference population, and in each
gender subgroup, in this initial work, we opted to not partition the data according to age. This choice was

motivated by the fact that partitioning by age after partitioning by gender would result in small sample
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sizes for each group (often much smaller than the 400 subjects suggested in the guidelines).

To investigate Q3, we compared CLAC—picture_description and CLAC—vowel_a. This investigation
focused exclusively on voice quality and vocal tract shape features, as linguistic and rhythmic features
are not well-suited for the analysis of sustained vowels. Our findings revealed that, within the male and
female subgroups, only four features could be consistently analyzed together for the two speech tasks.
When combining results across both genders, only two features remained viable. Consequently, the
analyses of different speech tasks should be conducted separately. In other experiments [Botelho et al.,
2023], we compared two speech tasks of more similar nature — picture description task and read speech
task — and reached the same conclusions.

Regarding Q4, we compared CLAC—picture_description and the controls in ADReSS. In this sce-
nario, we could compute the Rls using all data together for only 14 out of the 41 features. This limitation
implies that the Rls estimated with one dataset may not generalize to unseen datasets, even when con-
sidering the same gender and speech task. To tackle this issue, similarly to the approach in section 6.4,
we performed dataset-dependent normalization, specifically zero-mean and unit variance normalization.
With this approach, we made the distributions of the two subgroups more similar, and it can be assumed
that the samples come from the same distribution for 39 out of the 41 features.

The two features for which we could not assume the same distribution between datasets were the
ratio of ambiguous coreference chains and discourse marker rate. However, it is noteworthy that for a
similar analysis using wav2vec transcriptions instead of whisper transcriptions (omitted here to maintain
the focus of the chapter), the feature discourse marker rate was not included in this list. This difference
underscores how whisper transcriptions interfere with extraction of filler related information.

In summary, we conclude that we need to estimate different Rls for each gender, and each speech
task. To combine different datasets under the same RI, we should also perform dataset-dependent
normalization. This is consistent with results described in [Botelho et al., 20200].

These are simplifying assumptions, that we believe to be reasonable in this proof-of-concept ex-
ploring the feasibility of defining Rls for speech. Future work should not only study a larger reference
population, but also consider other methods for partitioning the Rls, such as the Lahti criteria [Lahti et al.,
2002], or the Ichiahara method [Ichihara et al., 2008, 2010].

7.4.1.E Step 5. Reference intervals estimation

In this work, an R, i.e., the interval between the 2.5'" and 97.5" percentiles [Ichihara et al., 2010], is
derived for each feature, using the non-parametric approach. Following the guidelines in [Ozarda, 2016],
90% confidence intervals (Cls) were derived for both the lower and upper limits of the Rl via boostrap-
ping [Ferrer and Riera], to provide a confidence measure on the estimated RI. Data was resampled

1000 times to estimate the confidence interval.
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We acknowledge that for certain features, it is more appropriate to provide a single boundary, either
an upper or lower limit. For instance, elevated values of jitter and shimmer are considered pathological,
possibly indicating affected laryngeal control, whereas there is no lower limit below which these values
are deemed unhealthy. We believe that determining whether each feature should have a reference
interval or a single limit should be guided by domain-specific knowledge, and we encourage further
research on this topic. Our data-driven approach does not allow us to draw conclusions on this matter;

therefore, we will derive reference intervals with two limits for all features.

7.4.1.F Step 6. Feature correlation analysis

Some of the features in the proposed feature set are very correlated with each other. It is expected,
for instance, that the mean and median of the formants are very correlated with each other, and also
measures of shimmer, and measures of jitter should be correlated amongst each other. Additionally, a

high dimensionality feature space hinders the interpretability of the results by the medical community.

Therefore, we carried out a feature correlation analysis to exclude redundant features and reduce the
dimensionality. Features were grouped into clusters of similar information using hierarchical clustering
based on the Pearson correlation between all feature pairs. Different correlation thresholds, CT €
{0.5,0.6,0.7,0.8,0.9, 1}, were explored to fix the final clusters. For CT = 1, each cluster corresponded
to a single feature. For other correlation thresholds, a ‘prototype feature” was selected to represent

each cluster, resulting in the final reduced-dimensionality feature set.

To promote robustness to dataset shifts, prototype features were chosen based on the similarity of
the standard deviation of their distributions across different datasets. Ideally, other corpora of control
individuals would be available for this analysis. Since that is not the case, the standard deviation of each
feature in the reference population was compared to that of control subjects in the disease detection
population. The feature with the most similar standard deviation in both groups within each cluster was
designated the prototype feature. Means were not considered, as they can be adjusted by adding a bias

term. Future work should explore more sophisticated methods for selecting prototype features.

This dimensionality reduction approach, which involves Pearson correlation analysis followed by hi-
erarchical clustering on the reference population, was motivated by two primary objectives: first, to
establish a feature set suitable for characterizing reference speech independently of disease-specific
deviations; second, to mitigate the risks of unstable results, overfitting, and poor generalization associ-
ated with supervised feature selection on small datasets [Dernoncourt et al., 2014; Soares et al., 2016;
Vabalas et al., 2019].
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7.4.2 Results

Reference intervals were derived for each feature in the full-dimensionality feature set’, with the corre-
sponding confidence intervals on the upper and lower bound. The analysis was conducted separately
for the sustained vowel /a/ and the picture description task. For the content related features, the intervals

were derived separately for each ASR method — whisper and wav2vec.

7.4.2.A Feature correlation analysis

As described in section 7.4.1.F, a reduced-dimensionality feature set was derived to exclude features
highly correlated with each other. Figure 7.4 (a) shows a heatmap with the Pearson correlation values
between all feature pairs. Strong colored cells correspond to pairs of strongly correlated features — red for
positively correlated features, and blue for inversely correlated features. The values above the diagonal
correspond to features derived for female subjects, while the values below the diagonal correspond to
values derived for male subjects. As expected, one can observe that mean and median values of formant
frequencies are strongly correlated, as well as the different measures of jitter and different measures
of shimmer. HNR also appears inversely correlated with shimmer measures. Other patterns appear,
for example speech rate is inversely correlated with silence rate, average syllable duration is inversely
correlated with the articulation rate, and the repetition ratio is positively correlated with the Brunet’s
Index and inversely correlated with the type-to-token ratio. Correlations between features are similar
for both female and male subjects. The clusters of highly correlated features, achieved via hierarchical
clustering, are represented in Figure 7.4 (b). The prototype-features of each cluster, i.e., the features
that were selected to represent the information encoded in each cluster, as described in section 7.4.1.F,
are listed in table 7.7. Naturally, the higher the correlation threshold, the larger the number of clusters,
and thus the higher the dimensionality of the final set.

7.4.2.B AQualitative comparison of reference speech and patient speech

Figures 7.5 and 7.6 show reference intervals represented in a radar chart, normalized to zero mean and
unit variance, for the sustained vowel task and picture description task, respectively.

In the top plots, light green lines indicate the lower and upper bound of the reference interval, with the
shaded region representing the confidence interval on the reference interval limits. The dark green line
represents the mean values, which are always zero due to normalization. The first and third columns of

each figure display the reference intervals for the entire feature set, while the second and fourth columns

7Although the feature ratio of ambiguous coreference chains may be interesting for the detection of several diseases, including
Alzheimer’s disease and schizophrenia, it was excluded from further analysis for the following reasons: (1) the findings in sec-
tion 7.4.1.D suggest it is not robust to dataset shifts, not even with stratified normalization, and (2) the confidence intervals on
the upper bound for both genders and both ASR systems were larger than the Rl itself, which indicates a poor confidence on the
derived RI. Further discussion on this feature is provided in Appendix E.
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Figure 7.4: Correlation analysis of the features extracted from vowel recordings (top) and picture description using
whisper transcriptions (bottom). (a) shows the Pearson correlation between the features. The values
above the diagonal refer to features extracted for female subjects, while the values below the diagonal
refer to male subjects. (b) shows the dendograms results from the hierarchical clustering of features,
based on their Pearson correlation correlation. The y axis corresponds 1 — CT, to capture the distance
between features of the same cluster.

refer to the feature subset obtained after the Pearson correlation-based feature selection, with CT" = 0.5.
This reduced, less correlated, feature set aims to highlight which groups of features are more impacted
by each disease. The speech of any subject, while performing one of the speech tasks analysed, can be
projected into the radar plot, and compared to the reference population. Ideally, if a subject is healthy,
their speech should be represented within the area delimited by the reference intervals.

On the second and third-row plots, we overlay individual data from the disease detection population
onto the reference interval radar charts. Following the discussion on Q4 in section 7.4.1.D, the popu-
lation for disease detection was also normalized to zero-mean and unit variance, using only the control
subjects to compute the statistics for normalization. Each subject is represented by a different line,
control subjects in blue and patients in magenta, shown in separate plots. The entire area within the

reference interval is shaded to enhance visibility.

123



Table 7.7: Prototype-features, per correlation threshold, C'T'.

CT Champion-features

Sustained vowel

0.5/0.6/0.7 F1_median, F2_.mean, F3_mean, F4_mean, HNR, localabsoluteJitter, meanF0, stdevF0

0.8 apq11Shimmer, agpg5Shimmer, F1_median, F2_mean, F3_mean, F4_mean, HNR, localabsoluteJitter, meanF0, stdevF0

0.9 apq11Shimmer, agpg5Shimmer, F1_median, F2_mean, F3_mean, F4_mean, HNR, localabsoluteditter, localdbShimmer,
meanFO0, stdevFO

Picture description (whisper transcriptions)

0.5/0.6 First person pronouns, articulation rate, content density, discourse marker rate, F1_mean, F2_median, F3_mean, F4_median,
HNR, Honoré statistic, idea density, localabsoluteditter, meanF0, mean coherence, mean silence count, polarity, ppg5bJitter,
coreference chain ratio, repetition ratio, speech rate, stdevF0, coherence variability

0.7 First person pronouns, articulation rate, content density, discourse marker rate, F1_mean, F2_median, F3_mean, F4_mean,
F4_median, HNR, Honoré statistic, idea density, localabsoluteditter, localdoShimmer, meanF0, mean coherence, mean
pause duration, mean silence count, polarity, ppg5Jitter, coreference chain ratio, repetition ratio, silence-to-speech ratio,
speech rate, stdevF0, TTR, coherence variability

0.8 First person pronouns, articulation rate, content density, discourse marker rate, F1_mean, F1_median, F2_median, F3_mean,
F4_mean, F4_median, HNR, Honoré statistic, idea density, localabsoluteditter, localdbShimmer, meanF0, mean coherence,
mean pause duration, mean silence count, polarity, ppg5Jitter, coreference chain ratio, repetition ratio, silence rate, silence-
to-speech ratio, speech rate, stdevF0, TTR, coherence variability

0.9 First person pronouns, apqg11Shimmer, articulation rate, content density, discourse marker rate, F1_mean, F1_median,
F2_median, F3_mean, F4_mean, F4_median, HNR, Honoré statistic, idea density, localabsoluteditter, localdbShimmer,
meanF0, mean coherence, mean pause duration, mean silence count, mean speech duration, polarity, ppg5Jitter, corefer-
ence chain ratio, repetition ratio, silence rate, silence-to-speech ratio, speech rate, stdevF0, TTR, coherence variability

For the picture description task, the figure illustrates only the content features generated using Whis-
per transcriptions as an example. A similar plot could be derived using wav2vec transcriptions.

By visual inspection, the confidence intervals on the limits of the Rls derived for the sustained vowel
task (Figure 7.5) appear relatively narrow, with the exception of the standard deviation of FO and the
mean of the second formant for male subjects. For the picture description task (Figure 7.6), the feature
with a wider confidence interval is silence-to-speech ratio. One can interpret these wide confidence
intervals as an indication of lack of confidence on the exact margins of the RI. Future research should
aim at improving the confidence of these intervals with a larger reference population, collected under
controlled recording conditions.

When visually inspecting the plots representing the PD patients enunciating a sustained vowel /a/
(Figure 7.5), it is clear that they deviate from the reference values more frequently than controls in the
axis that correspond to HNR, jitter, shimmer and FO related features. This is notorious for both genders,
however it appears that HNR, jitter and shimmer features are more relevant for female subjects, while
FO features are more relevant for male subjects.

In analyzing the Cookie Theft image description, differences between AD patients and controls also
exist (Figure 7.6). For instance, several female AD patients exhibit a discourse marker rate (feature 33)
substantially above the reference interval. Specifically, 26% of female AD patients surpass the Rl for
discourse marker rate, compared to only 7% of female controls. Additionally, the speech rate (feature
20) for both male and female AD patients is more frequently below the RI than that of control subjects.

However, these differences appear more notorious in the sustained vowel task than in the picture
description. This may indicate that the task of enunciating a sustained vowel may be more suitable

for this Rl analysis, as it entails less sources of variability. It is also possible that the noisy recording
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Sustained vowel features — female speakers Sustained vowel features — male speakers

Complete feature set Reduced-dim feature set, CT=0.5 Complete feature set Reduced-dim feature set, CT=0.5
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Figure 7.5: Radar plots to characterize reference speech, using the task sustained vowel /a/. The dark green line
corresponds to the mean value of each feature, while the light green lines correspond to the reference
interval, computed using the reference population. Blue lines correspond to control speakers, whereas
pink lines correspond to patients (PD).

conditions in DementiaBank play a strong role.

This radar chart visualization is particularly well-suited for the analysis of speech as a biomarker for
health in two scenarios. When studying a disease population, the radar chart visualization enables the
identification of features that appear to be strong markers of a disease, and simultaneously still robust
to dataset shifts. Taking the example of PD female patients vs Control females (Figure 7.5 — left): there
are 6 features (all jitter-, shimmer- and HNR-related) for which more than 95% of the controls stay inside
the Rl and over 20% of the patients fall outside the RI. Alternatively, this visualization provides a simple
way to compare the speech features of one individual to the speech features of a reference population,
and quickly identify if there are any deviations on groups of features that are expected to be affected by

a certain disease.

Radar plots have been previously employed to visualize speech features in the context of speech
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Picture description features —female speakers Picture description features — male speakers

Complete feature set Reduced-dim feature set, CT=0.5 Complete feature set Reduced-dim feature set, CT=0.5
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Figure 7.6: Radar plots to characterize reference speech, using the task picture description, and whisper transcrip-
tions. The dark green line corresponds to the mean value of each feature, while the light green lines
correspond to the reference interval, computed using the reference population. Blue lines correspond
to control speakers, whereas pink lines correspond to patients (AD).

as a biomarker. Jiao et al. [2017] used radar plots to illustrate phonological disturbances in dysarthric
speakers, while Behrendt [2023] introduced DemVis, a prototype system for extracting and visualizing

speech features, which also performs AD detection.

7.4.2.C Quantitative comparison of reference speech and disease-affected speech

Table 7.8 reports (i) the number of samples under analysis, (ii) the average number of features per audio
sample that fall outside the RI, and (iii) the average distance of features from the RI limit, calculated
per audio sample. The distance was computed as the difference between the feature value and the
RI margin, divided by the length of the interval. If the feature value lies within the RI, the distance is
considered 0.

The Table indicates that patients have a higher average number of features outside the RI per sample
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Table 7.8: Results of the quantitative comparison between reference speech and disease-affected speech. (i) Num-
ber of audio samples. (ii) Average number of features outside of the Rls, per audio sample. (iii) Average
feature distance to the limit of the RI, per audio sample. Because we could not assume the values follow
a Normal distribution, p-values were computed with a Mann-Whitney U test. (*) indicates statistically
significant differences between controls (C) and patients (P).

(i) # Samples (ii) # Features outside of Rl (iii) Feature distance to the RI
Female Male Female Male Female Male
cC P C P|C P pvalue C P p-value C P p-value C P p-value

PC-GITA 75 74 70 69|15 35 0.0092* 14 2.0 0.327 |0.006 0.131 0.0003* 0.008 0.038 0.0392*
ADReSS 43 43 35 35|3.0 48 0.0034* 3.3 4.6 0.004* | 0.014 0.050 0.0001* 0.013 0.037 0.0005*

statistically significant statistically significant statistically significant statistically significant
r \ r f r 1

0.09 0.09

0.06 0.06

Average distance of features to the RI
Average distance of features to the RI

0.1 0.02 0.03 0.03

0.0 0.00 0.00 ‘ 0.00
controls PD controls PD controls AD controls AD
Female samples Male samples Female samples Male samples

@ (b)

Figure 7.7: Distribution of the average distance of the features to the RI limits, per audio sample. (a) represents
PC-GITA, and (b) represents ADReSS.

compared to control subjects. This difference is statistically significant in all cases, except for male
speakers in PC-GITA.

More relevant than the number of features outside the reference interval, is the distance of these
features from the interval. Table 7.8 (iii) reports the average distance per group, and Figure 7.7 illustrates
the distribution of these values. This distance is, on average, higher for patients, and the difference
between the two groups is considered statistically significant for all cases.

Future work could analyse this average distance per group of features considered relevant for each
disease.

7.5 Task 2: Classification of multiple speech affecting diseases

Task 2 leverages the definition of reference speech for the automatic detection of speech-affecting dis-
eases. Specifically, we introduced deviation-scores to quantify the extent to which the speech features

of each new individual deviate from the reference values of the reference population. These deviation
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Figure 7.8: Overview of the steps entailed in task 2: Detection of diseases.

scores served as inputs for binary classifiers, including Support Vector Machines, Logistic Regression,
and Neural Additive Models (NAMs). NAMs offer the advantage of full transparency, enabling explana-
tions that are compatible with clinical reasoning.

This analysis focuses on the detection of Alzheimer’s disease and Parkinson’s disease separately,
but ultimately it is aimed at defining an approach suitable for multiple speech-affecting diseases. In
fact, we propose a single framework that could be used for the detection of several diseases, differing
slightly on the subsets of features to be used, depending on the speech task at hand, and on the model
used for classification. As described earlier in section 7.4.1.B, for the picture description task, all feature
groups should be used, while for sustained vowels, only voice quality and vocal tract related features are
suitable. We expect that future work analysing reading tasks should include all feature groups, except

content-related features, and spontaneous speech tasks should leverage all feature groups.

7.5.1 Method

Task 2 entails several steps, some of them — pre-processing, feature extraction, and dimensionality
reduction — shared with Task, as depicted in Figures 7.1 and 7.8. As described in sections 7.4.1.A,
and 7.4.1.B, the data pre-processing and feature extraction steps resulted in the exclusion of some
samples from ADReSS and PC-GITA. These samples were not used for classifier training or hyper-
parameter optimization. However, to ensure a fair comparison with previous literature, these excluded
samples are arbitrarily assigned the prediction “control” when reporting performance on the test set.
This reflects a 50% a priori probability of a correct prediction due to the balanced nature of the datasets.

After data pre-processing, feature extraction, and dimensionality reduction, data underwent normal-
ization (step 7), and deviation scores were computed (step 8). This process culminated in binary clas-
sification (Step 9). Detailed descriptions of these steps are provided below. While steps 3 to 5 pertain
exclusively to the speech characterization pipeline (Task 1) and are not part of the disease detection
pipeline (Task 2), the numbering is retained across both pipelines for consistency, reflecting the shared

nature of some steps.
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7.5.1.A Step 7. Data normalization

Prior to comparing the datasets for disease detection with the reference intervals and calculating de-
viation scores, stratified normalization by gender and source dataset was performed. This approach
preserves the intrinsic characteristics of each group, acknowledging that the relationship between con-
trols and patients may differ between male and female subjects, and that the distribution of each feature
may differ in each dataset. Only the control subjects in the training set within each stratification group
were used to compute the statistics for normalization. We compared two normalization strategies, zero
mean and unit variance scaling, and MinMax scaling between zero and one. Both strategies were im-
plemented using the scikit-learn toolkit [Pedregosa et al., 2011]. This approach assumes the gender of
speakers in the test set is known, a reasonable assumption given the high performance of automatic

speech-based gender detection methods [Kwasny and Hemmerling, 2021].

7.5.1.B Step 8. Deviation-scores computation

In the previous task, we characterized reference speech using the distribution of acoustic and linguistic
features within a reference population. The hypothesis explored here is that deviations of a new audio
sample relative to the reference population can indicate the presence of a specific disease in the speaker.
Five deviation scores (D.S) were compared to assess the extent to which each feature value z; in a new

individual diverges from the corresponding feature distribution in the reference population.

1. DSy srp: This deviation-score, inspired by [Zusag et al., 2023], is based on the mean, u, and
standard deviation, o, of the feature distributions within the reference population, and it is computed

as DSystp, =1 — Mjl if |; — x;| > o; elseitis set to 0.

2. DSpsTp—no—cap: This deviation-score is similar to the previous one, except it is not capped at 0
when the feature values are inside the interval [i; — o4, p; + 0;]. The idea with this deviation-score
was to approximate it to the log-likelihood ratio. It is computed as: DSnrsrp—no—cap; = "‘%'

3. DSqi23: This deviation-score is proposed as an alternative to DSy srp, that is based on the
median (Q2) and the first and third quartiles (Q1 and @3), instead of the mean and standard
deviation. A second modification introduced in this deviation-score is that it yields negative or
positive scores depending on whether the feature values fall below or above the interval [Q1, Q3].
This approach reflects the intuition that for certain features, deviating below or above the normal

range does not carry the same implications, as discussed earlier in section 7.4.1.E. DSg123 is
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computed as:

2|Qsi—x4] T )
|Qsz§Q1i| if 2 > Qs

DSgi23, = —ﬁ if z; < Qui, (7.1)
0 elsewhere.

4. DSg;: This deviation-score yields the same score for all feature values inside the reference inter-
val, i.e., between the lower and upper bound of the reference interval, [RI; 5, RIyg]. It also yields

negative values for feature values below the reference interval. It is computed as:

2|RIyi—4| e _
TRIvs.—RIs] x> Rlyp,
2|RILpi—2; .
DSgr, = —% if x; < RIpp;, (7.2)
0 elsewhere.

5. DSnmanatanobis: This deviation-score consists of computing the Mahalanobis distance of each new
audio sample to the median (Q-) of the reference population. Unlike the other deviation scores that
are computed at the feature level, this deviation score is multivariate and considers the deviation

of the vector of all features, = to the reference population. Thus, it provides a single value for

each audio sample. It is computed as follows: DSisanatanobis = v/ (x — Q2)V~1(z — Q2)T, where
V is the covariance computed on the reference population. The Mahalanobis distance has been
employed in [Jiao et al., 2017] to compute the distance of a dysarthric speaker from the healthy

distribution, based on phonological features.

7.5.1.C Step 9. Binary Classification

The classification task was performed using three classifiers: Support Vector Machines (SVM), Logistic
Regression (LR), and Neural Additive Model (NAM). The binary classification experiments were based
on ADReSS for Alzheimer’s disease detection, and PC-GITA for Parkinson’s disease detection. Given
the limited size of these corpora, the experiments were conducted in a 10-fold cross validation (CV)
setting. For ADReSS, because a held-out test set was defined for the challenge in which the corpus
was introduced, the 10-fold cross validation was applied on the training set, for hyperparameter tun-
ing. Afterwards, the 10 models trained during CV each make predictions for the test set, and these
predictions are aggregated via majority voting. For PC-GITA, there was no held out test set, hence the
10-fold CV was conducted on the entire dataset. In each run, one of the 9 training folds was assigned
as development fold, to perform hyperparameter tuning. Folds were defined to ensure that all data from
the same speaker is assigned to the same fold, to avoid leakage of speaker information across training,
development and test folds. Folds ensure a balance between healthy controls and patients, in terms of

number of speakers, gender and age.
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Data was normalized separately for both genders, as described in section 7.5.1.A, with the normal-
ization statistics being computed based on the controls in the training folds. Distance scores were also
computed separately for both genders, given that the reference intervals were derived separately for

both genders. The classifiers, however, are gender-independent.

Classification experiments with Support Vector Machines and Logistic Regression

For the SVM and LR classification experiments, two transcription types (whisper and wav2vec), three
normalization strategies (zero-mean and unit variance, MinMax, and no normalization), six correlation
threshold values, and five deviation-scores were compared. To evaluate whether the deviation scores
provide an advantage over using directly the features as input to the classifiers, two extra scenarios were
also considered: one where the features are directly fed to the classifiers after the stratified normalization
strategy described in section 7.5.1.A, and another where the features are fed to the classifier after the
regular approach of normalizing all samples in the training folds together.

The SVM hyperparameters were chosen based on a grid search on the development folds, although
on a relatively small parameter space, to avoid getting high complexity models, which are more prone
to overfitting. The hyperparameters compared were: kernel € {linear,rbf, poly}, C € {0.01,0.1,1}, and
degree € {2,3}.

Classification experiments with Neural Additive Models

Neural Additive Models (NAMs) [Agarwal et al., 2021] are a type of glass-box models inherently inter-
pretable. NAMs are part of the model family called Generalized Additive Models (GAMs), which are
described by

9(Ely]) = B+ fr(z1) + falwe) + - + fr(zK), (7.3)

where x= (x1, 9, ...,z ) is the input with K features, y is the target variable, g is the link function,
and f; is a univariate shape function with E[f;] = 0.

The idea of NAMs is to parameterize each f; in Equation 7.3 by a neural network (subnet). In
short, NAMs are a linear combination of neural networks, each attending to a single feature, that are
trained jointly using backpropagation. It is this modularity that makes NAMs’ predictions very easily
interpretable. NAMSs’ predictions can be interpreted by visualizing each of the learned shape functions,
e.g. plotting f:(x;) vs z;. The graphs learnt by NAMs are not a posteriori explanations, but rather an
exact description of how the model comes to a prediction.

The NAM architecture is also compatible with a multitask-scenario, particularly suitable for the simul-
taneous detection of multiple speech affecting diseases, when adequate data is available. The multitask
architecture is identical to that of single task NAM except that each feature is associated with multiple

subnets and the model jointly learns a task-specific weighted sum over their outputs that determines the
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Table 7.9: Best disease classification results, using SVM and logistic regression, in terms of accuracy (Acc), macro
precision (P), macro recall (R), and macro F1, in [%].

Dev Folds Test Test — Speaker MV
CT DS norm classifier ASR Acc P R F1  Acc P R F1  Acc P R F1
Parkinson’s Disease
1 DSk MinMax LR - 722 727 722 724 717 722 717 715 750 755 75.0 749
0.9 DSgi2s MinMax  SVM (linear, C = 0.01) - 69.4 699 694 69.2 69.7 702 69.7 695 77.0 779 77.0 76.8

Alzheimer’s Disease

1.0 Features MinMax SVM (poly, C =1,d=2) Whisper 759 76.8 759 757 688 688 68.8 687
0.7 DSrr None LR Whisper 70.4 718 704 699 771 775 771 77.0

shape function for each feature and task [Agarwal et al., 2021].

The combinations of ASR, normalization, deviation-scores and correlation threshold that yielded the
best results using SVM and LR were used to conduct the NAM experiments. Hyperparameter tuning was
performed with Bayesian optimization using Gaussian Processes, implemented on scikit-optimize [Head
et al., 2021], with 100 calls to the optimizer. Further details on training hyperparameters and network

architecture can be found in Appendix E.

7.5.2 Results
7.5.2.A Classification using Support Vector Machines and Logistic Regression

The results across the full range of configurations, including the different ASR, deviation-scores, corre-
lation thresholds, and normalization strategies, are presented in Appendix E. The highest classification
performance on both the development and test sets is reported in Table 7.9.

For PD detection, the highest classification performance on the development and test sets was
achieved using deviation score DSgr, without dimensionality reduction, with MinMax normalization, and
a logistic regression classifier. This configuration attained 71.7% accuracy on the test set. If the 12 files
excluded during data preprocessing (arbitrarily labeled as controls for a fair comparison with other works
reporting on the entire dataset) were not included, the performance would increase to 73%. Each sub-
ject uttered 3 sustained vowels, so we also evaluated performance at the speaker level, after computing
the majority vote of the three predictions per subject, resulting in 75% accuracy. The highest speaker-
level accuracy was achieved by combining the deviation score D.Sg; 2 3, and the reduced dimensionality
feature set with CT = 0.9.

For AD detection in ADReSS, the best classification results on the development folds were obtained
using directly the features that constitute the full dimensionality feature set (CT = 1), combined with
MinMax normalization, and an SVM classifier with second degree polynomial kernel, based on whisper
transcriptions. This configuration reached 76% accuracy on the development folds, and 69% on the held-
out test set. The best results on the held-out test set were obtained using the deviation score DSg;, and
reduced dimensionality feature set with C'T" = 0.7. Pre-processing and feature extraction using whisper

transcriptions did not lead to the exclusion of any files from analysis. ADReSS only contains one picture
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Table 7.10: Ablation study on the different variables for each configuration used in the disease detection experi-
ments, using SVM and Logistic regression. Accuracy is reported in [%)]. test-wo-miss refers to the test
set disregarding the files that were excluded during pre-processing or feature extraction. Features RN
refers to the features with "regular” normalization, instead of stratified by gender.

Parkinson’s Disease Alzheimer’s Disease

dev test-wo-miss test MV dev test-wo-miss test
ASR
whisper - - - - 62.7 61.6 61.6
wav2vec - - - - 58.6 63.1 58.1
DS
DSyistp 61.1 61.2 60.4 63.2 62.0 63.3 60.7
DSysTD-no—cap 60.1 60.1 59.4 61.9 61.5 66.1 63.4
DSo123 64.8 65.1 64.2 67.4 60.7 66.7 63.7
DSgry 60.8 61.2 60.4 62.6 60.7 66.9 64.1
DSrranhatanobis 60.2 59.4 58.7 61.5 54.1 58.8 56.6
Features 63.8 64.9 64.0 66.6 62.5 65.4 62.6
Features RN 63.6 64.5 63.6 66.0 62.9 49.3 47.8
CT
CT =05
CT =0.6 61.3 61.3 60.6 63.2 61.4 63.6 61.0
CT =0.7 60.4 62.5 59.9
CT =0.8 62.7 63.3 62.4 65.0 60.6 61.7 59.2
CT =0.9 62.7 62.9 62.0 64.6 60.3 61.7 59.3
T =1 63.1 63.9 63.0 65.7 59.7 61.0 58.6
Normalization
0-mean 1-var 62.2 62.8 61.9 64.2 60.6 61.3 58.8
MinMax 65.4 65.4 64.5 68.1 60.3 63.3 60.7
None 58.5 58.8 58.1 60.2 61.0 62.4 60.0
Classifier
SVM 61.7 61.4 60.6 63.2 61.9 61.6 59.1
LR 62.4 63.2 62.4 65.1 59.3 63.1 60.5

description per subject, thus the performances reported at sample level are the same as at the speaker

level.

Given the numerous variables involved in these classification experiments, Table 7.10 summarizes
the average performance across all experiments for each ASR model, for each deviation-score, for each
feature selection correlation threshold, for each normalization strategy, and for each classifier. Overall,
whisper transcriptions yield better results than wav2vec transcriptions. This difference is partly due to
wav2vec failing to generate a transcription for six files, which were excluded from further analysis. For

consistency with other studies, the three files in the test set were treated as if the prediction was control.

In terms of deviation-scores, the best average performance for PD detection was achieved by DS 2 3.
This trend is not observed for AD. One partial explanation is that, with whisper transcriptions, it was not
possible to compute the DSq1 23 for the discourse marker rate feature. This issue arose because the
bulk of discourse marker rate’s data within the reference population corresponds to a very narrow range,
leading to identical first and third quartiles, and resulting in an indeterminate DS 2 3. This feature is
important for AD detection, as discussed earlier on this chapter, and its absence may hinder the per-
formance of this score. Using the features directly as input to the classifier, i.e. without pre-computing

a deviation-score, combined with regular normalization (instead of stratified regularization) yielded the
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Table 7.11: Best disease classification results, using NAMs, in terms of accuracy (Acc), macro precision (P), macro
recall (R), and macro F1, in [%].

Dev Folds Test Test — Speaker MV
CT DS norm ASR Acc P R F1 Acc P R F1 Acc P R F1
Parkinson’s Disease
CT=1.0 DSk MinMax - 750 758 749 748 687 699 68.7 682 730 747 73.0 725
Alzheimer’s Disease
C=0.5 Feats MinMax whisper 84.3 844 843 842 750 750 750 75.0 - - - -

best average results on the ADReSS development folds. However, this approach fails to generalize to
the held-out test set. The best results on the ADReSS held-out test set were obtained with DSg;.

Regarding the decision to reduce the dimensionality of the feature set based on Pearson correlation
between features, it appears that the detection of PD benefits from using the entire feature set, while
the detection of AD befits from the reduced dimensionality feature set, with CT = 0.5. Notably, the
dimension of the entire feature set used to study sustained vowels (20 features) is very similar to the
dimension of the reduced set used for studying the picture description task (23 features).

The normalization strategy that appears to provide the best average results, for both PD and AD, is
MinMax scaling, with the exception of the development folds in AD detection. Future work should further
investigate the different normalization strategies, understand their impact, and discuss their inherent
assumptions.

Finally, logistic regression appears to achieve better results than support vector machines. It is
possible that the deviation-scores already provide substantial information, and thus a simpler classifier
is sufficient. In fact, for AD detection, SVM achieves better results than LR on the development folds,

but these are not generalized to the test set.

7.5.2.B Towards interpretable classification: results using NAMs

NAM experiments require more computational resources, thus only the configurations that yielded the
best results in the previous section (both single best model, and best on average) were used to conduct
the NAM experiments. The results on the complete set of experiments are reported in Appendix E. The
best results are reported in Table 7.11.

For PD classification, NAMs were able to achieve 75% accuracy on the development folds, 69%
of the test folds, and a speaker-level accuracy after majority vote of 73%. For AD detection, NAMs
yielded 84% on the development folds, and 75% on the held-out test set. The NAM performance for
PD detection on the test folds is lower than that achieved with LR/SVMs classifiers. Conversely, for AD
detection, the NAM results are better that those obtained with LR/SVM classifiers (based on the best
development performance).

More importantly than surpassing the classification performance, the advantage of NAMs lies in their

inherent interpretability. The modularity and transparency of NAMs allow for precise visualization of what
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Figure 7.9: NAM trained for PD classification, for female (top) and male (bottom) subjects. The left plots represent
the features that most contribute to the predictions; the plots on the right depict the shape functions
learnt by the NAM, for the top three most important features.

the models learn during training and how each prediction is computed. Figures 7.9 and 7.10 depict the
features that contribute most to the predictions, and present the corresponding learned shape functions.
These graphs are not a posteriori explanations, but rather an exact description of how the model comes
to a prediction. Each semi-transparent blue line corresponds to one model of the ensemble, trained on
a given run of the cross-validation, i.e. the plots show 30 models (an ensemble of 3 models was trained
for each of the 10 runs in the 10-fold cross-validation, as detailed in Appendix E). Following [Agarwal
et al., 2021], the average score of each feature (each shape function) was set to zero, by subtracting
the mean score, averaged over the entire training set. This results that, on binary classification tasks,
positive scores increase the probability of the positive class, compared to the baseline probability of
observing that class, while negative scores decrease the probability. On the same plots, the normalized
data density is also visible, in the form of pink bars. The darker the shade of pink, the more data there
is in that region.

One can observe substantial variability in the shape functions learned by each model, particularly
when less data is available for training—indicated by lighter shades of pink—, and in the ADReSS corpus,
which is half the size of PC-GITA. This variability gives a sense of confidence on the patterns learnt by,

emphasizing the need for research with larger corpora to enable more robust conclusions.
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Figure 7.10: NAM trained for AD classification, for female (top) and male (bottom) subjects. The left plots represent
the features that most contribute to the predictions; the plots on the right depict the shape functions
learnt by the NAM, for the top three most important features.

Nevertheless, in most cases, the models learned curves that align with the expected manifestations
of each disease in the speech signal

Upon analysing the NAM trained for PD detection which achieved the best accuracy on the test set,
illustrated in Figure 7.9, it becomes evident that the outcomes differ between genders, although local
jJitter appears on the top three most important features for both genders. This feature is, by far, the
most important for female speakers. The following features in terms of importance are also jitter and
shimmer-related. This is consistent with expectations, as a high jitter and shimmer reflect cycle-to-cycle
perturbations of FO, associated with impaired laryngeal control typical of PD patients. Previous studies
have also found higher jitter values in PD patients when compared to control subjects (e.g. [Jiménez-
Jiménez et al., 1997; Upadhya et al., 2017]).

For male subjects, the most important features are the standard deviation and mean of FO. The
corresponding shape functions indicate that higher values of mean FO and FO standard deviation are
associated with a higher risk of PD. Other works have also found increased FO standard deviation in
sustained vowels produced by PD patients compared to control subjects (e.g. [Goberman et al., 2002;
Midi et al., 2008]). Goberman et al. [2002] suggested that this increase may be due to laryngeal in-

stability, potentially caused by weakness of the laryngeal musculature resulting from rigidity or tremor.
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The author mentions that tremor-related weakness has been found in other body systems, such as
wrists [Brown et al., 1997]. Although not studied here, it is important to note that, in continuous speech,
as opposed to sustained vowels, the FO standard deviation is expected to decrease in PD patients,
which is associated with the mono-pitch perception [Bowen et al., 2013; Harel et al., 2004; Ma et al,,

2020] (see description in chapter 2).

The mechanism underlying the increased mean FO in PD patients is suggested to be the increased
rigidity of the laryngeal musculature (e.g. cricothyroid and thyroarytenoid muscles) [Duffy, 1995; Ma
et al., 2020]. Biomechanical models of phonation demonstrate that increased vocal fold stiffness leads
to higher fundamental frequency and jitter [Ma et al., 2020]. Various works have identified differences
in mean FO in PD patients and controls, although not always significant for both genders, nor in the
same direction. For example, Goberman et al. [2002] found that mean FO was higher in PD patients
than controls, particularly in male speakers; Midi et al. [2008] found that mean FO was higher in PD
patients than healthy controls, but this difference was only significant in female subjects; and Yang et al.
[2020] found the opposite, i.e., that mean FO was lower in patients suffering from PD than controls.
It is important to acknowledge that FO is more than just a marker for vocal fold behaviour, it carries
information about different speaker states and traits [Cummins et al., 2015b], and even physiological
aspects such as hormonal balance and aging [Singh, 2019]. Thus, results should be interpreted with
caution, and further research should be conducted with a larger dataset of age- and gender-matched

controls and patients of PD and other diseases.

The patterns learnt by the NAM trained for PD detection are consistent with those represented on
the radar plot of the sustained vowel for PD patients (Figure 7.5). Both the NAM and radar plot flag jitter

and FO as important features for characterizing the speech of female and male PD patients.

Upon examination of the NAM trained for Alzheimer’s disease detection, which achieved the best
performance, as depicted in Figure 7.10, it is evident that each model in the ensemble/cross-validation
run learnt different patterns, yet some general trends can be inferred when averaging the predictions of
those models. The first consideration is that the foremost contributing feature to prediction, for both male
and female subjects, is speech rate. |t is clear that the slower the speech rate, the higher the risk of the
person suffering from AD. This behaviour is expected, as slower speech with more pauses is expected
to be associated with a higher risk of AD. In fact, other works (e.g. [Hecker et al., 2022; Hoffmann et al.,

2010]) have also identified the importance of speech rate for AD detection from speech.

Idea density is also among the top three most important features for detecting AD in both female
and male speakers. The shape function learnt reflects a U-shape, indicating that low and high values of
the feature idea density are associated with a higher risk of Alzheimer’s disease. Low idea density has
been associated with Alzheimer’s disease at least since the well-known “Nun Study” by Snowdon et al.

[1996], which found that low idea density in early life strongly predicted reduced cognitive ability or the
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Figure 7.11: Distribution of idea density in male and female subjects, and TTR in male subjects, in ADReSS, for
both controls (blue) and AD patients (pink).

presence of AD in later life. Boschi et al. [2017] conducted a comprehensive review and reported that
AD patients have significantly lower idea density compared to controls.

A similar U-shape pattern was learnt by the subnet attending to the TTR feature, which is one of
the top-three most important features for AD detection in male subjects. TTR, a measure of lexical
diversity, is also associated with cognitive impairments. For example, Bucks et al. [2000] found TTR to
be significantly lower in AD patients compared to control subjects. Berisha et al. [2015] suggested that
measures of lexical diversity, including the number of unique words, are strong predictors of pre-clinical
AD onset.

Contrarily, the fact that the NAM learnt to associate high values of these features with a higher risk of
AD is more surprising, and not frequently reported in the literature, to the best of our knowledge. How-
ever, this pattern observed by the NAM is present in the data, as depicted in Figure 7.11. We manually
inspected data samples labelled with AD associated high idea density and/or TTR and identified several
patterns: some examples, although not very frequent, included whisper hallucinations; some examples
corresponded to correct transcriptions, but were confusing or nonsensical despite high idea density or
TTR; and occasionally, they were perfectly coherent descriptions of the Cookie Theft picture. These
findings reinforce the idea that idea density, or TTR alone are not sufficient to make a prediction.

Nevertheless, this illustrates the advantage of having a fully transparent model, despite its imperfec-
tions. For instance, let us consider a scenario where a new individual undergoes testing with this system
and receives a prediction of Alzheimer’s disease. A healthcare practitioner could examine the reasons
provided by the system for this prediction. If the sole reason provided was a high idea density or high
TTR, the healthcare practitioner would have the information needed to make an informed decision or
recommend further testing. Such reasoning would not be possible with a black-box model, or with a
model that operates on uninterpretable features.

Finally, Discourse marker rate is also among the top-three most influential features for AD detection in
female subjects. As the discourse marker rate increases, the risk of Alzheimer’s Disease also increases,

consistent with the findings of [Boschi et al., 2017].
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7.6 Limitations

We acknowledge that this exploratory work has some limitations, and we encourage further research to
address these potential drawbacks. Some of the features used, particularly vocal tract and voice-quality
features, have been noted for their limited robustness across diverse recording conditions, including
various devices—especially mobile platforms—background noise, and reverberation [Dineley et al., 2023;
Jannetis et al.,, 2019; Maryn et al., 2017]. Therefore, these features may not consistently yield reliable
results across corpora recorded under different conditions. We advocate for the establishment of guide-
lines to standardize how researchers record corpora and extract these features, which would enhance
robustness and facilitate fair comparisons among different studies.

Another limitation pertains to corpora availability. The CLAC dataset, while valuable and larger than
most speech corpora in clinical research, is crowdsourced, resulting in noise and lack of medical veri-
fication despite data filtering. Additionally, its size conditions the reliability of results, particularly for Rl
estimation, which ideally requires a minimum of 400 subjects per gender and age range. The small
size of PC-GITA and ADReSS also adversely affects disease detection, specifically impacting the shape
functions learned by NAMs’ subnets. It is noteworthy that different hyperparameters result in different
feature contributions and shape functions, and research with a larger dataset is essential to enhance
robustness of results.

A third limitation relates to data normalization. To facilitate meaningful comparisons of RlIs across
datasets, we applied zero-mean and unit-variance normalization. Ideally, under consistent recording
conditions, uniform speech task instructions, and robust feature extraction methods, such analyses could
proceed without shifting the underlying data distribution.

Future studies should also investigate alternative methods for deciding when to partition the refer-
ence population prior to reference interval estimation and consider additional factors, such as level of
education, accent, race, or body mass index.

Finally, another limitation of this study is that AD and PD detection tasks were addressed separately
due to differences in the publicly available datasets. These datasets vary in speech tasks and recording
conditions, which substantially influence the features extracted [Botelho et al., 2022, 2023]. Future work
could explore simultaneous detection using the proposed framework when datasets with comparable

tasks and recording conditions become available.

7.7 Summary

This work introduced a framework for the use of speech as an interpretable biomarker for multiple dis-
eases. Although this chapter focuses on Alzheimer’s and Parkinson’s diseases, it proposes ideas that

are suitable for using speech as a biomarker in general, including the screening of other speech affecting
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diseases or even general health perturbations not typically categorized as diseases. This work starts by
discussing that speech affecting diseases should not be regarded individually for two reasons: (1) they
are risk factors for each other and thus frequently co-exist, and (2) they often have overlapping effects
on the speech signal. Therefore, it is argued here that a valuable first step is to characterize the speech
of control subjects. This characterization is based on reference intervals, a concept common in clinical

laboratory science, but novel in the field of speech analysis for disease detection and monitoring.

In this study, reference intervals were established for a reference population. Nevertheless, our vision
encompasses the potential of individualized definition of reference speech. This self-definition would

facilitate precise identification of early signs of disease, and would enable personalized healthcare.

The initial feature set was defined to capture manifestations of various speech-affecting diseases,
focusing exclusively on interpretable features. Yet, a high-dimensional feature space hinders the inter-
pretability of results. Therefore, feature selection was conducted based on a reference population rather
than datasets used for disease detection, for two primary reasons. Firstly, the goal was to define a
feature set that captures reference speech, before identifying deviations specific to individual diseases.
Secondly, supervised feature selection on disease detection datasets can lead to unstable results, over-
fitting, and poor generalization, particularly with small datasets [Dernoncourt et al., 2014; Soares et al.,
2016; Vabalas et al., 2019]. The proposed approach yielded a concise feature set that capture differ-
ent dimensions of reference speech: 8 features to characterize recordings of sustained vowels, and 23
features to characterize recordings of a picture description, enhancing interpretability. However, during
classification tasks, while the reduced feature set was preferred for analyzing picture description tasks,
the full feature set was preferred for sustained vowels. Future research should expand the initial feature
set to include additional knowledge-based features, capturing broader dimensions of reference speech,

and further validate these features with other corpora for disease detection.

Finally, the definition of reference speech was leveraged for the detection of AD and PD, by compar-
ing how much controls and patients deviate from the reference population. Although the classification
performance, measured as accuracy on the test set, falls below other works in the literature, we advo-
cate for the exploration of this approach due to its transparency, thereby advancing speech as a reliable
biomarker for health. In fact, it is well-documented that small sample sizes in clinical speech analysis
studies often lead to overoptimistic estimates of model performance [Berisha et al., 2022; Ozbolt et al.,
2022]. Therefore, we underscore the importance of interpretable outcomes. Particularly, the shape-
functions learnt by NAMs correspond exactly to the decision process, instead of a posterior explana-
tions. This transparency is crucial not only as a “second opinion” for clinicians, but also for early-stage
research into speech as a biomarker. It facilitates multidisciplinary discussions among teams regarding
the validity of model assumptions, and informs decisions regarding subsequent iterations, including data

collection and feature refinement. Moreover, NAMs are suitable for multitask learning, enabling simulta-
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neous detection of multiple diseases provided there is annotated speech data across different diseases,

for the same speech tasks.
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THIS chapter explores the potential of Large Language Models (LLMs) as annotators of high-level
T characteristics of speech transcripts, which may be relevant for detecting diseases that affect lan-
guage, particularly Alzheimer’s disease. These low-dimension interpretable features, here designated
as macro-descriptors (e.g. text coherence, lexical diversity), are then used to train a binary classifier. Our
experiments compared the extraction of these features from both manual and automatic transcriptions,
and involved both open and closed source LLMs, with several prompting strategies. The experiments
also compared the use of macro-descriptors with the direct prediction of Alzheimer’s disease by the LLM.
Even though LLMs are not trained for this task, our experiments show that they achieve up to 81% ac-
curacy, surpassing the baseline of previous Alzheimer’s disease detection challenges, particularly when
used as extractors of macro-descriptors. Furthermore, we explored whether providing information about

pauses together with the textual information can improve AD detection.

8.1 Introduction

Recently, LLMs have transformed the landscape of artificial intelligence research and even permeated
into the general public. In fact, LLMs have exhibited impressive language generation and understanding
capabilities, with remarkable performance in numerous tasks, providing an opportunity to reconsider the
potential of interpretable machine learning. Indeed, their ability to provide answers in natural language
allows them to enlarge the extent of explanations that can be provided to a human. The natural question
that arises then is: are LLMs able to detect if a person suffers from a speech affecting disease that man-
ifests itself in language perturbations, simply by analysing the transcriptions of the person’s speech?
This is the question that we investigate in this chapter, particularly for the detection of Alzheimer’s dis-
ease. We explore three approaches. In the first approach, which can be regarded as a baseline task, we
define a set of prompts and query different LLMs as to whether each subject suffers from AD. The LLMs
used were not trained nor fine-tuned specifically for this task (available data would be too scarce), and
thus their main expertise is not on disease detection. Conversely, they are particularly capable of gen-
erating text, and capturing its structure. Therefore, we propose a second indirect approach: instead of
directly asking the LLM to predict whether a person suffers from AD, we use it to annotate high-level and
low-dimension aspects of speech transcripts, which we designate as macro-descriptors. These can
then be used as input features for a simple and interpretable binary classifier. The macro-descriptors are
chosen to capture the subjective perception of language’s properties that are relevant for AD detection,
corresponding to higher-level characteristics of speech affected by AD, previously described in chap-
ter 2, Figure 2.5. Finally, in a third approach we explore whether pause information can enrich the text
transcripts used in the previous approaches, and improve AD detection. The motivation for this third set

of experiments is two-fold: (1) given the high importance of speech-rate in NAM-based AD detection in
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the previous chapter, we hypothesise that this feature can further complement the macro-descriptors an-
notated by the LLMs; and (2) Yuan et al. [2020] obtained the best results at the ADReSS challenge [Luz
et al., 2020] by encoding pauses into speech transcriptions and fine tuning pre-trained language models,
ERNIE and BERT, with these enriched transcriptions.

To the best of our knowledge, the most similar work to this one also exploits an LLM for fluency
opinion extraction [Bang et al., 2024]. However, for the final AD prediction, a neural architecture that
combines encoded representations of audio, text and opinions obtained from GPT models is proposed,

thereby losing explainability in the decision-making process.

In summary, this chapter targets three research questions:

+ Are LLMs already able to perform AD detection from speech transcrips?

» Can we harness the potential of LLMs to capture low-dimension macro-descriptors that describe
and help differentiate between the speech of healthy subjects and subjects suffering from AD,

providing an interpretable explanation?

» Can pause information further complement speech transcripts and aid LLM-based AD detection?

8.2 Method

We propose two tasks aligned with the above research questions. Task 1 can be considered as a
baseline, and consists of directly querying the LLM whether each person suffers from AD. Task 2
consists in using the LLM as an annotator of macro-descriptors, which are used as input to a binary
classifier. We further investigate whether including pause-related information can aid AD detection. We
compare five open and closed source LLMs: Llama-2-13B [Touvron et al., 2023] (henceforth referred
to as Llama), Mistral-7B-Instruct-v0.2 [Jiang et al., 2023] (Mistral), Mixtral-8x7B-Instruct-v0.1 [Jiang
et al., 2024] (Mixtral), GPT-3.5-Turbo [Ouyang et al., 2022]" (GPT-3.5), and GPT-4-Turbo [Achiam et al.,
2023)° (GPT-4). To ensure reproducible predictions, we selected Greedy Decoding for the open-access
models, and set a fixed seed and a temperature of 0.3 for the GPT models.

Additionally, and following the ideas presented in the previous chapter on the importance of defining
reference speech, we define reference intervals for the macro-descriptors using a reference population,
and qualitatively compare those intervals to the values of the macro-descriptors obtained for patients

with AD and controls.

TAccessed using OpenAl’s APl in late February 2024.
2Accessed using OpenAl's API in early June 2024.
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8.2.1 Corpora

The ADReSS corpus [Luz et al., 2020], previously described in chapter 3, is used as a test bed for the
AD detection experiments. Data consists of speech recordings describing the “Cookie Theft” image, and
corresponding manual transcriptions. The “Cookie Theft” image can be described using seven concepts,
previously listed in chapter 3. We divide data into training / test sets with 108/48 subjects, respecting the
partitions proposed in [Luz et al., 2020].

CLAC, also previously described in chapter 3, is used as reference population for defining the refer-
ence intervals for the same macro-descriptors. Here only the task where subjects describe the “Cookie

Theft” image is considered.

8.2.2 Pre-processing

Although the audios released in the challenge were acoustically enhanced, we opted for using the origi-
nal version. Interviewers’ interventions were excised from both audio files and manual transcripts. Only
plain text was retained in the transcripts, excluding non-speech events such as pauses and laughter.
In addition to manual transcription, automatic transcription was conducted to simulate a scenario with-
out available manual transcripts. Following the ASR results obtained in the previous chapter, in sec-
tion 7.4.1.A, we report results with transcripts generated by both whisper and wav2vec. Wav2vec failed

to output a transcription for 6 files (3 in train, and 3 in test).

8.2.3 Task 1: LLMs as AD predictors

In this baseline task, we prompt the LLMs to predict whether subjects suffer from AD, based on their
description of the “Cookie Theft” image, employing four distinct prompting strategies. Additionally, a
fifth prompting strategy frames the problem as a fluency evaluation task, similar to prior work [Bang
et al., 2024]. In all prompting strategies, we ask for (1) a step-by-step explanation to facilitate chain-
of-thought reasoning [Wei et al., 2022]; (2) the prediction (YES/NO); and (3) the confidence of the
prediction (high/low), which is then used to breakdown the results by the level of confidence of the LLM.
The prompting strategies, transcribed in full in Appendix F, are the following:

P1.1. 0-shot prompting, where we simply ask the model to predict if the person suffers from AD.

P1.2. 0-shot prompting, where we first explain the characteristics of speech uttered by someone with
AD.

P1.3. 0-shot prompting, where we first explain the characteristics of speech uttered by someone with
AD, and explain the seven concepts in the “Cookie Theft” image.

P1.4. Few-shot prompting, where we give the same explanations as in P1.3. and two examples, one

description uttered by a healthy control, and one uttered by a person suffering from AD.
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P1.5. 0-shot prompting, in which we frame the LLM as a fluency expert evaluator. We explain that the
identification should focus on the same characteristics as those mentioned in P1.2-P1.4, and explain the
seven concepts in “Cookie Theft”. We then ask the model to identify if there are issues with the fluency
(YES/NO), and use that as a proxy for AD prediction. The rationale behind this choice of prompting
strategy is two-fold: first, LLMs may have guards to avoid making medical diagnosis, and second, LLMs

are most likely trained on more data pertaining to generic fluency evaluation (e.g. language learning).

8.2.4 Task 2: LLMs as extractors of macro-descriptors

In this task we leverage the potential of LLMs to annotate macro-descriptors, i.e., high-level characteris-
tics of the speech discourse that help differentiate between healthy controls and subjects suffering from
AD. We define four macro-descriptors: text coherence, lexical diversity, sentence length, and word

finding difficulties, which align with the higher-level manifestations of AD in speech, in Figure 2.5.

We define two prompting strategies for this task. In both, we explain the seven concepts in “Cookie
Theft” and request, for each macro-descriptor, a real valued score between 0 and 1. The prompting

strategies, transcribed in full in Appendix F, are the following:
P2.1. we frame the LLM as a fluency evaluator and ask it to rate the four macro-descriptors.

P2.2. we frame the LLM as a fluency evaluator in the medical domain, to support medical diagnosis.
Besides the annotation of the macro-descriptors, we also request an AD prediction, and the confidence

on the prediction. However, in this chapter, we only report the confidence analysis for task 1.

We evaluate the macro-descriptors qualitatively by comparing their distribution in both classes. Af-
terwards, we feed the four macro-descriptors as input features to a classifier, which aims at distinguish-
ing healthy controls and AD patients. Following [Luz et al., 2020], we compare five binary classifiers:
Support Vector Machines (SVM, with linear kernel and C' = 0.1), Linear Discriminat Analysis (LDA),
1-Nearest Neighbour (1NN), Decision Trees (DT, with leaf size of 20) and Random Forest (RF, with 50
trees and a leaf size of 20). The hyperparameters were the same as described in [Luz et al., 2020] when
specified, otherwise, default values were used. The classifiers were implemented in Python, using the

scikit-learn toolkit [Pedregosa et al., 2011].

We trained the classifiers using 10-fold cross validation on the training set. Folds were defined to
maintain a balanced distribution of classes and genders. Data were normalized to zero-mean and unit-
variance, using the statistics computed on the 9 training folds. The predictions on the test set of the
10 classifiers trained during cross-validation were aggregated via majority voting, before computing the

performance metrics.
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Table 8.1: Example of manual transcription, enriched with pause information.

Transcription with pauses encoded

well (medium pause) this (short pause) uh (short pause) little (short pause) boy is (short pause) up (short pause) on (short pause)
the stool (short pause) taking (short pause) cookies (short pause) handing (short pause) them down to his (short pause) sister
and (short pause) she’s (short pause) telling him to (short pause) be quiet (short pause) and (short pause) the stool (short pause)
is (short pause) tipping (short pause) over (short pause) . the (medium pause) mother is (short pause) washing (short pause) or
(short pause) drying dishes . the (medium pause) water is (short pause) running into (short pause) the sink (short pause) and
(short pause) running (short pause) over (short pause) down (short pause) onto (short pause) the floor (short pause) . uh the
(medium pause) wind must be (short pause) blowing because the curtains look like they're .. kitchen (long pause) door the (short
pause) cabinet (short pause) door is (short pause) open (short pause) . mother's (medium pause) standing in water (short pause)
. that’s it (short pause) .

8.2.5 Introducing pause information

The results discussed in the previous chapter have highlighted the importance of speech rate informa-
tion for AD detection. Other works have discussed that pause related information is relevant for studying
cognitive impairment through speech. Particularly, Yuan et al. [2020] achieved the highest classification
performance on the ADReSS challenge [Luz et al., 2020], by enriching transcriptions with pause infor-
mation. Thus, we repeat task 1 and task 2 using transcriptions enriched with the information capturing
pause duration. To this end, we computed words’ timestamps by performing the forced alignment of
manual and whisper-generated transcriptions with the corresponding speech signals. We employed the
wav2vec pre-trained model from the torchaudio library® based on Connectionist Temporal Classification
(CTC) segmentation, since a preliminary inspection revealed that word timestamps generated by whis-
per were not accurate enough. This observation was also encountered in the literature [Yang et al.,
2024].

Following the approach of Yuan et al. [2020], pauses were grouped into three bins: short (under 0.5
s), medium (0.5-2 s), and long (over 2 s), with pauses under 50 ms excluded. In [Yuan et al., 2020], all
punctuation was removed, and the three bins of pauses were represented by three punctuation marks—

7, 2, and “..”—for short, medium, and long pauses respectively. In our experiments, we opted to code
the three bins of pauses by explicitly writing “(short pause)”, “(medium pause)”, or “(long pause)” in the
transcripts, as illustrated in Table 8.1. We believe this approach is clearer for prompting a LLM, than the
punctuation-based encoding. Early experiments with alternative strategies to encode pause information
(e.g. using the duration of the pause, or encoding only medium and long pauses) failed to outperform
this strategy.

Additionally, we repeated the classification experiments from task 2 using as input features the four
macro-descriptors combined with speech rate, computed with Praat, as in chapter 7. We opted to com-
bine the macro-descriptors solely with speech rate, rather than other rhythm-related features, for two
reasons. First, speech rate was identified as the most informative feature for Alzheimer’s disease detec-
tion when utilizing neural additive models, as discussed in the previous chapter. Second, maintaining

low dimensionality is crucial for interpretability.

Shttps://pytorch.org/audio/stable/tutorials/forced_alignment_tutorial.html
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8.3 Results

8.3.1 Are LLMs adequate for AD Detection?

Table 8.2 reports the performance of the LLMs at predicting AD, for the train and test set. Results
obtained with LLama-13b exhibited suboptimal performance and are consequently relegated to Ap-
pendix F. The results in the table are based on inference only, and the word “train” refers merely to the
subset name. The table details the number of failed predictions (#Fail) by each model, i.e., instances
for which the LLM did not output an AD prediction in the required format. For these instances, the label
“control” was arbitrarily assigned, reflecting a 50% a priori probability of a correct prediction due to the
balanced nature of the dataset. This approach was chosen, instead of simply excluding these files from
analysis, to maintain consistency across experiments by ensuring all analyses were conducted on the
same data.

Examples of failed predictions range from outputting words such as ’undecided’ or 'maybe’ (6.96% /
5.23% of total requests for Mistral and Mixtral, respectively), to outputting hallucinations (8.98% / 1.26%).
Most hallucinations originate from P1.4 with Mistral, where the model struggles to conform with the
requested format. In fact, in this scenario, the model was only able to make a prediction for solely
half of the instances. However, if failed predictions were discarded, P1.4 would achieve the highest
classification accuracy: 78% on train, using Mistral and wav2vec transcriptions; and 85% on test, using
Mistral and manual transcriptions. Conversely, when using the prompting strategy P1.5 with Mistral and
Mixtral, we obtain less failed predictions than with P1.1 to P1.4, which may indicate that indeed the
models struggle with presenting outputs for medical diagnosis. P2.2 also fails less frequently, possibly
because the format is more strict, without giving the LLM the space to make open comments. In contrast,
GPT-3.5 and GPT-4 were always able to follow the instruction. In the best case scenario, GPT-4 achieves
an accuracy of 77% on the test set (using P1.4 on whisper transcriptions) and 75% on the train set (using
P2.2 on manual transcriptions), with 0 #Fails.

On average, we observe that the larger the model, the less #Fails it makes. Mistral 7B, Mixtral 8x7B,
and GPT-3.5 achieve similar average accuracy, while GPT-4 clearly outperforms the remaining models
in terms of average accuracy. Overall, the table also shows some inconsistencies between the results
on the train and test sets.

The prompts also request the confidence of the LLM in the prediction. We break down the accuracy
of the AD prediction per confidence level in Figure 8.1. We note that, although we asked the LLM to
output the confidence level using the words “high” or “low”, it often outputted other words, the most
frequent being “medium”. In the figure, all non high levels were grouped as low. Our analysis suggests
that, unlike GPT-3.5, which appears mostly overconfident in its predictions, Mistral, Mixtral and GPT-4

demonstrate an ability to gauge their confidence levels, in most cases. This implies the potential for
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Table 8.2: AD classification based on LLM predictions. #Fail denotes the number of examples for which the model
failed to follow the output instruction (identified on train/test). Reported results for accuracy, Acc, are
presented in %.

Mistral 7B Mixtral 8x7B GPT-3.5 GPT-4 Mean
#Fail AcCyain AcCiest | #Fail AcCiain ACCiest | #Fail AcCCyain ACCiest | #Fail AcCiain ACCrest| ACC

Manual transcriptions

P1.1 9/4 611 646 |10/5 556 542 | 0/0 657 542 |00 676 708 | 620
P1.2 21/4 639 646 | 42 620 646 |00 519 604 |00 66.7 708 |623
P1.3 15/6 611 750 | 83 722 604 |00 546 563 |00 704 708|649
P1.4 56/28 62.0 70.8 [17/7 611 66.7 | 0/0 593 66.7 | 0/0 63.0 729 |63.8
P1.5 2/2 556 604 |00 537 500 |00 500 500 |00 500 521|526
pP2.2 1/0 546 542 | 00 602 542 |00 676 708 |0/0 75.0 64.6 |63.3
Whisper transcriptions

P1.1 13/4 676 583 |14/5 602 563 | 0/0 657 646 |00 722 688 | 65.1
P1.2 17/3 648 708 |57 63.0 542 |00 657 729 |00 704 750 |66.7
P1.3 14/9 676 604 |11/4 602 688 | 0/0 639 66.7 | 00 657 729 | 652
P1.4 54/21 611 708 |11/4 66.7 66.7 | 0/0 639 729 |00 639 77.1 |66.3
P1.5 6/1 620 729 |11 556 583 | 0/0 500 50.0 |00 556 56.3|56.9
P2.2 32 556 521 |00 620 563 |00 685 750 |00 713 70.8 |64.1
Wav2vec transcriptions

P1.1 21/7 583 521 |18/8 56.5 521 | 0/0 546 521 |00 602 521 |558
P1.2 8/8 583 542 |87 565 625 |00 509 479 |00 537 542|548
P1.3 16/6 565 542 |10/3 61.1 583 | 0/0 50.9 479 |00 574 583 | 559
P1.4 56/20 64.8 58.3 [12/5 66.7 66.7 | 0/0 583 56.3 | 0/0 59.3 604 |61.7
P1.5 0/0 491 458 | 0/0 519 479 | 0/0 509 479 |0/0 509 479 | 497
P2.2 2/3 556 563 |00 630 604 |00 639 625 |00 611 625 |60.7
Mean 17/7 60.0 609 |7/3 604 588 |00 587 59.7 |00 630 644

Mean (man+wh) 18/7 614 646 |7/3 610 592 |00 606 634 |00 660 686

Mistral 78 Mixtral 8x7B GPT-3.5 GPT-4

Low High Low High Low High Low High
Confidence Level Confidence Level Confidence Level Confidence Level

> manual P11 =~ whisper_P1.1 *: wav2vec P11

manual_P1.2 whisper_P1.2 wav2vec_P12
== manual P1.3  -»- whisper P13 - wav2vec P13
== manual P14 =~ whisper P14 ©¥ wav2vec P14
= manual P1.5 == wvhisper P15 ' wav2vec P15

%

~ manual_P2.2 ~¥= whisper_P2.2 wav2vec_P2.2

Figure 8.1: Task 1: Combined train and test accuracy per confidence level. A minimum of 10 instances per confi-
dence level is required to include the prompting strategy in the figure.

leveraging the confidence level of the LLM when building models for disease detection. In fact, when
considering only high-confidence instances, the best performing combination (wav2vec trancriptions fed
into Mixtral, using prompt P1.4) reaches an overall accuracy of 85.4% (inference on train and test data

together).

Furthermore, it is noteworthy that for Mixtral and GPT-4, prompt 1.5, which frames the LLM as a
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Table 8.3: Prediction example, by Mistral 7B, based on prompting strategy P2.2, and Whisper transcripts.

Transcription

| don’t see nothing but some roots. It’s like somebody took some pencils or something and went up and down those
things. Oh, | see a girl standing there or something. Some little knots or something on there. Oh, a lot of it around
here. Some kind of little flower. And a sun. And a sun. And a girl is there. And there’s something else over there.
There’s another girl. Look like... Look like some old girl is in there. | don’t see nothing but some marks and things.
Look to me about the same, except them things up there. | see this thing all look about the same to me, except this
thing here. Look like a little kid or something. I'm sorry | didn’t bring my glasses.

Coherence 0.3 Word finding difficulties 0.8 Lexical Diversity 0.5
Sentence Length 0.6 AD Prediction: YES

fluency evaluator outside the medical domain, results in the poorest performance in terms of confidence
acknowledgment. Specifically, using prompt 1.5, Mixtral performed worst for high-confidence instances,
and GPT-4 consistently exhibited overconfidence. This suggests that framing prompts within the medical

domain may enhance the LLMs’ ability to assess their confidence accurately.

8.3.2 LLMs as extractors of macro-descriptors

Task 2 explores whether LLMs can be used as extractors of macro-descriptors, which may be used as
features for the detection of AD. Table 8.3 shows an example speech transcript and the corresponding
macro-descriptors estimated with our best approach.

The distributions of the four macro-descriptors estimated with our best approach can be found in
Figure 8.2. The figure suggests that the Coherence and Lexical Diversity macro-descriptors exhibit
more pronounced differences between AD and control subjects, as evidenced by the distinct shifts in
their distributions. However, for Sentence Length and Word finding difficulties, only AD patients display
extreme values. Besides, the distributions in the figure appear to indicate that Mistral scores for the four
macro-descriptors follow the trends expected from the current clinical literature.

Figure 8.3 shows the mean (dark green line) and reference intervals (shaded region delimited by
lighter green lines) for each macro-descriptor, computed from the reference population. The figure also
displays macro-descriptors estimated using the best approach for control subjects (blue) and subjects
with AD (magenta). Unlike the approach in the previous chapter, the macro-descriptors were not nor-
malized. Even without stratified normalization, subjects with AD deviate from the reference intervals
more frequently than control subjects. This suggests that macro-descriptors estimated using LLMs may
be robust to dataset shifts. This robustness may be due to macro-descriptors capturing very high-level
discourse properties and the zero-shot prompting that mitigates adaptation to dataset-specific charac-
teristics.

Additionally, we further investigate the validity of the macro-descriptors by using them as input fea-
tures for classification experiments. Table 8.4 presents the results obtained with the five classifiers used
in the ADReSS baseline: SVM, 1NN, LDA, DT, and RF. As in task 1, results obtained with Llama-13
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Figure 8.2: Distributions of the macro-descriptors, annotated by Mistral, as a response to P2.2, using whisper
transcriptions.

Controls AD

0-sentence length 1~ lexical diversity 2 —word finding difficulties 3 - coherence

Figure 8.3: Radar plot that represents the reference interval for each macro-descriptor, in green, derived from
CLAC. Blue lines correspond to the macro-descriptors values estimated for each control speaker,
whereas magenta lines correspond to the macro-descriptors estimated for subjects suffering from AD.

were relegated to the Appendix F for brevity. The best performing combination in the 10-fold CV (using
whisper transcriptions, P2.2, Mistral, and RF or DT) achieved an accuracy of 78.7%. On the test set,
the best performance (whisper transcriptions, P2.2, Mistral or GPT-4, and SVM) reached an accuracy of
81.3%. These outcomes are directly comparable to other studies adhering to the train/test partitions of
the ADReSS challenge, notably surpassing approaches based on features extracted with conventional
methods, using the same classifiers and hyperparameters [Luz et al., 2020].

Overall, the table shows that the best performance was generally achieved using whisper transcrip-
tions and prompt P2.2. Another general trend is that GPT-4 is, on average, the best performing LLM,
followed by Mixtral, Mistral, and then GPT-3.5. Given the current concerns regarding data privacy, par-
ticularly in the healthcare domain, it is interesting to note that smaller and open-access models that can
be run locally (Mistral and Mixtral) outperform GPT-3.5, which is larger and closed source.

Finally, Table 8.5 details the performance in terms of precision, recall and f-score for P2.1 and P2.2
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Table 8.4: AD classification based on macro-descriptors.

Mistral 7B Mixtral 8x7B GPT-3.5 GPT-4
SVM LDA 1NN DT RF |SVM LDA 1NN DT RF |SVM LDA 1NN DT RF |SVM LDA 1NN DT RF |Mean

Train set: 10-Fold CV

P2.1 |63.9 63.0 65.7 67.6 67.6|70.4 73.1 69.4 68.5 75.0|70.4 69.4 63.9 70.4 70.4|71.3 69.4 63.0 67.6 73.1| 68.7
P2.2 |63.0 65.7 57.4 59.3 70.4|71.3 73.1 67.6 759 75.9|67.6 68.5 54.6 65.7 70.4|72.2 70.4 63.9 68.5 70.4| 67.6
P2.1 |70.4 70.4 58.3 66.7 72.2|69.4 70.4 73.1 67.6 70.4|66.7 66.7 63.0 68.5 68.5|73.1 74.1 66.7 71.3 70.4| 68.9
P2.2 |73.1 741 61.1 78.7 78.7| 75.0 69.4 70.4 75.9 75.9/69.4 70.4 57.4 61.1 71.3|73.1 70.4 60.2 75.0 71.3| 70.6
P2.1 | 64.8 64.8 53.7 67.6 65.7|63.9 62.0 51.9 58.3 63.0|63.9 63.9 56.5 70.4 70.4|64.8 63.0 62.0 61.1 64.8| 62.8
P2.2 | 68.5 69.4 63.0 66.7 66.7|62.0 62.0 61.1 55.6 63.9|63.9 61.1 53.7 66.7 61.1|66.7 66.7 66.7 68.5 70.4| 64.2

Mean 66.6 68.1 65.5 68.3
Mean (man+wh) 67.4 71.9 66.7 69.8

Test set

Manual
Whisper

Wav2vec

P2.1 | 70.8 66.7 45.8 68.8 68.8| 66.7 77.1 66.7 64.6 79.2|58.3 60.4 58.3 66.7 62.5|75.0 77.1 60.4 729 77.1| 67.2
P2.2 |68.8 60.4 54.2 64.6 70.8|77.1 75.0 70.8 75.0 75.0|68.8 68.8 60.4 70.8 68.8|72.9 72,9 77.1 68.8 72.9| 69.7
P2.1 | 68.8 68.8 43.8 72.9 72.9|64.6 66.7 64.6 72.9 72.9|66.7 66.7 70.8 68.8 68.8|79.2 79.2 70.8 79.2 79.2| 69.9
P22 |81.3 77.1 64.6 79.2 79.2|70.8 62.5 64.6 75.0 75.0|75.0 729 66.7 77.1 72.9|81.3 79.2 66.7 75.0 77.1| 73.6
P2.1 | 625 62.5 70.8 62.5 66.7| 72.9 68.8 60.4 70.8 77.1|70.8 70.8 62.5 66.7 66.7|66.7 66.7 58.3 64.6 77.1| 67.3
P22 | 625 62.5 60.4 62.5 68.8|64.6 72.9 58.3 68.8 72.9|62.5 62.5 54.2 58.3 62.5|64.6 68.8 52.1 68.8 66.7 | 63.8

Mean 66.3 70.1 66.3 71.6
Mean (man+wh) 67.4 70.8 67.5 74.7

Manual
Whisper

Wav2vec

Table 8.5: Precision, Recall and F1-Score for Whisper—Mistral-RF.

class Precision Recall F1-Score
non-AD 72.2 72.2 72.2
10F-CV ap 72.2 72.2 72.2
P2.1
Test non-AD 70.4 79.2 74.5
AD 76.2 66.7 711
non-AD 80.4 75.9 78.1
10F-CV
P2 2 AD 77.2 81.5 79.3
Test non-AD 81.8 75.0 78.3
AD 76.9 83.3 80.0

using the best performing model on the 10-fold CV (whisper, Mistral and RF classifier). Results suggest
that P2.2 is generally better than P2.1 in all dimensions. However, we can observe that the recall of the
AD class tends to be higher than the precision of the AD class in P2.2, and the same is not true for P2.1.
It may be the case that, when we frame the problem in the medical domain, the LLM behaves in such
way that ultimately maximizes recall (or sensitivity, i.e., “Out of all the people that have the disease, how

many got positive test results?”).

Overall, using LLMs as extractors of macro-descriptors (Task 2) generally outperforms the direct
AD classification of Task 1, on four dimensions: (1) by achieving higher accuracy on average, (2) by
yielding smaller discrepancies between the results on the train and test sets, (3) by not failing to output
predictions for the macro-descriptors, and (4) by providing a more interpretable approach, crucial in the

healthcare domain.
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Table 8.6: AD classification based on LLM predictions, from transcriptions enriched with pause information. #Fail
denotes the number of examples for which the model failed to follow the output instruction (identified on
train/test). Reported results for accuracy, Acc, are presented in %.

Mistral 7B Mixtral 8x7B GPT-3.5 GPT-4 Mean
#Fail AcCyain ACCrest | #Fail AcCCyain ACCiest | #Fail ACCyain ACCrest | #Fail ACCyain ACCrest | ACC

Manual transcriptions

P11 2512 722 66.7 |[17/7 565 66.7 | 0/0 583 583 | 0/0 481 50.0 | 59.3
P12 11/5 556 70.8 |[10/1 65.7 688 | 0/0 565 542 | 0/0 50.0 521 | 583
P13 175 611 563 |84 676 625 |00 565 646 |00 500 500 |58.7
P14 52/20 676 688 |50 713 583 |10 731 708 |0/0 537 542 |654
P15 31 537 625 |10 528 521 |00 500 500 |00 500 500|522
P22 0/ 528 542 |0/ 676 688 |00 639 708 |00 509 500|595

Whisper transcriptions

P11 19/6 630 604 |58 583 521 |00 556 625 |00 509 521 |56.9
P12 136 630 625 |6/4 639 708 |00 602 688 |00 509 500|606
P13 21/9 648 66.7 | 46 639 66.7 | 0/0 602 688 |00 509 50.0 | 60.9
P14 3818 694 625 |20 63.0 66.7 |00 731 708 |00 574 604 |655
P15 30 537 625 |11 546 521 |00 509 500 |00 500 500|527
P22 0/0 528 521 |00 639 646 |00 648 66.7 |00 500 521|582

Mean 21/8 60.8 622 |6/3 624 625 |00 603 630 |00 511 51.7]

Table 8.7: AD classification based on macro-descriptors extracted from transcripts enriched with pause annota-
tions.

Mistral 7B Mixtral 8x7B GPT-3.5 GPT-4
SVM LDA 1NN DT RF |SVM LDA 1NN DT RF |SVM LDA 1NN DT RF |SVM LDA 1NN DT RF |Mean

Train set: 10-Fold CV

P2.1|63.9 68.5 55.6 65.7 68.5|70.4 65.7 68.5 71.3 66.7|66.7 66.7 57.4 69.4 67.6|66.7 75.0 56.5 64.8 67.6| 66.2
P2.2|67.6 71.3 55.6 67.6 70.4|70.4 70.4 66.7 70.4 64.8|67.6 63.9 59.3 50.9 62.0|67.6 74.1 66.7 69.4 68.5| 66.2
Whisper P2.1|69.4 69.4 60.2 73.1 72.2|72.2 72.2 62.0 69.4 66.7|69.4 70.4 68.5 75.9 759|69.4 73.1 63.9 68.5 69.4| 69.6

P2.2|71.3 68.5 59.3 73.1 71.3|69.4 69.4 65.7 63.9 68.5|72.2 71.3 61.1 75.0 75.0|72.2 73.1 66.7 75.0 72.2| 69.7

Manual

Mean 67.1 68.2 67.3 69.0
Test set
Manual P2.1|62.5 66.7 41.7 62.5 66.7|66.7 66.7 68.8 66.7 77.1|60.4 60.4 66.7 70.8 70.8|79.2 68.8 47.9 64.6 83.3| 65.9

P2.2|62.5 66.7 56.3 66.7 66.7|72.9 729 72,9 729 70.8|77.1 771 729 729 79.2|70.8 68.8 66.7 64.6 75.0| 70.3
P2.1|68.8 68.8 47.9 68.8 75.0|72.9 729 47.9 729 75.0|62.5 64.6 52.1 68.8 68.8|72.9 72.9 66.7 72.9 75.0| 67.4
P2.2|79.2 81.3 50.0 81.3 81.3|72.9 68.8 68.8 70.8 72.9|68.8 75.0 58.3 70.8 72.9|70.8 72.9 64.6 66.7 68.8| 70.8
Mean 66.0 70.2 68.5 69.7

Whisper

8.3.3 Can pause information complement LLM predictions?

Table 8.6 presents the results of task 1 using transcriptions enriched with pause information. Experi-
ments were conducted using manual and Whisper transcriptions, as Whisper transcriptions consistently
outperformed wav2vec transcriptions. Overall, this approach underperforms compared to using tran-
scriptions without pause information (Table 8.2), except for the average performance of Mixtral. Surpris-
ingly, despite its larger size, GPT-4 achieves the worst results.

Similarly, the results for task 2 with pause-enriched transcriptions (Table 8.7) are mostly inferior to
those using original transcriptions (Table 8.5), with the exception of the average performance of GPT-3.

It is noteworthy that, unlike in [Yuan et al., 2020], the language models were not fine-tuned on pause-
enriched transcriptions. The extra complexity of these transcriptions likely hinders meaningful informa-
tion extraction, introducing distractions rather than value.

Table 8.8 presents the results for the alternative strategy to leverage pause-related information: com-
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Table 8.8: AD classification based on macro-descriptors and acoustic feature speech rate.

Mistral 7B Mixtral 8x7B GPT-3.5 GPT-4
SVM LDA INN DT RF |SVM LDA 1NN DT RF |SVM LDA 1NN DT RF |[SVM LDA 1NN DT RF |Mean

Train set: 10-Fold CV

P2.1|67.6 71.3 74.1 70.4 69.4|75.0 759 75.9 68.5 73.1|72.2 72.2 66.7 64.8 70.4|78.7 77.8 75.0 68.5 77.8| 72.3
P2.2|72.2 741 69.4 65.7 69.4|79.6 77.8 73.1 759 722|741 722 71.3 63.0 72.2|78.7 79.6 72.2 69.4 73.1| 72.8
Whisper P2.1|75.0 77.8 67.6 69.4 70.4|72.2 72.2 69.4 64.8 75.0|71.3 70.4 60.2 66.7 73.1|73.1 76.9 72.2 68.5 73.1| 71.0

P2.2|75.0 741 61.1 78.7 77.8|76.9 78.7 78.7 75.0 75.0|70.4 66.7 59.3 71.3 65.7|69.4 71.3 759 70.4 74.1| 72.3
Mean 71.5 74.3 68.7 73.8

Test set

Manual

P2.1|70.8 70.8 58.3 66.7 72.9|79.2 729 66.7 79.2 79.2|72.9 68.8 70.8 66.7 66.7|77.1 79.2 729 771 77.1| 72.3
P2.2|70.8 68.8 58.3 70.8 72.9|75.0 70.8 64.6 75.0 77.1|70.8 70.8 66.7 66.7 75.0|72.9 72.9 81.3 66.7 72.9| 71.0
P2.1|70.8 68.8 60.4 77.1 70.8|62.5 64.6 66.7 64.6 729|729 729 68.8 66.7 75.0|70.8 77.1 75.0 66.7 79.2| 70.2
P2.2|77.1 79.2 66.7 79.2 79.2|72.9 68.8 625 75.0 64.6|75.0 729 729 70.8 75.0|75.0 72.9 60.4 75.0 77.1| 72.6
Mean 70.5 70.7 70.9 74.0

Manual

Whisper

bining speech-rate with the four original macro-descriptors from task 2 for training the binary classifiers
for AD detection. Contrarily to the pause-enriched transcription approach, this method yielded higher
cross-validation performance across all models, with Mistral and GPT-3.5 also achieving improved per-
formance on the test set. The test performance decline for Mixtral and GPT-4 was minor, at 0.1% and
0.7%, respectively. These findings indicate that speech rate provides complementary information to the

macro-descriptors, enhancing AD detection capabilities.

8.4 Summary

This work explores the potential of LLMs for AD classification, a task beyond their direct training scope.
The experiments demonstrate that employing LLMs as extractors of macro-descriptors for AD (Task 2)
compares favourably with the direct prediction of AD by the LLM (Task 1), in terms of average perfor-
mance, failed predictions, and interpretability. Additionally, incorporating speech rate as an input feature
alongside the four macro-descriptors in task 2 enhances AD classification.

Despite the encouraging results, a relevant limitation is the susceptibility of this approach to small
prompt variations, resulting in divergent outputs, and influencing downstream performance. This lack of
consistency aligns with observations across various tasks involving LLMs, motivating automatic prompt
optimization strategies [Battle and Gollapudi, 2024]. Nevertheless, this type of approach is prone to over-
fitting, which may limit its application based on a small corpus such as ADReSS. Future research should
thus involve the use of larger corpora, ideally from diverse settings. This research opens pathways for
the use of LLMs in the development of interpretable approaches for disease screening, showcasing their

significant potential in capturing discourse structure.
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HIS thesis describes our exploratory work on the use of speech as a trustworthy biomarker to sup-
T port accessible medical diagnosis. More than proposing a solution to a well-defined problem, this
thesis reflects a journey towards understanding the multifaceted challenge of the automatic detection of
speech affecting diseases.

This chapter begins with a summary of the principal findings and contributions of this thesis. Sub-
sequently, we outline and discuss the most significant directions for future research. Considerations
on ethics and privacy are included, emphasizing the necessity of regulations and ethical practices that
researchers should adhere to. The chapter concludes with final remarks, including on the prioritization

of reliability and explainability of results, and the risks and opportunities presented by new Al tools.

9.1 Summary of key findings

From the beginning, this thesis took a broad view of the exploration of speech as a biomarker. It adopted
a holistic approach viewing speech as a biomarker across multiple diseases rather than focusing nar-
rowly on one individual condition, and analyzing speech data collected in both controlled and naturalistic
settings. It sought to identify specific speech characteristics affected by health conditions to aid health-
care providers. Additionally, the plan included complementing speech with signals from the brain and
nervous system as potential biomarkers for neurological and cognitive disorders, aiming to deepen un-
derstanding of their intricate relationship.

Aligned with this last perspective, the starting point of this PhD concerned the exploration of EMG
signals produced during speech articulation. In particular, we focused on a two-step approach to convert
acoustic speech into the underlying EMG signal. We observed that our system was able to estimate with
good performance four out of the five EMG time domain features, and that these features contained suffi-
cient information to retrieve the underlying EMG signal. We further discussed the challenges associated
with multi-session and multi-speaker experiments, including the variability induced by different electrode
positions, and different skin, muscle, and fat properties. This work, together with [Diener et al., 2020],
laid the ground for the emerging field of Silent Computation Paralinguistics. Other authors have contin-
ued these efforts, namely proposing alternative systems for the speech-to-EMG conversion [Scheck and
Schultz, 2023; Ullah and Kim, 2024], and estimating prosody from EMG signals [Vojtech et al., 2022].
We anticipate that, when more data becomes available, the emerging field of Silent Computational Par-
alinguistics could contribute to disease detection. By exploring biosignals beyond acoustics, it may be
possible to differentiate diseases based on which parts of the speech production process are most af-
fected. In fact, the broader field of Silent Communications has seen substantial developments in the

healthcare sector. A notable example is Unbabel Halo', which combines a non-invasive neural interface

Thttps://aiforgood.itu.int/speaker/unbabel-halo/
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with generative artificial intelligence to transform biosignals into language, thereby helping patients with

Amyotrophic Lateral Sclerosis stay connected.

Motivated by the COVID-19 pandemic, which restricted data collection for exploring the interconnec-
tions between biosignals in speech production and neurological or cognitive disorders, we redirected
our focus to other remotely collectible biosignals highlighted as crucial during the lockdown. Specifically,
we investigated facial images and visual speech as complementary modalities to acoustic speech for
detecting OSA. Our previous research on Silent Computation Paralinguistics suggested the effective-
ness of EMG signals in capturing articulation patterns for paralinguistics. Building on these findings,
we hypothesized that embeddings trained for visual speech, or lip reading, would also contain paralin-
guistic information. These embeddings could encode articulation patterns, craniofacial structure, and
breathing patterns, which are particularly informative for obstructive sleep apnea detection. Therefore,

we introduced visual speech as a new modality for paralinguistics, achieving promising results.

Health-related speech datasets are scarce and difficult to acquire due to patient-privacy laws, eth-
ical concerns, lack of awareness in the medical community, and resource constraints. The COVID-19
pandemic exacerbated these difficulties. Consequently, it became particularly relevant to explore large
repositories of pre-existing data online. We thus leveraged vlogs with self-reported health status avail-
able on YouTube as an initial step towards multimodal disease detection, which could later be applied to

telemedicine appointments.

Notwithstanding the promising results obtained with transfer learning and neural networks for in-
the-wild multimodal obstructive sleep apnea detection, questions remain about what these models are
actually learning and the basis for their predictions, which can significantly impact patients’ lives. We
argue that before systems such as the one we developed can transition to commercial applications, we
need to ensure their reliability. Therefore, we conducted a series of experiments to foster the discus-
sion on the challenges associated with datasets for disease detection. In particular, our experiments
highlighted unexpected biases in datasets, and the difficulty of translating models and results to new
domains, including different recording conditions, speech tasks, and languages. This difficulty gains
an important dimension when we observe that the speech features typically used for disease detection

encode substantial information about the recording conditions.

These challenges, along with the discussion on chapter 2 about multimorbidity and the overlapping
effects of multiple diseases on speech, prompted us to work towards a framework for health monitoring
that should be robust to dataset shifts, consider several diseases simultaneously to cope with multi-
morbidity frequent in an aging population, and provide explanations compatible with clinical reasoning.
As an initial step, we characterized reference speech by defining reference intervals for clinically inter-
pretable acoustic and linguistic features, drawing on a concept from clinical laboratory science. The

CLAC corpus, used to define the reference population, is a valuable resource designed to characterize
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English healthy speakers. However, it has limitations: it lacks sufficient speakers to provide distinct char-
acterizations for each age range, and it is crowdsourced, resulting in diverse recording conditions and
adherence to instructions. In our experiments, to compare this dataset with others for disease detection,
we performed dataset-dependent normalization. We anticipate that future work with a larger corpus,
including both healthy and diseased individuals across all age ranges, collected under controlled condi-
tions, may provide a better characterization of reference speech without the need for dataset-dependent
normalization. Furthermore, we propose a radar plot visualization tool to integrate all features. A single
radar chart that describes the speech properties of each new subject and highlights deviations from the

norm could be a valuable tool for supporting physicians in disease screenings.

Ideally, rather than defining reference speech for each subpopulation based on demographic criteria,
it would be preferable to establish a self-definition of reference speech. Deviations from an individual’s
own reference speech would provide more sensitive indicators of early disease signs, thereby enabling

truly personalized care.

Additionally, we explored Neural Additive Models, glass-box neural networks that elucidate the basis
for model predictions. Despite other models achieving higher classification performance, NAMs offer
the advantage of interpretability, providing meaningful clinical insights. This is crucial not only as a
“second opinion” for a physician, but also in early-stage research on the use of speech as a biomarker,
facilitating multidisciplinary team discussions on the model’s assumptions, validity and trustworthiness,
and informing decisions on further iterations, including data collection, or feature adjustments. NAMs are
also suitable for multitask learning, enabling the simultaneous detection of multiple diseases, provided

that data of the same speech tasks annotated across different diseases is available.

Our final set of experiments leverages the remarkable capabilities of large language models in text
understanding, to annotate clinically meaningful high-level dimensions, termed macro-descriptors. Us-
ing just four macro-descriptors, we surpass previous results obtained with conventional features for
Alzheimer’s disease detection. These macro-descriptors are effective with simple models like SVMs,
and could potentially enhance interpretability when utilized with neural additive models. Likely due
to their high-level nature and the zero-shot prompting strategy employed for extraction, these macro-
descriptors demonstrate increased robustness to dataset shifts and we hypothesize they may even offer
resilience in multi-lingual scenarios. Moreover, by querying LLMs for the extraction of macro-descriptors
that capture discourse structure instead of directly querying for a diagnosis, we mitigate the risks as-
sociated with biased or compromised advice from LLMs, as highlighted in recent reports concerning
mental health applications [Ma et al., 2023]. Besides, the macro-descriptors can be complemented with

acoustic information; in our experiments, speech rate improved Alzheimer’s disease detection.

Overall, this thesis explored multiple perspectives on the potential of speech as a biomarker. We in-

vestigated novel modalities, such as EMG and visual speech, which complement the speech signal and
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show promise for paralinguistics and disease detection. Additionally, we discussed several challenges
associated with small datasets, emphasizing the need to focus on reliability and interpretability. Our work
on reference speech characterization, and neural additive models for disease detection aimed at provid-
ing a holistic perspective on health, paving the way for future studies that could establish self-definitions
of reference speech, and the simultaneous screening of multiple diseases. Finally, we leveraged the
new LLMs to capture high-level discourse characteristics, bridging powerful black-box models and inter-

pretable dimensions essential for clinical applications.

9.2 Future work

Technical challenges

The first priority of future work should be to establish a comprehensive protocol for health-related data
collection, encompassing both speech and other non-invasive complementary modalities, and initiate
data collection efforts. This protocol must specify rigorous yet practical recording conditions that can be
implemented in typical facilities. It should standardize speech tasks relevant for various speech affecting
diseases, and provide clear instructions for participants. Data should include annotations for multiple
diseases, particularly those that are risk factors for each other, or have overlapping effects on speech,
and represent all age ranges, genders, and biological sexes. It should also include annotations for pos-
sible confounding factors, such as education, and occupation, as well as symptoms, and risk factors.
Although this is a substantial endeavour, it has the potential to revolutionize research on speech as a
biomarker. In fact, the availability of very large datasets has been a key factor in enhancing the perfor-
mance of numerous machine learning models, namely on speech and language tasks. Furthermore,
existing publicly available datasets are not only limited in size and focused on single diseases, but also
have become over-explored benchmarks, leading researchers to optimize for the benchmark rather than
the problem they represent.

Recognizing the challenge of labeling large amounts of data for multiple diseases, one possible ap-
proach to manage the uncertainty of co-occurring diseases with high prevalence is to employ soft labels
instead of one-hot encodings. Rather than assigning a zero probability of disease to a presumed con-
trol subject, soft labels can more accurately reflect disease prevalence within specific sub-populations
based on demographics.

The second priority is to discuss, elaborate, and systematize the anticipated effects of diseases on
the speech signal, along with the causal mechanisms responsible for such effects. This thesis has pro-
vided initial efforts in this direction, as illustrated with the diagram in chapter 2, Figure 2.5. However, we
emphasize that this diagram represents hypotheses from the literature, and requires further validation by

a multidisciplinary team, including (but not limited to) speech engineers and scientists, speech patholo-
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gists, and physicians specializing in each of the speech affecting diseases. Afterwards, the hypotheses
should be validated through data analyses.

One key aspect that becomes evident when analysing the diagram is that one possible approach for
using speech as a biomarker for health is to focus on detecting certain symptoms, risk factors, and/or
pathological mechanisms, rather than directly performing binary disease detection. These factors could,
in turn, be used either for predicting the risk of disease, or as a parallel explanation for disease prediction.
One approach could involve supervising the training of an intermediate layer in a neural network for
disease detection, where each dimension represents a symptom, risk factor, or high-level manifestation
of a disease, similar to the idea explored by Tu et al. [2017]. This layer could include dimensions such as
overweight, aging, laryngeal trauma/inflammation, reduced lung capacity, formal thought disorder, etc.

Alternatively, if these annotations are not available, future work can use LLMs to capture high-level
speech characteristics, or macro-descriptors suitable for multiple diseases, as we did for Alzheimer’s dis-
ease. Our work with LLMs focused on text, but recent models like GPT-40 [OpenAl, 2024] are equipped
to handle other modalities, including audio, making them promising for capturing both acoustic and lin-
guistic macro-descriptors.

An important avenue for further research is causal machine learning, particularly in elucidating the
causal mechanisms linking diseases with speech manifestations.

Although this thesis focuses mostly on binary disease detection, due to data availability, the assess-
ment of disease severity as a regression task is equally important, particularly for applications in regular
disease monitoring. The evaluation of severity, or progression of a disease, is further complicated by the
scarcity of datasets that provide detailed annotations of disease severity and comprehensive represen-

tations of all disease levels.

Ethics and privacy challenges

Speech data inherently carries considerable personal information, as has been extensively discussed
throughout this thesis. This personal information is exposed daily, without the speakers’ control over
which information is divulged and subsequently used by third parties possibly with unethical or malicious
intentions. For instance, a scenario where an insurance company explores speech as a health biomarker
to deny insurance coverage is clearly unethical [Singh, 2019]. Given the sensitive nature of speech data,
although it is outside the scope of this thesis, it is important to mention some key ethics and privacy
considerations essential for responsible research.

The entry of consumer tech companies into the health market, providing data collection, storage, and
analysis solutions, raises issues relating to privacy, data protection and ownership, and informed con-
sent [Cummins and Schuller, 2020]. The proliferation of such technologies blurs the distinction between
medical and non-medical devices and raises further challenges, by complicating regulatory efforts [Cum-
mins and Schuller, 2020].
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Singh [2019] emphasizes the importance of the speaker’s awareness and consent, when it comes to
ethical uses of voice data. Information should not be distributed nor used without the speaker’s explicit
permission. Naturally, this requirement complicates data sharing across research institutions, potentially
limiting dataset sizes and thus reducing model robustness and result reliability, thereby underscoring the
importance of informed consent. Informed consent is particularly complex when subjects are children,
psychiatric patients, or individuals with dementia.

Addressing these issues requires societal and legislative efforts, as the pervasive nature of speech
complicates regulation [Singh, 2019]. Existing regulations, such as the General Data Protection Regu-
lation (GDPR) [European Parliament and Council, 2016], and the Al Act [European Commission, 2021],
offer a first step in this direction and should be adhered to.

Besides these issues that should be addressed by societies and lawmakers, researchers in the field
of speech health should also consider ethical practices in their work. First of all, upon data collection,
obtain informed consent from participants. Secondly, ensure that data is securely stored, and properly
anonymized if data sharing is allowed. Finally, ensure ethical use of technology. Indeed machine learn-
ing applications are prone to learning biases in the data, and efforts should be made to mitigate these
biases, ensuring that predictive models are transparent, fair, and prevent any form of discrimination.

Privacy-preserving voice processing algorithms are another relevant direction. These cryptographic-
based technologies, which process voice data without exposing the signal itself, represent an emerging
area of research [Singh, 2019].

A final ethical issue, distinct from the previous ones but equally deserving of philosophical consid-
eration, is the extent to which individual patients benefit from early diagnosis or diagnosis at all. For
instance, early diagnosis is certainly beneficial for a person suffering from a highly contagious respira-
tory disease with a high probability of recovery. However, is it beneficial for an elderly individual who
may be diagnosed with dementia while still feeling well and “happy”? Does such a diagnosis bring value
or sorrow to their life? We do not aim to provide an answer but rather to encourage debate among

multidisciplinary teams and further reflection from our readers.

Final Remarks
Several findings of this thesis point to unreliable results in the literature for disease detection. This con-
cern has also been recognized by a broader segment of the research community, which has documented
issues such as overoptimistic results [Berisha et al., 2022; Espinoza-Cuadros et al., 2016; Ozbolt et al.,
2022] and the Clever Hans effect [Liu et al., 2024]. This debate extends beyond speech-related health
research to other high-stakes fields [Kapoor and Narayanan, 2023].

Nevertheless, rather than discouraging researchers, | believe this debate should mark a turning
point towards responsible and trustworthy research for disease detection. Prioritizing reliability and

explainability of results is crucial, even if at the cost of lower performance or simpler models. Many
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studies describe results as promising. This should not be interpreted as a euphemism for failure but as
a genuine indication of the potential for speech as a tool to improve healthcare access. Now is the time to
direct this promise towards practical applications with the necessary caution. This field is at an exciting
juncture, with tools of enormous potential ready to make a significant impact through interpretable and
reliable models. The focus on explainability is vital. Kahneman [2011] introduced the framework of fast
and slow thinking, where he distinguishes two styles of processing in our brain: system 1 and system
2. System 1 corresponds to an unconscious process, which takes place very rapidly, and relates to
implicit (intuitive) knowledge and the corresponding neural computations. System 2, on the other hand,
corresponds to controlled and conscious processing, which involves a sequence of thoughts, which are
usually verbalizable [Goyal and Bengio, 2020]. While some tasks can be achieved only with system 1’s
capabilities (e.g. riding a bike), others require the conscious controlled type of processing and the explicit
knowledge of system 2 (e.g. imagination, planning, or discovering of causal dependencies). However,
system 2’s cognition generally also requires unconscious processing (system 1) to perform much of
the work, sampling candidate solutions to a problem, from a possible astronomical number [Goyal and
Bengio, 2020]). According to [Goyal and Bengio, 2020], current deep learning methods are fairly good
at tasks associated with system 1 — “They can rapidly produce an answer [...] through a complex
calculation which is difficult (or impossible) to dissect into the application of a few simple verbalizable
operations. They require a lot of practise to learn and can become razor sharp good at the kinds of
data they are trained on”. Clinical experts’ diagnosis process can also be explained in the light of
system 1 and system 2 dichotomy. Brush Jr et al. [2017] describe that system 1 enables the quick
retrieval of an exemplar stored in long-term memory to bring to mind diagnostic possibilities. This occurs
automatically, naturally, and without conscious control. System 2 is used for testing, analyzing, and

verifying a diagnostic hypothesis.

Likewise, | argue that designing a system for the automatic detection of speech-affecting diseases
may benefit from a framework that incorporates both System 1 and System 2 capabilities. A non-
interpretable large model, trained on extensive data or leveraging existing large language models, could
identify disease candidates using correlations or risk factors (aligned with System 1 capabilities). For
example, it would be acceptable to associate overweight middle-aged men with a higher risk of obstruc-
tive sleep apnea. Indeed there is a high incidence of OSA in overweight middle-aged men — and this is
also similar to how a sleep doctor might reason to sample diagnostic candidates, when a middle-aged

overweight man walks into their medical office.

Simultaneously, a parallel system aligned with System 2 should provide explanations compatible
with clinical reasoning. This explanation does not need to provide the description of the exact process
of the first system to reach a decision but should offer insights that guide further clinical decisions. For

instance, it should explain why the individual is at high risk for OSA, considering not only demographics
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or overweight risk, but also factors such as retrognathia, larynx inflammation, or impaired velum control.
This approach enhances diagnosis understanding and informs subsequent medical recommendations.
For the System 2 component, we can use neural additive models, LLM-annotated macro-descriptors,
intermediate neural network representations capturing risk factors or high-level disease manifestations,
and radar chart visualizations to highlight deviations from reference speech.

Before concluding this thesis, | invite the reader to further reflect on the dual nature of recent Al
developments in healthcare, which present both substantial risks and remarkable opportunities beyond
the detection of speech-affecting diseases. Among the risks are the potential for disseminating mis-
information, providing harmful advice — as evidenced by instances where foundational models have
encouraged engagement in eating disorder behaviors [Center for Countering Digital Hate, 2023] — and
exacerbating healthcare access disparities. However, these risks can be mitigated through the imple-
mentation of appropriate regulations and enhancing public literacy. It is important that fear of these
threats does not hinder the exploration of the considerable potential for social good offered by new Al
tools. These tools have enormous potential, including enhancing health literacy for all, reaching re-
mote populations, combating isolation, improving patient experiences, enabling personalized treatment
plans [Coker et al., 2022], facilitating Al-enabled drug discovery [Center, 2023], and supporting the au-
tonomy of individuals with dementia [Kister and Schultz, 2023].
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Appendix: Disease categorization

according to the ICD-11

The diagram in Fig. A.1 presents the categories and codes of the speech affecting diseases described
in section 2.2, according to the ICD-11". It is clear that the diseases described in Fig. 2.5 are not at the
same hierarchical level in Fig. A.1. In fact, with the current available knowledge, one could argue that we
should discuss speech affecting diseases in groups of diseases, or higher hierarchical levels. However,

we frequently discuss the diseases for which we have labelled data available.

TInternational Classification of Diseases 11th Revision (ICD-11) by the World Health Organization, https://icd.who.int/en
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Figure A.1: Categorization of speech affecting diseases according to the International Classification of Diseases

11th Revision (ICD-11).
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Appendix: In-the-wild data - is it

suitable for disease detection?

In chapter 5, a pertinent concern was raised regarding the legitimacy of utilizing in-the-wild data for the
detection of speech affecting diseases. On one hand, is the self reported health status a valid proxy
for the true health status? On the other hand, can paralinguistic features and the emotional content be
different when people are talking about their disease, as opposed to when they talk about book review,
knitting, etc.? To address these questions, in a different work that focuses on the detection of depression
and Parkinson’s Disease from YouTube vlogs, we establish a comparison between in-the-wild data and
publicly available benchmark datasets. These benchmark data sets were collected under controlled
conditions in collaboration with medical healthcare professionals and are thus medically validated. Here,
we briefly discuss those experiments and results because they support our claim that we can use in-the-

wild data collected when no medically validated data are available.
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B.1 Corpora

We used three corpora, described in detail in section 3.3: the WSM corpus, which contains controls,
people suffering from PD and depressed subjects; the PC-GITA - standard dataset used in the speech
community for the detection of Parkinson’s disease, in Spanish; and the DAIC-WOZ - standard dataset
used for the detection of depression, in English. In this work, with the goal of ensuring that the speech
tasks recorded under controlled conditions and in-the-wild conditions data were similar, we only used a

subset of exercises of the PC-GITA, including read words, read sentences, and spontaneous speech.

B.2 Experiments

We establish three classification baselines using distinct feature sets.
Baseline A.: we extracted eGeMAPS features, and perform the binary classification with a SVIM.
Baseline B: we extracted i-vectors and performed the classification using PLDA classifier.

Baseline C: we extracted x-vectors and performed the classification also using PLDA.

Both baselines B and C follow the Kaldi recipe egs/voxceleb/ [Povey et al., 2011].

These baseline experiments were designed for the release of the WSM corpus, aiming to employ
standard methodologies. To facilitate comparison with small controlled condition (CC) datasets, we in-
clude a baseline system using SVM models combined with a general-purpose paralinguistic feature set,
specifically eGeMAPS features. Additionally, we incorporate i-vector and x-vector based approaches
using Probabilistic Linear Discriminant Analysis (PLDA). eGeMAPS, i-vectors and x-vectors were de-
scribed in chapter 2. Studies conducted shortly before these experiments have demonstrated that i-
vectors also contain information about the speaker’s health status (e.g. [Hauptman et al., 2019]). Com-
pared to i-vectors, x-vectors require shorter temporal segments to achieve optimal results and have been
shown to be more robust to data variability and domain mismatches [Snyder et al., 20172, 2018]. Sim-
ilar to i-vectors, x-vectors have also been found to carry information about the speaker’s health status
(e.g. [Moro-Velazquez et al., 2020]).

We apply the three classification baselines to three different experiments:

1. In-the-wild classification, where we train and test the models using in-the-wild data. This experi-

ment is abbreviated as ITW vs ITW,
2. Controlled conditions classification, where we train and test the models using the publicly available

standard datasets. This experiment is abbreviated as CC vs CC;
3. Cross-domain classification, where we train the models with in-the-wild data, and test them with

the data obtained in controlled conditions. This experiment is abbreviated as ITW vs CC. If a

model trained with in-the-wild data and labels for self-reported health status, can perform close
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Figure B.1: Results obtained for the detection of depression (a) and Parkinson’s disease (b). For each disease, we
present the results for three sets of experiments: in controlled conditions using standard datasets (CC
vs CC); in-the-wild (ITW vs ITW); and in cross domain experiments, where we trained using in-the-wild
data and tested on controlled conditions datasets (ITW vs CC).

to, or better than the baseline models for standard datasets recorded in controlled conditions, we
can interpret that as evidence to support our hypothesis that the self reported health status can be

used as a proxy for true health status.

B.3 Results and discussion

Figure B.1 shows the classification results, in terms of UAR. Regarding the baselines for depression,
using the DAIC-WOZ dataset (controlled conditions), we can observe that the performance of the three
systems is chance level or worse. Hence, we conclude that detecting depression from speech alone
in the DAIC-WOZ specifically is a difficult task. When using the WSM corpus (in-the-wild), the results
are better, with the x-vector system being the best performing one. In the cross domain experiment, we
can see that the performance of all the models improves when compared to training the models with the
same domain, on controlled conditions.

Regarding the baselines for PD, using the PC-GITA dataset (controlled conditions), we were able to
obtain, in the best case scenario, a UAR of 80.0%, with the eGeMAPS-based system. The x-vectors
were the worst performing model. We hypothesise that this could be related to the mismatch between
the language of the PC-GITA (Spanish data) and the language of the pre-trained x-vector extraction
model (mostly English data). When using the WSM corpus (in-the-wild), we can generally notice a
similar trend to the results obtained for depression, where the best performance was obtained by the
baseline using x-vectors. This suggests that the baseline using x-vectors with PLDA can more robustly
deal with variability of recording conditions obtained with in-the-wild data collection. In the cross domain

experiment, when comparing to training the models with the same domain on controlled conditions, in
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the best case scenario we are able to obtain the same performance in the two experiments, in the case
where the modeling strategy is based on eGeMAPS. For the other two baseline systems, we observe a
large performance drop. Again, we argue that the language mismatch in the cross domain experiment
may hinder the performance of x-vectors and i-vectors. Nevertheless, given that for the model based on
eGeMAPS, the performance remains the same across the two experiments, we consider that this result
also supports our hypothesis that self-reported health status is a good proxy for true health status.

Both for depression and PD, we evaluated the statistical significance of the cross-domain experi-
ments, when compared to the controlled conditions classification experiments. The statistical signifi-
cance of these results was evaluated by paired t-tests that determine if the hypothesis that there is no
statistically significant difference in the performance of equivalent models trained with data from CC or
in-the-wild conditions can be rejected. We set the threshold of the probability necessary to reject the null
hypothesis to 0.05. For the depression results, the improvement observed when training with in-the-wild
data (figure B.1 (a) - ITW vs CC) compared to training with the standard dataset (figure B.1 (a) - CC vs
CC) were found to be statistically significant. For the PD results, the difference in performance observed
when training with in-the-wild data (figure B.1 (b) - ITW vs CC) compared to training with the standard
dataset (figure B.1 (b) - CC vs CC) were found to not be statistically significant.

Overall, we conclude that these results support the claim that in-the-wild-data, in particular collected
from YouTube vlogs is suitable for this task, and can be regarded as a starting point when no other data

is available.
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Appendix: multimodal OSA detection

— supplementary material

This appendix provides details on the neural network architectures employed for OSA classification
experiments. The hyperparameters for training were defined experimentally. All NNs, implemented in
Pytorch [Paszke et al., 2019], were trained with Adam optimizer, and use binary cross entropy as loss

function.

C.1 Neural networks for OSA detection from speech

As described in section 5.3.2, the neural architecture depends on the input type: x-vectors and KB
features represent each audio segment with a fixed size vector, and thus are fed to a fully connected
feed forward neural network; PASE+ features have a dimension that depends on the duration of the audio
input, and thus are fed to a 1D CNN followed by a statistical pooling layer. All three neural networks were

trained using cross entropy loss, in which each class was weighted by the inverse of its relative frequency
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in the training folds.

The architectures of the neural networks used consist of convolutional blocks or feedforward blocks,
and one final output linear layer with 2 nodes, followed by a softmax activation layer. Each fully connected
block consists of: (i) one linear layer with 32; (ii) one batch normalization layer; (iii) one RelLU activation
layer; and (iv) one dropout layer. Each convolutional block contains (i) one 1D-convolutional layer, which
performs the convolution through time, with 64 and 32 filters (first and second blocks, respectively),
kernel size of 3, stride 1, and padding to keep the time dimension constant; (ii) one batch normalization
layer; (iii) one leaky RelLU activation layer; and (iv) one dropout layer. We carried out three experiments

with the architectures and parameters described below.

A. X-vectors Experiment: The x-vectors are fed to a fully connected feed forward NN, with 3 fully con-
nected blocks before the output layer. The NN was trained for 10 epochs, with batch size 64 and learning

rate 0.001. The dropout probability was set to 0.5.

B. PASE+ Experiment: The PASE+ embeddings were fed to a CNN, which consists of two convolutional
blocks, one statistical pooling layer which summarizes the time dimension to a fixed size output, and
one fully connected block before the output layer. The fully connected block contains a Leaky RelLU
activation layer, instead of a standard ReLU. The learning rate resembles 0.0001, the batch size was set

to 32, the dropout probability was set to 0.7, and the network trained for 10 epochs.

C. KB features Experiment: The KB features are fed to a fully connected feed forward NN, equal in
architecture and hyperparameters to the one described in experiment A. The only difference is the

dropout probability, which was set to 0.5.

C.2 Neural networks for OSA detection from facial images

The NN architectures used for OSA detection from facial images also depend on the input type: for raw
facial images, we used a CNN, and for KB features, BIF and embeddings we used feed forward NNs,
with four fully connected blocks. The networks architectures are composed of 2 convolutional blocks or
three feed forward blocks, and one final output linear layer with 2 nodes, followed by a softmax activation
layer. Each convolutional block contains (i) one 2D-convolutional layer, with 8 filters, kernel size of 3,
stride 1, and no padding; (ii) one RelLU activation layer; (iii) one max pooling layer with kernel size 2,
and stride 2; and (iv) one dropout layer. Each fully connected block consists of: (i) one linear layer; (ii)
one batch normalization layer; (iii) one ReLU activation layer; and (iv) one dropout layer. We carried out

six experiments with the architectures and parameters described below.

A. Facial images Experiment: In this experiment we fed the raw images, previously resized to (100, 100)

to a CNN. The dropout probability was 0.5. The learning rate resembles 0.0001, the batch size was set
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to 32, and the networks were trained for 20 epochs.

B. Facial images Experiment with local attention: Experiment A was repeated, adding an attention layer
after the the second convolutional block. The attention layer consists of: (1) one 2D-convolutional layer,
with 8 filters, a kernel size of 3, stride 1, and padding to keep the dimension of the input constant; (2) one
Sigmoid activation layer. The output of the attention layer, the attention scores, are multiplied element-
wise by the output of the second convolutional layer, before being fed to the output layer. The idea of
local attention is introduced by the convolutional layer, which filters the inputs and selects which pixels to
give more weight. The remaining hyperparameters were the same as described above. This experiment
was designed to provide some explanation on which part of the image was considered more relevant by

the network, for the classification task.

C. Facial images Experiment with global attention: Experiment A was also repeated, using global atten-
tion. The global attention layer follows the standard attention layer architecture: (1) one fully connected
linear layer, with 4232 nodes - this number corresponds to the dimension of the flattened output of the
last convolutional layer; (2) one hyperbolic tangent layer; (3) one softmax layer. Similarly to the previous
experiment, the attention scores are multiplied element-wise by the output of the second convolutional
layer, before being fed to the output layer. The idea of global attention is introduced by the fully connected

layer. The remaining hyperparameters were the same as described above.

D. Knowledge-based features Experiment: We fed the KB features to a fully connected NN. All linear
layers have 2048 nodes, the learning rate resembles 0.01, the dropout probability was set to 0, the batch

size to 128, and each NN was trained for 20 epochs.

E. Bio-inspired features Experiment: We fed BIF vectors to a fully connected NN. The linear layers at
each of the fully connected blocks have 2048, 512, and 128 nodes. The learning rate resembles 0.001,

the dropout probability was set to 0.5, the batch size to 128, and each NN was trained for 5 epochs.

F. Facial embeddings Experiment: The embeddings were fed to a fully connected NN. The linear layers
at each of the fully connected blocks have 128, 64, and 32 nodes. The learning rate resembles 0.001,

the dropout probability was set to 0.5, the batch size to 128, and each NN was trained for 5 epochs.

C.3 Neural networks for OSA detection from visual speech

The network that used lip reading embeddings as input for OSA classification contains two convolu-
tional blocks, one fully connected block and one output linear layer with 2 nodes, followed by a softmax
activation layer. Each convolutional block contains (i) one 1D-convolutional layer, which performs the
convolution through time, with 64 and 32 filters (first and second blocks, respectively), kernel size of

3, stride 1, and no padding; (ii) one batch normalization layer; (iii) one ReLU activation layer; (iv) one
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max pooling layer with kernel size 2, and stride 2; and (v) one dropout layer. The fully connected block
consists of (i) one linear layer with 32 nodes; (ii) one batch normalization layer; (iii) one leaky RelLU
activation layer; and (iv) one dropout layer.

The learning rate resembles 0.0001, the batch size was set to 64, the NN was trained for 10 epochs,
using cross entropy loss, in which each class was weighted by the inverse of it’s relative frequency in

the training folds. Dropout was set to 0.5.

C.4 Neural network for OSA detection with early fusion of the three

modalities

This section details the neural network architecture and parameters used for early fusion of three modal-
ities: speech, facial images and visual speech, in experiment B: Early fusion NN experiment.

In this experiment, we fed the three embeddings to a NN that follows the structure represented in
figure 5.4 (left). The speech embeddings and facial embeddings were fed to a fully connected block,
with the same structure as described in section C.2. The visual speech embeddings were fed to two
convolutional blocks, with the same structure as described in section C.3, except the number of filters,
that were 64 and 16, respectively. The outputs of these layers were then summed and fed to a new fully
connected block, before the final output layer. The linear layers in all fully connected blocks have 64
nodes. The learning rate resembles 0.0001, the batch size was set to 32, the dropout probability was

set to 0.5, and the network trained for 5 epochs.
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Appendix: disease detection across

datasets — supplementary material

This appendix provides details on the neural network architectures employed as feature extractors for
COVID-19 classification experiments.

D.1 Deep neural networks for feature extraction in COVID-19 de-

tection

TDNN-F embeddings

These emebddings were extracted using a reduced version of the TDNN-F based network [Povey et al.,
2018], proposed for speaker recognition by [Villalba et al., 2020]. The network architecture is summa-
rized in Table D.1. Each block, with the exception of the statistics pooling layer, corresponds to a TDNN,

TDNN-F or dense layer, followed by a Leaky-RelLU activation, a batch normalization layer and a dropout
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layer. Cough embeddings are 128-dimensional vectors obtained at the output of the final dense layer
(layer block 7).

Table D.1: TDNN-F embedding network architecture.

Layer Layer type Ctx. 1 Ctx. 2 Size Inner size
1 TDNN t-2:t+42 - 512 -

2 TDNN-F t-2,t t,t+2 1024 256

3 TDNN-F t t 1024 256

4 TDNN-F t-2,t t,t+2 1024 256

5 Dense t - 2048 -

6 Stats. Pool. fullseq. - 2x2048 -

7 Dense (embedding) - - 128 -

The TDNN-F network was implemented in Pytorch. Training and fine-tuning used the Adam optimizer
with a weighted sum of the loss functions of the involved tasks. Classification tasks used binary cross-
entropy loss, while the regression task used the mean squared error loss. In the second stage, each
class was weighted with the inverse of its frequency in the training subset to address the unbalanced
nature of this dataset.

The network was trained for 500 and 20 epochs with batch sizes of 16 and 32 for the first and
second stages, respectively. In the first stage, learning rates of 0.0001 and 0.001 were used to train the
embedding network and the age and gender classification layers, respectively. For the second stage,
these learning rates were reduced to 0.00005 and 0.0001. For the remaining tasks in the second stage,
a learning rate of 0.0005 was used. Moreover, the loss corresponding to each task was given a weight,

found through hyperparameter search.

CNN embeddings
The VGGish model [Hershey et al., 2017] is an adaptation for audio classification of the VGG network
[Simonyan and Zisserman, 2015]. It comprises four blocks, each with one or two convolutional layers
followed by a pooling layer. The output of the last pooling layer is flattened and followed by two fully-
connected layers and an output layer. This model was originally trained with 5.4M hours of YouTube
data. In this work, we used a simplified version as shown in Table D.2. Layers 1 to 7 correspond to
the original architecture, with pre-trained weights from the original model. The top-level fully-connected
layers in the original model were here substituted by lower-dimensionality layer 9 to facilitate fine-tuning
with limited data. Layer 8 flattens and reduces dimensionality.

This CNN architecture is used in this work in two different settings. In both cases, the generated
embeddings are 256-dimensional vectors (output of layer 8). The first setting corresponds to using the
pre-trained model as generic feature extractor, weights are directly loaded from the original model. The

second setting corresponds to fine tuning the model for COVID-19 detection using a balanced subset
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Table D.2: Architecture of the simplified VGGish

Layer Layer type Output shape
1 Conv2D (96,64,64)

2 MaxPooling2D (48,32,64)

3 Conv2D (48,32,128)

4 MaxPooling2D (24,16,128)
5-6 Conv2D (x2) (24,16,256)

7 MaxPooling2D (12,8,256)

8 GlobalAvg.Pooling2D  (256)

9 FullyConnected (64)

10 FullyConnected (1)

of the COUGHVID dataset. In this case, layers 9 and 10 are included on top to allow for fine-tuning for
COVID-19 detection. The weights of these two layers are initialized randomly and the whole CNN is
fine-tuned for 150 epochs using cross-entropy loss, the Adam optimizer with a learning rate of 10~> and

a batch size of 64.

PASE+ features
The PASE+ extractors, both trained on Librishpeech and COUGHVID, were trained for 150 epochs. We
used a batch size of 64 with a learning rate of 0.0005 and 0.001 for the workers and the encoders,

respectively. 256-dimensional feature vectors are extracted for each 10 ms frame.
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Appendix: A framework for
multidisease detection —

supplementary material

This appendix provides supplementary material to chapter 7, including further details on neural network

architecture and training hyperparameters, features, and results.

E.1 Ambiguous coreference chain

In chapter 7, the feature ratio of ambiguous coreference chains was excluded from the analysis because
(1) the findings in section 7.4.1.D suggest it is not robust to dataset shifts, not even with stratified nor-
malization, and (2) the confidence intervals on the upper bound for both genders and both ASR systems
were larger than the Rl itself, which indicates a poor confidence on the derived RI. Figure E.1 shows

the distribution of the ratio of ambiguous coreference chains on the reference population. It is clear that
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Figure E.1: Distribution of ratio of ambiguous correference chains on the reference population, based on whisper
transcriptions.

Table E.1: Examples of picture descriptions in CLAC and the corresponding coreference chains identified by the
coreference resolver.

ASR Description Coreference
chains
wav2vec “i see a mother not paying attention to what's happening in her kitchen she’s drying the dishes  [Mother, Her,

and appears to be day dreaming while looking out the window because she’s not paying attention ~ She’S, She’S, Her],
the sink is overflowing causing a flood in the kitchen and her children are about to steal cookies  [Kitchen, Kitchen]
from a cabinet well most likely about to get hurt because the stoolis about to tip over.”

whisper  “A young boy is walking down a path while attempting to fly a kite and his dog is following him.  [Boy, His, Him,
Behind him, there is a lake with a young girl on the beach, building a sand castle. On that same  Him], [Lake, Lake,
lake there is a gentleman on a dock, landing a fish. And on that lake out in the distance, there’s  Lake]
a sailboat sailing. Meanwhile, in the foreground, there is a couple having a picnic. The woman
is pouring a glass of wine. There’s a stereo playing, and the man is reading a book. Down the
street, there is a house with a car in the driveway and a tree in the front yard and a flag at Polstaff.”

the bulk of the distribution is very narrow as most samples correspond to zero. This resulted in a very
narrow reference interval, and a very large confidence interval on the upper limit upon bootstrapping. In-
tuitively, one can understand that in a healthy population describing an image, there would rarely be any
ambiguous pronouns, i.e., entities not explicitly mentioned or mentioned only cataphorically. Table E.1
shows examples of picture descriptions in CLAC and the corresponding coreference chains identified by

the coreference resolver.

E.2 Hyperparameters for Neural Additive Models

The hyperparameter tuning for NAMs was performed with Bayesian optimization using Gaussian Pro-
cesses, as implemented in scikit-optimize [Head et al., 2021], with 100 calls to the optimizer. The
hyperparameters considered for tuning, with minor variations from those described by Agarwal et al.

[2021], were as follows:
« learning rate: {0.001,0.002,0.005,0.01,0.02,0.05, 0.1},
» dropout coefficient: {0,0.05,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9},

+ weight decay: [0.000001,0.0001],
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» feature dropout coefficient: {0,0.05,0.1,0.2}

+ output penalty coefficient: [0.001, 0.1].

Additionally, the feature subnetworks were configured in one of the following ways: (i) one feedfor-
wrad layer with 1024 hidden units, (ii) one feedforwrad layer with 512 hidden units, or (iii) three feedfor-
ward layers with 64, 64, and 32 hidden units. The activation functions for the hidden units were either
ReLU or ExU, as introduced by Agarwal et al. [2021]. The batch size was set to 64.

Agarwal et al. [2021] suggested using an ensemble of 10-100 models for each NAM. In this work,
given the 10-fold cross-validation setting, we defined each NAM as an ensemble of 3 models, which
after cross-validation results in a total of 30 models. Future work may investigate increasing the number
of models.

Table E.2 reports the hyperparameters that yielded the best performance for the classification of PD
and AD.

Table E.2: Best parameters found for NAMs on classification of PD and AD, on PC-GITA and ADReSS, respectively.
“Hidden units” shows the number of hidden layers as well as the number of neurons used in each layer
for each feature network.

PC-GITA ADReSS

Learning rate 0.01 0.1
Dropout 0.8 0.6
Weight decay 1x107% 1x10°¢
Feature dropout 0.0 0.2
Output penalty 0.001 0.001
Num units 1024 1024
Activation ExU ExU

E.3 Classification results

The results, in terms of accuracy, for the complete set of experiments are presented in Table E.3, E .4,
and E.5 for PC-GITA, ADReSS with whisper transcriptions, and ADReSS with wav2vec transcriptions,
respectively.

Results for the NAM experiments are detailed in Table E.6.
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Table E.3: Parkinson’s disease classification results, using SVM and logistic regression, in terms of accuracy in [%].
OM 1V stands for 0-mean and unit variance normalization.

SVM LR
0 mean, 1 var MinMax No Norm 0 mean, 1 var MinMax No Norm
CT params dev test MV params dev test MV params dev test MV | dev test MV |dev test MV |dev test MV

DTyvstp

0.5 linear,C=1.0 58.7 60.7 64.0|poly, C=0.01,d=3 59.7 56.7 57.0| RBF,C=1.0 61.5 60.3 65.0|/59.7 60.7 65.0|57.3 56.0 57.0|62.8 60.7 64.0
0.8 linear,C=1.0 63.9 64.0 67.0| linear,C=0.1 64.6 61.7 66.0/ RBF, C=1.0 622 59.0 63.0|/61.1 63.3 65.0|61.1 61.3 65.0/60.8 61.0 64.0
0.9 linear,C=1.0 63.5 63.7 67.0| linear,C=0.1 63.9 61.3 66.0| RBF,C=1.0 61.5 58.7 62.0|62.2 64.0 67.0|/61.1 61.3 64.0|61.1 61.0 65.0
1.0 linear,C=0.1 63.2 61.3 64.0| linear,C=1.0 62.2 61.7 62.0) RBF,C=1.0 63.5 62.7 65.0|/60.8 61.7 60.0|61.1 60.0 64.0(63.9 61.3 64.0
1.0 linear,C=0.1 63.2 61.3 64.0| linear,C=1.0 62.2 61.7 62.0| RBF,C=1.0 63.5 62.7 65.0|/60.8 61.7 60.0|61.1 60.0 64.0|63.9 61.3 64.0

DTy sTD-no—cap

0.5 RBF, C=0.1 59.7 57.3 59.0 RBF, C=1.0 62.8 61.0 65.0| RBF,C=1.0 57.3 57.0 60.0|/59.4 58.7 62.0|61.8 59.7 64.0|55.6 55.0 59.0
0.8 linear, C=0.01 63.5 61.7 65.0| linear,C=0.01 66.0 66.0 67.0| RBF,C=0.1 59.4 56.3 56.0|58.7 58.0 57.0|62.2 64.3 68.0|55.6 57.3 62.0
0.9 linear, C=0.01 62.8 61.7 63.0 RBF, C=1.0 66.7 64.3 67.0| RBF, C=0.1 61.1 58.7 59.0|/59.0 57.0 56.0|61.8 64.0 67.0|55.9 57.0 62.0

DTq123

0.5 linear,C=0.01 62.8 60.7 62.0| linear,C=0.01 66.3 66.7 72.0| RBF, C=1.0 56.3 55.7 57.0|/67.0 67.3 71.0|67.0 66.3 69.0|64.2 62.7 65.0
0.8 linear,C=0.1 68.1 67.7 69.0| linear,C=0.01 69.1 69.3 76.0| RBF, C=1.0 55.9 56.0 57.0|69.4 68.3 71.0|69.1 69.3 75.0|64.2 63.3 67.0
0.9 linear, C=0.01 62.2 62.7 65.0| linear,C=0.01 69.4 69.7 77.0| RBF,C=1.0 56.3 56.0 57.0|/69.1 67.7 70.0|69.8 68.3 72.0|64.6 62.3 65.0
1.0 linear,C=0.01 66.7 65.7 67.0| linear, C=0.01 69.1 69.3 75.0| RBF,C=1.0 57.3 56.3 57.0|/68.1 66.0 71.0|64.9 66.7 74.0|67.7 68.0 73.0
DTg;

0.5 poly, C=1,d=2 58.0 56.3 58.0| linear,C=1.0 68.8 68.3 73.0| RBF, C=1.0 54.2 53.7 54.0|/56.3 57.7 61.0|70.5 69.7 74.0|54.5 54.0 54.0
0.8 RBF, C=0.1 59.0 57.0 58.0| linear,C=1.0 68.8 69.0 73.0| RBF, C=1.0 54.2 53.7 54.0|/57.6 58.3 62.0|70.8 71.3 75.0|54.5 54.0 54.0
0.9 RBF, C=0.1 59.4 57.3 59.0| linear,C=0.1 67.4 69.0 71.0| RBF, C=1.0 54.2 53.7 54.0||57.6 58.7 62.0|70.1 70.0 72.0|54.5 54.0 54.0
1.0 RBF, C=1.0 60.4 59.7 64.0| linear,C=1.0 71.2 68.7 71.0| RBF, C=1.0 54.2 53.7 54.0|/60.1 60.0 63.0|72.2 71.7 75.0|55.2 55.0 55.0

DTnanatanobis

0.5 poly, C=0.01,d=3 57.6 56.0 58.0| poly, C=1,d=2 65.6 61.3 62.0| linear, C=0.1 55.9 53.3 56.0||55.2 53.7 55.0|65.6 64.3 69.0|49.7 49.7 53.0
0.8 poly, C=1,d=2 625 61.7 65.0| linear,C=0.1 67.4 64.7 69.0| linear, C=0.1 55.6 55.3 58.0|60.8 61.7 66.0|66.7 65.0 70.0|53.5 52.3 51.0
0.9 linear,C=1.0 63.2 60.0 61.0 RBF, C=1.0 67.0 63.0 68.0| linear, C=0.01 56.3 55.3 56.0|62.2 62.7 66.0|67.4 64.0 69.0|54.5 54.7 53.0
1.0 RBF, C=0.1 62.8 60.7 65.0| linear, C=0.01 66.7 65.7 70.0| RBF C=0.1 62.2 61.0 66.0|62.8 61.7 63.0|66.0 67.3 73.0|61.8 60.7 65.0

Features

=3 54.5 55.7 58.0|/62.8 65.0 66.0|64.6 64.0 69.0(67.0 67.7 69.0
3 52.1 53.7 54.0|/67.0 67.0 69.0|64.2 65.3 70.0|67.0 67.7 69.0
3 53.1 52.0 54.0(/66.0 66.7 68.0|64.6 65.7 70.0|67.0 67.7 69.0
3 53.8 55.3 58.0||64.6 66.3 68.0|66.3 66.3 71.0|64.9 66.3 69.0

0.5 linear,C=0.1 65.3 64.3 66.0| linear,C=1.0 65.6 63.3 67.0|poly, C=
0.8 linear,C=0.1 68.8 67.0 70.0| linear,C=1.0 66.3 68.0 71.0|poly, C=
0.9 linear,C=0.1 68.4 68.0 72.0| poly, C
1.0 linear,C=0.1 67.0 67.3 68.0| poly, C

67.7 67.3 73.0 |poly, C

1
1
=1,d=2
=1,d=3 67.4 65.3 70.0|poly, C

Features regular norm

0.5 linear,C=0.1 65.6 65.0 67.0| poly, C=0.1,d=3 66.3 64.7 68.0|poly, C=
0.8 linear,C=0.1 67.4 64.0 67.0| linear,C=1.0 66.0 64.3 68.0 poly, C
0.9 linear,C=0.1 66.7 64.0 66.0| linear,C=1.0 65.3 63.3 69.0|poly, C
1.0 linear,C=0.1 64.6 66.3 70.0| poly, C=1,d=2 65.3 65.3 67.0 poly, C=

3 54.5 55.7 58.0(/64.9 66.0 67.0|63.9 63.3 66.0|67.0 67.7 69.0
3 52.1 53.7 54.0||64.6 65.3 67.0|64.9 65.0 69.0(67.0 67.7 69.0
3 53.1 52.0 54.0||64.2 65.3 67.0|64.6 64.0 68.0(67.0 67.7 69.0
3 53.8 55.3 58.0|/66.3 66.7 69.0|64.6 65.3 70.0|64.6 66.3 69.0
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Table E.4: Alzheimer’s disease classification results, using whisper transcriptions, using SVM and logistic regres-
sion, in terms of accuracy in [%]. OM 1V stands for 0-mean and unit variance normalization.

SVM LR
oM 1V MinMax No Norm oM 1V MinMax No Norm

CT params dev test params dev test params dev test | dev test | dev test | dev test
DTvsTp

0.5 poly,C=1,d=3 69.4 68.8 RBF, C=0.01 60.2 50.0 linear, C=0.01 67.6 458 || 63.9 60.4 | 574 66.7 | 63.9 64.6
0.7 linear, C=1.0 65.7 62.5 | poly,C=0.1,d=2 60.2 62.5 poly, C=1,d=3 704 729 || 639 583 | 56.5 60.4 | 63.9 64.6
0.8 linear, C=1.0 65.7 60.4 RBF, C=0.01 60.2 50.0 poly, C=1,d=3 685 68.8 || 657 60.4 | 56.5 66.7 | 62.0 64.6
0.9 linear, C=1.0 65.7 625 RBF, C=1.0 61.1 64.6 poly, C=1,d=3  70.4 75.0 || 65.7 60.4 | 57.4 68.8 | 63.9 64.6
1.0 linear, C=1.0 66.7 58.3 RBF, C=1.0 63.0 60.4 poly, C=1,d=3 65.7 729 || 64.8 604 | 56.5 68.8 | 61.1 66.7
DTrsTD—no—cap

05 poly,C=0.1,d=3 657 66.7 | poly, C=1,d=3 63.0 64.6 | poly, C=1.0,d=2 741 750 611 625|574 750|667 646
0.7 poly,C=0.1,d=2 64.8 68.8 | RBF C=0.01 63.0 50.0 | linear,C=01  73.1 66.7 | 59.3 646 |58.3 688 |66.7 66.7
0.8 linear,C=0.1 657 64.6 | poly, C=0.1,d=3 64.8 60.4 | linear,C=0.1 704 625 | 63.0 625|565 708|639 66.7
0.9 poly,C=0.1,d=2 64.8 64.6 | poly, C=0.1,d=3 63.9 625 | linear,C=0.1 704 68.8 | 602 64.6 |583 708|620 708
1.0 RBF, C=0.01 657 500 | linear,C=1.0 62.0 70.8 | linear,C=0.1 704 66.7 || 602 625|583 729|648 667

DTq123

0.5 RBF, C=0.01 60.2 50.0 RBF, C=1.0 63.0 66.7 linear, C=0.1 66.7 625 || 58.3 66.7 | 61.1 60.4 | 66.7 66.7
0.7 poly,C=1.0,d=2 61.1 64.6 RBF, C=1.0 64.8 625 linear, C=0.1 65.7 625 | 59.3 66.7 | 62.0 60.4 | 65.7 68.8
0.8 poly,C=1.0,d=2 62.0 68.8 RBF, C=1.0 66.7 64.6 linear, C=0.1 68.5 64.6 || 58.3 68.8 | 60.2 583 | 65.7 66.7
0.9 poly,C=1.0,d=2 61.1 70.8 RBF, C=1.0 64.8 64.6 linear, C=0.1 64.8 64.6 | 556 68.8 | 57.4 583 | 62.0 68.8
1.0 linear, C=1.0 63.0 68.8 RBF, C=1.0 67.6 625 linear, C=0.1 65.7 60.4 || 59.3 70.8 | 61.1 583 | 61.1 68.8

DTgrr

0.5 RBF, C=1.0 574 729 linear, C
0.7 linear, C=1.0 59.3 66.7 RBF, C=1
0.8 RBF, C=0.01 59.3 50.0 RBF, C=1
C=1
C=1

[
-

.0 59.3 625 linear, C=1.0 65.7 708 || 61.1 60.4 | 56.5 688 | 685 729

0 60.2 58.3 linear, C=1.0 66.7 75.0 || 639 604 | 565 625|704 771

.0 62.0 60.4 linear, C=1.0 64.8 708 || 63.0 60.4 | 56.5 60.4 | 70.4 75.0
0.9 linear, C=1.0 58.3 66.7 RBF, 0 C=1.0
1.0 RBF, C=1.0 60.2 66.7 RBF, 0 C=1.0

620 625 linear, 657 708 593 646 556 604 685 750

DTnahalanobis

0.5 linear, C=0.1 58.3 66.7 | linear, C=0.01 54.6 58.3 linear, C=0.1 593 729 || 546 66.7 | 52.8 583 | 58.3 72.9
0.7 linear, C=1.0 546 625 RBF, C=1.0 56.5 58.3 RBF, C=1.0 528 50.0 || 52.8 625 | 59.3 625 | 38.9 604
0.8 linear, C=0.1 546 54.2 | poly,C=0.1,d=2 55.6 56.3 RBF, C=1.0 55,6 521 || 53.7 542|556 56.3|38.9 625
0.9 RBF, C=0.01 53.7 50.0 RBF, C=1.0 56.5 58.3 RBF, C=0.01 50.0 50.0 || 53.7 542 | 56.5 56.3 | 38.9 39.6
1.0 linear, C=0.1 52.8 50.0 RBF, C=0.01 546 50.0 | poly, C=0.01,d=2 46.3 50.0 || 54.6 50.0 | 55.6 62.5 | 41.7 58.3

Features

0.5 linear, C=1.0 722 70.8 | poly,C=1.0,d=2 69.4 72.9 RBF, C=0.01 574 50.0 || 71.3 66.7 | 685 64.6 | 685 625
0.7 linear, C=0.1 69.4 66.7 | poly, C=1.0,d=2 70.4 70.8 RBF, C=0.01 56.5 50.0 || 67.6 66.7 | 65.7 625 | 62.0 64.6
0.8 linear, C=1.0 70.4 66.7 | poly,C=1.0,d=2 713 729 RBF, C=0.01 56.5 50.0 | 65.7 66.7 | 65.7 66.7 | 63.9 64.6
1.0, d=2
1.0, d=2

0.9 linear, C=0.1 66.7 66.7 | poly, C=1. 69.4 70.8 RBF, C=0.01 56.5 50.0 || 67.6 64.6 | 63.0 66.7 | 63.0 66.7
1.0 linear, C=0.1 67.6 68.8 | poly, C=1. 759 68.8 RBF, C=0.01 58.3 50.0 || 65.7 64.6 | 65.7 66.7 | 63.0 64.6

Features regular norm

0.5 linear, C=1.0 73.1 39.6 | poly,C=0.1,d=3 722 50.0 RBF, C=0.01 574 50.0 || 70.4 39.6 | 67.6 50.0 | 68.5 625
0.7 linear, C=1.0 73.1 39.6 | poly,C=1.0,d=2 74.1 50.0 RBF, C=0.01 56.5 50.0 || 69.4 39.6 | 685 50.0 | 62.0 64.6
0.8 linear, C=1.0 741 39.6 | poly,C=1.0,d=2 73.1 50.0 RBF, C=0.01 56.5 50.0 || 685 39.6 | 65.7 50.0 | 63.0 64.6
1.0, d=2
0.1, d=3

0.9 linear, C=1.0 69.4 39.6 | poly, C= 713 50.0 RBF, C=0.01 56.5 50.0 || 67.6 39.6 | 65.7 50.0 | 63.9 66.7
1.0 linear,C=0.01 65.7 39.6 | poly, C=0. 70.4 50.0 RBF, C=0.01 58.3 50.0 || 68.5 39.6 | 63.0 50.0 | 64.8 66.7
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Table E.5: Alzheimer’s disease classification results, using wav2vec transcriptions, using SVM and logistic regres-
sion, in terms of accuracy in [%]. OM 1V stands for 0-mean and unit variance normalization.

SVM LR
oM 1V MinMax No Norm oM 1V MinMax No Norm

CT params dev test params dev test params dev test | dev test | dev test | dev test
DTwystp

0.5 RBF, C=1.0 59.0 60.4 poly, C=1, d=3 54.0 58.3 poly, C=1, d=2 66.0 62.5 | 58.0 583 | 52.0 62.5]| 66.0 625
0.7 poly, C=1,d=2 60.0 64.6 poly, C=1, d=3 65.0 56.3 linear, C=1.0 67.0 583 | 56.0 54.2 | 48.0 58.3 | 65.0 58.3
0.8 RBF, C=1.0 63.0 58.3 poly, C=1, d=3 65.0 58.3 poly, C=1, d=2 69.0 56.3 | 59.0 583 | 53.0 62.5| 62.0 58.3
0.9 RBF, C=1.0 63.0 56.3 poly, C=1, d=3 68.0 58.3 poly, C=1, d=2 70.0 58.3 || 60.0 583 |53.0 625|620 56.3
1.0 RBF, C=1.0 59.0 60.4 poly, C=1, d=2 63.0 56.3 linear, C=1.0 69.0 52.1 || 59.0 583 | 47.0 56.3 | 64.0 56.3
DTrsTD—no—cap

0.5 linear, C=0.01 58.0 58.3 RBF, C=1.0 61.0 58.3 linear, C=0.01 69.0 60.4 || 53.0 56.3 | 51.0 70.8 | 63.0 54.2
0.7 poly, C=1,d=3 59.0 625 poly, C=1, d=3 58.0 64.6 poly, C=1, d=2 68.0 64.6 | 53.0 56.3 | 52.0 72.9 | 63.0 50.0
0.8 poly, C=1,d=2 60.0 60.4 linear, C=0.1 61.0 66.7 linear, C=0.01 68.0 60.4 || 54.0 625 |52.0 70.8 | 60.0 50.0
0.9 poly, C=1, d= 62.0 625 linear, C=0.01 58.0 68.8 linear, C=0.01 66.0 60.4 || 55.0 60.4 | 54.0 68.8 | 62.0 50.0

1.0 poly, C=0.1,d=3 60.0 625 poly, C=1, d=2 60.0 64.6 linear, C=0.01 65.0 604 || 51.0 583 | 50.0 583 | 58.0 47.9
DTg123

0.5 poly,C=1,d=2 62.0 625 RBF, C=1.0 62.0 64.6 RBF, C=1.0 61.0 625 | 53.0 66.7 | 58.0 60.4 | 54.0 58.3
0.7 poly,C=1,d=2 63.0 64.6 RBF, C=1.0 67.0 70.8 linear, C=0.01 62.0 64.6 || 53.0 625 | 56.0 583 | 53.0 54.2
0.8 RBF, C=1.0 64.0 66.7 RBF, C=1.0 67.0 70.8 linear, C=0.01 63.0 64.6 || 51.0 66.7 | 57.0 625 | 52.0 54.2
0.9 RBF, C=1.0 65.0 66.7 RBF, C=1.0 67.0 70.8 linear, C=0.01 61.0 64.6 || 52.0 64.6 | 56.0 60.4 | 52.0 56.3
1.0 RBF, C=1.0 64.0 66.7 RBF, C=1.0 67.0 68.8 linear, C=0.01 60.0 64.6 || 55.0 64.6 | 55.0 58.3 | 54.0 625
DTgy

0.5 RBF, C= 60.0 58.3 poly, C=1, d=2 59.0 62.5 linear, C= 58.0 625 | 53.0 58.3 |56.0 64.6 | 64.0 64.6

C=1.0 C=1.0
. , C=1.0 59.0 60.4 RBF, C=1.0 61.0 60.4 linear, C=1.0 58.0 64.6 || 54.0 58.3 | 56.0 64.6 | 64.0 64.6
0.8 RBF, C=1.0 59.0 625 linear, C=0.1 63.0 64.6 linear, C=1.0 59.0 625 || 54.0 58.3 | 55.0 62.5| 66.0 64.6
C=1.0 59.0 625 RBF, C=1.0 63.0 62.5 linear, C=1.0

C=1.0 C=1.0

56:0 60:4 linear, C=0.1 63:0 58:3 linear, 65:0 64:6 54:0 56:3 56:0 58:3 62:0 64:6

0.5 RBF, C=1.0 63.0 68.8 | poly, C=0.01,d=3 58.0 625 RBF, C=0.1 63.0 50.0 | 60.0 68.8 | 55.0 68.8 | 65.0 64.6
0.7 RBF, C=1.0 56.0 54.2 linear, C=0.1 56.0 50.0 RBF, C=1.0 59.0 64.6 | 58.0 52.1 | 51.0 542 | 38.0 54.2
0.8 RBF, C=1.0 53.0 39.6 | poly,C=0.1,d=3 59.0 54.2 RBF, C=1.0 60.0 64.6 || 52.0 479 | 57.0 43.8 | 37.0 54.2
0.9 RBF, C=1.0 53.0 35.4 | poly, C=0.1,d=3 59.0 52.1 RBF, C=0.01 48.0 43.8 || 52.0 45.8 | 56.0 47.9 | 41.0 50.0

1.0 linear, C=0.1 53.0 45.8 poly, C=1, d=2 54.0 521 RBF, C=0.01 48.0 43.8 || 51.0 458 |53.0 479 | 41.0 521
Features

0.5 RBF, C=1.0 61.0 68.8 RBF, C=1.0 61.0 70.8 | poly, C=0.01,d=3 48.0 43.8 || 56.0 62.5 | 61.0 66.7 | 65.0 58.3

0.7 RBF, C=1.0 61.0 66.7 RBF, C=1.0 62.0 70.8 | poly, C=0.01,d=3 48.0 43.8 | 57.0 68.8 | 63.0 64.6 | 65.0 583

0.8 RBF, C=1.0 62.0 66.7 RBF, C=1.0 65.0 66.7 | poly, C=0.01,d=3 48.0 43.8 || 55.0 64.6 | 59.0 62.5 | 66.0 58.3

0.9 poly,C=1,d=2 62.0 68.8 RBF, C=1.0 64.0 66.7 | poly, C=0.01,d=3 48.0 43.8 || 56.0 60.4 | 59.0 625 | 64.0 625
d 3

1.0 RBF, C=1.0 60.0 70.8 | poly, C=0.1,
Features regular norm

=3 620 625 | poly, C=0.01, d=

0.5 linear, C=0.1 66.0 41.7 poly, C=1, d=3 63.0 43.8 | poly, C=0.01,d=3 48.0 43.8 | 58.0 41.7 | 61.0 50.0 | 64.0 58.3
0.7 poly,C=1,d=2 60.0 438 poly, C=1, d=3 62.0 43.8 | poly, C=0.01,d=3 48.0 43.8 || 56.0 41.7 | 59.0 50.0 | 65.0 58.3
0.8 linear, C=0.01 62.0 41.7 poly, C=1, d=3 62.0 43.8 | poly, C=0.01,d=3 48.0 43.8 | 56.0 41.7 | 61.0 50.0 | 66.0 58.3
0.9 linear, C=0.01 61.0 417 RBF, C=1.0 61.0 43.8 | poly, C=0.01,d=3 48.0 43.8 | 61.0 41.7 | 58.0 50.0 | 65.0 62.5
1.0 linear, C=0.1 60.0 41.7 RBF, C=1.0 61.0 43.8 | poly, C=0.01,d=3 48.0 43.8 || 55.0 41.7 | 57.0 50.0 | 64.0 54.2

Table E.6: Classification results, using NAMs, in terms of accuracy (Acc), macro precision (P), macro recall (R),
and macro F1, in [%].

Dev Folds Test Test — Speaker MV
CT DT norm ASR Acc P R F1  Acc P R F1  Acc P R F1
Parkinson’s Disease
CT=1.0 DTg; MinMax - 75.0 758 749 748 687 699 687 682 73.0 747 730 725
CT=1 DTg123 MinMax - 722 730 722 720 66.3 673 66.3 659 680 69.1 680 675
CT=0.9 DTg123 MinMax - 726 732 725 724 627 640 627 618 670 692 67.0 66.0

Alzheimer’s Disease

CT=1.0 Feats MinMax whisper 83.3 834 833 833 729 733 729 728 - - -

CT=0.7 DTrr none  whisper 73.1 757 731 725 708 70.8 70.8 70.8 - - - -
CT=0.5 DTg; MinMax whisper 79.6 80.3 79.6 79.5 708 722 70.8 704 - - - -
C=0.5 Feats MinMax whisper 84.3 844 843 842 750 750 75.0 750 - - - -
CT=0.5 DTr; none  whisper 759 778 759 755 729 73.0 729 729 - - - -
CT=1.0 Feats none  whisper 815 819 815 814 729 73.0 729 729 - - - -
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Appendix: LLMs for AD detection —

supplementary material

Figures F.1 to F.7 show the prompts used to query the LLMs. The examples in prompt strategy 4.1
are from DementiaBank corpus [Becker et al., 1994], but do not integrate the ADReSS corpus. These
examples correspond to the manual transcriptions. Similar prompts were defined for the ASR generated

transcriptions.

PL1:

USER:

You are an expert evaluator that detects if a person suffers from Alzheimer's Disease, from their language.

Person A is describing the "Cookie Theft" image using spontaneous speech. Given the transcription of the person’s description, your task is to predict if the person suffers from Alzheimer's Disease (AD).
Provide the output using the following json format:

{'comments'": step-by-step explanation, with maximum 300 tokens.

‘alzheimers_prediction': YES/NO,

‘confidence_in_prediction': high/low}

No other output should be provided.

DESCRIPTION: <picture_description™>

Figure F.1: Prompt strategy P1.1.
Figure F.8 presents the suboptimal results obtained with Llama-2-13B. We have also performed
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USER:

You are an expert evaluator that detects if a person suffers from Alzheimer's Disease, from their language.

Person A is describing the "Cookie Theft" image using spontaneous speech. Given the transcription of the person’s description, your task is to predict if the person suffers from Alzheimer's Disease (AD).
Notice that the speech of a person suffering from AD is characterized by word-finding difficulties, repetitions, reduced vocabulary, an overuse of indefinite and vague terms, and inappropriate use of
pronouns. Furthermore, the discourse of AD patients is described as fluent but not informative, ct ized by i iplete and short and lacking cok and cohesi

Provide the output using the following json format:

{ : step-by-step explanation, with i 300 tokens.
‘alzheimers_prediction': YES/NO,
‘confidence_in_prediction": high/low}

No other output should be provided.

DESCRIPTION: <picture_description>

Figure F.2: Prompt strategy P1.2.

P1.3:
USER:

You are an expert evaluator that detects if a person suffers from Alzheimer's Disease, from their language.

Person A is describing the "Cookie Theft" image using spontaneous speech. Given the transcription of the person’s description, your task is to predict if the person suffers from Alzheimer's Disease (AD).
Notice that the speech of a person suffering from AD is characterized by word-finding difficulties, repetitions, reduced vocabulary, an overuse of indefinite and vague terms, and inappropriate use of
pronouns. Furthermore, the discourse of AD patients is described as fluent but not informative, ct ized by i plete and short and lacking coherence and cohesion.

The image can be described using seven concepts (woman doing dishes, sink overflowing, boy on stool, children stealing cookies, girl reaching for cookie, stool falling, woman not noticing). For example,
with reference to the first concept, "the mother is drying a plate" or "lady do dishes" is considered "accurate and complete; "lady with dishes" or "the mother is standing by the sink" is considered accurate
but incomplete; "the woman is washing clothes" is considered inaccurate.

Provide the output using the following json format:

{'comments'": step-by-step explanation, with maximum 300 tokens.
‘alzheimers_prediction': YES/NO,

'confidence_in_prediction': high/low}

No other output should be provided.

DESCRIPTION: <picture_description>

Figure F.3: Prompt strategy P1.3.

USER:

You are an expert evaluator that detects if a person suffers from Alzheimer's Disease, from their language.

Person A is describing the "Cookie Theft" image using spontaneous speech. Given the transcription of the person’s description, your task is to predict if the person suffers from Alzheimer's Disease (AD).
Notice that the speech of a person suffering from AD is characterized by word-finding difficulties, repetitions, reduced vocabulary, an overuse of indefinite and vague terms, and inappropriate use of
pronouns. Furthermore, the discourse of AD patients is described as fluent but not informative, ct ized by i lete and short and lacking coherence and cohesion.

The image can be described using seven concepts (woman doing dishes, sink overflowing, boy on stool, children stealing cookies, girl reaching for cookie, stool falling, woman not noticing). For example,
with reference to the first concept, "the mother is drying a plate" or "lady do dishes" is considered "accurate and complete; "lady with dishes" or "the mother is standing by the sink" is considered accurate but
incomplete; "the woman is washing clothes" is considered inaccurate.

Provide the output using the following json format:

{' ": step-by-step explanation, with maximum 300 tokens.
‘alzheimers_prediction': YES/NO,

‘confidence_in_prediction': high/low}

No other output should be provided.

DESCRIPTION: www . the boy's getting cookies out of the cookie jar . he's handing one to a girl . the lad the stool he's standing on is falling . the lady's drying dishes . the sink is running over . the water's
turned on full . um cups are sitting on the counter, plates sitting on the counter . puddle of water's on the floor . little girl is saying . shh don't tell anybody . and the cookie jar looks like it's ready to fall out .
and the cookie jar is full, clear full . that's about all I see that's going on .

ASSISTANT:

{'comments': 'The description seems to be complete, mentioning the main entities in the picture: the kitchen, the girl, the boy, the lady or mother, the cookie jar and the overflowing sink. The description is
also coherent. lexically diverse, and does not seem to evidence wording finding difficulties.!,

‘alzheimers_prediction': NO ,

‘confidence_in_prediction': high }

USER:

DESCRIPTION: mm dishes are being dried . and the child is getting some cookies out of the jar . the the uh plant stand or the stand he's on is looks as though it's crooked . and the water's going over in the
sink from the sink . is that all ? and then the boy was getting the cookies out of the jar and the cover is off . but she he's giving her a cookie and the stool is turning over and the water in the sink is boiling over
or flowing over . and she's drying dishes .

ASSISTANT:

{'comments': 'The description seems confusing, without clearly identifying the subjects, and simply mentioning "she". The description has a poor lexically diversity. It seems to evidence wording finding
difficulties, eg. "the the uh plant".',

‘alzheimers_prediction": YES ,

‘confidence_in_prediction': high }

USER:
DESCRIPTION: <picture_description>

Figure F.4: Prompt strategy P1.4.
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USER:

You are an expert fluency evaluator. Your task is to evaluate the description of an image provided in spontaneous speech by a person. The evaluation should focus on identifying word finding difficulties,
repetitions, reduced vocabulary, an overuse of indefinite and vague terms, i ate use of p and lack of col and cohesi

The image can be described using seven concepts (woman doing dishes, sink overflowing, boy on stool, children stealing cookies, girl reaching for cookie, stool falling, woman not noticing). For example,
with reference to the first concept, "the mother is drying a plate" or "lady do dishes" is considered "accurate and complete; "lady with dishes" or "the mother is standing by the sink" is considered accurate but
incomplete; "the woman is washing clothes" is considered inaccurate.

Provide the output using the following json format:

{' ': step-by-step explanation, with i 300 tokens.
'issues": YES/NO,
'confidence': high/low}

No other output should be provided.

DESCRIPTION: <picture_description>

Figure F.5: Prompt strategy P1.5.

P2.1:
USER:

You are an expert fluency evaluator.

Person A is describing the "Cookie Theft" image using spontaneous speech. The image can be described using seven concepts (woman doing dishes, sink overflowing, boy on stool, children stealing cookies,
girl reaching for cookie, stool falling, woman not noticing). Given the transcription of the person's description, your task is to evaluate the text in terms of coherence, lexical diversity, sentence length and
word finding difficulties, using scores between 0 and 1.

Provide the ratings in a json format such as the example below. No other outputs.

{'text_coherence': number between 0 and 1,
"lexical_diversity': number between 0 and 1,
'sentence_length': number between 0 and 1,
'word_finding_difficulties': number between 0 and 1}

DESCRIPTION: <picture_description>

Figure F.6: Prompt strategy P2.1.

USER:

You are an expert fluency evaluator, that works in the medical domain to support medical screening.

Person A is describing the "Cookie Theft" image using spontaneous speech. The image can be described using seven concepts (woman doing dishes, sink overflowing, boy on stool, children stealing cookies,
girl reaching for cookie, stool falling, woman not noticing). Given the transcription of the person's description, your task is to evaluate the text in terms of coherence, lexical diversity, sentence length and
word finding difficulties, using scores between 0 and 1. Then you evaluate if the person is likely to suffer from Alzheimer's Disease.

Provide the ratings in a json format such as the example below. No other outputs.

{'text_coherence': number between 0 and 1,
'lexical_diversity': number between 0 and 1,
'sentence_length': number between 0 and 1,
‘word_finding_difficulties': number between 0 and 1,
‘alzheimers_prediction': YES/NO,
‘confidence_in_prediction': high/low}

DESCRIPTION: <picture_description>

Figure F.7: Prompt strategy P2.2.

preliminary experiments with Llama-2-7B, but the output frequently failed to comply with the requested

format, thus not allowing the automatic analysis of the results.

Table F.1 reports the results obtained for task 2, using Llama-2-13B for the five classifiers — SVM,
LDA, 1NN, DT, and RF — that were used in the ADReSS baseline Luz et al. [2020].
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Llama 13B Mistral 78

#Fail AcCyain AcCCiest P

Manual transcriptions

P1.1 0/0 56.5 54.2
P12  0/0 48.1 56.3
P1.3  0/0 556.6 54.2
P1.4 4/ 509 479
P15 185 519 56.3
P22  0/0 50.0 50.0

Whisper transcriptions

P1.1 0/0 55.6  50.0
P12  0/0 49.1 54.2

08

P13 00 546 521 03 {3

P1.4 11 53.7 52.1

P15 22/11 53.7 50.0 02

P22 0/0 50.0 50.0

Wav2vec transcriptions 01 High

P1.1 0/0 45.4 33.3 Confidence Level

P12 0/0 49.1 39.6

P1.3 0/0 52.8 47 .9 —» manual P1.1  ~*- whisper P1.1 *: wav2vec P11

P1.4 0/0 50.9 47.9 manual_P1.2 whisper_P1.2 wav2vec_P1.2

= manual P1.3 == whisper P1.3 > wav2vec P13

E;g 8;% 288 2(7)8 =¥ manual P14 -~ whisper P14 - wav2vec P14
. ) i = manual P15 =X whisper P15 " wav2vec P15

Mean 3/1 51.5 49.7 — manual P2.2  ~*" whisper_P2.2 ** wav2vec_P2.2

Figure F.8: Task 1 results for Llama-2-13B. The table on the left shows AD classification accuracy in %. #Fail
denotes the number of examples for which the model failed to follow the output instruction (identified on
train/test). The figure on the right shows the combined train and test accuracy per confidence level. A
minimum of 10 instances per confidence level is required for the prompting strategy to be plotted.

Table F.1: AD classification based on macro-descriptors.

Llama2 13B
SVM LDA 1NN DT RF

Train set: 10-Fold CV

P2.1|65.7 66.7 50.9 67.6 65.7
P2.2| 67.6 66.7 54.6 67.6 67.6
P2.1|68.5 68.5 63.9 66.7 67.6
P2.2|64.8 65.7 56.5 69.4 69.4
P2.1|62.0 60.2 52.8 63.0 63.0
P2.2|57.4 574 57.4 60.2 59.3
Mean 63.1
Mean (ASR) 62.7

Test set

Manual
Whisper

Wav2vec

P2.1|68.8 729 54.2 68.8 68.8
pP2.2|72.9 70.8 68.8 729 729
P2.1| 66.7 62.5 64.6 58.3 58.3
P2.2| 542 64.6 54.2 64.6 64.6
P2.1|64.6 66.7 58.3 66.7 66.7
P2.2| 64.6 64.6 41.7 521 64.6
Mean 63.8
Mean (ASR) 61.1

Manual
Whisper

Wav2vec
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