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Abstract 

Obstructive sleep apnea (OSA) is one of the most prevalent sleep problems with various clinical 

presentations that have not been formally characterized, resulting in missed or delayed diagnosis. Bayesian 

networks can provide a useful aid in this chronic disease, as published studies, develop to improve 

diagnosis, have been showing heterogeneous results. As so, the development and evaluation of predictive 

models are required in OSA.  

 

This thesis has three objectives: summarize the evidence regarding risk and diagnostic factors related to 

OSA and all data mining techniques applied within this disease, propose Bayesian network models as the 

elected data mining technique, and implement the model in a non-sleep setting. 

 

Aiming at identifying predictive variables related to OSA, a systematic review was performed. Factors such 

as body mass index, age, sex, neck circumference and snoring were identified. Two studies reveal 

maximum sensitivity or specificity, with a traditional statistical approach as the best model for rule-out 

patients. To propose Bayesian networks as the best model for OSA screening and diagnosis, eight 

observational studies was conducted: two related to data understanding/preparation and six to 

modeling/evaluation. Overall results demonstrated that the chosen data mining process has good results 

and can be applied in OSA. As so, in the last objective, we develop and validate an online form and app, 

based on the identified factors and technique, achieving an easy and quick tool that can be used in a non-

sleep setting. 

 

In conclusion, although clinical predictions algorithms have a low level of accuracy for the diagnosis of 

OSA, as described in the American Academy of Sleep Medicine latest guideline, they can be used in a non-

sleep clinic setting, as Bayesian networks may be helpful at identifying high-risk patients. 
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Resumo 

A apneia obstrutiva do sono (AOS) é uma das mais prevalentes doenças do sono, com múltiplas 

apresentações clínicas que ainda não foram formalmente caracterizadas, resultando em diagnósticos 

perdidos ou tardios. As redes Bayesianas podem fornecer um auxílio útil nesta doença crónica, pois os 

estudos publicados e desenvolvidos para melhorar o seu diagnóstico apresentam resultados heterogéneos. 

Assim, o desenvolvimento e avaliação de modelos preditivos são necessários na AOS. 

 

Esta tese tem três objetivos: resumir a evidência relativa a fatores de risco e diagnósticos relacionados com 

a AOS e todas as técnicas de mineração de dados aplicadas nesta doença, propondo as redes Bayesianas 

como a técnica de eleição, e sua implementação num ambiente fora da consulta do sono. 

 

Com o objetivo de identificar as variáveis preditivas relacionadas com a AOS foi realizada uma revisão 

sistemática. Fatores como índice de massa corporal, idade, sexo, circunferência do pescoço, e roncopatia 

foram identificados. Dois estudos revelaram máxima sensibilidade ou especificidade, com uma abordagem 

estatística tradicional como o melhor modelo a descartar não doentes. De forma a propor as redes 

Bayesianas como o melhor modelo para o rastreamento e diagnóstico da AOS, oito estudos observacionais 

foram realizados: dois relacionados com a compreensão e preparação dos dados, e seis com a modelação e 

avaliação dos modelos. Globalmente, os resultados demonstraram que o processo de mineração escolhido 

tem bons resultados e pode ser aplicado à AOS.  Assim, no último objetivo, desenvolvemos e validamos 

um formulário online e aplicativo, baseado nos fatores e técnica escolhida, alcançando uma ferramenta de 

fácil uso e de rápida aquisição de dados, que pode ser usada num ambiente fora da consulta do sono. 

 

Em conclusão, embora os algoritmos clínicos de previsão tenham um baixo nível de precisão para o 

diagnóstico de AOS, conforme descrito na última guideline clínica publicada pela American Academy of 

Sleep Medicine, os mesmos podem ser utilizados num contexto exterior à consulta do sono, sendo que as 

redes Bayesianas podem ser úteis em reconhecer pacientes com elevado risco da doença. 
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Outline 

The idea of this thesis started in 2013, in a class given by Professor Pedro Pereira Rodrigues. The 

demonstration of how a Bayesian network works and how it can help the healthcare system fascinated me. 

As a healthcare professional, seeing that there are other ways of reaching the same goal, which is helping 

patients, put me on the path that I now finishing. The journey is long but exciting.  Along the path, some 

ideas, discussions, and extra-curricular courses lead me to a framework that is fully integrated into this 

work.  

This thesis is organized as follows: 

Chapter 1 presents a brief introduction to obstructive sleep apnea (OSA) and Bayesian networks (BN), with 

a description of the utilized thesis framework. 

Chapter 2 synthetizes the aim and specific objectives of this thesis. 

Chapters 3, 4 and 5 present the main results of the different studies developed to achieve this thesis’s three 

main objectives. When a chapter has more than one article with conclusions, a summary is made.  

Chapter 3 corresponds to the first phase of the thesis framework with a synthesis of evidence, published in 

the literature, regarding OSA and machine learning approaches utilized. 

Chapter 4 is divided into three sections. The first is related to the second and third phases of the framework, 

which describe data understanding and preparation. The second corresponds to the fourth phase, which is 

related to modeling, that in this thesis is demonstrated by applying cluster analysis. The last phase 

corresponds to the modeling and evaluation, where we explore rule-out approach.  

Chapter 5 communicates phase six of the framework, with the implementation and validation of the 

developed tool. 

Attachments include ethical permissions and permissions to reuse the published manuscripts.  
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Chapter 1: Rationale 
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Rationale 

1.1. Obstructive sleep apnea 

To start comprehending the data mining project involved in this thesis, we first need to realize the disease 

in study. Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder characterized by 

clinical symptoms (e.g., snoring), maintenance of respiratory effort, and at least five events per hour of 

narrowing (apnea or hypopnea) of the upper airway that impairs normal ventilation during sleep [1]. An 

apnea consists of a cessation of airflow higher than 90% of the baseline for at least 10 seconds, a hypopnea 

is a reduction in airflow (30-50%) along with a decreased saturation of 3-4% from pre-event baseline and/or 

associated with an arousal, and the apnea-hypopnea index (AHI) is the number of such events per hour of 

sleep, obtained through polysomnography (PSG) [2]. 

OSA is caused by the relaxation of the muscles in the back of the throat that impairs normal breathing, 

namely soft palate (back of the roof of the mouth), uvula (the triangular piece of tissue hanging from the 

soft palate), tonsils, and tongue; basically, a balance between anatomical and neuromuscular responses [3]. 

Overall, OSA is largely unrecognized and undiagnosed, representing a significant burden to the health care 

system [4]. Additionally, OSA prevalence has been underestimated as studies varies significantly both in 

the population being studied, criteria used, and OSA definition (AHI thresholds). The latest study by 

Benjafield et al [5], utilizing American Academy of Sleep Medicine (AASM) diagnostic criteria and the 

third edition of the International Classification of Sleep Disorders (ICSD-3) classification, estimated that 

936 million adults have OSA; representing 17 % in Portugal. Furthermore, in the primary care context, 

where the reported prevalence of OSA was 43%, only 3% had a diagnosis, as most primary care physicians 

do not routinely screen OSA high risk patients [6]. 

 

1.1.1. Risk and diagnostic factors 

Various groups of variables, such as demographical, physical examination, clinical history, and 

comorbidities need to be considered when talking about OSA. As referred in Bonsignore et al , OSA is one 

of the sleep disorders with the most associated comorbidities [7]. Major risk factors included male gender, 

obesity, aging, increased neck (NC) and abdominal circumferences (AC), craniofacial and upper-airway 

abnormalities (CFA), alcohol consumption, menopausal status, history of smoking, arterial and pulmonary 

hypertension, atrial fibrillation, stroke, coronary arterial disease, and even truck driver as a profession needs 

to be consider [8], [9]. Likewise, when performing an evaluation of a suspicion OSA patient, a sleep-
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oriented history and findings identified in PSG are fundamental for stablishing an OSA diagnosis criteria. 

To do so, physicians need to assess snoring, gasping or choking episodes, daytime sleepiness, nocturia, 

morning headaches, fragmented sleep, decreased concentration or memory loss, and irritability.  

 

1.2. Bayesian networks 

Clinical decision tools are a kind of aid developed for a healthcare professional involved in patient care 

[10]. Traditionally, a diagnostic model is based in logistic or linear regressions, as this techniques have the 

advantage of being easily interpretable [11], but lack graphical representation. As so, we need to go beyond 

traditional biostatistics [12] and utilize all the available evidence, even with uncertainty present. To 

formalize this uncertainty, we need robust methods which can work with this concept, as Bayesian networks 

(BN).  

A BN is a model of a joint probability distribution of one set of random variables, specifying the assumption 

of independence between them with the interdependence between variables being represented by a directed 

acyclic graph [13]. Each variable is represented by a node in the graph and is dependent on the set of 

variables represented by its ascendant nodes. This dependence is represented by a conditional probability 

table that describes the probability distribution of each variable, given their ascendant variables. Generally, 

Bayesian statistical approaches compute the probability that the hypothesis is true by updating the pre-

existent hypothesis probability with the new incoming data [16]. This is known as posterior probability and 

can be easily calculated with Bayes theorem: 

𝑝	(𝐴	|	𝐵) = (𝑝	(𝐵	|	𝐴) × 𝑝	(𝐴)) ÷ 𝑝	(𝐵)	 

There are some Bayesian network classifiers, specifically Naïve Bayes (NB), which assumes conditional 

independence among factors and outcome, and Tree Augmented Naïve Bayes (TAN), which allows for an 

optional dependence for each factor with an Naïve Bayes extension, up to two dependencies for each factor 

[12]. The last is a better representation of real-world data, as in the real-world variables are not independent, 

but related. Both representations include a qualitative and a quantitative model; the first, represents the 

relationships among variables, and the second, a joint probability distribution represented by the conditional 

probabilities.  
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1.2.1. Bayesian network validation 

Subsequently the BN development, we need to estimate the performance of the model, namely its capacity 

to predict cases on an independent sample. This can be done by an independent external sample or internally 

by applying cross-validation or leave-one-out; the first divide the sample into k exclusive sets of equal size 

(folds), and the second being a special case of cross-validation, where the number of folds is the number of 

cases in the sample. The validation result in a confusion matrix, where we have the real result and the 

prediction (result of the model), which allows us to calculate many measures, such as sensitivity and 

specificity. Additionally, we can produce a receiver operating characteristics curve (ROC), which assess 

the discriminatory power of the models by visualizing the relation between model sensitivity and specificity 

and enabling the selection of an optimal cutoff point (high sensitivity, for example).   

Although, Bayesian networks was chosen as the data mining technique to solve underdiagnose OSA, the 

process in CRISP-DM is iterative, as shown in Figure 1.  

 

1.3. CRoss-Industry Standard Process for Data Mining 

CRISP-DM is an industry-independent process and a comprehensive data mining methodology that 

provides a complete framework, and consists of six phases (Business understanding, Data understanding, 

Data preparation, Modeling, Evaluation, and Deployment) [15], [16]. The first phase starts with an 

assessment of the business situation so that we can get an overview of the current situation; that in our case, 

is the comprehension of what was already done or study in OSA, as well as a compile of the predictive 

variables for the disease, and even a summary of data mining techniques already performed within this 

disease. Secondly, we need to collect data from various data sources and afterwards describe the obtained 

dataset, which in this thesis resulted in two obtained datasets (Vila Nova de Gaia/Espinho and São João 

Hospitals) with an assessment of data quality performed in both. Thirdly, to construct these datasets, we 

need to define inclusion and exclusion criteria. The inclusion criteria were based on adult OSA suspicion 

participants undergoing PSG, while participants already diagnosed, suspected of having another sleep 

disease, with severe lung or neurological conditions, and pregnant women were excluded. Fourthly, we 

need to select the best modeling technique based on the problem and the data, as is this that will make 

possible to make a project plan which elects the best type of data mining and success criteria, that result in 

predictive data mining, namely classification and prediction analysis, and descriptive data mining – 

clustering. Fifthly, the result of Phase 4 needs to be evaluated, interpreted and possible define further 
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actions, which is Phase 5 in the CRISP-DM framework. Sixthly, after compliance with all phases, we need 

a deployment phase, that in this work resulted not also in the publication of several journal articles, 

conference proceedings, oral communications, and posters, but in the external validation of a previous 

published Bayesian network that resulted in an online form and app. 

 

 
 

 

 

 

 

 

  

Figure 2 - Phases of the CRISP-DM reference model. Figure extracted from 
https://commons.wikimedia.org/wiki/File:CRISP-DM_Process_Diagram.png 
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Chapter 2: Objectives 
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Objectives 

This thesis has three main goals: 

 

Goal 1: Synthesis of evidence (Chapter 3) 

- To gather and analyze existing evidence on risk and diagnostic factors for obstructive sleep apnea 

(OSA) that posteriorly can be collected from Portuguese care centers, as for all available types of 

models to predict OSA. 

 

Goal 2: Classification and Prediction (Chapter 4) 

- To propose diagnostic Bayesian network models based on factors identified, focusing on 

interpretability. 

 

Goal 3: Implementation (Chapter 5) 

- To develop and validate a decision support system, based on the proposed Bayesian network 

model, to be used in Portuguese health system. 
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Chapter 3: Synthesis of evidence 
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Synthesis of evidence 

 

The first aim of this thesis is to summarize evidence regarding obstructive sleep apnea (OSA) and 

corresponding risk and diagnostic factors, limited to demographical, physical examination, clinical history, 

and comorbidities. This summary has in consideration the last American Academy of Sleep Medicine 

(ASSM) guideline [3] for diagnosing OSA, published in 2017, and a literature review performed in 2015. 

The literature review was not published as an article itself, but is mention in all articles done by the student, 

especially in the background of the study performed in 2019 [17]. 

 

The ASSM guideline recommends that “clinical tools, questionnaires and prediction algorithms not to be 

used to diagnose OSA in adult, in the absence of polysomnography (PSG) or home sleep apnea testing”, 

but also state that “in non-sleep clinic settings, these tools may be more helpful to identify patients who are 

at increased risk for OSA”; which lead to a systematic review that compared the accuracy of prediction 

algorithms against PSG. 

 

One study was conducted and corresponds to Business Understanding – Phase 1 in CRIPS-DM: 

 

3.1. Enabling early obstructive sleep apnea diagnosis with machine learning: Systematic review 

J Med Internet Res, 24(9), 2022. doi: 10.2196/39452  

Daniela Ferreira-Santos, Pedro Amorim, Tiago Silva Martins, Matilde Monteiro-Soares, and Pedro 

Pereira Rodrigues 

Journal Citation Reports Impact Factor in 2021: 7.093 (Q1) 
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3.1. Enabling early obstructive sleep apnea diagnosis with machine learning: Systematic review 

J Med Internet Res, 24(9), 2022. doi: 10.2196/39452  

Daniela Ferreira-Santos, Pedro Amorim, Tiago Silva Martins, Matilde Monteiro-Soares, and Pedro 

Pereira Rodrigues 

Journal Citation Reports Impact Factor in 2021: 7.093 (Q1) 
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Chapter 4: Classification and Prediction 
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Classification and Prediction 

The second aim of this thesis is to propose diagnostic Bayesian network models based on the previous 

identified factors, focusing on interpretability. To do so, some questions like “Can we increase the 

identification of the disease?” or “Can we diminish the number of unnecessary polysomnography 

performed every year?” need to be answered.  

 

Firstly, to reach these answers we needed to collect, curate, and pre-process all medical and/or sleep records 

from two Sleep Laboratories, namely Vila Nova de Gaia/Espinho Hospital Center and São João University 

Hospital Center.  

 

Two studies were conducted and correspond to Data Understanding and Preparation – Phase 2 and 3 in 

CRISP-DM: 

4.1. Impact of imputing missing data in Bayesian network structure learning for obstructive sleep apnea 

diagnosis 

Proceedings of Studies in Health Technology and Informatics. 247: 126–130, 2018. doi:10.3233/978-1-

61499-852-5-126 

Daniela Ferreira-Santos, Matilde Monteiro-Soares, and Pedro Pereira Rodrigues 

 
4.2. Association between co-morbidities and prescribed drugs in obstructive sleep apnea suspected 

patients: an inductive rule learning approach 

(submitted, April 2022) 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 

 

Both manuscripts intended to investigate data quality. Although they were collected in two different 

hospitals, the inclusion and exclusion criteria were the same.  

The first utilized the data from Vila Nova de Gaia/Espinho, collected between January and May 2015, in 

the Sleep Laboratory. It intended to analyze the possibility of data imputation by utilizing the 10 nearest 

neighbors and check if this missing imputation technique is valid in the structure learning of Bayesian 

networks. The conclusion was promising, which resulted in its application from now on.  

The second article refers to the data collection performed on the physical archive and in the Sleep 

Laboratory of São João. This dataset has all the information related to polysomnography performed in this 

hospital since there are electronic records.  While the first article checks if the data imputation has any 



 74 

effect on the Bayesian network structure, this one intends to diminish the overall number of missing 

information in the obtained dataset. As so, association rules were applied, reaching up to 7% of missed 

diagnoses. 

It is our intention to revisit data quality issues, especially in the dataset obtained from São João, and try 

out new missing data imputation techniques. 
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4.1. Impact of imputing missing data in Bayesian network structure learning for obstructive sleep apnea 

diagnosis 

Proceedings of Studies in Health Technology and Informatics. 247: 126–130, 2018. doi:10.3233/978-1-

61499-852-5-126 

Daniela Ferreira-Santos, Matilde Monteiro-Soares, and Pedro Pereira Rodrigues 
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4.2. Association between co-morbidities and prescribed drugs in obstructive sleep apnea suspected patients: 

an inductive rule learning approach 

(submitted, April 2022) 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 
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Secondly, we wanted to understand OSA heterogeneity, as the various clinical presentations have not yet 

been formally characterized. Additionally, the association between OSA and comorbidities is unclear, 

which poses challenges to its clinical recognition. 

 

Two studies were conducted and correspond to Modelling – Phase 4 in CRISP-DM: 

 

4.3. Finding groups in obstructive sleep apnea patients: a categorical cluster analysis  

Proceedings of 2018 IEEE 31st Symposium on Computer-Based Medical Systems. 387–392, 2018. 

doi:10.1109/CBMS.2018.00074 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 

 

4.4. Phenotyping obstructive sleep apnea patients: a first approach to cluster visualization 

Proceedings of Studies in Health Technology and Informatics. 255: 75–79, 2018. doi:10.3233/978-1-

61499-921-8-75 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 

 

The objective of both articles was to help define the characteristics related to OSA, as this disease has high 

heterogeneity. The first article applied k-modes to all collected patients (OSA and healthy ones), while the 

second only developed and validated clusters for OSA patients; both with three clusters. 

The first utilized more predictive variables than the second, with cluster 1 having more patients in both 

studies. Differences in the number of patients were seen in clusters 2 and 3, with the first article having 

more in cluster 2 and the second in cluster 3.  

Regarding the characteristics, both studies presented a middle-aged women cluster, differing only in neck 

circumference characteristics. Additionally, one cluster with middle-aged men also appeared, with 

differences in Mallampati score, if the sleep was repaired or not, and if the person has or not morning 

headaches. Finally, the third cluster has elderly men with differences in the stage of obesity and Mallampati 

score.  
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4.3. Finding groups in obstructive sleep apnea patients: a categorical cluster analysis  

Proceedings of 2018 IEEE 31st Symposium on Computer-Based Medical Systems. 387–392, 2018. 

doi:10.1109/CBMS.2018.00074 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 
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4.4.  Phenotyping obstructive sleep apnea patients: a first approach to cluster visualization 

Proceedings of Studies in Health Technology and Informatics. 255: 75–79, 2018. doi:10.3233/978-1-

61499-921-8-75 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 
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Thirdly, we sought to explore rule-out approaches, as the consequences of untreated OSA and 

underdiagnosed patients justify screening. As so, we aimed at a high sensitivity tool, as false negatives need 

to be avoided. Also, we wanted a tool capable of supporting the decision to undergo PSG, based on easily 

available predictive variables, such as signs or symptoms. 

 

Three studies were conducted and correspond to Modelling and Evaluation – Phase 4 and 5 in CRISP-DM: 

 

4.5. A clinical risk matrix for obstructive sleep apnea using Bayesian network approaches 

International Journal of Data Science and Analytics. 8: 339–349, 2019. doi:10.1007/s41060-018-0118-x 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 

 

4.6. Enhancing obstructive sleep apnea diagnosis with screening through disease phenotypes: algorithm 

development and validation  

JMIR Medical Informatics. 9: 1–16, 2021. doi:10.2196/25124 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 

 

4.7. Obstructive sleep apnea: a categorical cluster analysis and visualization.  

Pulmonology. 16:53, 2021. doi:10.1016/j.pulmoe.2021.10.003 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 

 

The first and second studies intended to establish a new clinical prediction algorithm. The first, besides 

using Bayesian networks, also developed a risk matrix. The second, also used Bayesian networks, adding 

the use of clusters in its structure with the creation of a dissimilarity measure based on the odds ratio. 

Some differences need to be referred: a) pre-processing for age and body mass index variables; b) outcome 

definition; c) missing data imputation; d) p-value for significant association with the outcome; e) number 

of included patients; f) number of included predictive variables; and g) type of Bayesian network classifier 

used. Both studies included gender, age, and nocturia, and reached a sensitivity above 90%. 

The third article is an improvement of article 4.4., by using the previously created OSA clusters and 

performing external validation, presenting good results. 
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4.5.  A clinical risk matrix for obstructive sleep apnea using Bayesian network approaches 

International Journal of Data Science and Analytics. 8: 339–349, 2019. doi:10.1007/s41060-018-0118-x 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 
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4.6.  Enhancing obstructive sleep apnea diagnosis with screening through disease phenotypes: algorithm 

development and validation  

JMIR Medical Informatics. 9: 1–16, 2021. doi:10.2196/25124 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 
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4.7. Obstructive sleep apnea: a categorical cluster analysis and visualization.  

Pulmonology. 16:53, 2021. doi:10.1016/j.pulmoe.2021.10.003 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 
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Chapter 5: Implementation 
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Implementation 

 

The third goal of this thesis is to build a tool that can improve the identification of OSA patients and see if 

we can transparently integrate another clinical decision tool in Portuguese care, by developing an online 

form and application to be used in daily consultation in adults with suspicion of OSA.  

 

Two studies were conducted and corresponds to Implementation – Phase 6 in CRISP-DM. 

 

5.1. Prospective validation of a Bayesian network model in the diagnosis of Obstructive Sleep Apnea 

(submitted, Dez 2021) 

Pedro Amorim, Daniela Ferreira-Santos, Marta Drummond, Pedro Pereira Rodrigues 

 

5.2. Validation of OSABayes: a screening tool for obstructive sleep apnea 

(finalizing details) 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 

 

Both studies aimed at validating OSABayes, an auxiliary tool that can support the decision to undergo 

polysomnography. This tool was implemented an an online form and as an application for smartphones. It 

derives from article 4.5., which presented a tree-augmented Naïve Bayes network with six predictive 

variables. 

Initially, the Bayesian model was developed with 194 patients (derivation cohort) and is now being 

externally validated with 216 and 619 patients in two cohorts from the same hospital. The main difference 

is that the first study establishes a new cut-off for the presence of OSA, and the second kept the previously 

defined (39%).  Both studies have sensitivities above 95%, proving overall good results for OSABayes 

implementation. 

Additionally, the student Pedro Amorim in his master’s thesis, evaluated the app usability with a cognitive 

walkthrough method, analyzing 7 tasks performed by primary healthcare physicians and other specialities 

that refer more patients to the Sleep Laboratory. The results were that 82% of the tasks were easily and 

successfully performed, 14% were performed but with difficulty, and 4% were not concluded. 
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5.1. Prospective validation of a Bayesian network model in the diagnosis of Obstructive Sleep Apnea 

(finalizing details) 

Pedro Amorim, Daniela Ferreira-Santos, Marta Drummond, Pedro Pereira Rodrigues 
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5.2. Validation of OSABayes: a screening tool for obstructive sleep apnea 

(finalizing details) 

Daniela Ferreira-Santos and Pedro Pereira Rodrigues 
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Chapter 6: Discussion and recommendations 
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Discussion and recommendations 

Screening and diagnosis of this chronic disease with high prevalence should eliminate the many cases that 

remain undiagnosed and untreated, as OSA presence can lead to decrease quality of life, increased risk of 

adverse advents, and even a high rate of morbidity and mortality. Furthermore, polysomnography as the 

gold standard for this disease diagnosis is time-consuming, labor-intensive, limited to urban areas, costly 

and with long waiting lists, and for all of these is not suitable as a screening tool. Given these aspects, it 

would be useful to develop clinical prediction models, in non-sleep settings, that could reliably identify 

patients that most likely benefit from PSG (high-risk patients). 

To see if the development of clinical prediction models was performed in OSA, we establish Goal 1 of this 

thesis – Synthesis of evidence. This systematic review included 63 original studies, with most of them 

performing traditional frequentist statistical inference - logistic and linear regressions. Looking at the 

studies that performed external validation, one reached 100% of sensitivity and another 100% of specificity, 

meaning that the first is the best at rule-out (excluding healthy participants to undergo PSG), while the other 

is best at rule-in participants (identify high-risk probability OSA patients). Both studies performed logistic 

regression, which misses the graphical representation. Regarding predictive variables present in OSA 

screening, we need to continue paying attention to the ones referred in the AASM guideline, such as body 

mass index, age, sex, neck circumference, but renew attention needs to be given to oxygen saturation and 

blood pressure.  

After understanding the problem, data collection was conducted. The acquired data was performed in two 

hospitals in the North Region of Portugal, one with 318 patients and the other with 619. In both datasets, 

after describing and exploring the data, we found a setback - data quality. Most of the predictive variables 

elected to be collected presented missing values. To deal with this, in the first of three steps in Goal 2 – 

Classification and Prediction, we utilize drugs to infer several active diseases and vice-versa. The study 

achieved a 5% to 13% error in deducing arterial hypertension, dyslipidemia, and diabetes, reaching up to 

7% of missed diagnoses. The other developed study applied nearest neighbors in the obtained dataset and 

constructed four Bayesian network models to assess the impact of using this technique, resulting in 

overlapped AUCs. This first step, settling in Data Understanding and Data Preparation of CRISP-DM, 

shows good results that can be and were applied in future work. In the second and third steps of Goal 2, we 

group studies that applied various modeling techniques, namely clustering and Bayesian networks. In the 

first modeling technique, we developed two studies that applied categorical cluster analysis: study one with 
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healthy and OSA patients, and study two with only OSA patients. These studies allowed us to visualize 

clinical subtypes of OSA that can help us focus our attention on specific predictive variables. In the second 

modeling technique, modeling and evaluation were accomplished in three studies. The first two applied 

Naïve and Tree Augmented Naïve Bayes in significant variables, with one also creating a risk matrix and 

another utilizing the information obtained from clustering as a node in the network. Overall, the AUCs of 

all developed models were above 80%, showing good discriminating power. The third manuscript 

performed the external validation of previously developed OSA clusters and showed a new visualization, 

namely a radar plot. 

Reaching the last Goal of this thesis (Goal 3 - Implementation), which corresponds to the last phase of 

CRISP-DM, we focused our attention on bringing Bayesian network models towards primary care facilities 

or other non-sleep settings. To do so, we created an online form based on six predictive variables (gender, 

age, neck circumference, witnessed apneas, nocturia, and craniofacial and upper-airway abnormalities), 

that posteriorly were transformed in a smartphone app. Results showed that this app is easy and quick to 

acquire data and even works in the absence of predictive variables. Its usability evaluation reveals that 82% 

of the tasks were easily performed by the target population.    

CRISP-DM proved to be good guidance throughout this thesis and allows us to see the interactions between 

the studies, most of the time creating new ideas to be developed, as it is an iterative model. Also, the thesis 

proves that OSA can have better screening and diagnosis, diminishing the number of unnecessary 

polysomnography being performed every day. According to the systematic review, there exists a good 

model, having been externally validated, with an overall low risk of bias and possible applicability [18]. 

The study used a logistic regression with age, waist circumference, Epworth Somnolence Scale, and 

minimum oxygen saturation for an AHI³5. The AUC, sensitivity, and specificity were 98%, 94%, and 86%, 

respectively. The OSA prevalence was 87%, which could help explain an overestimated value for AUC, as 

the classes were unbalanced. Although our study described in 5.2. reached a higher value in sensitivity 

(99%), it only reached 3% for specificity. Nevertheless, we believe that all the taken steps, especially the 

implementation of OSABayes, demonstrated that this is a valid tool that can help any healthcare 

professional in the hard choice of sending or not a patient to a specialized appointment. We hope to have 

the opportunity to continue collecting data, as we need to continue re-assessing and training the Bayesian 

classifier as new patients are entered. We do not want this work to be another that stays on the shelf.  
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Obstructive sleep apnea: a categorical cluster analysis and visualization.  
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Phenotyping obstructive sleep apnea patients: a first approach to cluster visualization 
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A clinical risk matrix for obstructive sleep apnea using Bayesian network approaches 
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Enhancing obstructive sleep apnea diagnosis with screening through disease phenotypes: algorithm 

development and validation  
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