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ABSTRACT

Multimorbidity (i.e. the presence of more than one chronic disease in the same
patient) and comorbidity (i.e. the presence of more than one chronic disease in the
presence of an index disease) are main sources of healthcare dysfunction in chronic
patients and avoidable costs in conventional health systems worldwide. By affecting
the majority of the population in Western societies, multimorbidity prompts the need
for revisiting the single disease approach followed by contemporary clinical practice
and elaborate treatments that target shared mechanisms of associated diseases with
the potential of decelerating or even halting multimorbid disease progression.
However, our current understanding on disease interactions is rather limited; and,
although many disorders have been associated based on their shared molecular traits
and their observed co-occurrence in different populations, no comprehensive
approach has been outlined to translate this knowledge into clinical practice

This PhD thesis aims to explore multimorbidity from a systems medicine perspective
on the specific use-case of chronic obstructive pulmonary disease (COPD), with the
outlook of generalising these methods to a broader set of chronic respiratory diseases,
and other non-communicable diseases. COPD is a major cause of morbidity and
mortality worldwide, and its disease manifestations often involves non-pulmonary
effects, including highly prevalent comorbidities, such as type 2 diabetes and
cardiovascular diseases, and systemic effects.

The thesis investigates molecular disturbances in the skeletal muscle of patients with
COPD and their body systems level interactions to identify signature biological
pathways that potentially play key role in systemic effects and comorbidities.
Furthermore, the thesis analyses population level patterns of COPD comorbidities and
investigates their role in the health risk of patients with COPD, indicating its major
negative impact on highly relevant clinical events, use of healthcare resources and
prognosis. Finally, the thesis identifies personalized health risk prediction and service
selection as potential tools for the integration and transfer of scientific evidence on
multimorbidity to daily clinical practice and explores real-world implementation
strategies in cloud-based environments.

The thesis outcomes indicate the need for a novel, systems perspective on patients
with COPD that considers non-pulmonary manifestations both at the staging and the
management of the disease. Moreover, the thesis provides specific actionable insights
for the development of innovative interventions targeting the prevention of non-
pulmonary manifestations. The application of the outcomes of the thesis has a

credible potential to contribute to personalized care for chronic patients.

Xi



Xii



INTRODUCTION

1. THE EVOLVING SCENARIO

Multimorbidity (i.e. the presence of more than one chronic disease in the same
patient) and comorbidity (i.e. the presence of additional chronic diseases in the
presence of an index disease) are main sources of dysfunctions and avoidable costs in
conventional health systems worldwide [1, 2].

The demonstrated population-wide patterns of disease co-occurrence [3-5],
pathophysiological linkage of certain diseases [4, 6, 7] and the sheer size of the
problem , i.e. multimorbidity affects the majority of elderly worldwide [8], prompts the
need for revisiting the single disease approach of contemporary clinical practice [8],
which presumes independence among comorbid conditions. Research and
development of novel treatments that target the source of interactions among
associated diseases are needed with the potential of decelerating or even halting
multimorbid disease progression. In this context, several questions arise and need to
be answered for the successful clinical application of multimorbidity principles: Which
conditions are associated? What is the nature of their relation (e.g. causal, common
environmental factor)? What is the molecular cause of the relation? How to translate
this information into daily clinical practice?

Since the early 2000s, two key phenomena are prompting substantial changes in both
biomedical research and clinical management of comorbidity (Figure 1). Firstly,
systems biology methodologies (i.e. ‘omics’ technologies, use of computational
modelling, etc.) are being progressively embedded into medical practice shaping the
practicalities of systems medicine [9-13]. This new field promises a novel approach to
disease, shifting its definition from phenotypical signs and symptoms towards
molecular subtypes (i.e. endotypes) of diseases, which is indispensable for precise
characterization of disease relations and for the evaluation of shared mechanisms [14].
Simultaneously, digital health initiatives and wearable devices are facilitating access to
an enormous amount of patient-related information from whole populations to
personal levels, and state-of-the art computational models and machine learning tools
demonstrate high potential for health prediction [15, 16, 25, 17-24]. Given the
extremely long and expensive bench to clinics cycles of the biomedical sector, these
technologies promise a fast-track approach where scientific evidence can support
clinical care while simultaneously collected insights from daily clinical practice

promote new scientific discoveries and optimize healthcare optimization [26].
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Figure 1. Data trends in systems medicine. Molecular measurement technologies and
related systems biology methodologies are facilitating a deeper understanding of
biological mechanisms. Meanwhile, digital health initiatives and wearable devices are
facilitating access to enormous amount of patient-related information from whole
populations (x-axis) and from different organs in the same patient (y-axis). Parts of
the figure were adapted from [27].

This PhD thesis research work aims to explore multimorbidity from a systems medicine
perspective on the concrete and practical use case of chronic obstructive pulmonary
disease (COPD). COPD constitutes an ideal use case due to several factors, including:
i) its high impact on healthcare and its ever-increasing burden; ii) its heterogeneous
disease manifestations, and progress, often involving extra-pulmonary effects,
including highly prevalent comorbidities (e.g. type 2 diabetes mellitus (T2DM),
cardiovascular disorders (CVD), anxiety-depression and lung cancer); and, iii) its well
described systemic effects with evidence suggesting associations with comorbidities
in terms of underlying mechanisms.

The PhD thesis applies systems biology tools to analyse the underlying molecular
mechanisms of COPD systemic effects that might partly explain disease heterogeneity.
Furthermore, the PhD thesis aims to improve knowledge on the impact of
comorbidities on healthcare and their potential role in strategies for health risk
assessment and personalised medicine. The proposed approach should lead to
generation of novel biomedical knowledge for the enhancement of patient

stratification while exploring applicable strategies for enhanced patient management.
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1.1 CONCEPTUALIZATION OF MULTIMORBIDITY

Burden and challenges

As alluded to above, multimorbidity generates an ever-increasing burden on
healthcare systems world-wide. It affects the majority of individuals older than 65
years, such that in certain western populations the number of people living with
multiple condition exceeds those living with only one [8] (Figure 2). Risk populations
include females, people with lower socioeconomic status and those living with mental
health problems [8, 28], indicating the multifactorial nature of the phenomenon.
Multimorbidity has a major effect on patients’ lives, most often manifested in the form
of polypharmacy (i.e. the use of multiple drugs with potential unexpected adverse
effects) [29, 30] and patients” frailty [31]. It also shows positive correlations with
number of outpatient visits [32, 33] and consequently healthcare costs, such that
some studies showed near exponential association between the number of co-existing

conditions and healthcare use and costs [34, 35].
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Figure 2. Multimorbidity prevalence in the Catalan region (Spain) (7.5M citizens).
Number of males (left) and females (right) living with chronic conditions by age group.
Bars are coloured by the number of body systems affected by chronic conditions.
Data was retrieved form the Catalan Health Surveillance System in 2014.

Therefore, multimorbidity emerges as one of the main sources of dysfunctions and
avoidable costs in conventional health systems worldwide [1, 2] and highlights a
complex physiological phenomenon that is influenced by the lifelong interplay of

genetic and environmental factors. The understanding of these complex interactions
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needs novel conceptual frames and approaches that are able to accurately capture
high biological complexity. However, there are several barriers in the current medical
practice that are hindering the fine-grained understanding of the multimorbidity
phenomenon.

One of the main barriers lies in the contemporary disease classification system [14].
The roots of this system date back to the 19t" century and defines disease according to
the observational correlation of pathological signs and clinical symptoms, often with
an organ-centred approach. While two hundred years ago this system provided an
acceptable base for patient management, our current understanding of disease shows
that conditions with similar symptoms can arise from molecularly distinct mechanisms
(e.g. spectrum of obstructive pulmonary diseases), leading to obsolete disease
definitions. Furthermore, in the conventional approach, disease prevention is
conceptually difficult, as disease can only be diagnosed when physical manifestations
are already developed.

Another barrier lies in the traditional medical definition of comorbidity and
multimorbidity, which refers to the terms rather as independently co-occurring
conditions. This assumption is one of the main reasons behind the use of a single
disease approach (i.e. independent treatment of each condition) in contemporary
clinical practice. Whereas diseases can co-occur by chance, several recent studies
have indicated the complex pairwise interaction of comorbidities, including non-
random, population-wide co-occurrence patterns, as well as genetic and metabolic
interactions [3, 4, 6, 7, 36]. Therefore, more recent models of multimorbidity already
acknowledge that independent disease co-occurrence is only one type of relationship
that can occur between two diseases [37]. Diseases can also arise interdependently
owing to environmental exposures (e.g. smoking, diet, etc.) causing damage to multiple
organs (e.g. COPD, lung cancer, CVD) [38-40] and also due to causative interactions
among co-occurring conditions (e.g. skeletal muscle dysfunction, a systemic effect of
CODP [41]) (Figure 3).

4 INTRODUCTION: 1. THE EVOLVING SCENARIO



No association

Risk Risk
factor 1 factor 2

! !

Disease 1 Disease 2

Direct causation Heterogeneity
Risk Risk Risk Risk
factor 1 factor 2 fac‘torl\l/fgictor 2
Disease 1 | Disease 2 Disease 1 Disease 2

Associated risk factors Associated disease
Risk Risk Disease 3

factor 1 factor 2 /\\

Disease 1 Disease 2 Disease 1 Disease 2

Figure 3. Recent models of multimorbidity. Valderas et al. describe five etiological
models of comorbid diseases that relies on the interaction between diseases and risk
factors [37]: i) no association: two disease co-occur by chance in the same patient; ii)
direct causation: one disease may cause the other, e.g. COPD - depression; iii)
heterogeneity: the risk factors for each disease are not correlated but each one of
them can cause either disease, e.g. smoking, age and ischemic heart disease, lung
cancer; iv) associated risk factors: The risk factors for each disease are correlated,
e.g. smoking, alcohol and COPD, liver cirrhosis; v) associated disease: the presence of
the diagnostic features of each diagnosis is due to a third distinct disease, e.g.
hypertension (D1), tension headache (D2) and pheochromocytoma (D3). Figure was
adapted from [37].

In summary, a novel approach to classify human diseases and to define disease
interactions, based on the systemic understanding of the molecular underpinning of
diseases, arise as a major unmet challenge in modern medicine [36] and an
indispensable step for the accurate characterisation of the nature of comorbidity

relations.

Systems concept of disease and comorbidity

The advent of novel measurement technologies (e.g. omics) has led to the emergence
of novel research fields concentrating on the holistic understanding of biology (i.e.
systems biology) and medicine (i.e. systems medicine) and recently the substantially
reshaping of the view of disease and disease interactions. Systems biology is based on
the observation that biological systems are inherently complex and often irreducible
to the elementary properties of their individual components, thus the understanding
of these concepts need a holistic approach, studying an organism as a whole living

system. Systems medicine is the application of systems biology to medical research
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and practice with the additional goal to integrate a variety of data at all relevant levels
of cellular organization with clinical and patient-reported disease markers [9].

It is widely accepted that clinical phenotypes are rarely straight-forward
consequences of an abnormality in a single gene, but rather reflect the interplay of
multiple molecular processes. Thus, the identification of the core set of molecular
elements and processes that underlie a disease (i.e. disease modules) have become
the main objective of contemporary network medicine approaches [4, 36]. This shift
of attention from clinical phenotypes to endotypes, i.e. molecular subtypes of the
disease (pathophenotypes), is a major potential of network medicine that promises a
more fine-grained disease classification as well as a new way to conceptualize the
relation of comorbid conditions.

Figure 4 shows the different levels of abstraction in the systems model of disease. In
this model, clinical expression of a disease can arise from several endotypes that are
identified by disease modules, the molecular handprints of a disease [42]. Molecular
elements of the modules (e.g. genes, proteins, metabolites) are part of a multi-level
biological network that connects actively interacting molecular elements on the
cellular level. The genotype gives the base topology of this network that due to the
lifelong exposure to different environmental factors (e.g. smoking, diet), can be
perturbed and rewired, i.e. it can change the active interactions. These changes are
expressed on different biological levels (i.e. genetic, epigenetic, transcriptomic, post-
transcriptional regulation, etc.) and result in altered cellular functions. Disease
modules emerge when a system is not robust enough to balance perturbations and
abnormal processes lead to phenotypic abnormalities [43].

In this systems model of disease, comorbidities can arise when specific genes,
proteins, or metabolites participate in several disease modules, i.e. through
overlapping disease modules. Thus, endotypes define the potential space for the
interaction of diseases, where perturbations caused by a disease can potentially
provoke other disorders. Whereas this is mainly conceptual model of comorbidity, a
recent study demonstrated that in fact disease with overlapping disease modules
display significantly more similar symptoms and co-occur more often than the ones

that do not overlap [4], which also indicates the potential of the approach.
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Figure 4. Systems model of disease. Different levels of biological conceptualization
of disease, showing the associations between genes, environment, biomarkers,
endotypes and phenotypes. The personal genotype defines the base interactions of
one’s interactome, i.e. the multi-level biological network that connects all actively
interacting molecular elements on the cellular level. Continuous exposure to
environmental factors shape both the genotype (e.g. mutations) and the interactome
(e.g. rewiring) potentially leading to abnormal cellular regulatory processes,
represented as disease modules in the interactome. Clinical expression of diseases
(phenotypes) can arise from different molecular subtypes (endotypes), which in turn
can be identified by a set of measurable biomarkers, i.e. representative elements of
the disease modules. Comorbid conditions can arise from molecular interactions
amongst different disease modules, which can be identified at the endotype level but
not at the phenotype level.

1.2 COPD: AMODEL OF HETEROGENEOUS CHRONIC DISEASE

COPD is a major public health problem and it is one of the five major priorities of the
non-communicable diseases (NCDs) policy of the World Health Organization, together
with CVD, cancer, T2DM and mental disorders [44]. In 2010, COPD was responsible for
three million deaths (6% of all deaths), which makes COPD the third leading cause of
death worldwide, climbing two ranks higher from the fifth place in 1990 [45]. This trend
is especially alarming, since COPD is one of the only disease with worsening death rates
in Western societies (Figure 5) [1]. Projections on COPD prevalence and costs over the

next fifteen years indicate a continuous escalating burden, mainly due to population
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ageing and impact of comorbidities, on both health and social support systems [46,
47], such that in 2020 it is projected to rank fifth worldwide in terms of burden of
disease [48].
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Figure 5. Age-standardized relative rate of death in the United States in 1990 and
2010, as ranked among 187 other countries. Ranks (y-axis) for the 20 leading cause of
deaths in the US (x-axis) are shown. Rank 1is the lowest age-standardized mortality
across the 187 countries, and rank 187 is the highest. Bars indicate 95% uncertainty
intervals (Uls). COPD denotes chronic obstructive pulmonary disease. This figure was
adopted from [1].

COPD is a preventable and partially treatable disorder caused by inhalation of irritants,
mainly tobacco smoking. However, only 15-20% of all tobacco smokers are prone to
develop the disease. Early pulmonary-related manifestations of the disease are
characterized by inflammatory phenomena of peripheral airways progressing to
destruction of lung parenchyma (i.e. emphysema), abnormalities in pulmonary airways,
inflammatory changes and remodelling in pulmonary circulation. The most
characteristic functional finding in the clinical arena is expiratory flow limitation, due
to reduced pulmonary elastance and increased airways resistance, assessed by a
reduced Forced Expiratory Volume in one second (FEV;) / Forced Vital Capacity (FVC))
ratio in forced spirometry testing [48].

Highly prevalent chronic conditions such as CVD, T2DM - metabolic syndrome and lung
cancer are often co-occurring in patients with COPD. These comorbidities influence
not only the severity of the symptoms and the quality of life of individual patients, but
also the risk of hospitalization and eventually death [40, 48, 49]. Co-occurrence of

several comorbid conditions at the same time in patients with COPD is a long standing
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observation [50, 51, such that this comorbidity clustering has shown to be the major
characteristic to be taken into account for management of patients with COPD [52].
There is evidence indicating that comorbidity clustering is only partly explained by
shared risk factors (i.e. tobacco smoking, unhealthy diet and sedentarism) [50, 53, 54],
highlighting the potential role of shared underlying biological mechanisms in the
development of comorbidities.

Briefly, several concurrent facts are determining the interest of COPD as a use case
representative of the challenges associated to NCDs; that is: i) the high prevalence of
COPD, approximately 9% of the adult population above 40 years of age; ii) the elevated,
and still steadily increasing, burden of patients with COPD on healthcare and social
support services mainly due to ageing and high prevalence of co-morbid conditions;
and, iii) the poor understanding of factors modulating heterogeneities both in terms
of clinical manifestations and COPD progression due to insufficient knowledge on
underlying mechanisms of both pulmonary and non-pulmonary manifestations of the
disease.

The latter has important consequences in two relevant areas: i) generating potential
problems in terms of COPD taxonomy overlaps with other pulmonary diseases
presenting airflow limitation [55, 56]; and ii) poor knowledge on underlying
mechanisms of patients with COPD limiting mechanism-oriented therapeutic

strategies.

Current approaches to COPD heterogeneity

The Global initiative for Obstructive Lung Disease (GOLD) has played a key role in
raising awareness of COPD and has been an important initiative towards the
formulation of evidence-based medicine for care of patients with COPD. GOLD
recommendations aim to provide expert advice on diagnosis and management of the
disease worldwide, often through implementation of its recommendations into
national guidelines [57].

Classification of patients with COPD into severity groups looking for predictive value
has been one of the relevant aspects of GOLD recommendations. In the first two
reports (2001, 2006), COPD staging was solely based on the alteration of FEV; in
patients with low FEVi/FVC ratio [568, 59]. The next two updates of GOLD
recommendations (2011, 2017) supplemented the degree of airflow limitation (FEV,)
with assessment of symptoms (MMRC dyspnoea scale or the COPD Assessment Test
(CAT)) and the risk of frequent exacerbations [48, 60].

1.2. COPD 9



The current GOLD recommendations [60] report disease severity based on FEV;
impairment, that is: i) GOLD | - FEV; > 80% reference values - light disease; ii) GOLD Il
- FEV, between 50% and 80% - moderate disease; iii) GOLD Il - FEV; between 30%
and 50% FEV1 - severe disease; and, iv) GOLD IV - FEV; < 30% reference values -
respiratory failure. Meanwhile, recommendations for pharmacological interventions
are based on the intensity of symptoms and risk for frequent exacerbations of the
pulmonary disease.

Non-pulmonary phenomena; that is, systemic effects and co-morbidities are
mentioned in the GOLD recommendations as factors associated to a negative impact
on patient prognosis deserving therapeutic interventions. There is mounting evidence
indicating that impairment of the central organ (lung) in patients with COPD only partly
explains disease prognosis [54]. The negative impact of comorbid conditions on
prognosis is acknowledged since the 2006 GOLD report and it gained increasing
attention in the recent reporting due to emerging evidence on its role in COPD
heterogeneity [61]. Despite all this evidence, current guidelines still suggest that
“presence of comorbidities should not alter COPD treatment, and comorbidities should
be treated per usual standards regardless of the presence of COPD”. It is of note,
however, that there is still confusion between systemic effects (conditions that are
suspected to be in causal relationship with COPD) and comorbidities of the disease
because of the descriptive nature of the classifications that are poorly based on deep
knowledge of underlying mechanisms.

All'in all, GOLD recommendations have represented a progress in standard of care of
the pulmonary disorder, but it shows well accepted limitations for a comprehensive
assessment of patients with COPD [62-66]. Several alternative approaches have
emerged aiming at contributing to the prognostic assessment of these patients using
alternative indices. Broadly used measures include prognostic indices combining
several patient characteristics, such as BODE index (including body-mass index, airflow
obstruction, dyspnoea, and exercise capacity) [67], DOSE index (including dyspnoea,
obstruction, smoking, exacerbations) and the simplified ADO index (including age.
dyspnoea, and airflow obstruction) [68, 69].

It is of note that some of the above indices specifically address prediction of mortality
rather than staging of patients for management purposes. It is of note that general
multimorbidity indices also have broad applicability in the field, showing a broad
spectrum of possibilities. This includes simple diseases count, Charlson Index [70] or

other, more complex indices like Clinical Risk Groups (CRG) [71] or Adjusted Morbidity
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Groups (GMA) [72, 73], which evaluates prognosis based on age and weightings for

specific comorbid conditions.

Challenges of COPD care

In summary, there are several factors that challenge our current understanding of
COPD and that are needed to be overcome for a more personalized care of patients
with COPD. One of the main challenges is the lack of our understanding of the
underlying biological mechanisms of heterogeneous disease manifestations. There are
several factors that may lead to disease heterogeneity and that need further attention
and actions in the future.

Firstly, the simplistic diagnostic criteria of COPD (i.e. presence of respiratory
symptoms like dyspnoea and cough, history of inhalation of irritants, and measurable
airflow limitation) is one of the main sources of heterogeneity, often leading to
overlapping diagnoses with different chronic obstructive airways diseases (e.g.
asthma, bronchiectasis, bronchiolitis) [55] or to the exclusion of important
emphysema-related disorders with similar treatment needs [74, 75]. This highlights the
need for a better understanding of the key pathobiological mechanisms (endotypes)
that drive the disease or its subtypes and that can function as potential therapeutic
targets [76]. Their identification should lead to novel disease taxonomies and will likely
result in the re-definition of COPD [77].

Secondly, contemporary lung-centric view of the disease often fails to explain the
observed heterogeneity and other COPD specific phenomena, such as comorbidity
clustering. This suggests a non-pulmonary component of the disease that needs a
better understanding of the interplay between pulmonary and non-pulmonary
manifestations. To date, the most supported hypothesis was that systemic
inflammation induced by lung inflammatory processes can cause non-pulmonary
effects seen in these patients [78-80]. Despite the potential relevance of systemic
inflammation, many questions about its origin, mechanisms, and effects remain
unanswered [81]. In fact, persistent systemic inflammation, associated with negative
physiological effects, was shown to be present in only 16% of patient with COPD [82],
which, as pointed out by Mohan and colleagues [83], is much less than the prevalence
of certain co-occurring diseases. Furthermore, several recent studies discarded the
link between low-grade systemic inflammation and cardiovascular or muscle
manifestations in COPD [50, 83, 84], indicating that inflammation is unlikely to be the
only factor relating these manifestations. Therefore, investigating underlying

mechanisms and pathways shared by COPD, comorbidities and systemic effects [85] is
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needed and should lead to better characterization of the disease and likely will have
relevant implications on patient management [86].

Another major challenge is the descriptive nature of current classification of non-
pulmonary manifestations in COPD. There is a marked confusion among systemic
effects, complications and comorbidities. For example, is anxiety-depression a
systemic effect, a COPD complication or a co-morbid condition¢ We lack knowledge
on how comorbidities develop and interact with COPD and with each other,
concerning the patients” wellbeing and survival. This indicates the need for a better
understanding of these factors including gaining insight into the causal links between
COPD and its comorbidities, which would require both a population level view of
disease co-occurrence and molecular level evidences on the shared molecular
mechanisms.

Finally, current tools for predicting disease severity have not yet been fully validated,
while others have shown relatively low performance, suggesting the need for novel
strategies for risk assessment and service selection including cost-effective strategies
to prevent and stop spread of comorbidities in patients with COPD [73].

Overall, there is a strong rationale for a systems approach in COPD research, i.e.
understanding the disease with all its components rather than concentrating only on
the pulmonary axis. A better understanding of COPD heterogeneity [87] should permit
the development and implementation of personalised therapeutic strategies that are
specific to subgroups of patients, as well as the development of novel therapies [88],
leading to a significant decrease of disease burden.

In summary, current COPD care is in great need of innovative approaches that help to
overcome the long-running stagnation of this field. Better characterization of disease
severity, novel tools for patient classification and prediction of survival and other
health related outcomes, as well as novel therapies, are necessary to enhance COPD
care and to progress towards a subject-specific risk prediction and stratification for

personalized management of patients [65, 89].

1.3 SYNERGY-COPD: A SYSTEMS MEDICINE APPROACH TO COPD HETEROGENEITY

Synergy-COPD (2011-2014) [90] was a European Union project within the Virtual
Physiological Human call of the 7th Framework programme (FP7-ICT-270086) tackling
the main challenges of current COPD care. The unsuccessful attempts of traditional
clinical approaches to answer the major questions regarding COPD heterogeneity were
major motivations for Synergy-COPD to consider a holistic approach of the disease,

focusing on non-pulmonary effects and their underlying mechanisms. The central
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biomedical hypothesis of the project was that COPD heterogeneities cannot be solely
explained by the activity of pulmonary disease and that abnormalities in co-regulation
of core metabolic pathways (bioenergetics, inflammation, tissue remodelling, oxidative
stress) at systemic level might also play a key role on both systemic effects of COPD
and comorbidity clustering. The main biological objective of the project was to
characterize two specific aspects of COPD heterogeneity, namely i) understand the
mechanisms of a specific systemic effect of COPD, i.e. skeletal muscle dysfunction
that is widely accepted to be provoked by COPD; and ii) analyse comorbidity clustering
observed in patients with COPD.

The systems approach of the project aimed to use computer-based modelling
techniques and to create an integrated environment that enables the seamless
communication of novel biological knowledge into clinical practice, as well as the
dynamic collection and update of data for biological research (Figure 6). The design of
Synergy-COPD was based on the interaction among four main components: i) the
COPD knowledge base (COPDkb); ii) a simulation environment for computational
modelling; iii) clinical decision support systems (CDSS); and iv) an adaptive case

management system for integrated care of complex chronic patients.

Input datasets
Kn0W|ed ge (clinical studies, ontologies,

molecular interaction, gene

management expression datasets, etc.)

Case Biological

management modeling

Multiscale modeling
(Mechanistic models,
Probabilistic models)

CDSS services Clinical decision

(Early diagnosis, Enhanced
stratification, Community- Support SyStem

based integrated care)

Figure 6. Schematic diagram of the Synergy-COPD project design. The design of
Synergy-COPD was based on the interaction among four main components: i) a
knowledge management system filled with data from clinical studies on COPD and
related conditions, and publicly available data sources; ii) a simulation environment
for computational/in-silico modelling; iii) rules generated using the computational
models that can drive clinical decision systems (CDSS); and iv) an adaptive case
management approach for integrated care of complex chronic patients.
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The project aimed to contribute to each of these components by: i) developing and
filling the COPDkb using clinical studies and publicly available data sources (e.g.
genetic databases, pathways databases, etc.) as well as to enrich its functionalities with
tools that can help to create biological models; ii) develop in-silico models to explore
the main biomedical questions of the project; and, ultimately, iii) use in-silico
validated computational models to feed CDSS for enhanced individual health risk
assessment and stratification, leading to innovative patient management strategies.
Synergy-COPD aimed to explore a wide spectrum of modelling techniques, including
mechanistic and probabilistic modelling, as well as hybrid models combining these two
approaches (discussed in detail in the “"Current modelling approaches in systems
medicine” section of the thesis).

Core aspects of the project design and specific parts of it have been reported in the

Synergy monograph [61, 91-94].

From outcomes and challenges to new research directions

During the lifetime of the project (2011-2014), significant outcomes were generated, as
well as challenges and barriers of the project were identified. Worth to mention that
the contribution of the PhD candidate to the Synergy-COPD project started with a
research protocol carried out in the frame of the BioHealth Computing Erasmus
Mundus master course in 2013. At this time the project had been already running for 2
years and thus several challenges were identified that provided the core research
directions for this PhD thesis. Some of these main challenges are summarised below.
First, early modelling efforts of the project indicated the need for further research on
the molecular mechanisms of skeletal muscle dysfunction. Some of the challenges
were faced when trying to integrate models at different scales for more accurate
predictions. Other modelling challenges were related to newly available measurement
data that required an analysis pipeline that can integrate data coming from different
compartments (i.e. blood, muscle) and of different measurement type (i.e.
transcriptomics, various metabolic measures, clinical measures, etc.). Second, registry
data based analysis of comorbidity clustering indicated need for the validation of the
results on an independent population. During the project, efforts in this direction
were mainly hindered by data harmonization issues due to differences between
disease coding versions of the International Classification of Diseases (ICD) used in
different healthcare systems (i.e. USA; Sweden and Spain). The validation of the results
using the same medical coding was identified as central need to prove the high impact

of the findings
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2. MULTIMORBIDITY RESEARCH ROADMAP

The evolving scenario of multimorbidity outlines a general roadmap that should
facilitate comprehensive characterization of disease relations (Figure 7). In this
context, population-health and systems medicine approaches are key for the proper
understanding of the common mechanisms of comorbid conditions.
Population-health approaches show exciting potential to explore population-wide
patterns of disease associations and temporal disease progression, however, their true
potential is currently limited by investigating diseases on the phenotype level. Disease
classification relying on disease endotypes should lead to efficient retrieval of
accurate disease comorbidity maps and help to identify causative effects amongst
comorbid diseases and risk factors. In turn these maps should guide molecular
research to explore the underlying cause of the interactions and finally to target the
shared mechanisms that should allow for: i) better early case identification; ii)
definition of better preventive strategies; and iii) to explore novel therapeutic
approaches.

This multimorbidity research roadmap highlights three main fields that are
indispensable for its successful implementation, namely: i) assessment of the
multimorbidity dynamics, ii) systems medicine tools that can streamline biomedical
research results into clinical knowledge; and iii) health risk assessment and
stratification tools to support clinical decisions. The upcoming three sections
summarize the state of the art and the main challenges of these fields that support the

understanding of the work done in the PhD thesis.
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Figure 7. Multimorbidity research roadmap. Main steps that facilitate the
comprehensive characterization of disease relations and their transfer to healthcare.
Endotype-based disease subtypes should enable an accurate global view of disease
relations, guiding molecular research to uncover mechanisms that can be targeted by
novel therapies and pharmacological interventions and could lead to personalized
health risk assessment. All of the stages of the pyramid are currently co-existing
approaches, however their combined use shall contribute to the acceleration of
multimorbidity research and knowledge transfer to healthcare.

2.1ASSESSING DYNAMIC COMORBIDITY RELATIONS

Some of the main challenges regarding the assessment of comorbidity relations lie in
the lack of clear boundaries between diseases (e.g. spectrum of obstructive pulmonary
diseases) and their diverse molecular background, indicating that analysis of their
relationships requires further studies taking into consideration several dimensions.
For example, from a molecular perspective, a pair of diseases can be related because
they both have been associated with the same genetic or metabolic problem; whereas,
from an epidemiological perspective, diseases can be related when they affect the
same individuals substantially more often than expected by chance alone. State of the
art research on disease co-occurrence is aiming to quantify and identify comorbidities
with two main strategies: i) mechanism-based analysis of disease co-occurrence; and,
ii) phenotype-based analysis of disease co-occurrence (Cross-sectional disease maps

and Temporal disease trajectories).
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Mechanism-based analysis of disease co-occurrence

The ultimate aim of biomedical research is to decipher the molecular mechanisms that
are driving diseases and can help to find points of interventions, potentially driving the
system back to its normal behaviour or slow disease progression. When looking at
comorbid diseases, there is further potential to find mechanisms that drive the
emergence of several comorbidities. Recently, the disease module hypothesis opened
new avenues in comorbidity research and several works have assessed comorbidity
relation based on shared molecular traits of diseases. For example, Goh et al. created
a network of Mendelian gene-disease associations by connecting diseases that have
been associated with mutation in the same genes [6], whereas Lee et al. constructed a
network in which two diseases are linked if mutated enzymes associated with them
catalyse adjacent metabolic reactions [7]. Lately, Menche et. al. also showed that the
distance of disease modules in the interactome has a strong influence on comorbidity
relations, such that diseases with modules situated closer in the interactome have
higher risk of showing phenotype-based comorbid relation than the ones situated
further away, as well closer diseases showed higher similarity in terms of symptomes,
expressed genes and associated biological function [4]. Uncovering mechanism-based
comorbidity has huge potential and can lead to the discovery of novel drug targets,

development of new therapies and enhance clinical decision making.

Phenotype-based analysis of disease co-occurrence

Access to well annotated national registry data sources recently opened new avenues
to analyse disease occurrence and disease progression on a population level,
permitting unbiased study designs for the analysis of the relation of all diseases
enlisted in registries. Based on the observation that diseases with shared molecular
mechanisms have direct epidemiological consequences [4, 36], disease phenotype-
based methods are powerful tools to define the comorbidity relation of disease pairs.
The phenotype-based approaches define the existence of comorbidity relationship if
two diseases co-occur more often than it would be expected only by chance.

Cross-sectional disease maps have emerged as an early use of these approaches, such
as the work of Hidalgo and colleagues [3], that represented pair-wise comorbidities,
measured by relative risk and binary correlation, as a disease map. This representation,
in fact, allows for the identification of specific comorbidity patterns that occur in the
population. The strength of co-occurrence-based comorbidity relies in highlighting
diseases that affect large populations and that potentially share common molecular

mechanisms.
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From the temporal point of view, comorbidities can have different manifestations,
which need to be taken into account when assigning treatment or assessing the risks
of a patient. One thing to consider is that comorbidities can appear one after each
other or occur within a given period of time without being simultaneously present at
any given time point [37]. The sequence in which the comorbidities appear may also
have special importance, e.g. the treatment may be very different for a patient with
depression who is newly diagnosed with COPD and a patient being diagnose with COPD
first and then with depression. Earlier approaches to research such time-critical
disease associations followed hypothesis-driven designs, where a selected index-
disease is compared against other comorbid conditions. Access to well annotated
national registry data sources recently opened new avenues to population level analysis
of disease progression.

Earlier data-driven studies using network-approach showed potential for exploring
temporal and non-temporal patterns of comorbidities in elderly patients [3] and their
change over age groups [95]. However, these studies considered relatively short
periods of time (1-3 years), reducing the possibility of observing the development of
novel diagnoses. Recent studies aimed to address this problem, for example Jensen et
al. analysed 14.9 years of registry data to identify temporal disease trajectories,
defined as ordered series of diagnoses observed in a patient [5]. Five main trajectory
patterns were identified, from which the one centred on COPD is shown in Figure 8.
Although the introduced methodology cannot be used to conclude causative effects
due to possible confounding factors, it can inform on possible directions of
progression of the disease, which may be used to predict future disease outcomes.
Similar methodology showed potential in predicting mortality in sepsis patients and
indicated the potential to incorporate trajectory based risk into clinical mortality risk
scores [96]. Allin all, temporal diagnosis trajectories reassure the existence of patterns

in the sequence of developing comorbid conditions.
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Figure 8. COPD disease trajectory. The result of the analysis of Jensen et al. [b],
showing the COPD cluster with five preceding diagnoses leading to COPD and some
of the possible following diagnoses.

To summarize, the current state of the art indicates that diseases progress and co-
occur according to the dynamics of underlying molecular mechanisms. Further
research however is needed to elaborate on specific disease relations and point out

actionable factors and specific uses of these approaches.

2.2 CURRENT MODELLING APPROACHES IN SYSTEMS MEDICINE

Due to the complexity of the interactions of biological systems, computational and
mathematical modelling has become part of the common toolbox of systems biology
research. Over the years, several modelling approaches have emerged but in general it
can be summarized by two main strategies: mechanistic, knowledge-based modelling
approaches and probabilistic modelling and network analysis approaches.

Mechanistic models are aiming to simulate the specific biological functions, often
based on ordinary differential equations. Used in conjunction with quantitative
experimental data, such models are powerful tools for understanding systems
dynamics. Their simulations provide quantitative and temporal predictions, which can
be crucial for understanding biological processes. Wide variety of tools and mature
simulation environments are available to create such models and simulate their

behaviour [97]. A limiting factor in the application of such models is that they often
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need deep understanding of the phenomena that they model. Any given model only
works with few, but very specific, parameters, whose quality strongly influence the
results of the simulation. These factors and the advancement of high throughput
‘omics” measurements, producing thousands of data points per experiment (e.g.
Affymetrix Human U133 Plus2 Gene Chip can measure over 47,000 transcripts per
sample), led to high demand for tools that can handle large quantity of data and filter
out biologically important details.

Probabilistic modelling and network analysis tools concentrates on quantifying the
interaction of biological entities and in the interaction network detect communities
that play key role in the studied biological function or disease. Functional analysis of
these entities can be used to characterize processes involved in diseases and reveal
molecular abnormalities. Besides, they can be used as feature extraction tools to be
further processed with machine learning algorithms and predict disease related risks.
Due to their importance and wide use, this approach is further discussed in the next
sections.

The combination of different modelling approaches is also a promising field of
research. In theory, using the top-down approach of network analysis models to
retrieve specific functional blocs in a manner that it can be subjected to mechanistic
modelling can lead to systems of models simulating the behaviour of a cell, tissue,
organ or even a human being. Despite the complexity of this approach, there are
several methodological attempts [97], as well as several projects aiming to address this
need, such as the ones under the Virtual Physiological Human topic of the 7"

Framework Programme of the European Commission [98].

Probabilistic modelling and network analysis: finding biological function in molecular

data

To study biological function, molecular biology for long relies on reverse engineering
cellular processes by perturbing biological systems, i.e. removing or changing
molecular entities one-by-one and examining their effect on the system. Traditionally,
deciphered molecular functions are organized into canonical pathways: a series of
interactions among molecules in a cell that leads to a certain product or a change in a
cell, depicted in network diagrams. A wide variety of resources are available to browse
pathways (e.g. KEGG [99], Reactome [100], WikiPathways [101]), which are most often
used in conjunction with gene set enrichment tools to analyse lists of genes derived

from experimental setups (e.g. Enrichr [102, 103], DAVID [104]) (see Figure 9).
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Early gene expression analysis pipelines consisted of two main steps: i) derive
differentially expressed genes from the comparison of case-control profiles and then
(ii) use enrichment tools to find pathways, in which the differentially expressed genes
represented in greater number than it would be expected by chance. These gene
expression analyses however showed quite discouraging results in terms of
reproducibility and comprehensibility. While enrichment tools are still broadly used to
derive functional insight to gene lists, main limitations have been identified, namely: i)
the use of canonical pathway for functional annotation, ii) the raw use of differentially
expressed profiles, and iii) noisy experimental techniques and pipelines that recent
techniques are trying to address.

Main limitation of canonical pathway resources is owing to two main factors: i) they
are mostly derived from hypothesis-driven experiments collected in exceedingly
diverse contexts, encompassing a large variety of experimental conditions (e.g.
different species, cell types/tissues, diseases) and/or in-vitro models, therefore they
represent generalized pathways, i.e. they lack specificity to any tissues, diseases, etc.
[105, 106]; and, ii) they represent cell functions as separate entities that are shown to
be much more interrelated than this traditional representation [107, 108]. Two main
approaches emerged to address these limitations. One of them concentrates on the
enhanced representation of available knowledge and, the other focuses on data-
driven recreation of pathways.

The knowledge-driven approach aims to integrate various molecular resources and
create high-quality and expert community-driven conceptual representation of
mechanisms specific to a disease, in a machine-readable manner. Following such an
approach, the Disease Map community constructed maps for cancer signalling [109],
Alzheimer’s [110, 1111, Parkinson’s [12] and influenza [112] and showed possible use cases
for these enhanced pathways. In fact, some knowledge-driven approaches could be
viewed as the next step of data driven investigations that is needed for the
consolidation of their results.

The data driven approach concentrates on recreating pathways from single
measurements that ensures their specificity to the experimental context, i.e. disease
or tissue. Thanks to recent breakthroughs in high-throughput experimental methods
(e.g. microarray, RNA-seq for transcriptional measurements, yeast 2-hybrid methods
for measurement of protein-protein interactions), there is an increasing interest in
these approaches. Due to the strongly specific biological processes (i.e. tissue specific
processes, disease specific processes, environment- and genotype specific

processes), dynamic pathway reconstruction comes with a great promise to facilitate
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personalized medicine [113]. In recent years, two main approaches seem to dominate
this field [114] (Figure 9):

v

Interaction network-based module identification methods. These methods
concentrate on finding neighbourhoods of interacting molecules that
represent functional and disease related mechanisms. Experimental data (i.e.
expression profile of genes in a cell/tissue) is often used in conjunction with a
network of physical interaction of gene products to identify modules that show
different expression profile compared to a control condition [115].

Network inference methods, based on solely experimental data, aim to infer
gene regulatory network (GRN) using correlation and other information theory
methods [97, 116, 117]. Consequently, they can infer logical relations of non-
interacting genes, which can be especially important to identify the regulatory

relationships and/or interactions between biological components.

These methodologies, while representing different approaches, can be used in a

complementary manner as they study different aspects of cell mechanisms, as well as

one can reassure the findings of the other.
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Figure 9. Main approaches to analyse genomic data. Canonical pathway enrichment
analysis tests the statistical enrichment of pathways elements in gene lists. Network
inference tools aim to recreate gene regulatory networks based on the correlation of
measured expression levels. Module identification methods use interaction networks
(e.g. PPl, metabolic, etc.) and measured expression levels to identify active
communities.

Whereas in the frame of the Synergy-COPD project there were intentions to integrate

all the

above modelling techniques (mechanistic, network-based and GRN), the

current PhD thesis mainly concentrates on the use of interaction networks. This

decision was mainly based on the robust properties of this approach, i.e. it uses a

fixed, functionally organized map of biological interactions, which works well for

filtering random noise [118] that is especially important when using noisy biological
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measurements, such as microarray data, as well as when working with low sample sizes
that usually characterize clinical studies.

Major criticisms of this approach are based on the incompleteness of currently
available interaction networks, which is a possible source of false discoveries and
could lead to omitting valuable information. Whereas these points are arguably true,
recent results points out that these effects are minor compared to the potentials of
these methods and proving their potential for systemic studies of disease mechanisms
[119]. For these reasons interaction networks are described in detail in the next

section.

Module identification for personalized disease profiles

Cellular organization is thought to be fundamentally modular [120, 121]. At the
molecular level, modules are defined as groups of genes, gene products or metabolites
that are functionally coordinated, physically interacting and/or co-regulated [36, 120~
122]. They are described as drivers of common biological processes, and as the
functional building blocks of the cell [36, 120-122]. To create a complete map of
biological modules, large networks of intermolecular interactions are being measured
systematically for humans and many model species. Most attention is focused on
protein-protein interaction (PPI) networks, whose nodes are proteins linked to each
other via physical (binding) interactions [123, 124]. Such networks can also include
protein-DNA physical interactions, metabolic pathways or even functional
associations. These networks all together are often referred as the interactome [118].
When integrating biological interactions, some very interesting properties emerge
from the network structure. One property is the scale-free nature of biological
networks, highlighting hub proteins that interact with more proteins than most of the
nodes in the network and that have special biological role, i.e. they tend to be encoded
by essential genes, they are more conserved proteins, they are more prone to have
greater phenotypic effect than other proteins in the network, and they tend not to be
tissue specific and disease related proteins [6, 36].

Another important property of biological networks is their modular structure. A
module is a network substructure with densely connected nodes and sparser
connections to other, non-module nodes. Such modules are often specialized for
certain subtasks. Three types of modules are distinguished when looking at their
context specificity. Topological modules represent densely connected neighbourhood
in the network, based on purely topological measures. A functional module represents

a community in the interactome that plays specific role in a cellular process, whereas
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disease modules represent altered molecular processes that lead to the emergence of
phenotypic signs of diseases. While topological models are hardcoded in the network,
the latter two are dynamic structures in the network and depend largely on the
interplay of the interactome with environmental factors.

These concepts are connected by the local hypothesis, i.e. molecular elements
involved in the same function or dysregulated by the same disease show high
propensity to interact with each other [6, 36]. In this context, cellular components of
a topological module have closely related functions, thus it approximates a functional
module; and a disease is a result of alterations in a particular functional module, i.e. a
disease module is a disease specific manifestation of the functional module. A recent
study has also demonstrated the validity of the local hypothesis on relations between
disease modules. Menche and colleagues have shown that disease pairs with
overlapping disease modules display significant molecular similarity, elevated co-
expression of their associated genes, and similar disease symptoms and high
comorbidity, whereas non-overlapping ones lacked any detectable pathobiological
relationships [4].

Numerous approaches have been developed based on these properties to mine such
networks for identifying biological modules. Especially PPl networks are gaining
increasing attention in the biomedical research field due to their ability to highlight
complex cellular mechanisms [115, 125, 126]. Earlier methods concentrated on
clustering proteins based on topological features of the network such as degree and
betweenness centrality [127]. However integrative approaches are continuously gaining
larger interest. One of the most successful integrative approaches has been to overlay
networks with molecular profiles to identify ‘active modules [115]. Molecular profiles
(i.e. transcriptomics, genomics, proteomics, epigenetics, etc.) capture dynamic and
process-specific information that is correlated with cellular functions or disease
states, complementing static interaction data, derived under a single experimental
condition and representing a generalized state of a cell. Active modules or network
hotspots are network regions showing marked changes in molecular activity (e.g.
transcriptomic expression) or phenotypic signatures (e.g. mutational abundance) that
are associated with a given cellular response [115, 128, 129]. By mapping differential
network changes across conditions, these methods can inform on cellular rewiring
happening between the studied conditions [43].

Many computational techniques have been developed that automate the large-scale
identification of active modules in an unbiased manner. An exciting new technique in

this field, often referred as diffusion-flow and network-propagation methods, aims
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to simulate the spread of influence of protein activity (often modelled by gene
differentially expression) to physical interaction partners [115]. For example, the
HotNet2 algorithm is based on a modified heat diffusion model, where proteins
function as heat sources and physical interactions amongst them are links where heat
can diffuse, i.e. simulating the spread of the influence of each protein to its interaction
partners. This algorithm has been shown to retrieve biologically more meaningful
modules and has been successfully applied to characterize mutational profiles in
various cancer types [130-132].

In summary, the proliferation of ‘omics” measurements, both in biological research
and recently in the clinics, creates high demand for methodologies that can retrieve
and analyse biologically important features from large amount of measurement data.
In this context, network analysis is a promising framework with high potential for
generalization and broad applicability. Further research, however is still needed to
elaborate the potentials of these tools in generating knowledge that can be easily
transferred to healthcare, for instance, for enhanced health risk assessment of patient

with multimorbidity.

2.3 HEALTH RISK ASSESSMENT AND SERVICE SELECTION

Challenges of clinical decision in multimorbidity care

Decision making in the clinical setting traditionally faces two types of challenges. On
the one hand, current healthcare systems are reactive (i.e. aims to solve specific
disease events, such as pneumonia or appendicitis on the backdrop of chronic
diseases); as well as disease-centred (i.e. it targets the management of each health
condition of a patient independently), leading to suboptimal treatment for patients
with multiple, related chronic disease.

On the other hand, the design and selection of appropriate therapeutic plans and
services also constitutes a substantial challenge for multimorbid patients, for whom
currently available interventions are rather limited in terms of actionable factors and
show only limited improvement in clinical outcomes and health service use [35, 133].
Clinical decisions are traditionally based on knowledge, general and field-specific, of
the health professional, previous experience, as well as intuition. Lately, rule-based
decision making, relying on robust medical evidence, often generated through
randomized controlled trials, has also became an essential component of clinical

decision making process.
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These factors highlight the potential for a more patient-oriented healthcare, where
patient care is integrated amongst healthcare tiers and that provide personalized and
cost-effective preventive interventions to modulate disease progression. In recent
years, health risk assessment and stratification strategies emerged as potential

facilitator of these efforts.

Health risk assessment and stratification for personalized medicine

Patient-based health risk assessment - In the clinical management domain, risk
prediction of well-defined medical problems aims to support health professionals in
the decision making process for a given patient. The definition is valid for example for
the process solving a clinical episode of pneumonia or exacerbation of a chronic
disease, but also to define mid- or long-term action plans for chronic patients aiming
at developing an optimal care plan.

When considering one disease in a given patient, prognosis is essentially based on two
main parameters: i) severity, defined as the degree of alteration of the organ/systems
caused by the disease, which have an impact on the functional reserve; and, ii) activity,
defined by the rate of progression of the disease. Appropriate markers of these two
phenomena contribute to define both risk and prognosis of the patient which, in turn,
facilitates his/her classification into risk strata; that is, patient stratification.
Moreover, the combination of patient stratification and the identification of the
disease end-points, or target outcomes, are the two key elements to define specific
therapeutic strategies or action plans for the patient. The ultimate aim is to classify
the patient in the appropriate health tier and identify the type of service that would
allow optimization of healthcare provision.

Population-based health risk assessment - Risk assessment in the health services
domain is differentiated from individual clinical risk prediction in the sense that it
examines patient risk in the context of the entire population of a geographical region.
These tools are broadly used by policy makers and/or payers for service commissioning
or other uses like risk adjustment analyses or actuarial approaches. However, these
tools also show great potential to be applied in the healthcare arena. Population-based
health risk assessment allows identification of subsets of citizens with similar
healthcare requirements and thus facilitates both case finding and screening. The
former, case finding, identifies highly vulnerable patients, allocated at the tip of the
risk pyramid who are prone to major deleterious health events such as unplanned
hospital admissions/re-admissions, fast functional decline and/or death [134, 135].

Likewise, performing screening for discovery of cases with non-manifest illnesses may
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benefit from early diagnosis and cost-effective preventive interventions [136].
Comprehensive descriptions of the characteristics of health risk predictive modelling
and the logistics required for deployment are reported elsewhere [137-141].

Current status and factors limiting evolution - However, real world healthcare settings
face high levels of complexity that are imposing huge challenges, specifically on risk
assessment and patient stratification for adequate service selection. Main
determinants of such complexity are: i) patient heterogeneity with lack of appropriate
biomarkers and/or insufficiently defined end-points of the disease; ii) co-existence of
one main disease and several accompanying disorders (or co-morbidities), in some
cases showing shared mechanisms that may explain comorbidity clustering [142]; iii)
poor control on factors determining health status beyond the clinical scenario (socio-
demographics, biological and lifestyle related data); iv) patient health risk is a dynamic
phenomenon with sometimes unexpected events that requires high levels of flexibility
in terms of event-handling by the case manager in charge of the patient; and, v)
fragmentation of healthcare services.

While adoption of rule-based clinical decision support has made substantial
progresses over the last years, the use of computational models for patient-based
health risk predictive modelling to enhance clinical decision support is still in its
infancy. Limitations of patient-based risk prediction revolve around three main
factors. Firstly, there is a need for the enrichment of predictive modelling based on
clinical information with other sources of multidisciplinary health data (i.e. informal
care, population-health, biological data, etc.) obtained with a multilevel approach
(Figure 10). A second factor is to ensure general applicability and transferability of
current predictive tools, addressing specific clinical issues with a high predictive
power, to other populations outside the source study groups. Last, but not least, there
is a clear need to overcome limitations of use of risk factors as prognostic factors, as
described in [143].
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Figure 10. Patient-based health risk assessment is used as synonymous with
enhanced clinical risk assessment, which adopts of a holistic approach that fosters
inclusion of covariates from multilevel data sources, namely: i) clinical, ii) informal
care; iii) biological research; and, iv) outcomes from population-health risk predictive
modelling, resulting in enhanced patient-based stratification and optimization of
service selection. This approach paves the way towards personalized medicine.
Population-health risk predictive modelling includes all the citizens in a given
geographical area

Population-based health risk assessment relies on elaborated tools that are broadly
implemented in some healthcare systems (e.g., CRGs, GMAs), however recent projects
[73,144,145] identified several limiting factors of these tools, such as difficulties in the
comparability and transferability of risk prediction tools amongst regions, as well as
they identified evolving requirements for them such as: i) integration between
healthcare and social services; and, ii) implementation of synergies between
population-health and clinically oriented risk predictive modelling, as described in
[73].

Learning healthcare systems

The implementation of the setting described above implies realization of a new health
paradigm, i.e. the learning healthcare systems, recently described by the American
Heart Association (AHA) [26]. In 2013, the Institute of Medicine reported Best Care and
Lower Cost: The Path to Continuously Learning Health Care in America [26] wherein
the concept of Learning Healthcare Systems (LHS) was formulated as a strategy to
improve the quality and efficiency of healthcare. A recent document generated by the
AHA [26] further develops the concept of LHS and proposes specific steps to make it

operational and evaluate its implementation, see Table 2 in [26].
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Briefly, LHS uses health information technology and the health data infrastructure to
apply scientific evidence at the point of clinical care while simultaneously collecting
insights from that care to promote innovation in optimal healthcare delivery and to
fuel new scientific discovery [26]. Such a system creates an iterative learning process
where evidence informs practice and practice informs evidence (Figure 11).

The main goal of LHS is to facilitate an optimal care decision and delivery by reducing
the complexity of the massive amount of clinical data that’s being produced every day
and to improve efficiency of health outcomes both in terms of well-being and
expenditures. The LHS relies on the availability of health-related data and tools that
process it, such as predictive modelling and clinical decision support contributing to
the acceleration of evidence diffusion to practice, help to identify gaps in care and to
target interventions to appropriate population.

Main technical building blocks of such a system are data availability, predictive
modelling, service selection and clinical decision support systems. Data is key because
it provides the continuous feedback from the practice, while predictive modelling
processes and extracts important information from the produced data. Computed
patient risk then can be used to stratify patients to intervention groups that help in

the optimal service selection for the patient.

Evidence

‘ Multilevel data ‘ — ‘ Risk assessment ‘ —| Stratification ‘ — | CDSS for service selection

Figure 11. Basic traits of a Learning Healthcare System (LHS). It constitutes an
organizational concept technologically supported by the Digital Health Framework.
The LHS fosters generation of scientifically-based evidence and speed-up its
applicability into healthcare. Regarding health risk predictive modelling, it shall allow
inclusion of covariates from multilevel data sources which should enhance model
robustness and eventually transferability feeding clinical decision support systems
(CDSS) for appropriate integrated care service selection.
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3. SUMMARY OF THE INTRODUCTION

The epidemics of non-communicable diseases and the need for cost-containment in
healthcare are clearly indicating that the current approach for care delivery needs to
be profoundly reshaped. On the one hand, personalized medicine is essential for
achieving better health outcomes and optimal resource allocation. On the other hand,
the burden of multimorbid conditions on healthcare and patient lives strongly
questions the single disease approach followed by contemporary clinical practice and
suggests the need for novel strategies concentrating on multimorbidity prevention and
treatment.

The emergence of novel biomedical technologies and related methods in systems
medicine outline novel strategies for mechanism-based approach to diseases. In this
context, identifying specific biological mechanisms underlying a disease and that
potentially lead to the emergence of other diseases constitute major actions to
achieve current healthcare goals, alluded to above.

Furthermore, access to population wide registries and other patient related
multidisciplinary data sources opens new avenues in data driven analysis of diseases.
Population-wide patterns of disease co-occurrences can facilitate the
characterisation of disease interactions for the better understanding of the
comorbidity challenge. Furthermore, these resources show a key role in enhancing
health risk assessment and patient stratification facilitating decision in the clinical
practice in general and personalised service selection in particular.

Synergy-COPD, based on the current challenges of COPD care, envisioned an
integrated environment to facilitate the systemic study of chronic diseases and the
seamless communication of results into clinical practice. The work of the current PhD
thesis was based on the foundations of this project, as well as develops on its vision

answering challenges identified during the project lifetime.
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HYPOTHESIS

The central hypothesis of the PhD thesis builds on the emerging biological evidence
that clustering of comorbid conditions, a phenomenon seen in complex chronic
patients, could be due to shared abnormalities in relevant biological pathways (i.e.
bioenergetics, inflammation and tissue remodelling). It is assumed that a systems
understanding of the patient conditions may help to uncover the molecular
mechanisms and lead to the design of preventive and targeted therapeutic strategies
aiming at modulating patient prognosis.

The PhD thesis focuses on non-pulmonary phenomena of COPD (i.e., systemic effects
and comorbidities) often observed in patients with COPD, as a paradigm of complex

chronic disease.

MAIN OBJECTIVES

The general objective of the PhD thesis is threefold: i) to investigate molecular
disturbances at body systems level that may lead to a better understanding of
characteristic systemic effects and comorbidities of patients with COPD; ii) to analyse
population level patterns of COPD comorbidities and investigate their role in the
health risk of patients with COPD; and, iii) to explore technological strategies and tools
that facilitate the transfer of the collected knowledge on comorbidity into clinical
practice.

More specifically, the objectives of this work are:

OBJECTIVE 1 - ANALYSE THE MECHANISMS OF SKELETAL MUSCLE DYSFUNCTION IN
PATIENTS WITH COPD

Rationale: Skeletal muscle dysfunction is a systemic effect of COPD with prominent
negative impact on prognosis. Due to the multifactorial nature of the condition, its
underlying mechanisms are still unclear, hindering the development of novel
preventive and therapeutic strategies. Systemic approaches with the aim of
uncovering underlying network dynamics show potential to point out relevant
biological pathways that drives abnormal conditions.

Objective: The thesis aims: i) to develop a modelling tool to facilitate the integration

of existing biological models for enhanced prediction of oxidative stress in the skeletal
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muscle of patients with COPD (Manuscript 1); and, ii) to explore the underlying
mechanisms of skeletal muscle dysfunction in patients with COPD, before and after
exercise training, by assessing transcriptionally active network modules (Manuscript
2).

Manuscript 1

Tényi A, de Atauri P, Gomez-Cabrero D, Cano |, Clarke K, Falciani F, Cascante M, Roca
J, Maier D. ChainRank, a chain prioritisation method for contextualisation of biological
networks. BMC Bioinformatics 2016; 17: 17.

Manuscript 2

Tényi A, Cano |, Marabita F, Kiani N, Kalko SG, Barreiro E, de Atauri P, Cascante M,
Gomez-Cabrero D, Roca J. Network modules uncover mechanisms of skeletal muscle
dysfunction in COPD patients. J. Transl. Med. BioMed Central; 2018; 16: 34.

OBJECTIVE 2 - ANALYSE MULTIMORBIDITY RISK IN PATIENTS WITH COPD

Rationale: Recent publication, using the Medicare (US) registries, showed increased
risk in COPD to develop comorbid conditions compared to non-COPD population.
These findings, in accordance with common comorbidity patterns, highlight the
potential role of multimorbidity as a health risk factor with potential use in
personalised health risk assessment.

Objective: The thesis aims to elucidate the role of comorbid conditions in the health
risk of patient with COPD in Catalonia (ES), with a two-fold objective: i) to assess the
comorbidity risk of patients with COPD in Catalonia (Manuscript 3); and, ii) to analyse
the burden of multimorbidity and its effect on adverse hospitalization related events

in patients with COPD with a population-health analysis (Manuscript 4).

Manuscript 3

Tényi A, Vela E, Cano |, Cleries M, Monterde D, Gomez-Cabrero D and Roca J. Risk and
temporal order of disease diaghosis of comorbidities in patients with COPD: a
population health perspective. BMJ Open Respiratory Research British Medical Journal
Publishing Group; 2018; 0: e000302.
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Manuscript 4

Vela E, Tényi A, Cano I, Monterde D, Cleries M, Garcia-Altes A, Hernandez C, Escarrabill
J, Roca J. Population-based analysis of patients with COPD in Catalonia: a cohort study
with implications for clinical management. BMJ Open British Medical Journal
Publishing Group; 2018; 8: e017283.

OBJECTIVE 3 - ESTABLISH A NEW PERSPECTIVE ON COPD NON-PULMONARY
EFFECTS AND FACILITATE KNOWLEDGE TRANSFER TO HEALTHCARE

Rationale: Current standard of care recommendations for COPD concentrates mostly
on pulmonary events of the disease, while non-pulmonary effects are given suboptimal
consideration in the assessment and management of the disease. Meanwhile, the
increasing amount of health-related data being generated in different tiers of
healthcare, i.e. formal care, informal care and biomedical research, bears with great
potential to revolutionize healthcare and facilitate personalized health risk prediction
and stratification for better assessment and management of diseases.

Objective: The thesis aims to summarize consolidated outcomes on the role of non-
pulmo