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Complex diseases are prevalent medical conditions which are characterized by inter-patient heterogeneity with regards to symptom profiles, disease trajectory, comorbidities, and treatment response. Their pathophysiology involves a combination of genetic, environmental, and psychosocial factors. The intricacies of complex diseases, encompassing different levels of biological organization in the context of environmental and psychosocial factors, makes them difficult to study, understand, prevent, and treat. The field of network medicine has progressed our understanding of these complex mechanisms and highlighted mechanistic overlap between diagnoses as well as patterns of symptom co-occurrence. These observations call into question the traditional conception of complex diseases, where diagnoses are treated as distinct entities, and prompts us to reconceptualize our nosological models. Thus, this manuscript presents a novel model, in which the individual disease burden is determined as a function of molecular, physiological, and pathological factors simultaneously, and represented as a state vector. In this conceptualization the focus shifts from identifying the underlying pathophysiology of diagnosis cohorts towards identifying symptom-determining traits in individual patients. This conceptualization facilitates a multidimensional approach to understanding human physiology and pathophysiology in the context of complex diseases. This may provide a useful concept to address both the significant interindividual heterogeneity of diagnose cohorts as well as the lack of clear distinction between diagnoses, health, and disease, thus facilitating the progression towards personalized medicine.
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INTRODUCTION
Complex diseases are common, often chronic, non-communicable medical conditions characterized by a complex pathophysiology and etiology comprising of a combination of genetic and environmental factors. They are incompletely understood, but recent developments in the field of network medicine enable us to fundamentally reconceptualize them. Thus, network medicine facilitates a change in our approach towards disease conceptualization and study design by shifting focus from exploring diagnoses to understanding disease relevant traits and molecular features.
Complex diseases are found in all medical professions, and cover a broad spectrum of diagnoses, for example inflammatory disorders such as Crohn’s Disease and Rheumatoid Arthritis, neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease, metabolic disorders such as Diabetes mellitus and Atherosclerosis, as well as various pain conditions such as Fibromyalgia.
Traditionally, such diagnoses have been defined based on clinical or histological presentation (e.g., sweet urine, loss of cognitive function) and not etiologically. In addition, disease classifications have been influenced by medical expertise being fragmented into medical specialties, in which complex diseases are identified and viewed through the lens of a predefined set of symptoms related to specific anatomical and histological structures.
Within complex disease diagnoses, the patient cohorts are notoriously heterogenous, and patients with the same diagnoses often show stark differences with regards to onset, symptoms profiles, trajectory, comorbidities, and treatment response. This heterogeneity, and the fact that disease etiologies are incompletely understood is a core reason why options for treatment and prevention remain suboptimal.
In this same tradition, comorbidities are usually conceptualized as distinct diseases, so essentially several simultaneously active distinct pathomechanisms, which thus need to be addressed separately. With our increased understanding of the intricate mechanisms underlying complex diseases, it is becoming clear that not only are comorbidities relevant for treatment response and -satisfaction, but also that seemingly distinct conditions may be more connected than previously thought, and that we need new concepts that enable us to better research, understand and treat complex diseases.
Network medicine fills two roles in ameliorating the challenges of complex diseases. For one, the insights gained in recent studies allow us to fundamentally change our mental model of complex diseases. In addition, the field provides an ever-growing body of tools to understand human pathophysiology in an unmatched comprehensiveness. To make the most of these opportunities, we need to reciprocally update the nosology based on new knowledge and redesign our research questions based on these new models.
WHAT IS NETWORK MEDICINE TEACHING US?
The field of network medicine explores disease pathophysiology by generating complex networks. These networks can represent associations between biological components on a molecular or genetic level, or associations between disease characteristics (Barabási et al., 2011; Sonawane et al., 2019). This approach facilitates a more comprehensive understanding of the various factors relevant in human diseases and their underlying pathomechanisms.
Among the many novel insights network medicine has provided in the recent years, three lessons may have the most impact on reconceptualizing complex diseases. The first lesson was that many current diagnoses are not clearly distinct entities but frequently share mechanisms (Goh et al., 2007; Halu et al., 2019), overlap in their clinical presentations (Hoehndorf et al., 2015) and show patterns of co-occurrence (Amell et al., 2018). The second lesson highlighted the complexity of individual pathophysiological mechanisms by showing the poly-to omnigenic factors involved in cell and tissue differentiation (Boyle et al., 2017; Sonawane et al., 2017) and the complexity across multiple levels of biological organization (Halu et al., 2019). The third lesson showed that diagnoses which share genetic components also tend to share symptoms (Halu et al., 2019; Sánchez-Valle et al., 2020).
With regards to complex diseases, these results illustrate substantial pleiotropy embedded in complex pathomechanistic systems and thus highlight the heterogeneity throughout the disease space. In addition, they suggest individual pathophysiology that is so multifactorial that it is near-impossible that two individuals share the exact same mechanisms, but also that features relevant to some individuals pathomechanisms are shared by others with a completely different clinical presentation, or even with healthy individuals.
RETHINKING COMPLEX DISEASES
In light of these findings, the current nosological classifications present as incommensurate to the multidimensional disease pathogenesis that is inherent to complex diseases. The use of these diagnostic classifications may even inhibit an efficient progression towards personalized and precision medicine as using them as inclusion/exclusion criteria or outcome measures in studies may be the origin of a substantial amount of noise in the respective datasets. Genome-wide association studies for example typically utilize disease diagnoses as phenotype measure. If the respective diagnosis is heterogenous, i.e., an umbrella for a group of patients with various endotypes, the resulting associations may suffer from substantially inaccurate conclusions. It is therefore time to rethink our view of complex diseases and identify more useful concepts than that of multifactorial but distinct entities.
One option for reconceptualizing the bulk of complex diseases would be a model of overlapping clusters of clinical phenotypes, where the different phenotypes within these clusters are non-identical and determined by multifactorial mechanisms. While being a big step forward, this approach fails to adequately address comorbidity patterns.
When aiming to better understand clinical phenotypes, it is important to reflect on symptom expression and symptom interpretation. In line with thinking of complex traits being determined by omnigenic interactions, one may argue that symptoms are themselves a function of a large number of traits. Pain for example can be determined by nociceptor characteristics, local and global immune status, afferent and efferent neural signaling and central processing, as well as sociocultural and psychological factors, and likely by many more (latent) traits. Additionally, while diagnoses are based on a set combination of symptoms (including biomarkers, imaging etc.), the disease burden of an individual patient goes beyond that and may be defined as the function of the comprehensive set of symptoms of the individual. This individual disease burden may be more tightly tied to the respective patients endotype than a diagnose attributed to them, and thus it is likely beneficial to be represent the individual disease burden in more detail in many study designs.
Taken together, a conceptualization that aims to generate a comprehensive representation of a patient’s phenotype and endotype may be necessary to progress our understanding of complex diseases. A potential way of doing this would be to focus on individual disease burdens, defined as a function of the symptoms the individual presents (Figure 1). As described above, these symptoms would in turn be a function of (latent) traits, which in themselves are a function of the individuals gene expression in the context of transcription-modifying environmental factors.
[image: Figure 1]FIGURE 1 | An overview of the proposed reconceptualization of complex diseases, which instead of traditional diagnoses focuses on individual disease burdens as a function of multidimensional features. Set of selected databases (not a comprehensive list) is an optional entry-point that could serve for a preliminary analysis and to facilitate novel experiments.
One possibility of representing such a concept would be a via a state vector, in which the person-specific individual disease burden is defined as a function of the symptoms presented by the respective person: individual_disease_burden(symptoms).
The symptoms themselves are in turn considered not as single traits but as the result of a combination of the traits of an individual: symptoms(traits).
These traits can subsequently be understood as a function of genetic features in the context of environmental factors which alter transcription: traits(genotype, environment).
Taken together, this results in the following formalization, where state vectors are utilized as descriptors of molecular and physiological characteristics, thus allowing for a high-dimensional representation of individual disease burden: individual_disease_burden(symptoms(traits(genotype, environment))).
This framework offers multiple relevant opportunities, including 1) the ability to approximate the burden of disease for an individual patient in comparison to similar patients 2), relate different levels of biological organization to these disease burdens, and 3) incorporating comorbidities into the patient characterization process in an automated manner. Thus, this conceptual model would facilitate understanding of human pathology in the context of personalized disease representations, and aid in overcoming reductionist diagnostic confinements. The most challenging part of this representation is to identify a comprehensive set of symptom-defining traits. In this context, the nested representation can reflect the current body of knowledge, where individual genetic and transcriptomic characteristics as well as symptom presentation can be measured. The level of traits, and subsequently endotypic characteristics, are then represented as latent variables. Using this approach, the focus of future study designs can then be shifted from diagnoses to identifying and understanding symptom-related traits and their genetic makeup.
Community efforts to collect and systematically organize available data resulted in a large number of databases (Table 1). The data available in such databases includes disease-related phenotype data, drug response as well as genomic, transcriptomic and spatial features of tissues and cells, with single-cell data becoming more and more available. These databases can be used both as guidelines for further experiments and as a basis to identify key players in networks of interest and identify connections between various levels of biological organization.
TABLE 1 | A selection of projects that collect data relevant for research on human phenotypes and molecular features.
[image: Table 1]An additional consideration here is the treatment response of an individual patient. As outlined above, many complex diseases are difficult to treat as treatment response differs between patients with the same diagnoses. In the nested model presented here, individual treatment response can also be viewed as a function of disease-relevant traits. By using treatment response in such a way, especially when analyzing data from patients that have tried different treatment options, this characteristic can then be utilized as a steppingstone to narrow down relevant latent traits and their role in disease manifestation.
DISCUSSION
The mind-boggling intricacies that are inherent to the nature of complex diseases, including various levels of biological organization as well as environmental and psychosocial factors, make these disorders difficult to study, understand, prevent, and treat. Given our increased understanding of mechanisms that are shared between diagnoses and patterns of co-occurrence, our traditional conceptualization of complex diseases, where diagnoses and comorbidities are seen as distinct entities, seems outdated. To reduce statistical noise in research projects and facilitate knowledge gain and the progression towards personalized and precision medicine, we thus need to find better ways of conceptualizing complex diseases and the complex phenotypes of individual patients.
By reframing our concepts and shifting our view away from diagnoses towards individual disease burdens as a function of the individuals’ symptoms and then aim to understand symptom-relevant traits, we may be able to better address the aforementioned challenges and improve the quality of our research data.
Undoubtedly, this approach also has limitations. It is difficult to measure symptoms, even more difficult to attempt to measure a comprehensive set of symptoms, and likely impossible to measure a comprehensive set of traits. Additionally, methods for adequately dealing with high-dimensional phenotype data are scarce. There are currently no good solutions to these limitations, but they nevertheless need to be regarded and addressed to identify workarounds and develop new tools. With this contribution we hope to suggest a novel models and spark discussions to establish better concepts to address the limitations of our current nosological and epidemiological definitions. By refining the presented ideas and exploring them using real-life data novel insights into human pathophysiology may be established and a progression towards personalized medicine facilitated.
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Human Protein Atlas (1) ‘The Human Protein Atlas aims to comprehensively map all human proteins within cells, tissues, and
organs. Multiple omics technologies are utilized and integrated. The datasets include antibody-based
imaging, proteomics, transcriptomics, and systems biology. https://www.proteinatlas.org/

Genotype-Tissue Expression project (2) ‘The Genotype-Tissue Expression (GTEXx) project aims to create a comprehensive open-access database for
investigating tissue-specific gene expression and regulation. Samples were collected from nearly
1,000 individuals across 54 non-diseased tissue sites, and mainly analysed through whole-genome
sequencing, whole-exome sequencing and RNA sequencing. https://www.gtexportal.org/home/

Human Phenotype Ontology (3) ‘The Human Phenotype Ontology (HPO) gives a standardized vocabulary of phenotypic abnormalities
encountered in human disease. https:/hpo.jax.org/app/

To facilitate the utilization of the HPO a bioinformatics tool called the Phenomizer (4) is available to
investigate phenotype data. It uses a semantic similarity algorithm to calculate the similarity between the
patient’s phenotype and the phenotypes associated with different diseases. https://hpo jax.org/app/tools/
phenomizer

Harmonizome (5) ‘The Harmonizome is a database and search engine created to explore relationships among genes, proteins,
and other biological entities. It integrates over 100 datasets and includes gene expression, protein-protein
interactions, epigenetics, and more. https://maayanlab.cloud/Harmonizome/

Human BioMolecular Atlas Program (6) ‘The Human BioMolecular Atlas Program (HuBMAP) is an ongoing initiative to create an open and global
atlas of the human body at the single-cell level by mapping various tissues and organs using different
technologies such as spatial transcriptomics and proteomics. hitps://portal. hubmapconsortium.org/

‘The European Genome-Phenome Archive (7) ‘The European Genome-phenome Archive (EGA) is a resource for sharing and accessing human genetic
and phenotypic data generated by various research studies. hitps://ega-archive.org/

‘The Human Cell Atlas (8) ‘The Human Cell Atlas (HCA) is an ongoing initiative that utilizes genomics, transcriptomics, proteomics,
and spatial imaging to create a high-resolution map of all the cells in the human body. http://
humancellatlas.org/

This table is intended to provide an entry-point but cannot be a comprehensive list of all data repositories.
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