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The International Classification of Diseases (ICD) relies on clinical features and lags behind the current under-
standing of the molecular specificity of disease pathobiology, necessitating approaches that incorporate growing
biomedical data for classifying diseases to meet the needs of precision medicine. Our analysis revealed that the
heterogeneous molecular diversity of disease chapters and the blurred boundary between disease categories in
ICD should be further investigated. Here, we propose a new classification of diseases (NCD) by developing an al-
gorithm that predicts the additional categories of a disease by integratingmultiple networks consisting of disease
phenotypes and their molecular profiles. With statistical validations from phenotype-genotype associations and
interactome networks, we demonstrate that NCD improves disease specificity owing to its overlapping categories
and polyhierarchical structure. Furthermore, NCD captures themolecular diversity of diseases and defines clearer
boundaries in terms of both phenotypic similarity and molecular associations, establishing a rational strategy to
reform disease taxonomy.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Disease taxonomy plays an important role in defining the diagnosis,
treatment, andmechanisms of human diseases. The principle of the cur-
rent clinical disease taxonomies, in particular the International Classifi-
cation of Diseases (ICD), goes back to the work of William Farr in the
nineteenth century and is primarily derived from the differentiation of
clinical features (e.g. symptoms and micro-examination of diseased

tissues and cells) (Council et al., 2011). Despite its extensive clinical
use, this classification system lacks the depth required for precision
medicine with the limitations of its rigid hierarchical structure and,
moreover, it does not exploit the rapidly expanding molecular insights
of disease phenotypes. For example, many diseases (e.g. cancer, chronic
inflammatory diseases) in the current disease taxonomies have either
high genetic heterogeneity (Bianchini et al., 2016; McClellan and King,
2010) or manifestation diversity (Arostegui et al., 2014; Jeste and
Geschwind, 2014; Mannino, 2002), which give little basis for tailoring
treatment to a patient's pathophysiology. Furthermore, disease comor-
bidities (Hu et al., 2016; Lee et al., 2008; Hidalgo et al., 2009), temporal
disease trajectories (Jensen et al., 2014) in clinical populations, various
molecular relationships between disease-associated cellular compo-
nents and their connections in the interactome (Blair et al., 2013; Goh
et al., 2007; Barabasi et al., 2011; Rzhetsky et al., 2007; Zhou et al.,
2014), and many successful drug repurposing cases (Li and Jones,
2012; Chong and Sullivan Jr., 2007; Ashburn and Thor, 2004; Wu et al.,
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2016; Evans et al., 2005) altogether demonstrate the vague boundary
between different diseases in current disease taxonomies. Moreover,
the deep understanding of diseases based on the advances in disease bi-
ology, bioinformatics, and multi-omics data necessitates the reclassifi-
cation of disease taxonomy (Mirnezami et al., 2012).

In the past decade, efforts to reclassify diseases based on molecular
insights have increased with studies related tomolecular-based disease
subtyping in different disease conditions, such as acute leukemias
(Golub et al., 1999; Alizadeh et al., 2000), colorectal cancer
(Dienstmann et al., 2017), oesophageal carcinoma (Cancer Genome
Atlas Research et al., 2017), pancreatic cancer (Bailey et al., 2016),
cancer metastasis (Chuang et al., 2007), neurodegenerative disorders
(Mann et al., 2000), autoimmunity disorders (Ahmad et al., 2003),
multiple cancer types across tissues of origin (Hoadley et al., 2014),
and a network-based stratification method for cancer subtyping
(Hofree et al., 2013). Further insights will arise from integrating all
types of biomedical data with a single framework to exploit disease-
disease relationships. Data integration methods that utilize multiple

types of data, including ontological and omics data, have been used to
classify and refine disease relationships (Gligorijevic and Przulj, 2015;
Menche et al., 2015; Gligorijevic et al., 2016). Despite these efforts, the
development of a molecular-based disease taxonomy that links molec-
ular networks and pathophenotypes still remains challenging
(Menche et al., 2015; Hofmann-Apitius et al., 2015; Jameson and
Longo, 2015).

Here, we aim to refine a widely used clinical disease classification
scheme, the ICD. To achieve this, we first quantify the category similar-
ity among the ICD chapters using ontology-based similarity measures
and investigate the molecular connections of disease pairs in the same
ICD chapters. Furthermore, we seek the correlation between category
and molecular similarity, and check for the heterogeneity of molecular
specificity and correlated boundary between categories in ICD taxon-
omy. Finally, we construct a new classification of diseases (NCD) with
overlapping structures. The aim is to provide clear boundaries between
distinct diseases belonging to different categories using a new disease
classification scheme (Fig. 1 & Fig. S3).
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Fig. 1. Overview of the new disease taxonomy construction and validation. a. Similarity calculation between the disease pairs in ICD taxonomy, including the calculation of 1) category
similarity; 2) Phenotype similarity (based on ICD-MeSH term mapping) and 3) Molecular profile similarities (based on ICD-UMLS term mapping) of disease pairs in ICD; b. Module or
community annotations of disease association network by chapters in ICD or NCD. We generate disease association network, in which nodes represent diseases and the link weights
represent their corresponding phenotype or molecule profile similarities. The module annotations of the disease network correspond to ICD chapters or NCD categories;
c. Construction of integrated disease network (IDN) and generation of NCD. The links of IDN are fused from the multiple similarities (e.g. phenotype similarity and shared gene
similarity). Based on IDN, NCD is generated by community detection algorithms with overlapping disease members; d. Quality evaluation and validation of ICD and NCD. The
molecular specificity (or inverse molecular diversity) and network modularity are used for evaluation and comparison of the quality of two disease taxonomies. Furthermore, we
validate the robustness of NCD with two independent phenotype-genotype association datasets, namely GWAS and PheWAS.
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