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Abstract

Molecular pathology diagnostics to subclassify diseases based on pathogenesis are increasingly
common in clinical translational medicine. Molecular pathological epidemiology (MPE) is an
integrative transdisciplinary science based on the unique disease principle and the disease
continuum theory. While it has been most commonly applied to research on breast, lung, and
colorectal cancers, MPE can investigate etiologic heterogeneity in non-neoplastic diseases such as
cardiovascular diseases, obesity, diabetes mellitus, drug toxicity, and immunity-related and
infectious diseases. This science can enhance causal inference by linking putative etiologic factors
to specific molecular biomarkers as outcomes. Technological advances increasingly enable
analyses of various -omics, including genomics, epigenomics, transcriptomics, proteomics,
metabolomics, metagenomics, microbiome, immunomics, interactomics, etc. Challenges in MPE
include sample size limitations (depending on availability of biospecimens or biomedical /
radiological imaging), need for rigorous validation of molecular assays and study findings, and
paucities of interdisciplinary experts, education programs, international forums, and standardized
guidelines. To address these challenges, there are ongoing efforts such as multidisciplinary
consortium pooling projects, the International Molecular Pathological Epidemiology (MPE)
Meeting Series, and the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE)-MPE guideline project. Efforts should be made to build biorepository and biobank
networks, and worldwide population-based MPE databases. These activities match with the
purposes of the Big Data to Knowledge (BD2K), Genetic Associations and Mechanisms in
Oncology (GAME-ON), and Precision Medicine Initiatives of the United States National Institute
of Health. Given advances in biotechnology, bioinformatics, and computational / systems biology,
there are wide open opportunities in MPE to contribute to public health.

Keywords

epidemiologic methods; informatics; integrative epidemiology; molecular pathologic
epidemiology; translational epidemiology; unique tumor principle

Introduction: disease nosology

For many centuries, patients have been grouped into disease classifications based on the
similarity and dissimilarity of their health problems. The primary purpose of assigning a
specific disease name to a group of patients is to better predict the natural history (disease
course) and the patient’s response to a particular treatment or intervention. Disease
classification systems have typically been based on symptomatology, affected organ system,
and/or impaired physiologic function (often in combination). Examples of function-based or
functional system-based disease classification include: neoplastic disease, auto-immune
disease, metabolic disease, etc. Occasionally, when a definitive etiology is identified in
patients with similar symptoms, the etiologic factor is used to name the disease; such
examples include influenza, burn, hypothermia, lead poisoning, etc. However, many chronic
diseases are multifactorial in origin, and their causes are often not well understood.
Establishing the etiology of such complex diseases requires extensive research. Thus, since
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the 20th century, epidemiology of chronic complex diseases has developed to investigate this
issue. The typical study design in traditional epidemiology aims to examine the relationship
between an exposure and a disease which is named or classified based on symptomatology
or organ/function system.

As disease classification systems are incorporating newer knowledge of molecular
pathogenesis of various diseases, we expect that individualized timely management and
treatment of each patient can be realized. That is exactly the goal of precision medicine.
Hence, when precision medicine becomes prevalent, there will be detailed data on
pathologies and phenotypes among patients with the same disease. Increasing amounts of
such data will be available to medical and epidemiologic researchers, and provide ample
opportunities. In this article, our discussion focuses on following points: (1) a recent overall
trend towards molecular classification of disease in all areas of science including
epidemiology and population health sciences; (2) benefits derived from consideration of
disease heterogeneity; and (3) future potential of molecular pathological epidemiology
(MPE) as ubiquitous population health science. Our intention is not to give detailed review
in specific disease areas, but to give an overview on usefulness of the MPE paradigm in a
wide variety of disease areas.

Epidemiology as core and universal health science

Epidemiology is the science of study of occurrence, distribution, causes and effects of
diseases and health-related conditions. As epidemiology gained influence as the study of
virtually all diseases in the mid to late 20th century, it became a core and universal
component in public health. Epidemiology has been integrated into various disciplines of
population health science, including “clinical epidemiology”, “nutritional epidemiology”,
“social epidemiology”, and “environmental epidemiology”. When rigorously conducted,
clinical and epidemiologic research can produce new knowledge, and advance medicine and
public health. Because the scale and size of epidemiologic studies became larger in the mid
to late 20th century, information on diseases was usually extracted from study participants,
public health records, and medical records, often without detailed assessments of molecular
pathology for practical reasons. In addition, there was no available molecular pathological
assay for many diseases. As a result, common disease classification in clinical settings has
been used in most epidemiologic studies, although consideration of pathogenesis (i.e.,
biological mechanisms of disease development) has always been a part of epidemiology as

subject matter knowledge.

An important epidemiologic premise is that individuals with the same disease entity have
similar causes of the disease, and show similar natural history of the disease and similar
responses to treatment or intervention. Under this important assumption (what can be called
as “homogeneity premise” or “generalizability premise”), observations in a population study
which contains a large number of individuals with a certain disease can be generalized to
patients with the same disease in a different set of people in the same background population
or in people in a different background population (with possible effect modifications). In this
context, traditional epidemiology has contributed to not only the successful identification of
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major etiologic factors even without molecular sub-classification but also the development
of prevention strategies, such as smoking cessation programs.

Another aspect of major contributions of epidemiologic studies to broader biomedical and
health sciences is provision of study subjects and materials. Epidemiologic research
typically requires intensive efforts to carefully select subjects from a larger population,
compile information on environment, lifestyle, behavior, health and diseases, collect
biospecimens, and build a large database infrastructure. Such epidemiologic resources can
become an enormous asset for transdisciplinary research, and provide a large sample of
disease patients (with molecular pathological annotations), which is more representative of
the general population than a typical hospital-based convenience sample. It is increasingly
feasible to apply advanced omics technologies (such as expression arrays, and next
generation sequencing) to those large population-based disease datasets.

Accordingly, along with advances in computing, bioinformatics, genomic medicine and
biomedical sciences, modern epidemiology has broadened to integrate these disciplines.
This advancement has been opening enormous opportunities, including the evolution of
molecular pathological epidemiology.

Recent evolution of molecular pathological epidemiology (MPE)

Molecular classifications are emerging as the new standard in medicine given inherent
heterogeneity of disease, especially neoplasms.1 Because epidemiologic analysis is based on
the premise that individuals with the same diagnosis have similar causes and disease
evolution, it is essential that epidemiologic research rely upon modern molecular
classification of disease. Thus, it is increasingly necessary to consider disease heterogeneity
and molecular classification more explicitly in epidemiology, with an integrative view of
homogeneity and heterogeneity of pathogenic processes.

Analyses of tumor molecular pathology in epidemiologic research began in late 1980s and
1990s, and gained increasing popularity (although still relatively uncommon) throughout the
early 2000s, under the umbrella term of “molecular epidemiology” (see references in
eAppendix 1). However, a vast majority of molecular epidemiology studies have used
molecular analyses of exposures (including germline genetics) and relied on disease data
without detailed molecular pathological assessment. For example, genome-wide association
studies have commonly used traditional disease classification as the case definition. This
situation led to an underestimation of unique features of molecular pathology analysis in
epidemiology, and limited the development of concepts and methods.

To address the need to investigate the inherent heterogeneity of pathogenic processes even
for a single disease entity, molecular pathologic epidemiology (MPE) has emerged as an
integration of molecular pathology and epidemiology.”~ " This concept and paradigm have
been the subject of discussion at established international meetings such as Society for
Epidemiologic Research (SER),5 American Association for Cancer Research (AACR),6 and
American Society of Preventive Oncology (ASPO),7 and their utility have been widely
acknowledged.g‘66 Recently, MPE has been integrated into lifecourse epidemiology
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models.67 To expand opportunities and address challenges, the International Molecular
Pathological Epidemiology (MPE) Meeting Series started in 2013, and its second meeting
was held in Boston in December 4 to 5, 2014.%® MPE research has caveats and challenges
(discussed in the later section) as well as unique strengths.3v69 It can (1) demonstrate a
relationship between an exposure and specific molecular alterations; (2) refine the effect
estimate of the association between an exposure and a specific disease subtype; (3) support
causality; (4) uncover risk factors for a specific disease subtype (which may be masked
without disease subtyping); (5) identify disease subtypes associated with benefits from
lifestyle or pharmacological intervention; and (6) discover and validate molecular
biomarkers for risk assessment, early detection, diagnosis, and decision-making on
interventions.3’69 A major value of MPE resides in better definition of phenotype to improve
our understanding of disease etiologies from host susceptibility and exposures. Because it
can link a putative risk factor to specific molecular signatures of the disease, MPE can
provide biological evidence for causality.?’v69 For example, MPE research has linked
cigarette smoking to epigenetic changes such as DNA methylation, and linked MGMT
promoter polymorphism (rs16906252) to MGMT promoter methylation and epigenetic
silencing (see references in eAppendix 1).70 Additionally, in contrast to traditional
epidemiology, which estimates the association with a given disease (i.e., a collection of
subtypes), MPE research can reveal a more precise and stronger association for a specific
subtype, to further support a causal relationship (discussed in detail in the next

paragraph). 8 This is because, in general, the larger the effect size of association, the more
difficult it is for the association to be explained by uncontrolled confounding. Hence, MPE
can work synergistically with the field of causal inference in epidemiology.

As an illuminating example, a relationship between cigarette smoking and colorectal cancer
risk is worth discussion. There has been a debate on whether smoking is a cause of
colorectal cancer, and epidemiologic studies have shown that an effect estimate for their
association is typically not strong (with a relative risk of approximately 1.2).70 MPE can
give clues to this vexing public health problem. Under this MPE paradigm, one can posit
that a risk factor (such as smoking) facilitates a disease process (such as carcinogenesis)
through a specific molecular mechanism (related to the risk factor), which can lead to the
development of a specific molecular subtype of the disease. In fact, MPE studies have shown
that smoking is a risk factor for a colorectal cancer subtype described as microsatellite
instability (MSI) or CpG island methylator phenotype—high,71 with a relative risk of
approximately 2 (see references in eAppendix l).70 These data with the stronger effect
estimate support that smoking is indeed causally associated with colorectal cancer, in
particular, MSI-high and CpG island methylator phenotype-high subtypes. A similar
phenomenon might underline the rather weak inverse association of omega-3
polyunsaturated fatty acid intake with colorectal cancer risk, as evidence suggests this
association might be specific to MSI-high cancer subtype.72

MPE research has high relevance in disease prevention, because such studies have shown
that different risk factors have shown to influence risks of different subtypes of one
disease.73 For example, smoking and obesity have been suggested as risk factors of
colorectal cancer when viewed as one disease in the traditional epidemiology paradigm.
However, accumulating evidence from MPE studies indicates that smoking is a risk factor

Epidemiology. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ogino et al.

Page 6

for MSI-high subtype of colorectal cancer, while obesity is a risk factor for non-MSlI-high
subtype of colorectal cancer (see references in eAppendix 1).3 Thus, under the MPE
paradigm, smoking and obesity are risk factors for different disease subtypes, and hence,
optimal measures for prevention and early detection are likely different between non-obese
heavy smokers and obese never smokers. In fact, the MPE research approach has shown that,
compared to non-MSI-high colorectal cancer, MSI-high colorectal cancer (for which
smoking is a risk factor) appears to be less effectively prevented by colonoscopy,74 and
hence, colonoscopy may not be as effective in smokers as in non-smokers. Thus, MPE
research can help us understand etiologic heterogeneity, and importance of tailored
preventive strategy, depending on different risk factors and profiles of individuals.

MPE has been commonly applied to cancer research because molecular pathologic analyses
are most common at present in neoplastic diseases.” Cancer indisputably represents a group
of heterogeneous diseases.”® Genomic and epigenomic analyses provide ample evidence for
enormous diversity in tumor molecular features, not only between individuals, but also
between two or more tumors within one individual,77 and even between tumor cells within
one tumor. In addition, evidence also indicates that the exposome (a totality of exposures,
including dietary, lifestyle, microbial, and chemical exposures) and host factors such as
immunity influence tumor evolution, adding to further diversity of tumor phenotypes.1 The
cancer genome and epigenome as well as the relationships to the exposome and interactome
(a totality of molecular interactions) differ from tumor to tumor (even with the same tumor
name); hence, the “unique tumor principle” holds true.” This principle asserts that each
tumor is unique in terms of exact molecular mechanisms, as well as tumor evolution and
behavior including response to treatment.1 Thus, integrated analyses of exposures, tumor
molecular features and host immunity are important.4 Integration of cancer immunity and
MPE (immuno-MPE) can give new insights on effects of exposures on tumor-host immune
interaction.

The MPE approach can be integrated into a genome-wide association study design or used
to follow up this type of research. For example, a candidate polymorphism identified in a
genome-wide association study can be studied for its specificity to disease molecular
signatures. This genome-wide association study-MPE approach3 can yield a more specific
effect estimate for a given subtype, and examine possible biological implications of
candidate cancer susceptibility polymorphisms (references in eAppendix 1). Hence, the
genome-wide association study-MPE approach can provide evidence for causality. In
addition, integrative research of this type may enable us to uncover additional risk variants
(specific to only a disease subtype), which have been missed in studies without disease
subtyping.

Unique hypothesis evaluation in molecular pathological epidemiology

(MPE)

In order to demonstrate specificity of the association between an exposure of interest and a
disease molecular subtype, we need to conduct complex hypothesis evaluation. Figure 1
depicts the simplest scenario where a disease of interest consists of binary subtypes A and B.
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Hypothesis evaluation #1 or #2 is on the relationship between an exposure of interest and
subtype A or B, respectively. Hypothesis evaluation #1 and #2 are similar to hypothesis
evaluation in traditional epidemiology, except for the outcome being either subtype A or B,
instead of overall disease (subtypes A and B combined). In the depicted scenario, one
expects that the relative risk effect size for the hypothesis #1 association is greater than 1,
while the relative risk effect size for the hypothesis #2 association is close to 1; hence the
findings support specificity of the exposure-subtype A relationship. In addition, molecular
pathological epidemiology (MPE) focuses on its unique hypothesis evaluation #3, which is
on a difference (heterogeneity) between the relationship of the exposure with subtype A and
that with subtype B. Hence, this hypothesis evaluation #3 is referred to as “heterogeneity
hypothesis evaluation”. One can evaluate the ratio of relative risk which compares relative
risk for the exposure - subtype A association to that for the exposure - subtype B association.
If there is etiologic heterogeneity, one expects that the ratio of relative risk is greater or
smaller than 1.

It should be noted that the scenario in Figure 1 addresses the simplest, binary subtypes, and
that disease subtyping systems are often more complex than simple dichotomy. For example,
disease subtypes may form an ordinal spectrum. Figure 2 depicts a scenario with subtypes
classified by an ordinal categorical biomarker, which can theoretically be extended to
continuous markers. Many biological functions and tumor biomarkers (including
expressions of genes and proteins) are continuous in nature. Furthermore, disease subtypes
may be ordinal, non-ordinal, continuous, or defined by more than a single biomarker, and
data from various omics analyses (of genome, methylome, epigenome, transcriptome,
proteome, metabolome, metagenome, interactome, etc.) can make disease subtyping system
even more complex. Epidemiologic analyses need to be performed in various study designs
including matched and unmatched case-control studies, case-case studies, prospective cohort
studies, and case-cohort studies. It is necessary to develop integrated “epidemiologic design
- statistical method” in MPE as new disease subclassification schemes emerge. Thus, new
epidemiologic analysis paradigms with statistical methods are constantly needed in MPE.
By means of new statistical methods, MPE can synergize advancements of both molecular
pathology and epidemiology.

These unique features of MPE research can amply attest an urgent need for the development
of new research frameworks and analytical methodologies as well as research guidelines
(which is discussed in the next section).

Challenges in molecular pathological epidemiology

Challenges in molecular pathological epidemiology (MPE) have been discussed in detail
elsewhere,a'69 including paucity of interdisciplinary experts, paucity of interdisciplinary
education and training programs, paucity of scientific forums focused on MPE, and lack of
international guidelines in MPE research.3~69 These challenges are related to each other.
Specific caveats of MPE research include selection bias, study sample size and measurement
errors, in terms of disease molecular analysis in epidemiologic studies.gv69 In addition, MPE
creates opportunities for subgroup analyses, which represents one of its key strengths, but
can lead to a higher chance to yield spurious findings.
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To address these challenges, there are several ongoing efforts. For example, to overcome the
issues in limited sample sizes and generalizability, pooling and meta-analysis approaches
can be utilized.™ To discuss the development and standardization of analysis methodologies
as well as interdisciplinary education, a new research forum named the International
Molecular Pathological Epidemiology (MPE) Meeting Series was established in 2013,7 and
the third international meeting will be held in Boston on May 12 and 13, 2016.

MPE deals with the disease outcome as a collection of heterogeneous subtypes, which are
hypothesized to be differentially associated with an exposure of interest (Figures 1 and 2).
Thus, analytical methodologies to address this etiological heterogeneity need to be fully
developed. However, because MPE-type research had typically been considered to belong to
molecular epidemiology, an extension of the STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) guideline, which is termed the STROBE-ME
(molecular epidemiology) (references in eAppendix 1), does not adequately address the
issues in MPE research. Nonetheless, pioneering efforts to develop new statistical
methodologies for analyses of disease heterogeneity, essentially reinforcing the MPE
paradigm, have been underway (see references in eAppendix 1).64’79‘81 In addition, the
“STROBE-MPE” guideline project has been proposed to address issues specific to MPE and
standardize analytical methodologies in this area of research.68v69'82

pathological epidemiology (MPE) for non-neoplastic diseases

When considering various human diseases, neoplastic disease is unique in terms of biology
as well as medical practice. Neoplasm is characterized by uncontrolled proliferation of cells.
Molecular testing on clonally expanded neoplastic cells with somatic molecular alterations
can be relatively easily performed utilizing currently available technologies. In contrast, for
many non-neoplastic diseases, molecular alterations are elusive and difficult to measure.83

In disease subclassification, there is always a fine balance in relying on similarities
(justifying the same subtype) vs. dissimilarities (justifying different subtypes). Although
molecular analysis data are generally lacking for non-neoplastic diseases, molecular
heterogeneity must play as important a role in non-neoplastic diseases as it does for
neoplastic diseases. This is because heterogeneity of human diseases stems from
heterogeneity of all of exposures, genetic factors, molecular alterations of diseased cells, and
their interactions (the interactome). Complexity of the exposome and alterations of the
interactome influence disease processes. Molecular differences in local tissue environment
and microenvironment including microbiota add further complexity.84‘86 Therefore, any
disease process in one individual is unique, and cannot be exactly the same as that in another
individual; this theory has been termed the “unique disease principle".wv87 This principle
asserts that each individual has a unique disease process in terms of exact molecular
mechanisms, as well as disease evolution and behavior. The unique disease principle applies
to all human illnesses, including not only chronic diseases but also acute diseases. In
addition, more broadly, an adverse health condition such as drug toxicity is heterogenous,
and can be an outcome variable as typical diseases, though it is not typical to call such a
condition as “disease” by itself. Similar to neoplastic diseases, molecular subtyping in non-
neoplastic diseases can be done based on pathogenic mechanisms, and incorporated in
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epidemiologic research under the molecular pathological epidemiology (MPE) paradigm.
This idea has been increasingly supported in non-neoplastic diseases.

Despite the uniqueness of each disease process, similarities in pathogenic mechanisms
(hence, similarities in disease molecular signatures) can be utilized to guide patient
management and treatment,90 and to investigate etiologies,3 based on the fundamental
epidemiologic premise (i.e., the “homogeneity” to “generalizability” link).

For any disease or adverse health condition, sub-classification based on detailed pathogenic
mechanisms (or interactions between host and diseased cells such as tumor immunity78) is
possible. Thus, the MPE principle and methodologies can be applied to gain further insights
into heterogeneous etiologies of not only neoplastic diseases but also non-neoplastic
diseases. While the MPE approach has been most commonly applied to research on cancers
such as colorectal, lung and breast carcinomas, MPE research in non-neoplastic diseases can
identify novel factors that might influence initiation and progression of a specific disease
subtype, and thus help us to develop more effective prevention and treatment strategies.

pathological epidemiology (MPE) to assess severity and stage of

As an example of analysis of disease heterogeneity, here we discuss severity and stage of
disease. A continuum of severity (i.e., mild to severe disease) and stage (i.e., early to
advanced disease) is almost universally present in human illnesses, and can be measured by
subjective perception of a patient (pain, discomfort, functional disability, duration of illness,
etc.) or by objective radiological, physiological, pathological and/or other laboratory tests. In
many diseases including cancers, patient survival or long-term clinical outcome is often used
as a surrogate of disease severity metric in population-based studies; we will discuss caveats
of this approach in the next section. Severity of disease most likely (but imperfectly) reflects
the magnitude of molecular and pathological changes. In clinical practice, patients with any
disease are commonly subclassified based on the degree of disease severity and/or stage, to
predict behavior of the disease, and its response to a particular treatment or intervention.

Potential bias due to use of clinical outcome as surrogate of severity

Lethality (or mortality) is often used in epidemiology and clinical research as a surrogate of
severity, aggressiveness, or detrimental effect of disease. Lethality status is known only after
follow-up of a diseased patient, but not at the time of diagnosis (unless the disease is
diagnosed after the patient’s death). Due to heterogeneity in biologic characteristics of a
disease in each individual, some seemingly malignant diseases do not lead to death of
patients. This phenomenon of heterogeneity of clinical outcomes is common across various
diseases, but particularly evident in neoplasms. Therefore, investigators are interested in
classifying neoplasms into lethal and nonlethal subtypes, and identifying risk factors for the
lethal, aggressive subtypes.

One notable caveat is that an exposure (which can be measured after diagnosis of cancer)
can modify tumor behavior, and at the same time, can be associated with the same exposure
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variable measured before or at the time of cancer diagnosis. Thus, the exposure can appear
to be causally associated with aggressive (or indolent) subtype of cancer, but this association
can be biased by the effect of the same exposure (after cancer diagnosis) on tumor behavior.
It is difficult to predict how and when this bias can substantially impact results. When
severity of disease is used as an endpoint heterogeneity variable, severity of disease ideally
should not depend on disease course (such as lethality) after disease diagnosis. In addition to
disease course, other surrogates of disease severity such as disease stage are free from this
type of bias derived from follow-up data, and can be used to assess whether an exposure is
associated with a disease differentially according to its severity. At the very least,
investigators must be aware of potential bias caused by assessing disease severity using
disease follow-up data.

Disease continuum

An important aspect of diseases is that, for centuries, disease designation has been set for
convenience, considering symptomatology and affected organ system or physiologic
function. As discussed above, each traditional disease entity consists of a group of
heterogeneous pathologic processes. Moreover, under the MPE paradigm, different disease
entities may have pathologically overlapping features, and related etiologies. For example,
uncontrolled clonal expansion of a specific type of immune cells can manifest not only as a
neoplastic disease, but also as an autoimmune disease. In addition, the immune system has
been known to play a major role in most human diseases; not only infectious, autoimmune,
and inflammatory diseases, but also neoplastic diseases. Neoplastic diseases often cause
para-neoplastic syndromes with symptoms which may be often observed in non-neoplastic
disease conditions. Morbid obesity and diabetes mellitus represent disease entities and are
associated with other diseases such as cardiovascular diseases, and neoplastic diseases, and
there are also shared risk factors between diabetes mellitus (or obesity) and neoplastic
diseases. Importantly, the “disease continuum” concept encompasses the complex
interrelationship with shared risk factors between seemingly diverse diseases, e.g.,
neoplastic diseases and diabetes mellitus. Microorganisms and other infectious agents
(including human microbiota) are associated not only with infectious diseases, but also with
many other diseases including inflammatory, autoimmune, and neoplastic diseases.
Eventually, pathophysiologies of multiple diseases in each individual of a study population
need to be considered as the phenome (a totality of phenotypes). In the future, new
epidemiologic and statistical methodologies need to be developed, in order to decipher
multidimensional phenotypic parameters and biomarker measurements.

Intermediary phenotype

Molecular disease subtyping is commonly performed when an individual has symptoms of a
well-developed disease (for many diseases), but the promise of early detection of disease
implies the need for measurement of markers of disease before symptoms develop. Thus, it
is increasingly common to analyze molecular signatures before a disease is fully developed,
by means of imaging techniques or tests on available biospecimens such as biopsy tissue,
blood, urine, sputum, or other body fluids. We use the term “intermediary phenotype” to
indicate a phenotype between non-disease state and fully developed disease, as illustrated by
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the example of screening biomarkers above, although not all persons with this phenotypes
will go on to develop disease. A similar term “intermediate phenotype” has also been used,
but it can be confused with a middle-level phenotype (of a fully developed disease) between
phenotypes at extreme ends.

Molecular pathological epidemiology (MPE) can utilize such intermediary variables related
to a certain disease.”’ For example, premalignant lesions such as colorectal adenomas or
Barrett’s esophagus can provide excellent opportunities to examine the role of intermediary
phenotypes in population-based studies.”® In normal tissue or peripheral blood, epigenetic,
metabolomic or other molecular changes can be used as intermediary variables in studying
disease development.70 We should be aware that, besides a hypothesis that intermediary
changes are caused by an exposure, there exists an alternative hypothesis that the exposure
may drive pathogenesis in a certain state of normal tissue (with the intermediary changes).
Intermediary variables may also be useful in the identification of etiologic field effect.”
This model can explain an elevated cancer risk in contralateral breast of patients with breast
cancer.92 Etiologic field effect refers to a field of susceptibility of tumor development and
progression through influences of etiologic factors and interactions of those factors with host
and tumor cells, within local microenvironment.92 It should be noted that intermediary
variables may not completely predict occurrence or severity of disease in the future. Thus,
the association between the intermediary variables and disease (or disease subtypes) should
be examined and established.

Future potential of molecular pathological epidemiology (MPE)

Molecular pathology tests have become routine clinical practice, and been utilized for
multiple purposes, including screening, risk prediction in family members, prognostication,
minimal disease monitoring, and decision making of treatment and management option.
Therefore, data from routine molecular pathology testing have been accumulating in
hospitals and health care systems around the world. Just as we have utilized disease data in
population-based studies, data on molecular and other forms of pathology tests may be
utilized in population-based studies; hence, the molecular pathological epidemiology (MPE)
approach can become routine research practice.87

As advancement of biomedical sciences is increasingly rapid, disease characterization has
been increasingly sophisticated. Next generation sequencing technologies are becoming
routine tools in anatomic and clinical pathology laboratories. Multigene-panel sequencing
test is performed in germline DNA or DNA from neoplastic cells. In the future, exome and
genome sequencing will be routine clinical practice across the world. Data from these tests
will be available, and epidemiologic research should incorporate data on molecular
characterization of disease. To achieve this, we must address various regulatory and ethical
issues, including how to protect privacy of patients.

Molecular subtyping of diseases can be integrated into pharmacoepidemiology to form the
integrative field of pharmaco-MPE. For example, pharmaco-MPE research enabled the
identification of aspirin as a possible treatment option for P/IK3CA-mutated subtype of
colorectal cancer, but not for P/IK3CA-wild-type subtype.%v94 Because of toxicity often
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associated with aspirin, biomarkers that are identified to predict benefits using the MPE

. . . . 9598 _, .
approach are useful in selecting an appropriate group of patients. This pharmaco-MPE
approach has also been applied to statin use and colorectal cancer subtypes,ggv100 and has the
potential to be used with other medications and diseases as well.

In the future, pathology must transform itself into diagnostic science that can examine cells,
tissues, and bioactive molecules /n vivo. Analysis of the in vivo interactome is a major future
goal of pathology. As pathology will change into /in vivo diagnostic science, epidemiology
and MPE can also transform into an integrative population health science where
investigators can follow study subjects real-time with examination of the /n vivo
interactomes around the whole body.

Conclusions

Molecular pathological epidemiology (MPE) has the potential to expand and transform
epidemiology in both neoplastic and non-neoplastic diseases; that is, virtually all disease
areas. The fundamentally heterogeneous nature of disease pathogenesis necessitates this
paradigm shift in epidemiology and study of health and disease in general. This MPE
approach helps us to link risk factors to specific molecular signatures present in disease,
refine effect estimates for specific disease subtypes, and enhance causal inference. In the
near future, advances in molecular pathology will make disease molecular data more widely
available to researchers, and the MPE paradigm will become ubiquitous and play important
roles in population health sciences. Because heterogeneity of disease is an undeniable
fundamental phenomenon, research on diseases (including non-neoplastic diseases) needs to
take into account this essential nature of disease. Therefore, the MPE paradigm should
become ubiquitous in all areas in epidemiology and population health sciences. Towards
these goals, the International Molecular Pathological Epidemiology (MPE) Meeting Series
will continue to be held.®®

There are growing numbers of biobank / biorepository networks, and population-based MPE
databases (“big data”) around the world. Along with these efforts, we can also facilitate
transformation of population health science, integrated with not only basic biology and
medicine but also social, behavioral, economic, environmental and ecologic sciences. These
activities motivated by MPE efforts match with the purposes of the BD2K (Big Data to
Knowledge), GAME-ON (Genetic Associations and Mechanisms in Oncology), and
Precision Medicine Initiatives of the U.S.A. National Institute of Health. Given
advancements in genomics, epigenomics, proteomics, metabolomics, metagenomics,
immunomics, interactomics, and other omics technologies as well as bioinformatics and
computational and systems biology, there are wide open opportunities in MPE to study
virtually all human diseases and contribute to medicine and public health.
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Figure 1.
Hypothesis evaluation in molecular pathological epidemiology (MPE). Here, the simplest

disease subtyping system with binary subtypes A and B is shown. Note that disease
subtyping systems are often more complex than simple dichotomy. Hypothesis evaluation #1
or #2 is on the relationship between an exposure of interest and subtype A or B, respectively.
Hypothesis evaluation #3 is unique to MPE, and concerns on a difference (heterogeneity)
between the relationship of the exposure with subtype A and that with subtype B. Hence,
this hypothesis evaluation #3 is referred to as “heterogeneity hypothesis evaluation” or
“heterogeneity evaluation”. See the text for further explanation.
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Figure 2.
Complex hypothesis evaluation in molecular pathological epidemiology (MPE). Here,

shown as an example, the disease subtyping system is ordinal, and more complex than
simple dichotomy. Hypothesis evaluation #3 concerns on a difference (heterogeneity)
between the relationships of the exposure with ordinal subtypes according to the level of the
subtyping biomarker in MPE research. Hence, this heterogeneity evaluation needs to address
the ordinal nature of subtyping system. See the text for further explanation.
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