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Summary

The Committee’s charge was to explore the feasibility and need for “a New Taxonomy of 
human disease based on molecular biology” and to develop a potential framework for creating 
one.  Clearly, the motivation for this study is the explosion of molecular data on humans, 
particularly those associated with individual patients, and the sense that there are large, as-yet-
untapped opportunities to use these data to improve health outcomes.  The Committee agreed 
with this perspective and, indeed, came to see the challenge of developing a New Taxonomy of 
Disease as just one element, albeit an important one, in a truly historic set of health-related 
challenges and opportunities associated with the rise of data-intensive biology and rapidly 
expanding knowledge of the mechanisms of fundamental biological processes.  Hence, many of 
the implications of the Committee’s findings and recommendations ramify far beyond the 
science of disease classification and have substantial implications for nearly all stakeholders in 
the vast enterprise of biomedical research and patient care. 

Given the scope of the Committee’s deliberations, it is appropriate to start this report by 
tracing the logical thread that unifies the Committee’s major findings and recommendations and 
connects them to its statement of task.  The Committee’s charge highlights the importance of 
taxonomy in medicine and the potential opportunities to use molecular data to improve disease 
taxonomy and, thereby, health outcomes.  Taxonomy is the practice and science of classification, 
typically considered in the context of biology (e.g. the Linnaean system for classifying living 
organisms).   In medical practice, taxonomy often refers to the International Classification of 
Diseases (ICD), a system established more than 100 years ago that the World Health 
Organization uses to track disease incidence, physicians use as a basis for standardized 
diagnoses, and the health-care industry (specifically, clinicians, hospitals, and payers) uses to 
determine reimbursement for care.  Although the Committee was cognizant that any new-
taxonomy initiative must serve the needs of the ICD and related classification systems, it 
concluded that this goal could best be met by rooting future improvements in disease 
classification in an “Information Commons” and “Knowledge Network” that would play many 
other roles, as well. The Committee envisions these data repositories as essential infrastructure, 
necessary both for creating the  New Taxonomy and, more broadly, for integrating basic 
biological knowledge with medical histories and health outcomes of individual patients.  The 
Committee believes that building this infrastructure—the Information Commons and Knowledge 
Network—is a grand challenge that, if met, would both modernize the ways in which biomedical 
research is conducted and, over time, lead to dramatically improved patient care (see Figure S-1).
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Figure S-1:  Creation of a New Taxonomy first requires an “Information Commons” in which data on large populations of patients 
become broadly available for research use and a “Knowledge Network” that adds value to these data by highlighting their 
interconnectedness and integrating them with evolving knowledge of fundamental biological processes. 
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The Committee envisions this ambitious program, which would play out on a time scale 
of decades rather than years, as proceeding through a blend of top-down and bottom-up activity.  
A major top-down component, initiated by public and private agencies that fund and regulate 
biomedical research, would be required to insure that results of individual projects could be 
combined to create a broadly useful and accessible Information Commons and to establish 
guidelines for handling the innumerable social, ethical, and legal issues that will arise as data on 
individual patients become widely shared research resources.  However, as is appropriate for a 
framework study, the Committee did not attempt to design the Information Commons, the 
Knowledge Network, or the New Taxonomy itself and would discourage funding agencies from 
over-specifying these entities in advance of initial efforts to create them.  What is needed, in the 
Committee’s view, is a creative period of bottom-up research activity, organized through pilot 
projects of increasing scope and scale, from which the Committee is confident best practices 
would emerge. Particularly given the size and diversity of the health-care enterprise, no one 
approach to gathering the data that will populate the Information Commons is likely to be 
appropriate for all contributors.  As in any initiative of this complexity, what will be needed is 
the right level of coordination and encouragement of the many players who will need to 
cooperate to create the Information Commons and Knowledge Network and thereby develop a 
New Taxonomy.  If coordination is too rigid, much-needed innovation and adaptation to local 
circumstances will be stifled, while if it is too lax, it will be impossible to integrate the data that 
are gathered into a whole whose value greatly exceeds that of the sum of its parts, an objective 
the Committee believes is achievable with effective central leadership. 

Conclusions
The Committee hosted a two day workshop that convened diverse experts in both basic 

and clinical disease biology to address the feasibility, need, scope, impact, and consequences of 
creating a “New Taxonomy of human diseases based on molecular biology”.  The information 
and opinions conveyed at the workshop informed and influenced an intensive series of 
Committee deliberations (in person and by teleconference) over a 6 month period, which led to 
the following conclusions: 

1. A New Taxonomy will lead to better health care.  Because new information and concepts 
from biomedical research cannot be optimally incorporated into the disease taxonomy of 
today, opportunities to define diseases more precisely and to inform health care decisions are 
being missed.  Many disease subtypes with distinct molecular causes are still classified as 
one disease and, conversely, multiple different diseases share a common molecular cause.  
The failure to incorporate optimally new biological insights results in delayed adoption of 
new practice guidelines and wasteful health care expenditures for treatments that are only 
effective in specific subgroups. 

2. The time is right to modernize disease taxonomy.  Dramatic advances in molecular 
biology have enabled rapid, comprehensive and cost efficient analysis of clinical samples, 
resulting in an explosion of disease-relevant data with the potential to dramatically alter 
disease classification. Fundamental discovery research is defining at the molecular level the 
processes that define and drive physiology. These developments, coupled with parallel 
advances in information technologies and electronic medical records, provide a 
transformative opportunity to create a new system to classify disease.
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3. A New Taxonomy should be developed. A New Taxonomy that integrates multi-parameter 
molecular data with clinical data, environmental data, and health outcomes in a dynamic, 
iterative fashion, is feasible and should be developed.  The Committee envisions a 
comprehensive disease taxonomy that brings the biomedical-research, public-health, and 
health-care-delivery communities together around the related goals of advancing our 
understanding of disease pathogenesis and improving health. Such a New Taxonomy would  

Describe and define diseases based on their intrinsic biology in addition to 
traditional physical “signs and symptoms.” 

Go beyond description and be directly linked to a deeper understanding of disease 
mechanisms, pathogenesis, and treatments. 

Be highly dynamic, at least when used as a research tool, continuously 
incorporating newly emerging disease information. 

4. A Knowledge Network of Disease would Enable a New Taxonomy. The informational 
infrastructure required to create a New Taxonomy with the characteristics described above 
overlaps with that required to modernize many other facets of biomedical research and 
patient care.  This infrastructure requires an “Information Commons” in which data on large 
populations of patients become broadly available for research use and a “Knowledge 
Network” that adds value to these data by highlighting their interconnectedness and 
integrating them with evolving knowledge of fundamental biological processes. 

5. New models for population-based research will enable development of the Knowledge 
Network and New Taxonomy.  Current population-based studies of disease are relatively 
inefficient and can generate conclusions that are not relevant to broader populations. 
Widespread incorporation of electronic medical records into the health-care system will 
make it possible to conduct such research at “point-of-care” in conjunction with the routine 
delivery of medical services.  Moreover, only if the linked phenotypic data is acquired in the 
ordinary course of clinical care is it likely to be economically feasible to characterize a 
sufficient number of patients and ultimately to create a self-sustaining system (i.e., one in 
which the costs of gathering molecular data on individual patients can be medically justified 
in cost-benefit terms). 

6. Redirection of resources could facilitate development of the Knowledge Network of 
Disease. The initiative to develop a New Taxonomy—and its underlying Information 
Commons and Knowledge Network—is a needed modernization of current approaches to 
integrating molecular, environmental,  and phenotypic data, not an “add-on” to existing 
research programs.  Enormous efforts are already underway to achieve many of the goals of 
this report.  In the Committee’s view, what is missing is a system-wide emphasis on shifting 
the large-scale acquisition of molecular data to point-of-care settings and the coordination 
required to insure that the products of the research will coalesce into an Information 
Commons and Knowledge Network from which a New Taxonomy (and many other benefits) 
can be derived.   In view of this conclusion, the Committee makes no recommendations 
about the resource requirements of the new-taxonomy initiative.  Obviously, the process 
could be accelerated with new resources; however, the basic thrust of the Committee’s 
recommendations could be pursued by redirection of resources already dedicated to 
increasing the medical utility of large-scale molecular data-sets on individual patients. 
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Recommendations
To create a New Taxonomy and its underlying Information Commons and Knowledge 

Network, the Committee recommends the following: 

1. Conduct pilot studies that begin to populate the Information Commons with data. 
Pilot observational studies should be conducted in the heath care setting to assess the 
feasibility of integrating molecular parameters with medical histories and health 
outcomes in the ordinary course of clinical care.  These studies would address the 
practical and ethical challenges involved in creating, linking, and making broadly 
accessible the datasets that would underlie the New Taxonomy.   Best practices defined 
by the pilot studies should then be expanded in scope and scale to produce an Information 
Commons and Knowledge Network that are adequately powered to support a New 
Taxonomy.  As this process evolves, there should be ongoing assessment of the extent to 
which these new informational resources actually contribute to improved health outcomes 
and to more cost effective delivery of health care. 

2. Integrate Data to Construct a Disease Knowledge Network. As data from point-of-
care pilot studies, linked to individual patients, begin to populate the Information 
Commons, substantial effort should go into integrating these data with the results of basic 
biomedical research in order to create a dynamic, interactive Knowledge Network.  This 
network, and the Information Commons itself, should leverage state-of-the-art 
information technology to provide multiple views of the data, as appropriate to the 
varying needs of different users (e.g., basic researchers, clinicians, outcomes researchers, 
payers).

3. Initiate a process within an appropriate federal agency to assess the privacy issues 
associated with the research required to create the Information Commons.  Because 
these issues have been studied extensively, this process need not start from scratch.  
However, in practical terms, investigators who wish to participate in the pilot studies 
discussed above—and the Institutional Review Boards who must approve their human-
subjects protocols— will need specific guidance on the range of informed-consent 
processes appropriate for these projects.  Subject to the constraints of current law and 
prevailing ethical standards, the Committee encourages as much flexibility as possible the 
guidance provided.  As much as possible, on-the-ground experience in pilot projects 
carried out in diverse health-care settings, rather than top-down dictates, should govern 
the emergence of best practices in this sensitive area, whose handling will have a make-
or-break influence on the entire information-commons/knowledge-network/new-
taxonomy initiative.  Inclusion in these deliberations of health-care providers, payers, and 
other stakeholders outside the academic community will be essential. 

4. Ensure data sharing. Widespread data sharing is critical to the success of each stage of 
the process by which the Committee envisions creating a New Taxonomy.  Most 
fundamentally, the molecular and phenotypic data on individual patients that populate the 
Information Commons must be broadly accessible so that a wide diversity of researchers 
can mine them for specific purposes and explore alternate ways of deriving Knowledge 
Networks and disease taxonomies from them.  Current standards developed and adopted 
by federally sponsored genome projects have addressed some of these issues, but 
substantial barriers, particularly to the sharing of phenotypic and health-outcomes data on 
individual patients, remain. Data sharing standards should be created that respect 
individual privacy concerns while enhancing the deposition of data into the Information 
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Commons.  Importantly, these standards should provide incentives that motivate data 
sharing over the establishment of proprietary databases for commercial intent.  Resolving 
these impediments may require legislation and perhaps evolution in the public’s 
expectations with regard to access and privacy of healthcare data. 

5. Develop an efficient validation process to incorporate information from the 
Knowledge Network of Disease into a New Taxonomy. Insights into disease 
classification that emerge from the Information Commons and the derived Knowledge 
Network will require validation of their reproducibility and their utility for making 
clinically relevant distinctions (e.g., regarding prognosis or choice of treatment) before 
adoption into clinical use.  A process should be established by which such information is 
validated for incorporation into a New Taxonomy to be used by physicians, patients, 
regulators, and payers. The speed and complexity with which such validated information 
emerges will undoubtedly accelerate and will require novel decision support systems for 
use by all stakeholders. 

6. Incentivize partnerships. The Committee envisions that a New Taxonomy incorporating 
molecular data could become self-sustaining by accelerating delivery of better health 
through more accurate diagnosis and more effective and cost-efficient treatments.  
However, to cover initial costs associated with collecting and integrating data for the 
Information Commons, incentives should be developed that encourage public private 
partnerships involving government, drug developers, regulators, advocacy groups and 
payers.

A major beneficiary of the proposed Knowledge Network of Disease and New Taxonomy 
would be what has been termed “precision medicine.”  The Committee is of the opinion that 
realizing the full promise of precision medicine, whose goal is to provide the best available care 
for each individual, requires that researchers and health-care providers have access to vary large 
sets of health and disease-related data linked to individual patients. These data are also critical 
for the development of the Information Commons, the Knowledge Network of Disease, and the 
development and validation of the New Taxonomy.   
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Introduction

The Current Opportunity 
Biomedical research and the practice of medicine, separately and together, are reaching 

an inflection point: the capacity for description and for collecting data, is expanding 
dramatically, but the efficiency of compiling, organizing, manipulating these data—and  
extracting true understanding of fundamental biological processes, and insights into human 
health and disease, from them—has not kept pace. There are isolated examples of progress: 
research in certain diseases using genomics, proteomics, metabolomics, systems analyses, and 
other modern tools has begun to yield tangible medical advances, while some insightful clinical 
observations have spurred new hypotheses and laboratory efforts. In general, however, there is a 
growing shortfall: without better integration of information both within and between research 
and medicine, an increasing wealth of information is left unused. 

As illustration, consider the following clinical scenarios1; in the first example, molecular 
understanding of disease has already begun to play an important role in informing treatment 
decisions, while in the second, it has not:

Patient 1 is consulting with her medical oncologist following breast cancer surgery.  
Twenty five years ago, the patient’s mother had breast cancer, when therapeutic options were 
few: hormonal suppression or broad-spectrum chemotherapy with significant side effects. Today, 
Patient 1’s physician can suggest a precise regimen of therapeutic options tailored to the 
molecular characteristics of her cancer, drawn from among multiple therapies that together focus 
on her particular tumor markers.  Moreover, the patient’s relatives can undergo testing to assess 
their individual breast cancer predisposition. (Siemens Healthcare Diagnostics Inc. 2008).

In contrast, Patient 2 has been diagnosed at age 40 with Type II diabetes, an imprecise 
category that serves primarily to distinguish his disease from diabetes that typically occurs at 
younger ages (type I) or during pregnancy (gestational).  The diagnosis gives little insight into 
the specific molecular pathophysiology of the disease and its complications; similarly there is 
little basis for tailoring treatment to a patient’s pathophysiology.  The patient’s internist will 
likely prescribe metformin, a drug used for over 50 years and still the most common treatment 
for type II diabetes in the U.S. No concrete molecular information is available to customize 
Patient 2’s therapy to reduce his risk for kidney failure, blindness or other diabetes-related 
complications. No tests are available to measure risk of diabetes for his siblings and children. 
Patient 2 and his family are not yet benefitting from today’s explosion of information on the 
pathophysiology of disease (A.D.A.M. Medical Encyclopedia 2011, Gordon 2011, Kellett 2011)

1 These scenarios are illustrative examples describing typical patients.  They are not based on individual patients, but 
reflect current medical practice.
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What elements of our research and medical enterprise contribute to making the Patient 1 
scenario exceptional, and Patient 2 typical? Could it be that something as fundamental as our 
current system for classifying diseases is actually inhibiting progress? Today’s classification 
system is based largely on  measurable “signs and symptoms,” such as a breast mass or elevated 
blood sugar, together with descriptions of tissues or cells, and often fail to specify molecular 
pathways that drive disease or represent targets of treatment2. Consider a world where a 
diagnosis itself routinely provides insight into a specific pathogenic pathway. Consider a world 
where clinical information, including molecular features, becomes part of a vast “Knowledge 
Network of Disease” that would support precise diagnosis and individualized treatment.  What if 
the potential of molecular features shared by seemingly disparate diseases to suggest radically 
new treatment regimens were fully realized? In such a world, a new, more accurate and precise 
“taxonomy of disease” could enable each patient to benefit from and contribute to what is 
known.

The Charge to the Committee 
In consideration of such possibilities, and at the request of the Director of the National 

Institutes of Health, an ad hoc Committee of the National Research Council was convened to 
explore the feasibility and need, and to develop a potential framework, for creating “a New 
Taxonomy of human diseases based on molecular biology” (Box 1-1: Statement of Task).  The 
Committee hosted a two day workshop (see Appendix C) that convened diverse experts in both 
basic biology and clinical medicine to address the feasibility, need, scope, impact, and 
consequences of creating a “New Taxonomy of human diseases based on molecular biology”.  
The information and opinions conveyed at the workshop informed and influenced an intensive 
series of Committee deliberations (in person and by teleconference) over a 6 month period. The 
Committee emphasized that molecular biology was one important base of information for the 
“New Taxonomy”, but not a limitation or constraint. Moreover, the Committee did not view its 
charge as prescribing a specific new disease nomenclature. Rather, the Committee saw its 
challenge as crafting a framework for integrating the rapidly expanding range and detail of 
biological, behavioral and experiential information to facilitate basic discovery, and to drive the 
development of a more accurate and precise classification of disease (i.e., a “New Taxonomy”) 
which in turn will enable better medicine. 

The vision for a New Taxonomy informed by the proposed “Knowledge Network” shares 
some similarities with the widely discussed concept of “Personalized Medicine,” recently 
defined by the President’s Council on Advisors on Science and Technology (PCAST) as “the 
tailoring of medical treatment to the individual characteristics of each patient…to classify 
individuals into subpopulations that differ in their susceptibility to a particular disease or their 
response to a specific treatment.  Preventative or therapeutic interventions can then be 
concentrated on those who will benefit, sparing expense and side effects for those who will not.” 
(PCAST 2008, p.1)  Others have used the related term “Precision Medicine” to refer to a very 
similar concept (see Glossary). Those who favor the latter term do so in part because it is less 
likely to be misinterpreted as meaning that each patient will be treated differently from every 
other patient.  However, to be clear, the use of either term in this report refers to the PCAST 
definition.

2 To clarify, the committee is not suggesting that all diseases would have an equally precise taxonomy, rather each 
disease should be classified, and treatment provided, using the best available molecular information about the 
mechanism of disease.
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A Brief History of Disease Taxonomies 
One of the first attempts to establish a scientific classification of disease was undertaken 

by Carolus Linnaeus, who developed the  taxonomic system that is still used to classify living 
organisms.  His 1763 publication Genera Morborum (Linné 1763) classified diseases into such 
categories as exanthematic (feverish with skin eruptions), phlogistic (feverish with heavy pulse 
and topical pain), and dolorous (painful).  The effort was largely a failure because of the lack of 
an adequate understanding of the biological basis of disease.  For example, without a germ 
theory of disease, rabies was characterized as a psychiatric disorder because of the brain 
dysfunction that occurs in advanced cases.  This illustrates how a classification system for 
disease that is divorced from the biological basis of disease can mislead and impede efforts to 
develop better treatments. 

BOX 1-1:   STATEMENT OF TASK 

At the request of the Director’s Office of NIH, an ad hoc Committee of the National 
Research Council will explore the feasibility and need, and develop a potential framework, for 
creating a “New Taxonomy” of human diseases based on molecular biology.  As part of its 
deliberations, the Committee will host a large two-day workshop that convenes diverse experts 
in both basic and clinical disease biology to address the feasibility, need, scope, impact, and 
consequences of defining this New Taxonomy. The workshop participants will also consider 
the essential elements of the framework by addressing topics that include, but are not limited 
to:

piling the huge diversity of extant data from molecular studies of 
human disease to assess what is known, identify gaps, and recommend 
priorities to fill these gaps. 

Developing effective and acceptable mechanisms and policies for 
selection, collection, storage, and management of data, as well as means 
to provide access to and interpret these data. 

Defining the roles and interfaces among the stakeholder communities—
public and private funders, data contributors, clinicians, patients, 
industry, and others. 

Considering ho

The Committee will also consider recommending a small number of case studies that 
might be used as an initial test for the framework. 

The ad hoc Committee will use the workshop results in its deliberations as it develops 
recommendations for a framework in a consensus report.  The report may form a basis for 
government and other research funding organizations regarding molecular studies of human 
disease. The report will not, however, include recommendations related to funding, government 
organization, or policy issues. 
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Even 100 years ago, the Manual of the International List of Causes of Death, 2nd edition, 
(Wilbur 1911) which over time would become the International Statistical Classification of 
Diseases and Related Health Problems (ICD), lumped lung cancer and brain cancer into the 
category of “cancer of other organs or not specified.”  No distinction was made between type 1 
and type 2 diabetes, endocrine diseases were categorized under General Diseases, and categories 
existed for “nervous fever,” “inanition,” and “found dead.”

Today, the ICD, which is currently in its tenth edition, remains the most commonly used 
categorization of disease (WHO 2007).  Published by the World Health Organization (WHO), 
ICD-10 is used for statistical analyses, reimbursement, and decision support, making it an 
integral part of health-care systems throughout the world.  As will be discussed, the ICD is 
currently undergoing a major revision, which will result in the publication of ICD-11 in 
approximately 2015. 

The Taxonomic Needs of the Biomedical Research and Medical Practice 
Communities  

Taxonomies underpin many health-related systems, such as the organization of the 
curriculum of medical education, the published biomedical literature3, textbooks, and disease 
coding systems such as the ICD.  Although grounded in a scientific understanding of disease, 
taxonomies such as the ICD must address the needs of the ever-expanding public health and 
health care delivery communities across the globe.  Organizations such as WHO must have 
access to accurate and timely measures of disease incidence and prevalence in multiple 
continents to make recommendations.  Similarly, the health care industry in the United States 
depends on an accurate disease classification system to track the delivery of medical care and to 
determine reimbursement rates.  Both of these communities rely on highly robust data collection 
practices to make decisions that can impact millions of individuals. In this context, a formalized 
nomenclature is essential for clear communication and understanding. The current practice of 
updating the ICD nomenclature periodically attempts to balance: 1) the need for a consistent 
terminology to permit clear communication about diseases that are defined by agreed upon 
criteria, with 2) the need to ensure that the classification system (i.e., the taxonomy) properly 
reflects advances in our understanding of molecular pathways and environmental factors that 
contribute to disease origin and pathology.

However, in part because it must serve the administrative needs of the public health and 
health care delivery communities, the current ICD taxonomy is disconnected from much of the 
biomedical research community. Indeed, few basic researchers know of the existence of ICD, and 
even fewer use this classification in any way. Thus, two extensive stakeholder groups, represented 
on one hand by biomedical researchers and biotech and pharma, and on the other by clinicians, 
health agencies and payers, are widely perceived to be largely unrelated, and to have distinct 
interests and goals, and therefore taxonomic needs. This is unfortunate because new insights into 
human disease emerging from basic research and the explosion of information both in basic 
biology and medicine have the potential to revolutionize disease taxonomy, diagnosis, 
therapeutic development, and clinical decisions. However, more integration of the informational 
resources available to these diverse communities will be required before this potential can be 
fully realized with the attendant benefits of more individualized treatments and improved 
outcomes for patients.  

3 For example, an information resource used extensively by both clinicians and researchers, PubMed/MEDLINE, is 
built on the MeSH terminology hierarchy of diseases.
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Figure 1-1:  A) Different stakeholder communities are perceived to have distinct taxonomic and 
informational needs. B) Integration of information and a consolidation of needs could better 
serve all stakeholders.
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Missed Opportunities of Current Taxonomies 
Currently used disease classifications have properties that limit their information content 

and usability.  Most importantly, current disease taxonomies, including ICD-10, are primarily 
based on symptoms, on microscopic examination of diseased tissues and cells, and on other 
forms of laboratory and imaging studies and are not designed optimally to incorporate or exploit 
rapidly emerging molecular data, incidental patient characteristics, or socio-environmental 
influences on disease.  The ability of current taxonomic systems to incorporate fundamental 
knowledge is also limited by their basic structure.  Taxonomies historically have relied on a 
hierarchical structure in which individual diseases are successively subdivided into types and 
sub-types.  This rigid organizational structure precludes description of the complex 
interrelationships that link diseases to each other, and to the vast array of causative factors.  It 
also can lead to the artificial separation of diseases based on distinct symptoms that have related 
underlying molecular mechanisms. For example, mutations in the LMNA gene give rise to a 
remarkably diverse set of diseases, including Emery-Dreyfus muscular dystrophy, Charcot-
Marie-Tooth axonal neuropathy, lipodystrophy, and premature aging disorders. However, despite 
their remarkable genetic, molecular, and cellular similarities, these diseases are currently 
classified as distantly related. While this approach may have been adequate in an era when 
treatments were largely directed toward symptoms rather than underlying causes, there is a clear 
risk that continued reliance on hierarchical taxonomies will inhibit efforts—already successful in 
the case of some diseases—to exploit rapidly expanding mechanistic insights therapeutically. 

BOX 1-2:  A FLEXNERIAN MOMENT? 

In 1910 educator Abraham Flexner released a report that revolutionized American 
medical education by advocating a commitment to professionalization, high academic 
standards, and close integration with basic science (Flexner 1910).  The subsequent rise of 
academic medical centers with a strong emphasis on research—coupled, after World War II, 
with greatly expanded merit-based funding of research through the National Institutes of 
Health and other public and private entities—allowed the United States to capture global 
leadership in medical research, launch the biotechnology industry, and pioneer countless 
science-based innovations in health care. 

The vast expansion of molecular knowledge currently under way could have benefits 
comparable to those that accompanied the professionalization of medicine and biomedical 
research in the early part of the 20th century. Indeed, during his talk at the Committee’s 
workshop, Dr. Christopher G. Chute, a Mayo Clinic professor and leader in the development 
of ICD-11, said that the potential of the genomic transformation of medicine “far exceeds the 
introduction of antibiotics and aseptic surgery.” However, achieving the full potential of the 
molecular revolution will require -- and to an important extent enable -- re-thinking both 
biomedical research and health care on a Flexnerian scale.  Creation of a Knowledge 
Network of Disease that consolidates and integrates basic, clinical, social and behavioral 
information, and that helps to inform a New Taxonomy that enables the delivery of 
improved, more individualized healthcare, will be a crucial element of this revolutionary 
change.(Chute 2011) 
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A further limitation of taxonomic systems is the intrinsically static nature of their 
information content. The ICD system is designed to be updated every ten years with minor 
updates every three years.  But many organizations are still working with ICD-9, which was 
released in 1977, even though ICD-10 was released in 1992.  Because of the time it takes to 
implement ICD revisions in administrative systems, the current taxonomic system is perpetually 
outdated.  Moreover, the static structure of current taxonomies does not lend itself to the 
continuous integration of new disease parameters as they become available. This is particularly 
troublesome given that new data regarding the molecular nature of disease are becoming 
available at an ever-increasing rate. 

Current efforts to revise the ICD classification attempt to address these limitations.  ICD-
11 will be based on a foundational layer from which “linearizations” will be derived (Tu et al. 
2010).  While the linearizations will be relatively static and hierarchical, the foundational layer is 
being designed to support multi-parent hierarchies and connections, and to be updated 
continuously.  Importantly, the new classification will combine phenomenological characterization 
of phenotype with genomic factors that might explain or at least distinguish phenotypes45.  Different 
lung cancers, for example, could be explicitly differentiated by genomic characterization.  This is 
important because knowledge about the specific molecular pathways contributing to the biology of 
particular types of lung cancer can be used to guide selection of the most appropriate treatment for 
such patients.  

Although the release of ICD-11 will mark an important step forward, the Committee 
thinks that the amount of information available for this effort can be vastly increased by a two-
stage process leading to a Knowledge Network of Disease.  As discussed in detail in following 
sections of this report, the first stage in developing this Knowledge Network would involve 
creating an Information Commons containing a combination of molecular data, medical histories 
(including information about social and physical environments), and health outcomes for large 
numbers of individual patients.  The Committee envisions this stage occurring in conjunction 
with the ongoing delivery of clinical care to these patients, rather than in specialized settings 
specifically crafted for research purposes.  The second stage, the construction of the Knowledge 
Network itself, would involve data mining of the Information Commons and integration of these 
data with the scientific literature—specifically with evolving knowledge of the fundamental 
biological mechanisms underlying disease. 

Such a Knowledge Network of Disease would enable development of a more 
molecularly-based taxonomy.  This “New Taxonomy” could, for example, lead to more specific 
diagnosis and targeted therapies for muscular dystrophy patients based on the specific mutations 
in their genes.  In other cases, it could suggest targeted therapies for patients with the same 
genetic mechanism of disease despite very different clinical presentations.

4  It should be noted that the International Classification of Diseases for Oncology (ICD-O) already attempts to 
capture genomic data relevant to disease definitions. The 3rd series of the WHO Monographs on the Pathology and 
Genetics of Tumours sought to integrate genomic data, where available, into disease definitions and indeed today 
many tumor types are molecularly defined. (Vardiman et al. 2009. Campo et al. 2011, Travis et al. 2011)
 The ICD-11 revision process is closely coordinated with SNOMED -- the Systematized Nomenclature of Medicine 

developed by the International Health Terminology Standards Development Organization (IHTSDO).  SNOMED is a 
large, clinically focused ontology that uses high-level nodes to aggregate more granular data.  The WHO and IHTSDO 
have signed a memorandum of understanding so that the two systems will be complementary rather than competing.  
The intent is to harmonize the two systems so that the aggregation layer of SNOMED corresponds to ICD-11 and the 
extensions of ICD-11 become elements of SNOMED. 
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An Information Commons, a Knowledge Network, and a New Taxonomy that would 
Integrate Many Types of Information and Serve All Stakeholders 

As will be described later in the report, the Committee envisions that the Information 
Commons, which would underlie the Knowledge Network of Disease and the New Taxonomy, 
would have some analogies with geographical information systems (GISs), which are designed 
to capture, store, manipulate, analyze, and all types of geographically referenced data and make 
them widely accessible in applications (ESRI 1990) such as Google Maps (Figure 1-2).  Most 
users would interact with these resources at the higher-value-added levels, the Knowledge 
Network and the New Taxonomy, rather than at the level of the underlying Information 
Commons.  Investigators using the Knowledge Network of Disease could propose hypotheses 
about the importance of various inter-and intra-layer connections that contribute to disease 
origin, severity, or progression, or that support the sub-classification of particular diseases into 
those with different molecular mechanisms, prognoses, and/or treatments, and these ideas then 
could be tested in an attempt to establish their validity, reproducibility, and robustness. Validated 
findings that emerge from the Knowledge Network of Disease and are shown to be useful for 
defining new diseases or subtypes of diseases that are clinically relevant (e.g., which have 
implications for patient prognosis or therapy) could be incorporated into the New Taxonomy to 
improve diagnosis and treatment. Whether the “New Taxonomy” that is informed and refined by 
the Knowledge Network of Disease would best be realized as a modification of the ICD 
taxonomy, or should represent an entirely distinct taxonomy that exists in parallel with ICD and 
other taxonomies, will depend on a number of factors. However, in either case, the goal of basing 
the New Taxonomy on the Knowledge Network of Disease will be to improve markedly the 
quantity and quality of information that can be used in biomedicine for the basic discovery of 
disease mechanisms, improved disease classification, and better medical care.   
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Figure 1-2:  The proposed, individual-centric Information Commons (right panel)  is somewhat analogous to a layered Geographical 
Information System (left panel).  In both cases, the bottom layer defines the organization of all the overlays.  However, in a GIS, any 
vertical line through the layers connects related snippets of information since all the layers are organized by geographical position.  In 
contrast, data in each of the higher layers of the Information Commons will overlay on the patient layer in complex ways (e.g., patients 
with similar microbiomes and symptoms may have very different genome sequences). Source: FPA 2011 (left panel). 
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Figure 1-3:   An individual-centric Information Commons, in combination with all extant biological knowledge, will inform a 
Knowledge Network of Disease, which will capture the exceedingly complex causal influences and pathogenic mechanisms that 
determine an individual’s health.  The Knowledge Network of Disease would allow researchers hypothesize new intralayer cluster and
interlayer connections. Validated findings that emerge from the Knowledge Network, such as those which define new diseases or 
subtypes of diseases that are clinically relevant (e.g., which have implications for patient prognosis or therapy) would be incorporated 
into the New Taxonomy to improve diagnosis and treatment. 
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Rationale and Organization of the Report 
Today, historic forces are transforming biomedical research and health care.  Information 

technology, clinical medicine, and the public attitudes that govern the ways that science, 
medicine, and society interact are all in flux.

A Knowledge Network of Disease could embrace and inform rapidly expanding efforts 
by the biomedical research community to define at the molecular level the disease 
predispositions and pathogenic processes occurring in individuals.  This network has the 
potential to play a critical role across the globe for the public-health and health-care-delivery
communities by enabling development of a more accurate, molecularly-informed taxonomy of 
disease.

This report lays out the case for developing such a Knowledge Network of Disease and 
associated New Taxonomy.  Chapter 2 asks “Why now?”  It examines basic trends in research, 
information technology, clinical medicine, and public attitudes that have created an 
unprecedented opportunity to influence biomedical research and health care delivery in ways that 
will benefit all stakeholders. 

Chapter 3 asks “What would the Knowledge Network of Disease and New Taxonomy 
look like?”  It describes why the system needs to be dynamic, continuously evolving, integrative, 
and flexible, and why it needs to enable interrogation by a wide range of users, from basic 
scientists to clinicians, health care workers, and the general public. 

Chapter 4 asks “How do we get there?”  It describes the need for a series of pilot studies 
to evaluate the feasibility of creating an individual-centric Information Commons and deriving a 
Knowledge Network and New Taxonomy from it, and to begin to explore the utility of these 
resources for improving individual health outcomes.  This chapter also addresses the 
impediments that need to be overcome and changes in medical education that will be required 
before the Knowledge Network of Disease and resulting New Taxonomy can be expected to 
achieve their full potential for improving human health. 

In Chapter 5, the report closes with an epilogue that summarizes the Committee’s 
rationale for their recommendations and describes how the new resources described in this report 
could serve the needs of basic scientists, translational researchers, policy makers, insurers, 
medical trainees, clinicians and patients 
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Why Now? 

The rise of data-intensive biology, advances in information technology and changes in 
the way health care is delivered have created a compelling opportunity to improve the diagnosis 
and treatment of disease by developing a Knowledge Network, and associated New Taxonomy, 
that would integrate biological, patient, and outcomes data on a scale hitherto beyond our reach.  
Key enablers of this opportunity include:

New capabilities to compile molecular data on patients on a scale that was unimaginable 
20 years ago.

Increasing success in utilizing  molecular information to improve the diagnosis and 
treatment of disease . 

Advances in information technology, such as the advent of electronic health records, that 
make it possible to acquire detailed clinical information about large numbers of 
individual patients and to search for unexpected correlations within enormous data sets. 

A “perfect storm” amongst stakeholders which has increased receptivity to fundamental 
changes throughout the biomedical research and health-care-delivery systems. 

Shifting public attitudes toward molecular data and privacy of health-care information. 

Scientific research, information technology, medicine, and public attitudes are all 
undergoing unprecedented changes. Biology has acquired the capacity to systematically compile 
molecular data on a scale that was unimaginable 20 years ago. Diverse technological advances 
make it possible to gather, integrate, analyze, and disseminate health-related biological data in 
ways that could greatly advance both biomedical research and clinical care. Meanwhile, the 
magnitude of the challenges posed by the sheer scientific complexity of the molecular influences 
on health and disease are becoming apparent and suggest the need for powerful new research 
resources.  All these changes provide an opportunity for the biomedical science and clinical 
communities to come together to improve both the discovery of new knowledge and health-care 
delivery.  As discussed in this chapter, the Committee concluded that this opportunity could best 
be exploited through a major, long-term commitment to create an Information Commons, a 
Knowledge Network of Disease, and a New Taxonomy. 

Biology Has Become a Data-Intensive Science 
Advances in DNA-sequencing technology powerfully illustrate biology’s conversion to a 

data-intensive science.  The first papers describing practical methods of DNA sequencing were 
published in 1977 (Maxam and Gilbert 1977; Sanger et al. 1977).  These methods required 
radioisotopic labeling of DNA, hand-crafting of large electrophoretic gels, and considerable 
expertise with biochemical and recombinant-DNA techniques.  Although the impact of these 
early DNA-sequencing methods on biological discovery was profound, the total amount of 
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sequence deposited in GenBank, the central depository for such data, did not pass one billion 
base pairs (one third of the length of a single human genome) until 1997 (NCBI 2011a), and it 
only reached this landmark after a first generation of automated instruments came into 
widespread use (Favello et al. 1995). Since then > 300 billion base pairs (Benson et al. 2011) 
have been deposited illustrating the still ongoing explosion of genomic data in the last 20 years.

The National Human Genome Research Institute estimated that the total cost of obtaining 
a single human-genome sequence in 2001 was $95 million (Wetterstrand 2011). Costs 
subsequently dropped exponentially following a trajectory described in electronics as Moore’s 
Law, connoting a reduction of cost by 50 percent every two years, until the spring of 2007, at 
which point the estimated cost of a single human-genome sequence was still nearly $10 million.  
At that point, introduction of a second generation of automated DNA-sequencing instruments, 
based on massively parallel, miniaturized analysis, led to a collapse in costs far faster than the 
Moore’s Law projection.  The most recent update, in January 2011, estimates the cost of a 
complete-genome sequence at $21,000, and the cost is still dropping rapidly, with a “$1000 
genome” becoming a realistic target within a few years. (Wolinsky 2007, MITRE Corporation 
2010; Mardis 2011) 

Figure 2-1:  The cost of complete genome sequencing is falling faster than Moore’s Law. The 
cost is still dropping rapidly, with a “$1000 genome” becoming a realistic target within a few 
years.  Source: Wetterstrand 2011. 
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While whole-genome sequencing remains expensive by the standards of most clinical 
laboratory tests, the trend-line leaves little doubt that costs will drop into the range of many 
routine clinical tests within a few years.  Whole-genome sequencing will soon become cheaper 
than many of the specific genetic tests that are widely ordered today and ultimately will likely 
become trivial compared to the cost of routine medical care.  Hence, the costs of DNA 
sequencing will soon cease to be a limiting factor (MITRE Corporation 2010). Instead, the 
clinical utility of genome sequences and public acceptance of their use will drive future 
developments. 

Admittedly, the cost trajectory of DNA sequencing is an unusual success story, even by 
high-tech standards.  However, it is by no means unique:  parallel developments in other areas of 
molecular analysis, such as the analysis of large numbers of small-molecule metabolites and 
proteins, and the detection of single molecules, are likely to sweep away purely economic 
barriers to the diffusion of many data-intensive molecular methods into biomedical research and 
clinical medicine.  These technologies will make it possible to monitor and ultimately to 
understand and predict the functioning of complex molecular networks in health and disease. 

The Opportunity to Integrate Data-Intensive Biology with Medicine 
Human physiology is far more complex than any known machine. The molecular 

idiosyncrasies of each human being underlie both the exhilarating potential and daunting 
challenges associated with “personalized medicine”. Individual humans typically differ from 
each other at millions of sites in their genomes (Ng et al. 2009).  More than ten thousand of these 
differences are known to have the potential to alter physiology, and this estimate is certain to 
grow as our understanding of the genome expands. All of this new genetic information could 
potentially improve diagnosis and treatment of diseases by taking into account individual 
differences among patients. We now have the technology to identify these genetic differences —
and, in some instances, infer their consequences for disease risk and treatment response. Some 
successes along these lines have already occurred; however, the scale of these efforts is currently 
limited by the lack of the infrastructure that would be required to integrate molecular information 
with electronic medical records during  the ordinary course of health care. 

The human microbiome project represents an additional opportunity to inform human 
healthcare. The microorganisms that live inside and on humans are estimated to outnumber 
human somatic cells by a factor of ten. “If humans are thought of as a composite of microbial 
and human cells”, then “the human genetic landscape is an aggregate of the genes in the human 
genome and the microbiome, and human metabolic features” are “a blend of human and 
microbial traits”(Turnbaugh et al. 2007).  A growing list of diseases, including obesity, 
inflammatory bowel disease, gastrointestinal cancers, eczema, and psoriasis, have been 
associated with changes in the structure or function of human microbiota.  The ultimate goal of 
studying the human microbiome is to better understand the impact of microbial variation across 
individuals and populations and to use this information to target the human microbiome with 
antibiotics, probiotics, and prebiotics as therapies for specific disorders.  While this field is in its 
infancy, growing knowledge of the human microbiome and its function will enable disease 
classification and medicine to encompass both humans and their resident microbes. 

There are already compelling examples of improvements in patient care that have 
emerged from studies of the human genome and human microbiome: 

Some patients with high cholesterol are heterozygous for a non-functional variant of the 
low-density-lipoprotein-receptor gene, a genotype found in one out of every 500 
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individuals. Lifestyle interventions alone are ineffective in these individuals at reducing 
the likelihood of early-onset cardiovascular disease (Huijgen et al. 2008). Consequently, 
the ability to identify the patients that carry the non-functional receptor makes it possible 
to proceed directly to the use of statin drugs at an early age, rather than first attempting to 
control cholesterol with diet and exercise. There is strong evidence that the early use of 
statin drugs in these individuals can provide a therapeutic benefit.
In the United States it is estimated that 0.06% of the population carries mutations in the 
tumor suppressor BRCA1 and 0.4% of people carry mutations in BRCA2 (Malone et al. 
2006). These mutations predispose to cancer, particularly breast and ovarian cancer (King 
et al. 2003). Women who carry these mutations can reduce their risk of death from cancer 
through increased cancer screening or through prophylactic surgeries to remove their 
breasts or ovaries (Roukos and Briasoulis 2007); until these mutations were identified it 
was not possible to determine who carried the mutations or to take proactive steps to 
manage risk. 
Lung cancer patients can now be separated by the genetic profiles of their cancers into 
distinct groups that benefit from different treatments (see Box 2-1; Distinguishing Types 
of Lung Cancer). 
It is now clear that most cases of stomach ulcers, once thought to be caused by stress and 
other non-infectious factors, are due to colonization of the stomach lining with the 
Helicobacter pylori bacterium, which is very common in human populations (Atherton 
2006). This finding has radically changed the treatment of this disorder. H. pylori
infection also is thought to predispose to the development of stomach cancer, suggesting 
that treatment of this infection can both help cure gastric ulcers and also may reduce the 
development of cancer of the stomach. In addition, epidemiological studies and other data 
have raised the possibility that H. pylori infection may reduce the individual’s likelihood 
of developing allergic diseases or even obesity (Blaser and Falkow 2009) suggesting that 
the full complexity of the relationship between infection with this organism and human 
health and disease remains to be determined. 
In the last decade, genetic analyses have allowed a more precise diagnostic classification 
of type II diabetes. Children and young adults with mild glucose intolerance and often a 
strong family history of diabetes were previously categorized as having “Maturity Onset 
Diabetes of the Young (MODY)”. MODY is now understood to represent a series of 
specific genetic variants that affect pancreatic beta cell function (Fajans et al. 2001) such 
that the American Diabetes Association classification of type II diabetes has replaced the 
descriptive term MODY with the specific genetic defects (e.g., chromosome 7, 
glucokinase; chromosome 12, hepatic nuclear factor 1 – alpha, etc.)   A dynamic, 
continuously evolving Knowledge Network of Disease will be needed to accommodate 
future additions to this list of specific genetic predispositions to in type II diabetes (with 
the vision of adding clarity to the diagnosis of Patient 2).

The human genome and microbiome projects are only two examples of emerging 
biological information that has the potential to inform health care. It is similarly likely that other 
molecular data (such as epigenetic or metabolomic data), information on the patient’s history of 
exposure to environmental agents, and psychosocial or behavioral information will all need to be 
incorporated into a Knowledge Network and New Taxonomy that would enhance the diagnosis 
and treatment of disease.  
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BOX 2-1:   DISTINGUISHING TYPES OF LUNG CANCER 

Lung cancer is the leading cause of cancer-related death in the United States as well as 
worldwide, causing more than one million total deaths annually (ACS 2011).  Traditionally, lung 
cancers have been divided into two main types based on the tumors’ histological appearance: 
small- cell lung cancer and non-small-cell lung cancer.  Non-small-cell lung cancer is comprised 
of three sub-groups, each of them defined by histology, including adenocarcinoma, squamous-
cell carcinoma, and large cell carcinoma. 

Since 2004, knowledge of the molecular drivers of non-small-cell lung cancer has 
exploded (Figure 2-1).  Drivers are mutations in genes that contribute to inappropriate cellular 
proliferation.  These driver mutations are necessary for tumor formation and tumor maintenance.  
If the inappropriate function of the mutant protein is shut down, dramatic anti-tumor effects can 
ensue.

In 2004 two drugs were in development, Gefitinib and Erlotinib, which inhibited the 
function of certain receptor tyrosine kinases, including epidermal growth factor receptor 
(EGFR).  These receptors were known to send signals that promote cellular proliferation and 
survival, and increased signaling was thought to contribute to some cancers. In early trials, the 
drugs were shown to produce dramatic anti-tumor effects in about 10 percent of patients with 
non-small-cell lung cancer (MSKCC 2005). Other patients did not appear to respond at all.  
However, the dramatic tumor shrinkage in some patients was enough for Food and Drug 
Administration approval in 2003, even though the molecular basis for the response was then 
unknown.  Without the ability to recognize the responding patients as a biologically distinct 
subset, these agents were tried unsuccessfully on a broad range of lung-cancer patients, doing 
nothing for most patients other than increasing costs and side effects.  In retrospect, some clinical 
trials with these agents probably failed because the actual responders represented too small a 
proportion of the patients in the trials (Pao and Miller 2005). 

Subsequently, it was discovered that the responding patients carried mutations that 
activated EGFR in their cancers (Kris et al.2003, Lynch et al. 2004; Paez et al. 2004; Pao et al. 
2004). This made it possible to predict which patients would respond to the therapy and  to 
administer the therapy only to this subset of patients. This led to the design of much more 
effective clinical trials as well as reduced treatment costs and increased treatment effectiveness.  

Since then, many studies have further divided lung cancers into subsets that can be 
defined by driver mutations.  Not all of these driver mutations can currently be targeted with 
drugs and cancer cells are quick to develop resistance to targeted drugs even when they are 
available. Nonetheless, this new information makes it possible to develop new targeted therapies 
that can extend and improve the quality of life for cancer patients. 
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Source: Pao and Girard 2011
Figure 2-2: Knowledge of non-small-cell lung cancer has evolved substantially in recent decades. 
The traditional characterization of lung cancers based on histology has been replaced over the past 
20 years by classifications based on driver mutations. In 1987, this classification was rudimentary as 
only one driver mutation had been identified, KRAS. However, the sophistication of this system for 
molecular classification has improved with the advent of more genetic information and the 
identification of many more driver mutations. Similar approaches could improve the diagnosis, 
classification, and treatment of many other diseases. 
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The Urgent Need to Better Understand Phenotype-Genotype Correlations 
While dramatic progress in understanding the relationship between molecular features 

and phenotype is being made, there is an urgent need to understand these links better and to 
develop strategies to deal with their implications for athe individual patient. BRCA1 and 2 genes 
are a good example. The discovery of mutations in BRCA1 and BRCA2 in some people made it 
possible to identify individuals at increased risk of cancer, allowing them to manage their risk 
with increased cancer screening and prophylactic surgeries. A database cataloging BRCA1
mutations recently listed 2,136 distinct variants of the gene (NHGRI 2011).  Of these, 1,167 
were judged by the database’s curators as likely to be clinically significant, while most of the rest 
were categorized as of “unknown” clinical significance. Among the mutations that are believed 
to be clinically significant, some are thought to confer a higher risk of cancer than others 
(Gayther et al. 1995) but there remains uncertainty about the extent to which most mutations 
increase cancer risk (Fackenthal and Olopade 2007).

As a consequence, people with BRCA1 and BRCA2 mutations are forced to make life-
altering treatment decisions with incomplete information. To what extent does their mutation 
increase their risks of breast and ovarian cancer and how do these risks change with age? Should 
they have prophylactic mastectomies or oophorectomies, and if so, when? Should they wait until 
after child-bearing and how would that affect their risks?  All of these real-life decisions carry 
heavy personal consequences as well as implications for health care costs.  

These treatment decisions do not need to be made based on such fragmentary 
information. If all patients that test positive for BRCA1 or BRCA2 mutations were tracked by 
their health-care providers long-term it would be possible to determine what percentage of 
patients with each mutation develop cancer, and which cancers.  It would be possible to assess 
the extent to which prophylactic surgeries reduced risk. It would be possible to assess the 
effectiveness of increased cancer screening, the best ways to screen these patients,  and the 
complications that arise from the inevitable false-positive results that come from increased 
screening. Efforts along these lines have so far been based on modest numbers of patients or 
cohorts that are not fully representative of the larger population because it has not been practical 
to integrate genetic information, treatment decisions, and outcomes data for large numbers of 
unselected patients. However, recent advances in genomic and information technologies now 
make it possible to systematically address these issues by integrating large data sets that already 
exist. (See Box 2-2: Prospective Cohort Studies – a special role.) 

BRCA1 and 2 are only two of many genes in which differences between individuals have 
significant implications for disease risk and treatment decisions. We have approximately 20,000 
genes in our genome and many of these genes may have many disease-relevant alleles, just like 
BRCA1.  Even if only a subset of this variation has significant implications for disease risk or 
treatment response we have the potential to improve the detection, diagnosis, and treatment of 
disease dramatically by large-scale efforts to assess phenotype-genotype correlations. By 
integrating patient genotype with health information and outcomes data a New Taxonomy could 
identify many new genetic variants with significant implications for health care.  

There is every reason to expect that the genetic influences on most common diseases will 
be complex.  In each patient, variants in multiple genes will affect disease onset, progression, 
and response to treatment, and long-term environmental modulation of these processes will be 
the rule rather than the exception.  While recent breakthroughs have focused on genomics as a 
consequence of the rapid development of technology in that area, the future may see comparable 
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advances in our ability to understand epigenetic, environmental, microbial, and social 
contributions to disease risk and progression. Under these circumstances, there is an obvious 
need to categorize diseases with finer granularity, greater reference to the underlying biology, 
and in the context of a dynamic Knowledge Network that has the capacity to integrate the new 
information on many levels. Unraveling these diverse influences on human diseases will be a 
major scientific challenge of the 21st century. 

BOX 2-2:    PROSPECTIVE COHORT STUDIES – A SPECIAL ROLE: 

Much of our knowledge about “risk factors” that predispose to complex diseases comes 
from observational epidemiological studies, either case-control studies in which aspects of the 
life experience of a series of cases are compared with those of appropriate controls, or 
prospective cohort studies in which large numbers of people are followed over time and the life 
experience of those who develop a specific disease are compared with those of the much larger 
number who have not. 

For example, much of what is known about the predictive value of biochemical factors 
that are measured in plasma or serum, such as the relation of cholesterol or other lipid with risk 
of heart attack, is derived from prospective cohort studies such as the Framingham Heart Study 
(FHS).   Prospective studies are particularly valuable because the occurrence or treatment of 
disease may alter the levels of the biochemical factors so that inference based on levels measured 
in a series of already diagnosed cases may be biased.  These biomarkers can be combined with 
information on lifestyle risk factors such as smoking and body mass index, and measurements 
that may also change after diagnosis such as blood pressure, to create a risk score such as the 
Framingham Risk Score, that is widely used to predict the 10-year risk of heart attack (Anderson 
et al. 1991).  The Risk Score was based on data from slightly more than 5,500 subjects, among 
whom several hundred coronary heart disease (CHD) events occurred.  A study of this size is 
adequate for relatively common disease events such as CHD, or quantitative traits such as blood 
pressure or bone density for which every participant has a value, but too small to provide enough 
cases of less common diseases such as site-specific cancers.  Larger prospective cohort studies 
such as the Nurses’ Health Study (Missmer et al. 2004), and the European Prospective 
Investigation into Cancer (EPIC) (Kaaks et al. 2005), have explored the relationship between 
circulating steroid hormone levels and risk of breast cancer in cohorts of tens of thousands of 
women, with many hundreds of cases, but the number of cases occurring in the FHS is still 
relatively small due to the smaller size of the cohort.  For risk factors with small effects, or to 
study the interactions between multiple risk factors, even the largest cohort studies may have too 
few cases to generate statistical power, and consortia such as the NCI Breast & Prostate Cohort 
Consortium (Campa et al. 2005) are needed to generate the thousands of cases necessary for 
adequate power.  For less common diseases, Consortia are again needed as no single study will 
have enough cases. 

Some countries have established very large prospective cohort studies such as the UK 
Biobank (about 500,000 persons) (Palmer 2007), and some have advocated for a similar study in 
the US (Collins 2004).  However, the cost of enrolling half a million or more persons in a such a 
research study in the US, tracking them over decades, and obtaining information on medical 
diagnoses for a research database are estimated to be several billion dollars (Willett et al. 2007), 
even if the many feasibility issues can be overcome. 

An Information Commons and Knowledge Network with appropriate informatic and 



Copyright © National Academy of Sciences. All rights reserved.

Toward Precision Medicine: Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease

PREPUBLICATION COPY 

27

consent mechanisms could generate similar large longitudinal sample sets and data through the 
provision of regular medical care, rather than considering these as research studies external to the 
health systems. 

Dramatic Advances in Information Technology Are Driving Systemic Change 
The United States and other countries are currently making multibillion-dollar 

investments to implement electronic health records (EHRs) to improve clinical care. The 
development of such records creates several new opportunities to integrate health care 
information and biological data and to search for new links between clinical test results, patient 
data, and outcomes: 

The increased functionality of EHRs and the improved performance of search tools open 
the door to conduct large cohort studies on a wide range of diseases.  Patients with 
characteristics of interest -- for example, those with rheumatoid arthritis or lacking 
response to antidepressants -- could be selected via EHRs.  Patients in these groups could 
then be recruited to provide samples or have their discarded clinical samples analyzed for 
research.
EHRs could be used to provide additional clinical characterization or to help fill in 
missing details on subjects studied in a cohort or biobank.  In either case, the result would 
be a rich clinical characterization of patients at low cost and with linkages to 
corresponding biological samples that can be used for molecular studies.  Research 
questions could be addressed faster and at lower cost as compared to the current standard 
practice of designing large, labor-intensive prospective studies. 
EHRs permit longitudinal analyses of data from millions of people. When linked with 
genomic information -- yielding what has been called EHR genomic research -- EHRs 
could provide the large numbers of subjects and detailed information needed to resolve 
many of the questions that smaller cohorts cannot address.

While the use of data from EHRs faces many difficulties,  none of these difficulties is 
insurmountable.  The cost advantages and potential to advance clinical care make expanding and 
accelerating studies using EHRs a high priority. Several health-care systems in the United States 
have started accruing large EHR databases linked to clinical biosamples.  Notable among the 
U.S. efforts are the Harvard University/Partners Healthcare i2b2 effort, the Vanderbilt BioVu 
effort (Roden et al. 2008), the UCSF-Kaiser collaboration (discussed in Chapter 4) and the 
multicenter eMERGE Network (McCarty et al. 2011)(see Box 2-3: The eMERGE Consortium) .  

Since EHR systems cover a broad swath of human illness, they provide a unique research 
opportunity to explore genotype-phenotype associations across many diseases.   As articulated 
by Jones et al. (2005) and implemented by Denny et al. (2010), all diseases can be scanned using 
EHRs for significant associations with any genetic variant or set of variants. For example, a 
single genetic variant (e.g., a Single Nucleotide Polymorphism or SNP) associated with diabetes 
in a standard genetics study can be promptly assessed for correlation with every EHR-derived 
phenotype such as obesity, heart disease, smoking history, and hypothyroidism.  This approach 
has been colloquially termed PheWAS (Phenome-Wide Association Study), in contrast with the 
more widely developed approach called GWAS (Genome-Wide Association Study). Such a scan 
may show that the original association is either an epiphenomenon of another pathology or part 
of a broader pathotype (Loscalzo et al. 2007).  This approach provides an opportunity to explore 
this broader range of pathological mechanisms across a variety of disease types, which is not 
possible in single phenotype studies.  The power of such association studies to detect 
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relationships between genotype and disease is limited by the granularity and precision of the 
current taxonomic system for disease. A knowledge-network-derived taxonomy that 
distinguishes diseases with different biological drivers would enhance the power of association 
studies to uncover new insights. 

BOX 2-3:   THE EMERGE CONSORTIUM 

Electronic Medical Records and Genomics (eMERGE) Network (www.gwas.org) is an 
NIH-funded consortium of five institutions with DNA data linked to electronic medical records.  
(All of the institutions agreed to contribute their genomic association results to dbGAP at the 
National Library of Medicine.) The goal of the consortium is to assess the utility of electronic 
medical records (EMRs) as resources for genomic science.  The project includes an ethics 
component, community engagement, and the use of natural language processingto interpret 
EMRs.  Each institution individually had proposed a genome-wide association study (GWAS) of 
about 3,000 subjects with a particular phenotype of interest (e.g. type 2 diabetes, cataracts, 
dementia, heart disease, and peripheral vascular disease) and an associated comparison group.   

Several important lessons have been learned from the consortium’s experience. First, 
patient data, obtained during the normal course of clinical care, has proven to be a valid source 
for replicating genome-phenome associations that previously had been reported only in carefully 
qualified research cohorts. Second, although the individual institutions initially thought that they 
had large enough effect sizes and odds ratios to be adequately powered, in most cases, the entire 
network was needed to determine genome-wide association.  Third, high-quality-EMR-derived 
phenotypes require four elements:  codes (including ICD codes, though codes have to be 
repeated multiple times to gain validity), laboratory-medicine results, medication histories, and 
natural language processing of physician comments.  The ability to extract high-quality 
phenotypes from narrative text is essential along with codes, laboratory results, and medication 
histories to get high predictive values. Fourth, although the five electronic medical systems have 
widely varying structures, coding systems, user interfaces, and users, once validated at one site, 
the information transported across the network with almost no degradation of its specificity and 
precision.

Another lesson of critical importance was that the major impediments that the eMERGE 
Consortium has had to address, are policy related, rather than technical  .  For instance, a 
particular challenge has been to achieve both meaningful data sharing and respect for patient 
privacy concerns, while adhering to applicable regulations and laws (Kho et al. 2011, Masys 
2011, McGuire et al. 2011)   ( eMERGE has addressed this issue, in part, by developing a 
simplified Data Use Agreement –see Appendix  D.)   

Gathering Information from Informal Data Sources 
The explosive growth of social networks, particularly in the context of healthcare issues, 

may also serve as a novel source of data on health and disease.  Evidence is already 
accumulating that these alternative and “informal” sources of health care data, including 
information shared by individuals from ubiquitous technologies such as smart phones and social 
networks, can contribute significantly to collecting disease and health data (Brownstein et al. 
2008, 2009, 2010a,b).
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Many data sources exist outside of traditional health-care records that could be extremely 
useful in biomedical research and medical practice.  Informal reports from large groups of people 
(also known as ‘crowd sourcing’), when properly filtered and refined, can produce data 
complementary to information from traditional sources.  One example is the use of information 
from the web to detect the spread of disease in a population.  In one instance, a system called 
HealthMap, which crawls about 50,000 websites each hour using a fully automated process, was 
able to detect an unusual respiratory illness in Veracruz, Mexico, weeks before traditional 
public-health agencies (Brownstein et al. 2009).  It also was able to track the progression and 
spread of H1N1 on a global scale when no particular public-health agency or health-care 
resource could produce that kind of a picture. 

The use of mobile phones also has tremendous potential, especially with developers 
building apps that engage patient populations.  For example, a recent app called Outbreaks Near 
Me allows people to use their cell phones to learn about all the disease events in their 
neighborhood.  People also can report back to the system, putting their own health information 
into the system. 

Many of the social networking sites built around medical conditions are patient specific 
and allow individuals to share unstructured information about health outcomes.  Mining that 
information within proper ethical guidelines provides a novel opportunity to monitor health 
outcomes.  For example, Google has mined de-identified search data to build a picture of flu 
trends. The advent of these inexpensive ways of collecting health information creates new 
opportunities to integrate information that will enhance the diagnosis and treatment of disease. 

Integrating Clinical Medicine and Basic Science 
Traditionally, a physician’s office or clinic has had few direct connections with academic 

research laboratories. In this environment, patient-oriented research—particularly if it involved 
studying patients or patient-derived samples with state-of-the-art scientific techniques and 
experimental designs—required a major division of labor between the research and clinical 
settings.  Typically, researchers have used informal referral networks to make contact with 
physicians caring for patients with diseases of special interest to the researchers.  Once enrolled 
in a research study, the patient—or, in some cases, simply a tissue sample and a little clinical 
information—passed into a research setting that maintained its own infrastructure, including 
institutional review boards (IRBs), patient coordinators, clinical-evaluation centers, 
instrumentation, laboratory facilities, and data-analysis centers.  This approach often yielded 
descriptive and anecdotal results of uncertain relevance to larger (and more diverse) patient 
populations. Moreover, the patients who contributed are unlikely to remain connected to the 
research process or be aware of outcomes.6 This research model is ill suited to long-term follow-
up of patients since it was never designed for this purpose. 

Although remarkably successful in addressing its original goals of testing clearly defined 
hypotheses, this traditional approach to clinical research is poorly suited to answering current  
questions about human health that are often more open-ended and larger in scope than those 
typically addressed in the past.  Based on committee experience and the input from multiple 
stakeholders during the course of this study, including the two-day workshop, the Committee 

6 There are notable exceptions such as the Framingham Heart Study and Nurses’ Health study, which were designed 
from the outset to follow a cohort of patients over an extended period of time. See Box 2-2: Prospective Cohort 
studies. 
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identified several reasons that current study designs are mismatched to current needs.  
Traditional designs: 

Require very large sample sizes —hence most studies are inevitably under-powered.
As emphasized above, the number and complexity of questions inherent in genotype-
phenotype correlations is virtually unbounded.  Patients with particularly informative 
genotypes and phenotypes—often difficult or impossible to recognize in advance—will 
typically be rare.  Identification and recruitment of such patients in sufficient numbers to 
acquire clinically actionable information about their diseases will be possible only if 
molecular and clinical information can be combined in huge patient cohorts. 
Involve high costs that are largely unnecessary because of increasing redundancy 
between the infrastructure present in research and clinical settings.  Most of what is 
needed to carry out data-intensive molecular studies of huge patient populations already 
exists in the health-care system or, increasingly, will exist as large coordinated health-
care organizations absorb increasing portions of the patient population, EHRs are more 
widely implemented, medical decisions are increasingly driven by molecular analyses 
(particularly in the realm of oncology, but increasingly in other subspecialties as well), 
and consent standards for treatment converge with those for both outcomes and molecular 
research.
Encourage building closed rather than open research systems.  Researchers who 
devote their careers to building the research infrastructure described above, cultivating 
the physician networks, and navigating the IRB process have little incentive to share 
patient samples and data widely.  Indeed, the suite of obstacles that a young investigator 
must overcome to penetrate this system are a major disincentive for involvement in 
patient-oriented research.  In addition, the many talented biomedical researchers who 
choose to focus their work on model organisms (such as flies, worms, and mice) have 
little opportunity to share insights or collaborate with clinical researchers. 
Leave most researchers and physicians living in separate, largely disconnected 
communities. The current biomedical training system separates researchers and 
physicians from the earliest stages of their education and creates silos of specialized, but 
limited knowledge. The insular nature of the current biomedical system does not 
encourage interdisciplinary collaborations and has significant negative effects on training, 
study design, prioritization of research efforts, and translation of new research findings. 
Are poorly suited to long-term follow-up of patients.  Long-term follow-up was not 
required to conduct the first generation of genotype-phenotype studies.  The questions 
under investigation were typically of the nature “Do all cystic fibrosis patients have loss-
of-function mutations in the CFTR gene?”  Therefore, researchers who sought to 
establish the causal role of genotypes in particular phenotypes only needed confidence 
that patients had been correctly diagnosed.  However, questions such as “Do cystic 
fibrosis patients with particular genotypes do better over a period of decades with 
particular treatments?” require long-term follow-up.   
May not provide feedback on clinically relevant results for integration into a 
patient’s clinical care.  To the extent that inherited germline variation and/or somatic 
genomic patterns are predictive of prognosis or response, the feedback of results to the 
clinical care of the individual research subjects may or may not occur according to a 
complex mixture of factors including the original informed-consent documents, the 
logistics of re-contacting subjects, the perceived validity of the scientific results (which 
may change over time), the time that has elapsed between when a sample was taken and 
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the results were generated, and whether the laboratory work was performed under 
protocols that permit results feedback.  These limiting factors mean that most research 
results are not integrated into clinical care.  Expert opinion on the “duty to inform” 
research participants of clinically relevant results vary widely.   Indeed, many researchers 
are reluctant to contribute data to a common resource as it may expose them to questions 
about whether feedback to participants is necessary or desirable. 

For these, and many other reasons, the project of developing an Information Commons, a 
Knowledge Network of disease, and a New Taxonomy requires a long-term perspective.  In a 
sense, this challenge has parallels with the building of Europe’s great cathedrals–studies started 
by one generation will be completed by another, and plans will change over time as new 
techniques are developed and knowledge evolves.  As costs in the health-care system are 
increasingly dominated by the health problems of a long-lived, aging population, one can 
imagine that studies that last 5, 10, or even 50 years can answer many of the key questions on 
which clinicians will look to researchers for guidance.  Many patients are already put on 
powerful drugs in their 40’s, 50’s, and 60’s that they will take for the rest of their lives.  The very 
success of some cancer treatments is shifting attention from short-term survival to the long-term 
sequelae of treatment.  For all these reasons, the era during which a genetic researcher simply 
needed a blood sample and a reliable diagnosis is passing. 

Outcomes research is also creating new opportunities for a close integration of medicine 
and data-intensive biology.  Cost constraints on health-care services—as well as an increasing 
appreciation of how often conventional medical wisdom is wrong—has led to a growing 
outcomes-research enterprise that barely existed a few decades ago.  The requirements of 
outcomes researchers for access to uniform medical records of large patient populations are 
remarkably similar to those of molecularly oriented researchers.

Multiple Stakeholders Are Ready for Change 
The tremendous recent progress in genetics, molecular biology, and information 

technology has been projected to lead to novel therapeutics and improved health-care outcomes 
with reduced overall health-care costs.  However, there is little evidence that these benefits are 
accruing in mainstream medicine (OECD 2011).  Instead, health-care costs have steadily 
increased, and these increased costs have not necessarily translated into significantly better 
clinical outcomes (OECD 2011). This situation has created a “perfect storm” for a wide variety 
of stakeholders, including health-care providers, payers, regulators, patients, and drug 
developers. The economics of the present situation are not sustainable and demand change.  

Clinical and basic researchers have learned that for their collective efforts to provide 
affordable improvements in health care, increased collaboration and coordination are required.  
Public-private collaborations are needed to combine longitudinal health outcomes data with new 
advances in technology and basic research.  Such initiatives are essential to gain and apply the 
specific biological knowledge required to develop new approaches to treat and prevent disease.  
A dynamically evolving Knowledge Network of Disease would provide a framework in which a 
closer, more effective, relationship between clinical and basic researchers could thrive. 

Nowhere is the need for change more evident and urgent than in the pharmaceutical and 
biotechnology industries.  Despite a massive increase in the amount of genomic and molecular 
information available over the past decade, the number of effective new therapies developed 
each year has remained stable, while the cost of developing each successful therapy has 
increased dramatically (Munos 2009).  While the new molecular technologies have identified a 
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large number of novel drug targets, an inadequate biological understanding of these targets has 
resulted in an ever-increasing failure rate of expensive clinical trials (Arrowsmith 2011a,b).  The 
present situation in drug development is not sustainable. The pharmaceutical and biotechnology 
industries are now leading proponents for developing public-private collaborations and consortia 
in which longitudinal clinical outcomes data can be combined with new molecular technology to 
develop the deep biological understanding needed to re-define disease based on biological 
mechanisms.  Given the time scale on which private entities must seek return on investment, 
there is an increased willingness to regard much of this information as pre-competitive.  Hence, 
the information itself, and the costs of acquiring it, must be widely shared. 

A major beneficiary of the proposed Knowledge Network of disease and New Taxonomy 
would be what has been termed “precision medicine.”  In precision medicine, the ultimate end 
point is the selection of a subset of patients, with a common biological basis of disease, who are 
most likely to benefit from a drug or other treatment, such as a particular surgical procedure.  
Today, researchers look for relatively small differences between treated and untreated patients in 
trials that involve unselected patients, with little insight into the biological heterogeneity among the 
patients or their diseases. This approach requires a much larger number of patients, more time, and 
greater costs to assess the effectiveness of new therapies than would more targeted study designs.  
By using a precision-medicine approach to focus on those patients early in the drug-development 
process who are most likely to be helped, fewer side effects and reduced costs are likely to ensue.  
In such studies, compliance will likely be better, treatment duration longer, and therapeutic benefits 
more obvious than is the case with traditional designs.  Greater therapeutic differences could also 
result in more efficient regulatory approval, and faster adoption by physicians and payers.  

BOX 2-3:  PRECISION MEDICINE FOR DRUG DEVELOPMENT 

A successful example of the precision medicine approach to drug development 
involves the drug Crizotinib, an inhibitor of the MET and ALK kinases, which began clinical 
development in a broad population of patients with lung cancer (Kwak et al. 2010).  During the 
early stages of the initial Crizotinib clinical trial conducted by pharmaceutical industry scientists, 
an independent group of academic scientists published their discovery that a particular 
chromosomal translocation involving the gene encoding ALK drives tumor growth in a subset of 
non-small cell lung cancer patients (Soda et al. 2007).  Access to this knowledge allowed the 
pharmaceutical industry scientists to modify their clinical trial to look specifically at a cohort of 
patients with this translocation, and the results were dramatic.  For those patients who had the 
translocation, the median disease-free survival with Crizotinib was a year, compared to just a few 
months with the standard of care.  Thus, even in a trial that involved only a small number of 
patients that were compared to historical controls, it was obvious that the drug was active.  In 
contrast, in an unselected patient population, most patients did not benefit from this drug and it 
was unclear whether the drug had any activity. 

(Crizotinib is expected to receive regulatory approval for treatment of ALK translocation-
positive lung cancer within the next year.) 

As illustrated in Box 2-4, data sharing is essential to the development of precision 
medicine.  Data sharing needs to occur across companies and across academic institutions to 
ensure that everyone benefits from fundamental biological knowledge.  Institutions need to be 
convinced that they gain from openness. Broad engagement of a vast array of public and private 
stakeholders, including university scientists, regulators, health-care providers, payers, 
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government, and perhaps most importantly the public at large, will be required to support and 
sustain the changes required for development of innovative new therapies that improve health 
outcomes based on the proposed Knowledge Network of Disease and associated New 
Taxonomy. 

Public Attitudes Toward Information and Privacy Are in Flux 
Genetic privacy was a central preoccupation during the early years of genomics, which 

led to implementation of stringent regulatory procedures to limit the use of genetic data in patient 
oriented research (Andrews and Jaeger 1991).  Many privacy-related issues—ranging from 
insurance coverage to employment discrimination, social stigmatization, and the simple desire to 
be left alone—are by no means resolved, although passage of the Genetic Information 
Nondiscrimination Act (GINA) alleviates many concerns about such discrimination (Hudson et 
al. 2008)..  During the ensuing years, the diffusion of the internet into every corner of our lives is 
driving massive changes in public attitudes toward privacy.  Research studies of public attitudes 
reveal deep ambivalence about informational privacy. In the particular arena of genetic 
information and health records, members of focus groups typically grasp the broad social 
benefits of sharing data.  A consistent theme is that people who contribute their own information 
to public databases want to be asked for permission, to have a clear explanation of how the data 
will be used, and to be treated as true partners in the research process (Damschroder et al. 2007; 
Trinidad et al. 2010; Haga and O’Daniel 2011).  Although privacy concerns remain, there is little 
evidence that the public has the extreme sensitivity toward genetic data that many researchers 
anticipated 25 years ago.   

The Proposed Knowledge Network of Disease Could Catalyze Changes in Biology, 
Information Technology, Medicine, and Society 

The powerful forces affecting basic biological research, information technology, clinical 
medicine, and public attitudes toward the privacy of health records and personal genetic 
information create an unprecedented opportunity to change how biomedical research is 
conducted and to improve health outcomes.  The development of the proposed Knowledge 
Network of Disease and its associated New Taxonomy could take advantage of these forces to 
inspire revolutionary change. This Committee regards commitment to the development of these 
resources as a powerful unifying idea that could harness—and, to an appropriate degree, 
redirect—the creative energies of the key constituencies to achieve the full potential of biology 
to improve health outcomes.   
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3
What Would a Knowledge Network and New 

Taxonomy Look Like?

In the previous chapter, the Committee outlined the reasons it concluded that the time is 
right to develop a Knowledge Network of Disease and New Taxonomy. But what would these 
resources look like and what implications would they have for disease classification, basic 
research, clinical care and the health-care system? This chapter describes the Committee’s vision 
of a comprehensive Knowledge Network of Disease and  New Taxonomy that would unite the 
biomedical-research, public-health, and health-care-delivery communities around the related 
goals of advancing our understanding of disease pathogenesis and improving health. The 
Committee envisions that the proposed resources would have several key features:

They would drive development of a disease taxonomy that describes and defines diseases 
based on their intrinsic biology in addition to traditional physical “signs and symptoms”.  

They would go beyond description and be directly linked to a deeper understanding of 
disease mechanisms, pathogenesis, and treatments.  

They would be highly dynamic, continuously incorporating newly emerging disease 
information.  

They would be based on an Information Commons that draws upon as much disease-
related information, from as large a number of individual patients, as possible. 

Much of the data that would populate the Information Commons would be generated 
during the ordinary course of clinical care. 

The Knowledge Network of Disease Would Incorporate Multiple Parameters and 
Enable a Taxonomy Heavily Rooted in the Intrinsic Biology of Disease 

Physical signs and symptoms are the overt manifestations of disease observed by 
physicians and patients. However, symptoms are not the best descriptors of disease. Symptoms 
are often non-specific and rarely identify a disease unambiguously. Physical signs and symptoms 
are generally also difficult to measure quantitatively. Furthermore, numerous diseases—
including some of the most common ones such as cancer, cardiovascular disease and HIV 
infection—are asymptomatic in early stages. Indeed, in a strict sense, all diseases are presumably 
asymptomatic for some “latent period” following the initiation of pathological processes.  As a 
consequence, diagnosis based on traditional “signs and symptoms” alone carries the risk of 
missing opportunities for prevention, or early intervention can readily misdiagnose patients 
altogether. Even when histological analysis is performed, typically on tissue obtained after 



Copyright © National Academy of Sciences. All rights reserved.

Toward Precision Medicine: Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease

PREPUBLICATION COPY 

36

diseases become clinically evident, obtaining optimal diagnostic results can depend on 
supplementing standard histology with ancillary genetic or immunohistochemical testing to 
identify specific mutations or marker proteins. 

Biology-based indicators of disease such as genetic mutations, marker-protein molecules, 
and other metabolites have the potential to be precise descriptors of disease. They can be 
measured accurately and precisely–be it in the form of a standardized biochemical assay or a 
genetic sequence—thus enabling comparison across datasets obtained from independent studies. 
Particularly when multiple molecular indicators are used in combination with conventional 
clinical, histological, and laboratory findings, they offer the opportunity for a more accurate and 
precise description and classification of disease, particularly. 

Numerous molecularly-based disease markers are already available, and the number will 
grow rapidly in the future. Amongst the most prominent parameters of disease are an 
individual’s:

Genome 

Transcriptome 

Proteome 

Metabolome 

Lipidome 

Epigenome  

As discussed in Chapter 2, it is increasingly feasible to obtain substantial information 
about these biological features for each individual patient.  The cost of sequencing an 
individual’s genome is rapidly dropping, and significant advances in the ability to globally and 
affordably characterize proteomes, metabolomes, lipidomes, epigenomes, and microbiomes of 
individual subjects will continue, creating the potential for an increasingly rich molecular 
characterization of individuals in the future. Eventually, it is likely that extensive molecular 
characterization of individuals will occur routinely as a normal part of health care – even prior to 
appearance of disease thereby allowing the collection of data on both sick and healthy 
individuals on a scale vastly exceeding current practice.  In addition to providing a new resource 
for research on disease processes, these data would provide a far more flexible and useful 
definition of the “normal” state, in all its diversity, than now exists. The ability to make such 
measurements on both non-affected tissues and in sites altered by disease would allow 
monitoring of the development and natural history of many disorders about which even the most 
basic information is presently unavailable. 

The Information Commons on which the Knowledge Network and New Taxonomy 
Would be Based Would Incorporate Much Information that Cannot Presently be 
Described in Molecular Terms 

It is well recognized that health outcomes, disease phenotypes, and treatment response 
are determined by the individual and combined effects of various factors ranging from the 
molecular to the environmental (Collins 2004, IOM 2006; Healthy People gov. 2011). Gene-
environment interactions have been implicated in a diverse group of diseases and pathological 
processes, including some psychological illnesses (Caspi et al. 2010), hypertension (Franks et al. 
2004), tumor growth (J.B. Williams et al. 2009), HIV (Nunez et al 2010), asthma (Chen et al. 
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2009), and cardiovascular reactivity (Williams et al. 2001, Snieder et al. 2002). Furthermore, the 
fact that numerous genome-wide association studies (GWASs) have revealed rather modest, 
albeit highly statistically significant, hazard ratios of disease risk highlights the need to 
investigate  interactions among genetic and non-genetic factors to identify specific disease risk 
factors not found in conventional GWAS studies (Khoury and Wacholder 2009; Murcray et al. 
2009; Cornelis et al 2010 ).  Therefore, data added to the Information Commons should not be 
limited to molecular parameters as they are currently understood: patient-related data on 
environmental, behavioral, and socioeconomic factors will need to be considered as well in a 
thorough description of disease features7 (see Box 3-1: The Exposome).  

Despite the focus on the individual patient in the creation of the Information Commons, 
the Committee expects that the inclusion of patients from diverse populations coupled with the 
incorporation of various types of information contained in the exposome will result in a 
Knowledge Network that could also inform the identification of population level interventions 
and the improvement of population health. For example, a better understanding of the impact of 
a sedentary lifestyle at the molecular level could conceivably facilitate the development of new 
approaches to physical education in early childhood. In addition, findings from the Knowledge 
Network and the New Taxonomy could reveal yet unidentified behavioral, social, and 
environmental factors that are associated with particular diseases or sub-classifications of 
diseases in certain populations and are amenable to public health interventions.

 The Healthy People 2020 Initiative  (Healthy People.gov. 2011) emphasizes an 
ecological approach to disease prevention and health promotion that focuses on both individual-
level and population-level determinants of health and interventions. While molecular variables are 
often more easily measured and more directly tied to disease outcomes, if the modifiable factors that 
have contributed to the signature are known, we will be better able to prevent disease and to 
phenotype, genotype, and treat patients.  

BOX 3-1:  THE EXPOSOME 

The exposome is a characterization of both exogenous and endogenous exposures that can 
have differential effects on disease predisposition at various stages during a person’s lifetime (Wild 
2005; Rappaport 2011). The emerging science of exposomics is concerned with the application of 
innovative approaches to comprehensively measure a person’s exposure events, from conception 
to death, and determine how those exposures relate to health and disease (CDC 2010; NAS 2010; 
Rappaport 2011). A long-range goal is to ascertain the combined effects of these exposures by 
assessing the biomarkers and diseases they influence. 

In its broadest definition, the exposome encompasses all exposures—internal (such as the 
microbiome, described elsewhere in this report) and external—across the lifespan. Physical 
environment (e.g. occupational hazards, exposure to industrial and household pollutants, water 
quality, climate, altitude, air pollution, and living conditions (Smith et al. 2008; Klecka et al 
2010; Alexeeff et al. 2011;  Brookhart et al. 2011; Cutts et al. 2011; Yorifuji et al. 2011; 

7 As with all patient-related data in electronic medical records and contributed to the Information Commons, 
information in the exposome layer requires that attention be paid to data sharing, informed consent, and privacy 
issues;  see discussion chapter 4 
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Zanobetti et al. 2011, McMichael and Lindgren in press) and lifestyle and behavior (e.g.  diet, 
physical activity, cultural practices, and use of addictive substances (DHHS 2010; Hu and Malik 
2010; Arem et al. 2011)), are some of the more apparent exogenous exposures. However, the 
concept of the exposome extends beyond these factors to include social factors, such as 
socioeconomic status, quality of housing, neighborhood, social relationships, access to services, 
and  experience of discrimination that can contribute to psychological stress and contribute to poor 
health and health inequities (Epel et al. 2004; Krieger et al. 2005; IOM 2006; Cole et al. 2007; 
Unnatural Causes 2008; Bruce et al. 2009; Gravlee 2009; Williams and Mohammed 2009; 
Cardarelli et al. 2010; Kim et al. 2010; Pollack et al. 2010; CDC 2011; Karelina and DeVries 
2011; Sternthal et al. 2011; WHO 2011) 

Despite the many practical and methodological challenges in characterizing and 
measuring these variables, rigorous evaluation of human exposures is needed. By incorporating 
data derived from multi-level assessments, a Knowledge Network of Disease could lead to better 
understanding of the variables and mechanisms underlying disease and health disparities, thereby 
helping to reveal a truer picture of the ecology of human health and facilitating a more holistic 
approach to health promotion and disease prevention. 

Asthma illustrates the interplay of social, behavioral, environmental, and genetic factors 
in disease classification. It is estimated that various types of asthma affect more than 300 million 
people worldwide. The term “asthma” is now used to refer to a set of “signs and symptoms” 
including reversible airway narrowing (“wheezing”), airway inflammation and remodeling, and 
airway hyper-reactivity. These various “signs and symptoms” likely reflect distinct etiologies in 
different patients. Many subjects with asthma have an allergic component, while in other cases, 
no clear allergic contributor can be defined (Hill et al. 2011; Lee et al. 2011). In some patients, 
asthma attacks are precipitated by exercise or aspirin (Cheong et al. 2011). Some patients, 
particularly those with severe asthma, may be resistant to treatment with corticosteroids (Searing 
et al. 2010).  This phenomenological approach to asthma diagnosis has led to a plethora of 
asthma sub-types such as “allergic asthma,” “exercise-induced asthma,” and “steroid-resistant 
asthma” that may be clinically useful but provide little insight into underlying etiologies.

Over the years, linkage-analysis, candidate-gene, and genome-wide-association 
approaches have been applied to the study of the genetic underpinnings of asthma, leading to the 
identification of several associated genes and sub-phenotypes (Lee et al. 2011 ). However, these 
findings still leave most of the genetic influences of asthma unexplained (Li et al. 2010; Moffatt 
et al. 2010). Moreover, pediatric asthma research, in particular, has focused on a broad range of 
social and environmental, as well as genetic, contributors to the increased prevalence and 
severity of illness (Hill et al. 2011).  Since the burden of asthma disproportionately affects 
children living in socioeconomically disadvantaged neighborhoods (D.R. Williams et al. 2009; 
Quinn et al. 2010), asthma may prove useful as a model for testing the Knowledge Network’s 
value in attaining a broader and deeper understanding of disease and health, in both the clinical 
and public-health policy domains. A knowledge- network-derived-taxonomy based on the 
biology of disease may help to divide patients with asthma—as well as many other diseases—
into subtypes in which the different etiologies of the disorder can be better understood, and for 
which appropriate, subtype-specific approaches to treatment and prevention can be devised and 
tested.
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 The Proposed Knowledge Network of Disease Would Include Information about 
Pathogens and Other Microbes

Particularly because of advances in genomics, the proposed Knowledge Network of 
Disease has unprecedented potential to incorporate information about disease-causing and 
disease-associated microbial agents. Thousands of microbial genomes have been sequenced, 
providing a wealth of data on pathogenic and non-pathogenic organisms, and there has been an 
associated renaissance in studies of the molecular mechanisms of host-pathogen interactions. In 
parallel with these advances in microbiology, the analysis of human-genome sequences is 
enhancing the understanding of host responses and variation in individual susceptibility to 
microbial pathogens and infectious diseases. Today, sequence data, combined with other 
biochemical and microbiological information, are being used to understand microbial 
contribution to health, improve detection of pathogens, diagnose infectious diseases, and identify 
potential new targets for novel drugs and vaccines. In addition, comparing the sequences of 
different strains, species, and clinical isolates is crucial for identifying genetic polymorphisms 
that correlate with phenotypes such as drug resistance, morbidity, and infectivity. Combining this 
information with the molecular signature of the host will provide a more complete picture of an 
individual’s diseases allowing custom-tailoring of therapeutic interventions. 

The Proposed Knowledge Network of Disease Would Go Beyond Description  
  A Knowledge Network of Disease would aspire to go far beyond disease description. It 

would seek to provide a unifying framework within which basic biology, clinical research, and 
patient care could co-evolve.  The scope of the Knowledge Network’s influence would 
encompass: 

Disease classification. The use of multiple molecular-based parameters to 
characterize disease may lead to more accurate and finer-grained classification of 
disease (see Box 3-2: Distinguishing Disease Types).  Disease classification is not 
merely an academic exercise: more nuanced diagnostic accuracy and ability to 
recognize disease sub-types would undoubtedly have important therapeutic 
consequences, allowing treatment regimes to be customized based on the precise 
molecular features of a patient’s disease.  

BOX 3-2:   DISTINGUISHING DISEASE TYPES 

Recent progress in the classification of lymphomas illustrates how a Knowledge Network 
could help distinguish diseases or disease states with similar symptoms and clinical 
presentations. Gene-expression profiling led to the discovery that B-cell lymphomas comprise 
two distinct subtypes of disease with different driver mutations and different prognoses 
(Alizadeh et al. 2000; Sweetenham 2011). One subtype bears a gene-expression profile similar to 
germinal center B-cells and has a good prognosis, while a second subtype bears a gene-
expression profile similar to activated B-cells and has a poor prognosis. Recognition of these 
biological and clinical differences between subtypes of B-cell lymphomas makes it possible to 
predict patient prognosis more accurately and guide treatment decisions. 

Similarly, leukemias are also now categorized based on differences in driver mutations, 
revealing subtypes with different prognoses and responses to particular treatment approaches. 
Acute myeloid leukemias with FLT3/ITD mutations have a poorer prognosis than acute myeloid 
leukemias with a normal FLT3 gene (Kiyoi et al. 1999; Kottaridis et al. 2001). As a 
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consequence, patients bearing FLT3/ITD mutations are more likely to receive allogenic bone-
marrow transplants or be offered experimental therapy with FTLs kinase inhibitors, while 
patients who do not have FLT3/ITD mutations are more likely to be treated only with 
chemotherapy. These are two of many known examples in which molecular data have been used 
to distinguish subtypes of malignancies with different prognoses and that benefit from different 
treatments. The proposed Knowledge Network of Disease could be expected to lead to many 
more insights of this type.  By allowing any researcher to carry out analyses of this type on large 
numbers of patients, tracked over long periods of time, it is likely that insights such as the 
clinical relevance of FLT3 mutations in leukemia could be achieved for many other cancers and 
in situations where tumor behavior depends on a more complex interplay of influences.  

Disease-mechanism discovery. A Knowledge Network in which diseases are 
increasingly understood and defined in terms of molecular pathways has the 
potential to accelerate discovery of underlying disease mechanisms. In a 
molecularly based Knowledge Network, a researcher could readily compare the 
molecular fingerprint (such as one defined by the transcriptome or proteome) of a 
disease with an unknown pathogenic mechanism to the information available for 
better understood diseases. Similarities between the molecular profiles of diseases 
with known and unknown pathogenic mechanisms might point directly to shared 
disease mechanisms, or at least serve as a starting point for directed molecular 
interrogation of cellular pathways likely to be involved in the pathogenesis of 
both diseases. 

Disease detection and diagnosis. A Knowledge Network that integrates data from 
many different levels of disease determinants collected from individual subjects 
over time may reveal new opportunities for detection and early diagnosis. The 
availability of information on a multitude of diverse diseases should facilitate 
epidemiological research to identify novel diagnostic markers based on 
correlations among diverse datasets (including clinical, social, economic, 
environmental, and lifestyle factors) and disease incidence, treatment decisions, 
and outcomes. In some instances, these advances would follow from the new 
insights into pathogenic mechanisms discussed above.  The most robust early-
detection tests—for example, assessment of an asymptomatic patient’s HIV 
status—are based on a clear understanding of pathogenic mechanism.  In other 
cases, however, molecular profiles may prove sufficiently predictive of a patient’s 
future health to have substantial clinical utility long before the mechanistic 
rationale of the correlation is understood. 

Disease predisposition. A Knowledge Network of Disease that links information 
from many levels of disease determinants, from genetic to environment and 
lifestyle, will improve our ability to predict and survey for diseases. Following 
outcomes in individual patients over time will allow the prognostic value of 
molecular-based classifications to be tested and, ideally, verified. Multi-parameter 
data across the entire spectrum of disease will become available. Obviously, the 
clinical utility of identifying disease predispositions depends on the availability of 
interventions that would either prevent or delay onset of disease or perhaps 
ameliorate disease severity. 

Disease treatment. The ultimate goal of most clinical research is to improve 
disease treatments and health outcomes.  There are many ways in which a 
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Knowledge Network of Disease and its derived taxonomy may be expected to 
impact disease treatment and to contribute to improved health outcomes for 
patients.  Accurate diagnosis is the foundation of all medical interventions.  As 
many of the examples already discussed illustrate, finer grained diagnoses often 
are the key to choosing optimal treatments.  In some instances, a molecularly 
informed disease classification offers improved options for disease prevention or 
management even when different disease sub-types are treated identically (see 
Box 3.3: Information to Guide Treatment and Management Decisions).  A 
Knowledge Network that integrates data from multiple levels of disease 
determinants will also facilitate the development of new therapies by identifying 
new therapeutic targets and may suggest off-label use of existing drugs. In other 
cases, the identification of links between environmental factors or lifestyle 
choices and disease incidence may make it possible to reduce disease incidence 
by lifestyle interventions. 

Importantly, as discussed below, the Committee believes the Knowledge Network 
and its underlying Information Commons would enable the discovery of improved 
treatments by providing a powerful new research resource that would bring 
together researchers with diverse skills and integrate knowledge about disease 
processes in an unprecedented way.  Indeed, it is quite possible that the transition 
to a modernized “discovery model” in which disease data generated during the 
course of normal healthcare and analyzed by a diverse set of researchers would 
ultimately prove to be a Knowledge Network of Disease’s greatest legacy for 
biomedical research. 

BOX 3-3:   INFORMATION TO GUIDE TREATMENT DECISIONS 

The example of a patient such as Patient 1 with breast cancer, described in the 
Introduction, illustrates the potential of a Knowledge Network of Disease  to provide patients 
with valuable information even when there is no difference in treatment for different diseases 
sub-types (e.g., sporadic vs. BRCA1/2-associated breast cancer) . While mutations in the tumor-
suppressor genes BRCA1 and BRCA2 strongly predispose women to breast and ovarian cancer, 
the extent to which particular germline mutations in these genes increase cancer risk often 
remains uncertain (Gayther et al. 1995). Consequently, patients and physicians must currently 
make decisions about whether to undertake more intensive cancer surveillance (for example, by 
breast magnetic resonance imaging or vaginal ultrasound) without being able clearly to assess 
the risks and benefits of such increased screening and the anxiety and potential morbidity that 
arises from inevitable false positives. Furthermore, some patients elect to undergo prophylactic 
mastectomies or oophorectomies without definitive information about the extent to which these 
drastic procedures actually would reduce their cancer risk. 

Studies attempting to quantify these risks have largely focused on particular ethnic 
groups in which a limited set of mutations occur at high enough frequencies to allow reliable 
conclusions from analyses carried out on a practical scale. If BRCA1/2 genotypes and health 
histories could be compared across the large data sets currently segregated among different 
health-care organizations, it would become possible to assess accurately cancer risks for people 
with different mutations and genetic backgrounds. Such data would allow more rational 
recommendations regarding risk-reduction strategies, thereby creating enormous value for 
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individual patients, health-care providers, and payers, by making it possible to avoid unnecessary 
screening and treatment while reducing cancer incidence and promoting early detection. 

Drug development. Molecular similarities amongst seemingly unrelated diseases 
would also be of direct relevance to drug discovery as it would lead to targeted 
investigation of disease-relevant pathways that are shared between molecularly 
related diseases. In addition, ongoing access to molecular profiles and health 
histories of large numbers of patients taking already-approved drugs would 
undoubtedly lead to improved drug safety by allowing identification of 
individuals at higher-than-normal risk of adverse drug reactions.  Indeed, our 
limited understanding of—and lack of a robust system for studying—rare adverse 
reactions is a major barrier to the introduction of new drugs in our increasingly 
risk-aversive and litigious society. 

Health disparities. Major disparities in the health profiles of different “racial”, 
ethnic, and socio-economic groups within our diverse society have proven 
discouragingly refractory to amelioration.  As discussed above, it is quite likely 
that key contributors to these disparities can be most effectively addressed 
through public-health measures and other public policies that have little to do with 
the molecular basis of disease, at least as we presently understand it.  However, 
the Committee regards the Information Commons and Knowledge Network of 
Disease, as potentially powerful tools for understanding and addressing health 
disparities because they would be informed by data on the environmental and 
social factors that influence the health of individual patients,.  For the first time, 
these resources would bring together, in the same place, molecular profiles, health 
histories, and data on the many determinants of health and disease, thereby 
optimizing the ability to decipher the mechanisms through which exogenous 
factors give rise to endogenous, biological inputs, directly affecting health. 
Researchers and policy makers would then be better able to sort out the full 
diversity of possible reasons for observed individual and group differences in 
health and to devise effective strategies to prevent and combat them. 

A Hierarchy of Large Datasets Would Be the Foundation of the Knowledge 
Network of Disease and Its Practical Applications 

The establishment of a Knowledge Network, and its research and clinical applications, 
would depend on the availability of a hierarchy of large, well-integrated datasets describing what 
we know about human disease. These datasets would establish the foundation for the New 
Taxonomy and many other basic and applied activities throughout the health-care system. The 
Information Commons would contain the raw information about individual patients from which 
meaningful links and relationships could be derived. Recognizing that the Knowledge Network 
would need to be informed by vast amounts of information external to the network itself, the 
Committee envisions the need for substantial research in medical informatics directed at all steps 
of the creation and curation of the network, and, equally importantly, its use by individuals with 
diverse backgrounds and goals. The creation of the Knowledge Network and its underlying 
Information Commons would enable the continuous compilation and analysis of molecular, 
environmental, behavioral, social, and clinical data in a dynamic, shared platform. Such an 
information platform would need to be accessible by users across the entire spectrum of research 
and clinical care, including payers.  Data would be continuously deposited by the research 
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community and extracted directly from the medical records of participating patients. The roles of 
the different datasets in this information resource are schematized in Figure 3-1. 

Figure 3-1: Building a Biomedical Knowledge Network for Basic Discovery and Medicine.
At the center of a comprehensive biomedical information network is an Information Commons 
which contains current disease information linked to individual patients and is continuously 
updated by a wide set of new data emerging though observational studies during the course of 
normal health care. The data in the Information Commons and Knowledge Network serve three 
purposes: 1) they provide the basis to generate a dynamic, adaptive system which informs 
taxonomic classification of disease; 2) they provide the foundation for novel clinical approaches 
(diagnostics, treatments strategies) and 3) they provide a resource for basic discovery. Validated 
findings that emerge from the Knowledge Network, such as those which define new diseases or 
subtypes of diseases that are clinically relevant (e.g., which have implications for patient 
prognosis or therapy) would be incorporated into the New Taxonomy to improve diagnosis (i.e., 
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disease classification) and treatment. The fine-grained nature of the taxonomic classification w in 
clinical decision making by more accurately defining disease. 

The precise structures of both the Information Commons and Knowledge Network of 
Disease remain to be determined and would be informed by pilot studies, as discussed in Chapter 
4. However, given its purpose, the Committee envisions the Information Commons as (see also 
Figure 1-2: A Information Commons might use a GIS-type structure):

Multilayered. Given the inclusion of multiple parameters ranging from genomic 
to environmentally modulated disease factors, the Information Commons would 
likely have a multi-layered structure with each layer containing the information 
for one disease parameter, such as “signs and symptoms”, genetic mutations, 
epigenetic patterns, metabolic characteristics, or other risk factors (including 
social, behavioral, and environmental influences).  

Individual-centric. The Information Commons should register all measurements 
with respect to individuals so that the multitude of influences on 
pathophysiological states can be viewed at scales that span all the way from the 
molecular to the social level. Only in this way could, for example, individual 
environmental exposures be matched to individual changes in molecular profiles. 
These data would need to be stored in an escrowed, encrypted depository that 
allows graded release of data depending on the questions asked, the access level 
of the individual making the inquiry, and other parameters that would 
undoubtedly emerge in the course of pilot studies. The Committee realizes that 
this is a radical approach and intense public education and outreach about the 
value of the Information Commons to the progress of medicine would be essential 
to harness informed volunteerism, the support of disease-specific advocacy
groups, and the engagement of other stakeholders. The Committee regards careful 
handling of policies to ensure privacy as the central issue in its entire vision of the 
Information Commons, the Knowledge Network of Disease, and the New 
Taxonomy.  Hence, this topic is discussed in more detail in Chapter 4.   

The Knowledge Network of Disease, created by integrating data in the Information 
Commons with fundamental biological knowledge, drawn from the biomedical 
literature and existing community databases such as Genbank, would be the 
centerpiece of the informational resources underlying the New Taxonomy.  The 
Committee envisions this network as: 

Highly inter-connected. In order to extract relationship information between 
multiple parameters—for example, the transciptome and the exposome—the 
multiple data layers must be inter-connected (see Figure 3-1: Building a 
Biomedical Knowledge Network for Basic Discovery and Medicine.). Ideally, 
each information layer would be connected to every other layer:  thus, “signs and 
symptoms” would be linked to mutations, mutations to metabolic defects, 
exposome to the epigenome, and so forth. The links could be one-to-one but most 
commonly would be many-to-one, and one-to-many (e.g., particular signs and 
symptoms arise when other parameters fall into many otherwise unrelated 
clusters). The interrelationships among such features within and between the 
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layers could be characterized through a variety of representations that attempt to 
extract meaning from the Information Commons. For example, distinct 
transcriptomes may define several types of B-cell lymphoma. Meanwhile, 
different types of lymphomas, defined by transcriptome analysis, may have 
distinct metabolomic profiles. The similarities of multiple diseases could be 
discerned either from relationships among the networks of individual parameters 
(e.g., transcriptomes of multiple B-cell lymphomas) or from common patterns that 
emerge once multiple parameters are combined.

Flexible. A highly interconnected Knowledge Network would link multiple 
individual networks of parameters in a flexible way. A user could chose to 
interrogate only a small part of the network by limiting his or her analysis to a 
single information layer, or even a small portion of this layer; alternatively, a user 
could interrogate the complex interrelationship of multiple parameters. High 
flexibility ensures easy cross-comparison and cross-correlation of any desired 
dataset, making it a versatile tool for a wide spectrum of applications ranging 
from basic research to clinical studies and healthy system administration. 

Widely accessible The Knowledge Network would need to be accessible and 
usable by a wide range of stakeholders from basic scientists to clinicians, health-
care workers and the public. Furthermore, the available information would need 
to be mineable in ways that are custom-tailored to the needs of different users, 
possibly by implementation of purpose-specific user interfaces.
While the Committee agreed upon the  generalities listed above and illustrated in Figure 

3-1, about the Information Commons and Knowledge Network —and their relationship to a New 
Taxonomy— specifics of implementation such as the detailed design of the Information 
Commons, the information technology platforms used to create it, questions about where key 
infrastructure should be physically housed, who would oversee it, and how the Information 
Commons would be financed, were considered beyond the scope of the Committee’s charge in a 
framework study. Nonetheless, dramatic developments in the fields of medical information 
technology—and other developments discussed in Chapter 2—give the Committee confidence 
that the creation and implementation of this ambitious and novel infrastructure is a feasible goal.

The Proposed Knowledge Network Would Fundamentally Differ from Current 
Biomedical Information Systems 

Immense progress has been made during the past 25 years in organizing our knowledge 
of basic biology, health, and disease, even as many components of this knowledge base have 
grown super-exponentially.  The National Library of Medicine and its National Center for 
Biotechnology Information division (NCBI), created in 1988, maintains the closest current 
counterpart to the information infrastructure that the Committee envisions.  The NCBI maintains 
a vast array of information about basic biology, health, and disease—ranging from the PubMed 
system for indexing the biomedical literature to Genbank, the primary depository for DNA-
sequence data—and its databases are queried daily by nearly anyone involved in biomedical 
research.  So, what is the difference between the Committee’s vision of the Information 
Commons and Knowledge Network of Disease and reasonable extrapolations of what the NCBI 
has already accomplished?   
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The key difference is that the information commons, which would underlie the other 
databases, would be “individual-centric.”  The various databanks curated by NCBI generally 
only contain a single disease parameter and even if multiple pieces of information from an 
individual make it into multiple databanks – say a breast cancer patient’s transcriptome stored in 
the GeneOmnibus database of published microarray data and information about her chromosome 
translocations in the Cancer Chromosome databank – they are not linked between databases. An 
independent researcher, who was not involved in the study that contributed these entries, has no 
way of knowing that they are from the same individual. As a consequence, relationships between 
multiple parameters that determine disease status in a given individual are impossible to extract. 
However, motivated by the recent proliferation of GWAS studies NCBI has developed an 
individual-centric database, dbGap (the database of Genotypes and Phenotypes), “developed to 
archive and distribute the results of studies that have investigated the interaction of genotype and 
phenotype (NCBI 2011b)  The Committee considers NCBI’s success in doing so—despite severe 
current constraints on the sharing of phenotypic information about individuals—as evidence that 
the obstacles to creating an Information Commons can be overcome.  This issue is discussed in 
more detail in Chapter 4.  However, the important point is that little of the NCBI’s vast current 
store of information could, even in principle, be organized along the lines suggested for the 
Information Commons.  This information was not collected in a way that allows the individual to 
be the central organizing principle, and no amount of redesign of the inter-connections between 
different entries in the current system could achieve the goals the Committee has outlined. 

The Committee would like to emphasize the novelty and power of an Information 
Commons that is “individual-centric.”  As discussed in Chapter 2, a useful analogy is 
Geographic Information Systems (GISs) such as Google Maps (see Figure 1-2).  Following 
public access to the Global Positioning System (GPS) and dramatic improvements in database 
technology in many ways analogous to the driving forces current advances in data generation and 
handling in biomedicine, it became apparent to many users of geographically indexed 
information that a surprisingly high portion of the world’s information could be organized 
around GPS coordinates.  Like the proposed Information Commons, GISs are layered data 
structures that inter-connect vast amounts of information and can be mined for information 
which is not readily apparent in the primary GPS of an object.   For example, given the 
coordinates of a large number of, say, backyard barbecue grills, one can suddenly overlay a vast 
amount of socio-economic, ethnic, climatological, and other data on what—at the start of the 
investigation—appeared a peculiar, anecdotal inquiry. In some respects, this approach is counter-
intuitive.  The GPS coordinates of someone’s backyard barbecue grill may appear to take one 
away from useful generalizations about grills:  it reveals more detail than one might want to 
know about an individual grill without laying any obvious foundations for developing an 
integrated perspective on the cultural practice of backyard-barbecuing.  However, it is the precise 
GPS coordinates of an individual grill that are the key to interconnecting whatever has been 
learned about this particular grill to a larger world of information.  

Despite significant challenges to constructing an individual-centric Information 
Commons, the Committee concluded that this is a realistic undertaking and would be essential to 
the success of the Knowledge-Network/ New Taxonomy initiative.  The Committee is of the 
opinion that “precision medicine,” designed to provide the best accessible care for each 
individual, is not achievable without a massive reorientation of the information systems on which 
researchers and health-care providers depend:  these systems, like the medicine they aspire to 
support, must be individualized.  Generalizations must be built up from information on large 
numbers of individuals.  Efforts to reverse this process will fail since indispensable information 
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is lost when molecular profiles, data on other aspects of an individual’s circumstances, and 
health histories are abstracted away from the individual at the very beginning of investigations 
into the determinants of health and disease. 

A Knowledge Network of Disease Would Continuously Evolve 
 Although knowledge of disease, and particularly molecular mechanisms of pathogenesis, 

is still limited, the pace of progress has never been greater. New insights into the biology of 
disease are emerging rapidly from a wealth of molecular approaches, as well as from new 
insights into the importance of environmental factors. However, the system for updating current 
disease taxonomies, at intervals of many years does not permit the rapid incorporation of new 
information, thereby contributing to the delayed introduction of advances that have the potential, 
over time, to guide mainstream practice.  The individual-centric nature of an Information 
Commons is an important means of ensuring that the data underlying the Knowledge Network, 
and its derived taxonomy, would be constantly updated. As participating patients undergo new 
tests and treatments, associated information would enter the Information Commons and, on the 
basis of these data, the taxonomies, such as the ICD, could be updated continuously. Such a 
dynamic system would not only accept new inputs for established disease parameters, it would 
also accommodate new types of information generated by newly developed technologies, to 
identify, acquire, measure, and analyze new biological features of disease. 

The New Taxonomy Would Require Continuous Validation 
Bad information is worse than no information. A key feature of a clinically useful 

taxonomy is the requirement for a validation system. The logic of the classification scheme, and 
especially its utility for practical applications, needs to be carefully and continuously tested. This 
is particularly important when patients and clinicians use the New Taxonomy to inform clinical 
decisions.  The New Taxonomy should be routinely tested to provide all stakeholders with data 
indicating the extent to which decisions guided by it can be made with confidence. Clearly, some 
patients and clinicians will be more comfortable than others with making decisions that are based 
on clinical intuition rather than proven evidence. However, a physician should be able to 
interrogate the Knowledge Network that underlies the New Taxonomy to learn whether others 
have had to make a similar decision, and, if so, what the consequences were. For example, if a 
drug has been introduced to target a particular driver mutation in a cancer, a physician needs to 
know whether or not rigorous clinical testing has determined that the drug is safe and effective. 
Is the drug effective only in some patients who can be identified in some way, such as by 
analyzing variants of genes that affect cell growth or drug metabolism?  Similarly, if a laboratory 
test is considered to be a candidate predictor for the later development of disease, has that 
hypothesis been rigorously validated? Is the candidate test valid in some patient groups but not 
others? Whether a given test is used to identify predictors of disease or the existence of disease, 
the test result must be interpreted in the context of knowledge about the “normal range” of 
results. This requirement is not a trivial consideration, especially for tests based on integration of 
vast amounts of data, such as the genome, transcriptome, and metabolome of the patient. Even 
with a conventional sequencing test, it is often difficult to ascertain with certainty whether a 
sequence change is disease-causing or insignificant. This dilemma is multiplied many times over 
for genome-level testing. Some initial results from whole-human-genome-sequencing data 
indicate the scale of this problem: most individuals have dozens to hundreds of sequence variants 
that are readily recognizable, on biochemical grounds, as potentially pathogenic:  examples 
include variants that cause premature-protein truncation or loss of normal stop codons (Ge et al. 
2009, Pelak et al. 2010)—yet the clinical significance of nearly all such variants remains 
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obscure.  Defining and continuously refining our understanding of the normal “reference range” 
for such tests would require being able to access and effectively analyze biological and other 
relevant clinical data derived from large and ethnically diverse populations.  Ultimately, the 
Knowledge Network that underlies the New Taxonomy will make it possible to develop 
decision-support tools that synthesize information and alert health-care providers to all validated 
insights that emerge from the Knowledge Network and that are relevant to clinical decisions 
under consideration. 

The New Taxonomy Would Develop in Parallel with the Continued Use of Current 
Taxonomies

Existing disease taxonomies, such as ICD, clearly have utility and are likely to continue 
to be employed throughout the health-care system far into the future. The organizational and 
financial costs of systematically replacing these systems would be substantial. Moreover, as 
noted above, those responsible for revision of the ICD taxonomy are actively engaged in 
incorporating molecular characteristics of disease into that system. Hence, it is quite possible that 
the New Taxonomy could ultimately subsume the ICD system, with the latter comprising the 
most rigorously validated subset of disease classifications.  Such issues must be addressed but, 
given the magnitude of the tasks associated with launching the creation of the Information 
Commons and the Knowledge Network of Disease, and seeing it through its formative stages, 
their consideration can safely be postponed for many years. 

The Proposed Informational Infrastructure Would Have Global Health Impact 
A Knowledge Network of Disease should ultimately provide global benefits. Inevitably, 

the Knowledge Network initially would be devised primarily through data acquired, placed in the 
Information Commons, and analyzed by researchers and medical institutions in developed 
countries. However, a comprehensive and fully developed Knowledge Network of Disease must 
include the many diseases, including infectious diseases and disorders linked to geographically 
limited environmental exposures that are endemic in low- and middle-income settings 
throughout the world. Therefore, the Knowledge Network effort should be extended to include 
analysis of data derived in these settings.

Improved precision in defining disease is of particular importance in regions of the world 
with under-developed health-care systems.  Disease misdiagnosis in such settings has contributed 
to the improper use of therapy and the establishment of widespread drug resistance among 
disease-causing infectious agents. Malaria is one disease where misdiagnosis is common with 
dramatic consequences and costs (D'Acremont et al. 2009).  In general, patients presenting with 
fever in regions where malaria is endemic are administered anti-malarial treatment without direct 
evidence that the patient actually has malaria.  In part, this practice is due to limited resources—
the state-of-the-art diagnostic test in most areas is a microscopy-based-blood-smear diagnosis, 
which requires expert training. The lack of adequate point-of-care diagnostic tests to ascertain 
whether the patient has malaria represents a significant impediment to the selection of 
appropriate targeted therapy. As a consequence, major efforts are under way to develop 
molecular diagnostics for malaria and other major killers such as tubercuolosis (Boehme et al. 
2010, Small and Pai 2010).  Ultimately, such diagnostics will need to include tests that 
differentiate among various disease agents and also take into account genetic or molecular 
markers in the host that influence host responses to the infection or potential treatments. A 
globally relevant Information Commons and Knowledge Network could be useful in facilitating 
this process—for example, to distinguish between malaria caused by Plasmodium falciparum
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versus Plasmodium vivax, which are susceptible to different anti-malarial drugs (malERA 
Consultative Group on Diagnoses and Diagnostics 2011).  The Knowledge Network and its 
associated taxonomy should not be designed exclusively to meet the needs of countries with 
advanced medical systems.  Indeed, the individual-centric character of the Information 
Commons—and the inclusion of available data about contributing individuals, including 
information about where and in what circumstances they live—offers an unprecedented path 
toward a Knowledge Network of Disease that can meet global needs for healthcare and disease 
prevention.
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4
How Do We Get There? 

After reaching consensus on the need for a New Taxonomy, the Committee deliberated 
extensively on the question “How do we get there?” In this context, “there” refers to successful 
creation of a system for acquiring and analyzing information relating the molecular profiles and 
health histories of large numbers of individuals.   In Chapter 3, we describe the properties we 
would expect a Knowledge Network of Disease and the New Taxonomy to have and the type of 
“Information Commons” that would be needed to create them.  However, we also emphasized 
that these resources will forever remain “works in progress.”  As information technology, basic 
science, health research, and medicine undergo successive waves of change, both the content and 
structure of the New Taxonomy and Information Commons are expected to evolve, likely in 
directions that are presently impossible to envision.  Consider, by analogy, early attempts to 
conceptualize the world-wide web compared to the use of the internet today.  The Committee’s 
view is that we presently lack the infrastructure required to produce a dramatically improved 
disease taxonomy.  Rather, we propose a path forward to develop the infrastructure and research 
system needed to create the Knowledge Network of Disease that we believe would be an 
essential underpinning of a molecularly-based taxonomy.  We also address the sustainability of 
this initiative.  Just as public leadership and investment played essential roles in bringing the 
world-wide web into existence, we believe such investment will be critical if we are to achieve a 
grand synthesis of data-intensive biology and medicine.  However, we also recognize that, just as 
the world-wide web needed to pay its own way before it could truly flourish, the Knowledge 
Network and its underlying Information Commons will need to do the same. 

The Committee believes that initiatives will be required in three areas to exploit the 
wealth of information now emerging on molecular mechanisms of disease by creating a dynamic 
and comprehensive, yet practical and widely-used, Knowledge Network: 

1) Design of appropriate strategies to collect and integrate disease-relevant information.
The Information Commons would be developed by linking molecular data to patient 
information on a massive scale.  Creating a system for establishing this linkage for 
increasing numbers of individuals—and making the resulting data widely available to 
researchers—is the key step in moving toward a Knowledge Network and New 
Taxonomy.   Such coupled data can be generated in several ways—including the modest-
scale, targeted molecular studies on patient materials that dominate current practice.  
However, the most direct and effective discovery paradigm involves observational 
studies which seek to relate molecular data to complete patient medical records available 
as by-products of routine healthcare.  Effective follow-up of the most promising 
hypotheses generated through such studies will require laboratory-based biological 
investigations designed to seek explanations at the biochemical or physiological levels.  
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2) Implementation of pilot studies to establish a practical framework to discover 
relationships between molecular and other patient-specific data, patient diagnoses and 
clinical outcomes. The new discovery model will involve the mining of large sets of 
patient data acquired during the ordinary course of healthcare. This is a novel, largely 
untested discovery approach. Pilot studies designed to identify and overcome obstacles to 
successful implementation of this approach will be required before a set of “best 
practices” can emerge. 

3) Gradual elimination of institutional, cultural and regulatory barriers to widespread 
sharing of the molecular profiles and health histories of individuals, while still 
protecting patients’ rights. The sharing of data about individual patients amongst 
multiple parties—including patients, physicians, insurance companies, the 
pharmaceutical industry, and academic research groups—will be essential.  Current 
policies on consent, confidentiality, data protection and ownership, health-cost 
reimbursement and intellectual-property will need to be modified to ensure the free flow 
of research data between all stakeholders without compromising patient interests. 

A new discovery model for disease research 
The current model for relating molecular data to diagnoses and clinical outcomes 

typically involves abstracting clinical data for a modest number of patients from a clinical to a 
research setting, then attempting to draw correlations between the abstracted clinical data and 
molecular data such as genetic polymorphisms, gene-expression levels, and metabolomic 
profiles. When discoveries are judged definitive and potentially useful, an effort is made to 
return this information to the clinical setting—for example, as a genetic or genomic diagnostic 
test. This model creates a large gulf between the point of discovery and the point of care with 
many opportunities for mis- and even non-communication between key stakeholders.  For 
example, there have been approximately 10 times more GWASs performed on individuals of 
European ancestry than other groups (Need and Goldstein 2009).  The current model also fails to 
exploit the wealth of molecular data that are likely to be generated routinely in the future as 
personalized genomics and perhaps other personalized “omics” become routine in clinical 
settings.  Perhaps most seriously, the current discovery model offers no path toward 
economically sustainable integration of data-intensive biology with medicine. 

The Committee views it as both desirable and ultimately inevitable that this discovery 
model be fundamentally transformed.  Instead of moving clinical data and patient samples to 
research groups to allow analysis, the molecular data of patients should instead be directly 
available to researchers and health-care providers.  The Committee recognizes that this is a 
radical departure from current practice and one that faces significant challenges, nonetheless, 
because we believe this new discovery model would have dramatic benefits, we believe that 
aggressive steps should be taken to implement it. 

The changes in science, information technology, medicine and social attitudes—as 
discussed in Chapter 2 (“Why Now?”)—provides the opportunity to implement this model.  
Indeed, there are concrete instances of research initiatives already underway that substantiate the 
Committee’s belief that a special effort to implement its core recommendations can be achieved.   
In addition to the eMERGE Consortium discussed in Chapter  2, an excellent example is a 
collaboration between Kaiser-Permanente Northern California and the University of California at 
San Francisco (UCSF). Kaiser members were asked to participate in a study that would allow 
genetic and other molecular data to be compared with their full electronic health records. The 
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study has faced major hurdles, and required more than 10 years to progress from its 
conceptualization to large-scale acquisition of genetic data.  A pivotal challenge was to build 
trust between Kaiser’s members, management, and oversight groups such as the relevant 
institutional review boards.   While all parties recognized it was essential that the Kaiser 
members who were being asked to “opt in” to the research study be fully aware of its aims, the 
outreach infrastructure required to educate members had to be created nearly from scratch.  A 
second major challenge was acquiring funding to cover the cost of generating extensive 
molecular data that lacked direct and immediate relevance to patient care—a responsibility that 
Kaiser itself could not be expected to take on given the pressure to constrain health-care costs.  
Moreover, changing perceptions about what constitutes appropriate informed consent required 
costly and time-consuming reconsenting of the participants.   Nonetheless, the ability of 
committed investigators—working within strongly supportive institutions—to overcome these 
obstacles has been impressive:  nearly 200,000 Kaiser members have joined the study and large-
scale data collection is now underway. 

The pioneering UCSF-Kaiser study makes clear that a discovery model based on direct 
use of patient data is possible, even as its implementation faces significant hurdles. In order to 
address and resolve these hurdles, the Committee envisions the design of several targeted pilot 
studies. These studies would probe key aspects of this new research paradigm and demonstrate to 
health-care providers the value of a molecularly informed taxonomy of disease. By 
demonstrating value for patients, the pilot studies will seek to lay the groundwork for a 
sustainable discovery model in which relevant clinically validated molecular data are routinely 
generated at the “point of care” because they meet the commonly accepted risk-benefit criteria 
that apply to all clinical test results. 

Pilot Studies should draw upon observational studies 
 As emphasized above, the Committee believes that much of the initial work 

necessary to develop the Information Commons should take the form of observational studies. In 
this context, what we mean by observational studies is that, although molecular and other 
patient-specific data would be collected from individuals in the normal course of health care, no 
changes in the treatment of the individuals would be contingent on the data collected. This 
approach to discovery is already in use today, although most current initiatives draw in a very 
limited range of clinical data.  Notably, many genome-wide association studies (GWASs) have 
compared the genetic make-ups of individuals who receive a diagnosis of a disease to those who 
do not (McCarthy et al. 2008). For example, genome-wide association studies comparing 
individuals with and without a diagnosis of Crohn’s disease securely identified a number of gene 
variants that implicate autophagy in the pathophysiology of Crohn’s disease while similar 
comparisons for Age Related Macular Degeneration implicated complement factor H (McCarthy 
et al. 2008, Ryu et al. 2010).  In other instances, clinically relevant genotype-phenotype 
correlations have been discovered in the course of observational studies performed during 
randomized clinical trials.  For example, a randomized clinical trial was performed to compare 
the efficacy of different formulations of interferon alpha in the treatment of chronic infection 
with hepatitis C. A subsequent observational study used a genome-wide association study to 
identify variation near the IL28B gene as strongly correlated with response to treatment (Ge et al. 
2009).  Tests for the genetic variants identified in this study are already in widespread clinical 
use (PRNewswire 2011; Scripps Health 2011). 

 The enrollment of individuals in these studies had no bearing on their diagnoses, 
treatments, or in most cases, anything else in their lives. The goal of these observational studies 



Copyright © National Academy of Sciences. All rights reserved.

Toward Precision Medicine: Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease

PREPUBLICATION COPY 

54

was simply to ask the question “Are there gene variants in the general population that are 
associated with who ends up with a particular diagnosis or experiences a particular treatment 
response?”

While observational studies will be primary tools used to develop hypotheses about new 
and clinically useful ways to group patients, the findings emerging from such studies will need 
confirmation and investigation using other approaches. For example, there are likely to be a great 
many ways to classify patients based on molecular data, and only some will have clinical utility. 
In general, clinical utility will need to be evaluated using randomized clinical trials.  

Observational studies will also need to be followed by functional studies that seek to 
determine the mechanistic basis of observed molecular associations with clinical outcomes.   An 
example of this type of combined discovery path is the identification of BCL11 as a modifier of 
the severity of sickle cell disease. Initially implicated in this role in GWAS studies, the 
biological basis of the association was quickly determined by focused analyses that established 
that BCL11A acts as a repressor of fetal hemoglobin.  It is the persistence of fetal hemoglobin 
into adulthood in patients with particular variants at the BCL11 locus that ameliorates the 
symptoms of sickle cell disease (Sankaran et al. 2008).  We anticipate that laboratory based 
research of this sort will be essential to elucidate the underlying reasons for observed 
associations between molecular data and clinical outcomes and that these mechanistic insights 
will play an essential part in establishing the Knowledge Network and guiding its use. 

The Committee envisions pilot studies that would: 

1. Be of a sufficient size, as well as scientific and organizational complexity, to reveal on 
the basis of actual experience the most significant barriers to the development of point- 
of-care discovery efforts. 

2. Address one or more unmet medical needs for which deeper biological understanding of 
a disorder would likely lead to near-term changes in treatment paradigms and health 
outcomes.  

3. Include the generation and analysis of a range of molecular-data types potentially 
including, but not limited to genomic data (sequence and expression), metabolomic data, 
proteomic data, and/or microbiome data. 

4.  Be led by an organization charged with delivering healthcare with strong partnerships 
with researchers. 

5. Be supported by research funding to establish a “proof of principle.” 

6. Involve partnerships with a broad array of stakeholders, both public and private, 
including health-care providers, patients, payers, and scientists with expertise in 
genomics, epidemiology, social science, and molecular biology. 

7. Seek to remove barriers to data sharing and provide an ethical and legal framework for 
protecting and respecting individual rights.

8. Develop IT networks of sufficient scale to allow assembly analysis and sharing of the 
integrated data sets.  

9.  Draw on laboratory research to assess the biological underpinnings of associations 
between molecular data and clinical outcomes.  

10.  Establish validation standards for clinical, evidence-based decision-making. 
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Below, we outline two example pilot studies; the first, “The Million American Genomes 
Initiative”, is selected to pilot the use of one of the key layers of ‘omic information that is "ready 
to go".  This pilot project would help to populate the Information Commons with relevant data 
and facilitate learning how to establish connections with other layers.   By focusing on healthcare 
recipients in diverse states of health and disease, this project would also help evaluate the new 
discovery paradigm by allowing correlations to be made between germline sequences and a vast 
range of phenotypes. The second “Metabolomic profiles in Type 2 Diabetes” is disease specific 
and is designed to ensure the early introduction of a different ‘omic layer (metabolomics) into 
the Information Commons and to pilot evaluation of more targeted questions in the new 
discovery paradigm.   

Example pilot study 1: Million American Genomes Initiative (MAGI) 
A natural pilot study that would contribute to the development of the Information 

Commons and Knowledge Network of Disease would involve the sequencing of the genomes of 
one million or more individuals and the establishment of appropriate infrastructure for drawing 
correlations between the sequence data and the medical histories of these individuals. In focusing 
on a pilot study involving complete sequence data, we do not intend to elevate sequence data 
above other data in their importance to the Knowledge Network. Instead, this proposal 
recognizes that sequencing methods are “ready to go,” or nearly so, for very-large-scale 
implementation and the acquisition of such data in a point-of-care setting would, of necessity, 
require addressing key challenges related to informed consent, protection of data, data storage, 
and data analysis that will be common to all types of data. This proposal also recognizes that 
sequencing on this scale will inevitably be undertaken in the near future in an effort to make 
connections between human-genome-sequence data and common diseases. We view it as 
important to the development of the Knowledge Network that this effort be grounded in the new 
discovery model, which would make possible systematic comparisons of the molecular data with 
electronic medical records, now and into the future: that is, the study design should allow 
correlations between genotypes determined now and health outcomes that occur years or decades 
later. 

The sequencing of one million genomes would include a sufficient range of individuals 
with different health outcomes and sufficient statistical power to detect associations.   For 
example, amoxicillin-clavulanic acid is a widely used antibiotic that causes severe liver injury in 
one out of approximately 15,000 exposures. In a one-million-patient sample we would expect to 
include many individuals with this—and other similarly rare—adverse drug reactions and other 
medical conditions. It is also essential that the sample size be large enough to build a concrete 
picture of the distribution of gene variants in individuals free of specific diagnoses.

Example Pilot Study 2:  Metabolomic profiles in Type 2 Diabetes 
Recent metabolomic profiling of blood samples from individuals who subsequently 

developed type 2 diabetes showed marked differences in the characteristics of branched-chain 
amino acids sampled from blood draws (Wang et al. 2011). These early analyses suggest the 
potential of metabolomic analyses to help identify those individuals at most risk of developing 
diabetes, and in particular, may help to elucidate the physiological steps involved in the 
transition between insulin resistant pre-diabetes and full-blown diabetes.  We therefore envision 
a pilot project focused on understanding this transition using metabolomic profiles in blood.  
This work would begin with targeted quantitative metabolomic studies transitioning towards 
more comprehensive metabolomic profiles over time.  Such an effort, combined with knowledge 
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gained from Pilot 1 and research from other layers of the Information Commons (such as the 
microbiome and exposome)  could contribute substantially to strategies to delay or prevent the 
development of type 2 diabetes. 

Anticipated outcomes of the pilot studies 

The pilot studies are intended to lead to new connections between genetic or 
metabolomic variation and disease sub-classifications, often with implications for disease 
management and prevention. More importantly, they will provide the lessons necessary to 
facilitate a more rapid transition in the way molecular data are used. For example, pilot projects 
of sufficient scope and scale could lead to the development of new discovery models, including 
those in which patient groups self-organize in recognition of shared clinical features and then 
pursue efforts to generate relevant molecular data. Such an initiative also would permit many 
logistical, ethical, and bioinformatic challenges to be addressed in ways that would benefit future 
efforts and lead toward the sustainable implementation of point-of-care discovery efforts. 

A research model based on open data sharing requires changes to data access, 
consent and sharing policies

Research to develop a Knowledge Network of Disease will need to resolve complex 
ethical and policy challenges including consent, confidentiality, return of individual results to 
patients, and oversight (Cambon-Thomsen et al. 2007; Greely 2007; Hall et al. 2010).

The Committee’s vision of a Knowledge Network of Disease and its associated benefits 
for future patients will become a reality only if the public supports a new balance between 
research access to materials and clinical data and respect for the values and preferences of 
donors. Ultimately, there should be no dichotomy between “patient data or materials” and “those 
who benefit from this research.” The patients who are giving their materials and data for research 
would also receive the benefits of research leading to a Knowledge Network and the resulting 
new molecularly based taxonomy.  

How might these ethical and policy challenges be resolved so that the pilot studies 
described previously might be carried out? The Committee recommends that an appropriate 
federal agency initiate a process to assess the privacy issues associated with the research required 
to create the Knowledge Network and Information Commons.  Because these issues have been 
studied extensively, this process need not start from scratch.  However, in practical terms, 
investigators who wish to participate in the pilot studies discussed above—and the Institutional 
Review Boards who must approve their human-subjects protocols— will need specific guidance 
on the range of informed-consent processes appropriate for these projects.  Subject to the 
constraints of current law and prevailing ethical standards, the Committee encourages as much 
flexibility as possible in the guidance provided.  As much as possible, on-the-ground experience 
in pilot projects carried out in diverse health-care settings, rather than top-down dictates, should 
govern the emergence of best practices in this sensitive area, whose handling will have a make-
or-break influence on the entire information-commons/knowledge-network/new-taxonomy 
initiative.  Inclusion of health-care providers and other stakeholders outside the academic 
community will be essential. 

An approach to these issues might include:  

1. Intensive dialog about the benefits of an Information Commons containing individual-centric 
data about health and disease.  This dialog should include researchers and the public, 
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patient representatives, and disease advocacy groups. Reaching out to communities that 
have been suspicious of research because of historical abuses would strengthen trust. At the 
workshop the Committee convened, we heard patient advocates and public representatives 
argue forcefully that more transparency regarding research and more collaboration among 
researchers, research institutions, and the public would facilitate research. For example, when 
constructively engaged, advocacy groups have advanced biomedical research by helping to 
design studies that are attractive to patients, publicized the projects, helped to recruit 
participants, and raised money to help pay for the research. (Giusti 2011, Patients Like Me 
2011)

2. Exploration of approaches to informed consent that would allow patients to give broad 
consent for future studies whose details remain unspecified.  Once provided with concise, 
understandable information on how their data and biological materials would be used for 
research, many patients are willing to consent provided they are treated as true partners in an 
activity that will provide broad public benefit (IOM 2010a, Trinidad et al. 2011). On the 
other hand, some patients will object generally to the research use of “leftover” specimens 
originally collected for clinical purposes or, more narrowly, object to their use in certain 
types of research. These concerns must be carefully addressed. Current approaches to 
informed consent for research rely on long, complex consent forms that may deter 
participation while doing little to help participants understand the nature of the research. As 
noted below, the Health Insurance Portability and Accountability Act (HIPAA) requires 
authorization or waiver for each specific research study:  common interpretations of this 
requirement are so restrictive that investigators and institutional-review boards thwart or 
substantially delay research of the type that will be needed to develop the Information 
Commons.

3. Strong public representation and input on oversight and governance.  Public participation in 
biobanks and research projects would build trust (Levy et al. 2010) and help resolve issues 
that arise in the course of research, such as whether to offer to return individual research 
results to persons whose biological materials are analyzed (Beskow et al. 2010a) As noted 
earlier, the gray areas around the potential that researchers may have a “duty to inform” 
participants of clinically relevant results need to be clarified. 

The Health Insurance Portability and Accountability Act (HIPAA) required the federal 
government to develop regulations for protecting the privacy of personal health information.  
The HIPAA privacy regulations, which are intended to protect patient privacy, inhibit research 
that requires widespread sharing and multi-purpose use of data on individual patients in several 
ways (IOM 2009):  First, rich molecular data about an individual (particularly whole-genome 
sequencing) could be considered a unique biological identifier under HIPAA, even if overt 
identifiers are removed. Although a waiver of authorization to use identifiable health information 
may be granted under certain circumstances, many health care organizations are reluctant to 
participate. Secondly, because HIPAA does not allow authorization for unspecified future 
research or for several projects at one time, authorization must be given for each specific use of 
patient data. Thirdly, requirements for “accounting” to patients for research uses of data are 
burdensome and discourage data sharing. These regulations are strong deterrents to the kinds of 
pilot projects envisaged in this report. 

The Committee found a need to re-interpret—or perhaps reformulate—HIPAA 
regulations, and is in agreement with the 2009 IOM report “Beyond the HIPAA Privacy Rule: 
Enhancing Privacy, Improving Health Through Research,” which found that the HIPAA Privacy 
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Rule fails to protect privacy as intended (IOM 2009), and, as currently implemented, impedes 
important health research and imposes burdensome administrative requirements (IOM 2009). 
This IOM report concluded that stricter security would be a better approach to protect privacy 
than requiring patient authorization to use identifiable data for research. It recommended that 
much research based on existing materials and data be exempted from an amended HIPAA 
Privacy Rule (IOM 2009). For example, the Committee suggested that researchers be allowed to 
work with “secure, trusted, non-conflicted intermediaries that could develop a protocol, or key,” 
for linking identifiable data from different sources (IOM 2009). A biobank might serve as a 
trusted intermediary for the pilot projects described above, giving researchers only data and 
materials without overt identifiers but retaining a key to coded samples so they could update 
clinical information or re-contact patients or donors when appropriate. Furthermore, the IOM 
report recommended that “researchers, institutions, and organizations that store personally 
identifiable data should establish strong security safeguards and set limits on access to data (IOM 
2009).” These precautions might include, for example, requirements for physical security of data 
and provisions in materials and data-transfer agreements that forbid researchers who receive de-
identified data from trying to re-identify patients or donors or to contact them directly. 

Furthermore, new approaches to informed consent are being proposed and tested. Some 
examples include: 1) incorporating highly specific patient preferences regarding use of their 
personal health information data (PCAST 2010) 2) using a short form for informed consent for 
participating in biobanks, with additional supplemental information for participants who desire 
more information (Beskow et al. 2010b), 3) de-identified data-based, opt-out model used by 
Vanderbilt and i2b2 (Pulley et al. 2010), and 4) consent for whole genome sequencing and study 
of all phenotypes, coupled with respect for individualized preferences regarding the return of 
clinically validated results (Biesecker et al. 2009).   The Committee envisages that best practices 
and ultimately consensus standards will emerge from the different models of consent and return 
of clinically significant results to participants.   

Precompetitive Collaborations 
To accelerate the development of new tests and products based on a Knowledge Network 

of Disease, precompetitive collaboration between nonprofits and industry and among different 
for-profit companies would be desirable (IOM 2010b, 2011). The research needed to build the 
Information Commons, which will require projects involving vast amounts of data from large 
numbers of patients, will proceed more efficiently if such collaborations can be developed both 
between academia and industry and among for-profit companies that have historically been 
competitors (Altshuler et al. 2010). 

These collaborations could include developing common standards and database formats 
and building infrastructure to facilitate data sharing. Consortia might be organized to share 
upstream research findings widely that have no immediate market potential but are critical to 
downstream product development. Examples of such upstream research include the identification 
and validation of biomarkers and predictors of adverse drug reactions.  To build a flourishing 
culture of pre-competitive collaboration, drug companies will need to overcome their reluctance 
to share all data from completed clinical trials, not just the selected data relevant to regulatory 
proceedings. Finally, and most significantly, guidelines for intellectual property need to be 
clarified and concerns about loss of intellectual-property rights addressed.  Precompetitive 
collaborations will only emerge if individuals and organizations have incentives to join them 
(Vargas et al. 2010).  The Committee believes that without such incentives, it will prove difficult 
or impossible to collect the new information that must be acquired before precision medicine, 
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with its attendant benefits in improved health outcomes and reduced health-care costs, can 
become a widespread reality. 

Similar principles apply whether the collaborations involve commercial entities or are 
confined to academia.  To encourage the collection of materials and data, organizations and 
researchers who collect them should have first access to their use for research, while still 
ensuring their timely availability to others.  The Committee does not envision the desirability or 
need, in the context of the research required to populate the Information Commons with data and 
derive a Knowledge Network from it, for the instant-data-release model adopted during the 
Human Genome Project.  However, it does believe that timely, unrestricted access to data sets by 
researchers with no connections to the investigators who created them will be essential.  The cost 
of populating the Information Commons with data precludes extensive redundancy in publicly 
financed research projects.  At the same time, the size and complexity of these data sets—as well 
as the need for diverse, competitive inputs to their analysis—precludes giving any one group 
prolonged control over them.  They must be regarded as public resources available for 
widespread and diverse research into ways to improve health care and to increase the efficiency 
of health care delivery. 

Because the Committee is skeptical that one-size-fits-all policies can accommodate the 
conflicting values associated with incentivizing researchers and insuring adequate access to data, 
it believes that pilot projects of increasing scope and scale should put substantial emphasis on 
addressing the challenges associated with data-sharing, rather than focusing exclusively on data 
collection and analysis. 

Competition and sharing in the health-care system 
A distinct and critical question is whether payers, such as health insurance companies, 

will provide access to their vast databases of patient and outcomes data and whether they will be 
willing to integrate these data with data from other companies and researchers with the goal of 
creating Knowledge Networks such as those described in Chapter 3. On one hand, these 
organizations recognize the potential value and cost saving that could emerge from such an 
effort. On the other hand there are considerable impediments. One of the main impediments is 
cultural: many of these organizations view their data as a propriety asset to be used in efforts to 
generate competitive advantages relative to other organizations. For example, large health-care 
systems and insurance providers are interested in developing decision support tools for 
physicians that would cut down on the substantial waste caused by misdiagnosis or inappropriate 
treatment decisions. Integration of biological data, patient data, and outcomes information into 
Knowledge Networks that aggregate data from many sources could dramatically accelerate such 
efforts. However, if the data and the research results are shared, it would undermine one type of 
competitive advantage that large data providers might otherwise have. In this way, there is a 
tension between the sharing that would be good for the health-care system as a whole and the 
short-term competitive instincts of individual providers and payers. 

Apart from the culture of competition there are other impediments related to cost 
pressures. Cost pressures within the health-care system are such that providers and payers are 
unlikely to be willing to invest substantially (or in some cases, at all) in the collection of 
biological data for research purposes. Over the long-term, once such data have been shown to 
yield clinically useful information, it will become justifiable to expend health care resources on 
the collection of actionable data, just as is presently done for standard diagnostic tests. However, 
until such data are shown to be clinically useful it is unrealistic to expect that the Information 
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Commons will become populated by biological data (such as genome sequences) acquired from 
providers and payers. Similarly, the information technology challenges associated with 
integration of large data sets and new disease classification systems are substantial. For example, 
Aetna is currently engaged in a multi-year effort to update its information technology systems to 
support the planned conversion to the ICD-10 coding standards.  This effort alone will cost tens 
of millions of dollars. While the goals of integrating data sets and changing classification 
systems are achievable in principle, they will be beyond the technical capacity of all but the 
largest and most technologically sophisticated providers and payers. Thus, the transition to non-
proprietary Knowledge Networks into which all data would be deposited would have to involve 
strong incentives for payers and providers. This may mean that the government will ultimately 
need to require participation in such Knowledge Networks for reimbursement of health care 
expenses.  At an even more fundamental level, the longstanding issue of equity in access to a 
sufficiently advanced level of healthcare should also be addressed if the data in the Knowledge 
Network is to adequately represent the diversity of our society. 

The Development of a Knowledge Network of Disease will require and inform the 
education of health-care providers at all levels 

Decision-making based on a Knowledge Network of Disease and the New Taxonomy, 
which will incorporate a multitude of parameters, will represent a significant adjustment in the 
practical work of the primary care physician. Given the demands on the time of physicians and 
other care-givers in the present health-care environment, few are likely to have the time or to feel 
qualified to interpret the results of “omics”-scale analyses of their patients.  The importance of 
this issue will escalate over time as the Knowledge Network and its linked molecular-based 
taxonomy evolve into a system whose sheer complexity greatly exceeds current approaches to 
disease classification. 

One concern is that the infusion of large molecular datasets into clinical records will 
reinforce a tendency many perceive as already crediting genetic and other molecular findings 
with more weight than they deserve. In extreme cases, this cultural bias has enabled the 
promoting and marketing of “omic” tests with no clinical value whatsoever (Kolata 2011). In 
other cases genetic or “omic” tests with real value in specific contexts may be over-interpreted 
and thereby occlude consideration of other relevant clinical data. To develop the Knowledge 
Network of Disease and the New Taxonomy that will be derived from it, health-care providers 
will need to develop much greater literacy in the interpretation and application of molecular data. 

To meet these challenges, health-care providers will require both decision-support 
systems and new training paradigms. The decision-support systems will need to provide useful 
information about the propensity of patients to develop disease, facilitate a correct diagnosis, 
guide selection of the most appropriate strategies for disease prevention or treatment, inform the 
patient about the prognosis and management of the disease, and provide the opportunity for both 
physicians and patients to access more detailed information about the disease on an “as 
interested” or “as needed” basis. Whenever possible, such decision-support systems should 
enable shared decision-making by patients and their care-givers. Such systems should be readily 
updatable as more information is acquired about disease classification, the ability of particular 
test results to predict disease development, progression, or response to treatment, and the success 
of particular disease-prevention and management strategies. 

In order to prepare physicians for the use of a comprehensive, dynamically changing 
disease- Knowledge Network, biomedical education will need to adjust.  Lorsch and Nichols 
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(2011) recently proposed that graduate and medical-life-sciences curricula would significantly 
benefit from a major shift away from the current discipline-specific model to a vertically 
integrated nodes-and-connections framework. This model is not the only possible way of 
reorganizing instruction to reflect new knowledge about molecular processes, but it demonstrates 
how the development of a molecularly-based taxonomy, and the underlying Knowledge Network 
of Disease, could lead to major changes in education, while preparing students pursuing research 
careers to function in a scientific landscape that increasingly requires multidisciplinary 
approaches to solve biomedical problems (NRC 2009, MIT 2011). It also would give future 
physicians a more holistic view of biological processes, which reflects what will be required to 
fulfill the promises of genomics and personalized medicine (Ashley et al. 2010, Wiener et al. 
2010).

The teaching model proposed by Lorsch and Nichols very closely mirrors the properties 
of the Knowledge Network of Disease described in Chapter 3. In this teaching model a given 
topic—for example, gene expression—would be taught in a vertically integrated fashion, with 
essential information all the way from the atomic to the whole-organism scale discussed. 
Adjusting teaching strategies to reflect the biological reality of the material has the potential to 
create significant synergies. Students may retain more knowledge of basic science when this 
information is directly connected to medicine. The enhanced ability to use the New Taxonomy in 
medical practice and research would reinforce the student’s conception of biology. Although it is 
beyond the scope of this report to suggest detailed reforms of the medical-school curriculum, the 
Committee would like to emphasize that full realization of the power of the Knowledge Network 
of Disease and the New Taxonomy derived from it would almost certainly require a major shift 
in educational strategy. 
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Figure 4-1 The current model of the first year curriculum in a typical biomedical graduate 
program (top) and an alternative model (bottom). The multicolored bars in the nodes and 
connections course represent fundamental principles and essential facts about each key process 
integrated across scales.
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5
Epilogue

Chapter 1 opened with two illustrative clinical scenarios.   Although not based on specific 
patients, these scenarios reflect current medical practice and are typical of thousands of real 
people who visit American clinics every day8.  Patient 1—an otherwise healthy woman with 
breast cancer—is a direct beneficiary of the stunning advances in science and medicine that have 
occurred during recent decades.  Her physician knows the molecular details of the pathological 
processes that threaten her life and has at her command therapies that directly target the aberrant 
molecular events occurring in Patient 1’s cells.  The safety and efficacy of these therapies have 
been confirmed by randomized clinical trials involving other patients well matched with Patient 
1 in the molecular details of their disease.  Her prognosis is excellent.  With continuing advances 
in science and medicine, similar patients with this type of breast cancer, whose molecular 
pathology we are beginning to understand, may expect access to treatments that are even safer, 
more effective, less expensive, and have fewer side effects. 

Patient 2 presents a different story.  Contemporary medicine has little to offer him 
beyond a long-available diagnosis and treatment plan.  After 50 years of intensive study, 
substantial headway has been made in the scientific understanding of diabetes.  Unlike many 
children who have a sudden onset of diabetes early in life, we know that Patient 2 has high levels 
of circulating insulin.  His physician may ultimately consider attempting to control his diabetes 
with still more insulin, but the fundamental problem in this case—and with millions of other 
patients with type II diabetes—is that his cells respond only weakly to insulin.   His blood sugar 
remains abnormally high even as his cells receive a strong signal to take the sugar up and 
metabolize it.  The insidiously toxic effects of high levels of circulating sugar threaten the health 
of Patient 2’s blood vessels.  As they age, many type II diabetics suffer severe consequences of a 
deteriorating vasculature. When minor wounds to their feet fail to heal, they often face 
amputation.  As capillaries in their retinas rupture, many go blind.  Responses to drug treatments, 
which have changed little for decades, are highly variable.  Similarly, changes in exercise habits 
and diet help some patients more than others.  There is a high likelihood that Patient 2 faces a 
future of escalating medical interventions, declining health, and increasing disability.  The 
human, social, and economic costs associated with patients such as Patient 2 are daunting and 

8 In 2010, approximately 1.9 million men and women were diagnosed with diabetes, and approximately 261,100 
individuals were diagnosed with breast cancer in the U.S. 
[Source: http://www.diabetes.org/diabetes-basics/diabetes-statistics/   and 
http://www.breastcancer.org/symptoms/understand_bc/statistics.jsp?gclid=CLeJwq7p76sCFUld5QodLz1TLw,
http://www.cancer.org/Cancer/BreastCancer/OverviewGuide/breast-cancer-overview-key-statistics
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distressingly typical of those seen for patients with chronic diseases throughout our aging 
population.

The Committee’s assigned task was to “explore the feasibility and need, and develop a 
potential framework, for creating a ‘New Taxonomy’ of human diseases based on molecular 
biology.”   While the adjective “new” in the Committee’s charge provoked much lively 
discussion—there were varying opinions as to whether a new disease classification would be 
likely to differ dramatically in kind from existing taxonomies—there was immediate consensus 
on the more important point:  everyone on the Committee agreed that a better taxonomy is 
needed and that we have a spectacular opportunity to create one.  Moreover, the Committee 
clearly recognized that developing and implementing a Knowledge Network of Disease has the 
unique potential to go far beyond classification of disease to act as a catalyst that would help to 
revolutionize the way research is done and patients are treated. Patient 1 has a high likelihood of 
overcoming her life-threatening disease and going on to live a long, healthy, and productive life.  
These prospects are a direct result of a new ability to recognize, based on molecular analyses, the 
precise type of breast cancer she has and to target a rational therapy to her disease.  The 
Committee believes that the best prospects for creating a similarly bright future for Patient 2 lies 
in achieving a similarly precise understanding of his disease by creating a Knowledge Network 
of Disease and an associated New Taxonomy. 

The Committee recognized two key points about its charge:  first, development of an 
improved disease taxonomy is only one facet, albeit an important one, of the challenge of 
leveraging advances in biomedical research to achieve better health outcomes for patients; 
secondly, no single stream of activity—led by any single segment of the biomedical research 
community—can tackle even this limited goal on its own.  Both these points suggested that we 
could best address our charge by framing the “new-taxonomy” challenge broadly.  Many of the 
conclusions and recommendations could apply, as well, to other challenges in “translational 
research” such as evaluating and refining existing treatments and developing new ones.  
However, disease classification is inextricably linked to all progress in medicine, and the 
Committee took the view that an ambitious initiative to address this challenge—and particularly 
to modernize the “discovery model” for the needed research —is an excellent place to start.  The 
Committee thinks that the key to success lies in building new relationships that must span the 
whole spectrum of research and patient-care activities that comprise American medicine.  As 
discussed in Chapter 2, the Committee thinks that now is a propitious time to confront the 
challenge of developing a Knowledge Network of Disease and deriving a New Taxonomy from 
it because of changes that are sweeping across basic and translational research, information 
technology, drug development, public attitudes, and the health-care-delivery system. 

Our recommendations seek to empower stakeholder communities by providing them with 
informational resources—the Information Commons, the Knowledge Network, and the New 
Taxonomy itself—that would transform the way they work and make decisions.  We make no 
specific promises about the benefits that would ensue as this transformation occurs but have 
every confidence that this initiative would be a powerful, constructive force for change 
throughout a large enterprise that plays an increasingly central role in science, technology, the 
economy, and each of our lives—and one that is notoriously difficult to reform.   

At the core of the Committee’s optimism is a conviction that dramatic advances in 
biological knowledge can be coupled more effectively than they are now to the goal of 
improving the health outcomes of individual patients.  Biology has flourished in the 50+ years 
since the discovery of the molecular basis of inheritance.  Powerfully reinforced by the Human 
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Genome Project, genetics is in a “golden age” of discovery.  Sequence similarity between genes 
studied in fruit flies and those studied in humans allows nearly instant recognition of the 
potential medical relevance of the most basic advances in biochemistry and cell biology.  
Increasingly, this process also works in reverse:  unusual human patients call attention to 
molecules and biochemical pathways whose importance in basic biology had been overlooked or 
was otherwise inaccessible.  Indeed, there are already many areas of basic biology in which 
human studies are leading the way to deep new insights into the way organisms work.  A good 
example is color vision.  For the simple reason that one can ask a research subject what she sees 
when looking at a pattern of light—instead of having to develop a crude behavioral test to find 
out whether she sees anything at all—we know far more about the molecular details of light 
reception in humans than we could ever have learned from studying mice.  Particularly as 
biomedical research puts an increasing emphasis on unraveling the molecular underpinnings of 
behavior, the advantages of starting research studies with humans, rather than model organisms, 
are likely to grow.  Experience tells us that translation of intensifying knowledge of basic 
biology into clinical advances is a daunting task.  Nonetheless, the many examples of success 
encourage optimism.  Furthermore, the Committee shares the sense that basic biology is at an 
“inflection point” in which there is every reason to expect increasing payoffs from the large 
investments in basic science that have brought us to this point.  However, the grand challenge of 
coupling basic science more effectively to medicine will require a rethinking of current practices 
on a scale commensurate with the challenge.  The Committee regards the initiative it proposes to 
develop the tripartite Information Commons, Knowledge Network, and New Taxonomy, as 
having the potential to rise to this level. 

Information technology is the key contributor to the technological convergence the 
Committee perceives.  Information technology, quite simply, has made the rise of  data-intensive 
biology possible:  molecular biology, as now practiced, could not exist without modern 
computing systems.  In medicine, information technology offers perhaps the best hope of 
increasing efficiency and improving our collective learning about what works and what does not.  
Throughout society, technology is changing attitudes toward information.  In a mere 20 years, 
people have made the transition from regarding most human knowledge as locked away in the 
dusty backrooms of research libraries to expecting it to be at their finger tips.  Understandably, 
the public is losing patience with barriers to the sharing and dissemination of information.  The 
social-networking phenomenon is a particularly dramatic illustration of changing attitudes 
toward information and associated blurring of the line between the public and private.  For all 
these reasons, the Committee sees powerful forces converging in a way that favors the 
dismantling of existing barriers—institutional, cultural, economic, and legal—between the 
biomedical research environment, the clinic, and the public. 

The Committee recognizes that some aspects of the world we envision are more readily 
approachable than others.  Even the easiest steps will be challenging.  As emphasized throughout 
this report, there are many impediments to progress along the path we outline.  That is the reason 
the Committee recommends pilot projects of increasing scope and scale as the vehicle for 
moving forward.  Although we consider the creation of an improved classification of disease 
valuable in its own right, we do not recommend a crash program to pursue this goal in isolation 
from the broader reforms we emphasize.  We regard smaller projects on the recommended path 
as preferable to larger, narrower initiatives that would distract attention and resources from these 
reforms.  We think the impediments can best be overcome and the optimum design of the 
Information Commons, Knowledge Network, and the New Taxonomy best emerge in the context 
of pilot projects of increasing scope and scale. 
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Even some stakeholders in the health-care system who find the Committee’s basic vision 
compelling may ask whether or not a special, organized effort is required to achieve the 
Committee’s goals.  In particular, some might argue that there are already enough examples—
many have been cited in this report—in which data-intensive laboratory tests have such clear 
benefits for patients that the traditional system of test development and insurance reimbursement 
will allow a smooth transition to a new era of molecular medicine.  We would caution against 
this conclusion.  Indeed, there is real risk of a backlash against premature claims of the efficacy 
of genomic medicine (Kolata 2011).  The key to avoiding such a backlash is development of a 
robust system for discovering applications that have real clinical benefits and validating those 
claims through open processes.  The Committee believes that expecting or pressuring payers in 
the health-care system to bear the costs of integrating data-intensive biology and medicine 
without clear evidence of the safety, efficacy, and economic feasibility of particular applications 
would fail—indeed, such an effort could easily be counter-productive.  On the other hand, as 
some of the scenarios sketched above indicate, the Committee believes that a well planned public 
investment in creating the system the Committee envisions would lead relatively quickly to 
robust public-private partnerships that would allow all stakeholders to build on early successes.  
Perhaps even more importantly, the Committee believes that its approach offers the most realistic 
available path to ultimate sustainability of precision medicine.  Public investment in research can 
play an essential role in building a solid foundation for precision medicine, but it cannot sustain 
its dissemination:  precision medicine will only become a routine aspect of health care when it 
pays its own way. 

To bring the discussion back to the Committee’s core mission, we close by re-
emphasizing our view toward disease taxonomy.  Diagnosis is the foundation of medicine.  
Accurately and precisely defining a patient’s condition does not assure effective treatment, but it 
is unequivocally the place to start.  Hence, in exploiting the convergent forces acting throughout 
the health-care system, a long-term focus on developing the new informational resources 
proposed in this report would be a powerful unifying principle for biomedical researchers, 
physicians, patients, and all stakeholders in this vast enterprise.  Whether the payoff from such a 
commitment would occur in time to help Patient 2, the 40-year-old type II diabetic described at 
the beginning of this report, is impossible to say.  However, the Committee believes that 
implementation of its core recommendations would bring many new allies to the cause of 
improving this patient’s health prospects and would equip these diverse players with powerful 
new tools and resources that are unlikely to emerge without an organized effort to create them. 
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Appendix A:  The Statement of Task with 
additional context 

THE NATIONAL ACADEMIES 

NATIONAL ACADEMY OF SCIENCES                                                       NATIONAL ACADEMY OF ENGINEERING 
INSTITUTE OF MEDICINE                                                                                        NATIONAL RESEARCH COUNCIL 

DIVISION ON EARTH AND LIFE STUDIES
BOARD ON LIFE SCIENCES 

PROJECT DESCRIPTION

Framework for Developing a New Taxonomy of Disease  

Statement of Task

At the request of the Director’s Office of NIH, an ad hoc Committee of the National Research 
Council will explore the feasibility and need, and develop a potential framework, for creating a 
“New Taxonomy” of human diseases based on molecular biology.  As part of its deliberations, 
the Committee will host a large two-day workshop that convenes diverse experts in both basic 
and clinical disease biology to address the feasibility, need, scope, impact, and consequences of 
defining this New Taxonomy. The workshop participants will also consider the essential 
elements of the framework by addressing topics that include, but are not limited to:  

Compiling the huge diversity of extant data from molecular studies of 
human disease to assess what is known, identify gaps, and recommend 
priorities to fill these gaps. 
Developing effective and acceptable mechanisms and policies for 
selection, collection, storage, and management of data, as well as means to 
provide access to and interpret these data. 
Defining the roles and interfaces among the stakeholder communities—
public and private funders, data contributors, clinicians, patients, industry, 
and others. 
Considering how to address the many ethical concerns that are likely to 
arise in the wake of such a program.  

The Committee will also consider recommending a small number of case studies that might be 
used as an initial test for the framework. 
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The ad hoc Committee will use the workshop results in its deliberations as it develops 
recommendations for a framework in a consensus report.  The report may form a basis for 
government and other research funding organizations regarding molecular studies of human 
disease. The report will not, however, include recommendations related to funding, government 
organization, or policy issues. 

Project Context and Issues:

The ability to sequence genomes and transcriptomes rapidly and cheaply is producing major 
advances in molecular genetics.  These advances, in turn, provide new tools for defining diseases 
by their biological mechanisms.  The recognition and classification of human diseases are 
fundamental for the practice of medicine, with accurate diagnoses essential for successful 
treatment.  Although diagnostics have begun to embrace the identification and measurement of 
molecular disease mechanisms, the classification of disease is still largely based on phenotypic 
factors, or “symptoms and signs.”  Assigning a name to a disease is not necessarily accompanied 
by a clear understanding of its biochemical causes or of the variations in disease manifestations 
among patients. 

Remarkable advances in molecular biology have brought biomedical research to an “inflection 
point,” putting the life sciences at the cusp of delivering dramatic improvements in 
understanding disease to reap the health benefits that formed the rationale for the Human 
Genome Project. In 2010, we are now poised to use genomics, proteomics, metabolomics, 
systems analyses, and other derivatives of molecular biology to:  

understand disease based on biochemical mechanisms rather than clinical appearances or 
phenotypes;
transform disease diagnosis; 
develop improved screening for, and management of, risk factors for disease; 
discover new drugs and reduce side effects by predicting individual responses based on 
genetic factors; and 
transform the practice of clinical medicine. 

For these benefits to be realized, however, much work remains to be done.  Some in the life 
sciences community are calling for the launch of a wide-ranging new program to use molecular 
and systems approaches to build a new “taxonomy” of human diseases.  The feasibility of such a 
program, including the readiness of the technology, willingness of the scientific community to 
pursue it, and compelling nature of the gaps it would fill, remains to be explored.  Embarking on 
such a program would require that existing data linking molecular, environmental, and 
experiential factors to disease states be surveyed and compiled, and that gaps in these data be 
identified and priorities set and acted upon to fill these gaps.  In addition, effective and 
acceptable mechanisms and policies for selection, collection, storage, and management of data, 
as well as perception, construction, and manipulation network relationships within the data, are 
clearly needed. Criteria must also be established for providing or denying access to and 
interpretation of data.  Roles of and interfaces among the involved communities (public and 
private funders, data contributors, clinicians, patients, industry, and others) would need to be 
explored and defined.  And the many ethical considerations surrounding such a program would 
need to be addressed.
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Each of these areas is technically complex.  Some are also vast, e.g., the compilation of current 
knowledge and the scientific research efforts needed to fill gaps.  Undertaking such a program 
would clearly require the participation and collaboration of many government and private entities 
over a considerable period of time.  To ensure that progress is being made, goals and milestones 
against which program success can be measured would need to be developed.  The NIH seeks 
the advice of an expert NRC Committee charged with exploring the feasibility and need, and 
developing a framework, for a potential “New Taxonomy of disease” effort.  The Committee 
would leverage the expertise of additional scientists, clinicians, and others by holding a large 
(approximately 100 participants) workshop to obtain ideas from the broader scientific and 
medical communities.  Following the workshop, the Committee will use the workshop results to 
distill its findings and recommendations for the structure and components of a framework into a 
consensus report to NIH.  The Committee will also consider recommending a small number of 
case studies that might be used as an initial test for the framework. 
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Appendix B:   Biographies 

FRAMEWORK FOR DEVELOPING A NEW TAXONOMY OF DISEASE 

COMMITTEE MEMBERS

Susan Desmond-Hellmann 
Dr. Susan Desmond-Hellmann, MD, MPH, is chancellor of the University of California, 

San Francisco. She assumed the post August 3, 2009. 

UCSF is a leading university dedicated to promoting health worldwide through advanced 
biomedical research, graduate-level education in the life sciences and health professions, and 
excellence in patient care.  UCSF is the only campus in the 10-campus UC system devoted 
exclusively to the health sciences. 

Desmond-Hellmann previously served as president of product development at Genentech, 
a position she held from March 2004 through April 30, 2009. In this role, she was responsible for 
Genentech’s pre-clinical and clinical development, process research and development, business 
development and product portfolio management. She also served as a member of Genentech’s 
executive Committee, beginning in 1996.  She joined Genentech in 1995 as a clinical scientist, 
and she was named chief medical officer in 1996. In 1999, she was named executive vice 
president of development and product operations.  During her time at Genentech, several of the 
company’s patient therapeutics (Lucentis, Avastin, Herceptin, Tarceva, Rituxan and Xolair) were 
approved by the U.S. Food and Drug Administration, and the company became the nation’s No. 
1 producer of anti-cancer drug treatments. 

She completed her clinical training at UCSF and is board-certified in internal medicine 
and medical oncology. She holds a bachelor of science degree in pre-medicine and a medical 
degree from the University of Nevada, Reno, and a master’s degree in public health from the 
University of California, Berkeley. 

Prior to joining Genentech, Desmond-Hellmann was associate director of clinical cancer 
research at Bristol-Myers Squibb Pharmaceutical Research Institute. While at Bristol-Myers 
Squibb, she was the project team leader for the cancer-fighting drug Taxol. 

Desmond-Hellmann also has served as associate adjunct professor of epidemiology and 
biostatistics at UCSF. During her tenure at UCSF, she spent two years as visiting faculty at the 
Uganda Cancer Institute, studying HIV/AIDS and cancer. She also spent two years in private 
practice as a medical oncologist before returning to clinical research. 

In January 2009, Desmond-Hellmann joined the Federal Reserve Bank of San 
Francisco’s Economic Advisory Council for a three-year term. In July 2008, she was appointed 
to the California Academy of Sciences board of trustees. Dr. Desmond-Hellmann was named to 
the Biotech Hall of Fame in 2007 and as the Healthcare Businesswomen’s Association Woman 
of the Year for 2006. She was listed among Fortune magazine’s “top 50 most powerful women 
in business” in 2001 and from 2003 to 2008. In 2005 and 2006, the Wall Street Journal listed 
Desmond-Hellmann as one of its “women to watch.” From 2005 to 2008, Desmond-Hellmann 
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served a three-year term as a member of the American Association for Cancer Research board of 
directors, and from 2001 to 2009, she served on the executive Committee of the board of 
directors of the Biotechnology Industry Organization. She served on the corporate board of 
Affymetrix from 2004-2009. 

Charles L. Sawyers 
Dr. Charles Sawyers, M.D., is an Investigator of the Howard Hughes Medical Institute 

and the inaugural Director of the Human Oncology and Pathogenesis Program (HOPP) at 
Memorial Sloan-Kettering Cancer Center (MSKCC), where he is building a program of lab-
based translational researchers across various clinical disciplines and institutional infrastructure 
to enhance the application of global genomics tools to clinical trials. 

Sawyers’ laboratory is currently focused on characterizing signal transduction pathway 
abnormalities in prostate cancer, with an eye toward translational implications. His research is 
best demonstrated through his earlier studies of BCR-ABL tyrosine kinase function in chronic 
myeloid leukemia, his work with Brian Druker and Novartis in the development of the kinase 
inhibitor imatinib/Gleevec as primary therapy for CML, and his discovery that imatinib 
resistance is caused by BCR-ABL kinase domain mutations. This discovery led Dr. Sawyers to 
evaluate second generation Abl kinase inhibitors, such as the dual Src/Abl inhibitor dasatinib, 
which received fast track approval at the FDA in June 2006.

Dr. Sawyers’ work in prostate cancer has defined critical signaling pathways for disease 
initiation and progression through studies in mouse models and humane tissues. This preclinical 
work led to the development of a novel antiandrogen MVD3100, a small molecule inhibitor 
discovered in collaboration with UCLA Chemist Michael Jung, which targets the increased 
levels of androgen receptor found in the hormone refractory disease. Based on impressive 
clinical results in a phase I/II study, MDV3100 is currently in phase III registration trial. Dr. 
Sawyers is past President of the American Society of Clinical Investigation and served on the 
National Cancer Institute’s Board of Scientific Councilors. He has won numerous honors and 
awards, including: the Richard and Hinda Rosenthal Foundation Award; the Dorothy Landon 
Prize from the American Association of Cancer Research and the David A. Karnofsky Award 
from the American Society of Clinical Oncology; and the 2009 Lasker DeBakey Clinical 
Medical Research Award. He is a member of the Institute of Medicine and in 2010 was elected 
to the National Academy of Sciences. 

David R. Cox 
Dr. David R. Cox M.D. Ph.D. serves as Chief Scientific Officer for the Applied 

Quantitative Genotherapeutics Unit of Pfizer’s Worldwide Research & Development. This new 
unit brings together human genetics, systems biology, and cell biology, combining internal 
capabilities with outside collaborations, to focus on increasing preclinical target validation with 
the aim of significantly improving clinical survival.  David is a co-founder of Perlegen, and was 
most recently Chief Scientific Officer of the company since its formation in 2000. David was 
Professor of Genetics and Pediatrics at the Stanford University School of Medicine as well as the 
co-director of the Stanford Genome Center. He obtained his A.B. and M.S. degrees from Brown 
University in Rhode Island and his M.D. and Ph.D. degrees from the University of Washington, 
Seattle. He completed a Pediatric Residency at the Yale-New Haven Hospital in New Haven, 
Connecticut and was a Fellow in both genetics and pediatrics at the University of California, San 
Francisco. David is certified by the American Board of Pediatrics and the American Board of 
Medical Genetics. He was an active participant in the large scale mapping and sequencing efforts 
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of the Human Genome Project while carrying out research involving the molecular basis of 
human genetic disease. David has been a member of several commissions and boards, including 
the National Bioethics Advisory Commission (NBAC) and the Health Sciences Policy Board of 
the Institute of Medicine. He has also served on a number of international Committees, including 
the Council of the Human Genome Organization (HUGO). He has authored over 100 peer-
reviewed scientific publications and has served on numerous editorial boards. Dr. Cox’s honors 
include election to the Institute of Medicine of the National Academy of Sciences. 

Claire M. Fraser-Liggett 
Dr. Claire M. Fraser-Liggett is Director of the Institute for Genome Sciences and a 

Professor of Medicine at the University Of Maryland School Of Medicine in Baltimore, 
Maryland. Previously she was the President and Director of The Institute for Genomic Research 
in Rockville, Maryland. Dr. Fraser-Liggett has played a role in the sequencing and analysis of 
human, animal, plant and microbial genomes to better understand the role that genes play in 
development, evolution, physiology and disease. She led the teams that sequenced the genomes 
of several microbial organisms, including important human and animal pathogens, and as a 
consequence helped to initiate the era of comparative genomics. She has served on a number of 
National Research Council Committees on counter-bioterrorism, domestic animal genomics, 
polar biology, and metagenomics. Dr. Fraser-Liggett has more than 220 scientific publications, 
and has served on Committees of the National Science Foundation, Department of Energy and 
National Institutes of Health. She received her PhD in pharmacology from State University of 
New York at Buffalo. 

Stephen J. Galli 
Stephen J. Galli received his BA and MD from Harvard, in 1968 and 1973, respectively, 

and completed a residency and chief residency in Anatomic Pathology at Massachusetts General 
Hospital (MGH) in 1977. After postdoctoral work with Harold F. Dvorak at MGH, he served on 
the faculty at Harvard Medical School from 1979 until 1999, when he moved to Stanford as 
Chair of the Department of Pathology, Chief of Pathology at Stanford Hospital & Clinics, 
Professor of Pathology and of Microbiology and Immunology, and the Mary Hewitt Loveless, 
MD Professor. He is also Co-Director of the Stanford Center for Genomics and Personalized 
Medicine. Dr. Galli’s research focuses on the development and function of mast cells and 
basophils (key players in anaphylaxis, allergies, asthma and many other biological responses), 
and on developing new animal models to study the diverse roles of these cells in health and 
disease. Dr. Galli serves on the editorial boards of several medical journals and is a co-editor of 
The Annual Review of Pathology: Mechanisms of Disease. He received a MERIT Award from 
the National Institutes of Health (1995), Scientific Achievement Awards from the International 
Association of Allergy & Clinical Immunology (1997) and the World Allergy Organization 
(2011), and is an Honorary Fellow of the College of American Pathologists. He was President of 
the American Society for Investigative Pathology (2005-2006) and has been elected to the Pluto 
Club (Association of University Pathologists), the Collegium Internationale Allergologicum (he 
began a four year term as President in 2010), the American Society for Clinical Investigation, the 
Association of American Physicians, the Institute of Medicine of the National Academies (USA), 
and the Accademia Nazionale dei Lincei (the National Academy of the Lynxes) in Rome, 
considered the oldest secular scientific society in the Western world. In 2006-2007, the last year 
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of a three year elected term, Dr. Galli was the Chair of the Advisory Board to the President and 
Provost of Stanford University.

David B. Goldstein 
Dr. David B. Goldstein is currently Professor of Molecular Genetics & Microbiology and 

Director of the Center for Human Genome Variation at Duke University. He received his Ph.D. 
in Biological Sciences from Stanford University in 1994, and from 1999 to 2005 was Wolfson 
Professor of Genetics at University College London.  Dr. Goldstein is the author of over 150 
scholarly publications in the areas of population and medical genetics. His work focuses on the 
genetics of human disease and treatment response, with a concentration on neuropsychiatric 
disease and host determinants of response to infectious diseases. He is the recipient of one of the 
first seven nationally awarded Royal Society / Wolfson research merit awards in the UK for his 
work in human population genetics and was awarded the Triangle Business Journal Health Care 
Heroes Award in 2008 for his work on host determinants of control of HIV-1. Most recently, he 
was appointed the co-chair and chair of the Gordon Research Conference meeting on human 
genetics and genomics for 2011 and 2013. 

David J. Hunter 
Dr. David J. Hunter is currently the Dean for Academic Affairs at the Harvard School of 

Public Health and the Vincent L. Gregory Professor in Cancer Prevention in the Departments of 
Epidemiology and Nutrition. His research interests include cancer epidemiology and molecular 
and genetic epidemiology. Dr. Hunter analyzes inherited susceptibility to cancer and other 
chronic diseases using molecular techniques and studying molecular markers of environmental 
exposures. He is Co-Chair of the NCI Breast and Prostate Cancer Cohort Consortium and Co-
Director of the NCI Cancer Genetic Markers of Susceptibility (CGEMS) Special Initiative. 

Isaac S. Kohane 
Isaac (Zak) S. Kohane is the director of the Children's Hospital Informatics Program and 

is the Henderson Professor of Pediatrics and Health Sciences and Technology at Harvard 
Medical School (HMS). He is also co-director of the HMS Center for Biomedical Informatics 
and Director of the HMS Countway Library of Medicine. Dr. Kohane leads multiple 
collaborations at Harvard Medical School and its hospital affiliates in the use of genomics and 
computer science to study diseases (particularly cancer and autism). He has developed several 
computer systems to allow multiple hospital systems to be used as "living laboratories" to study 
the genetic basis of disease while preserving patient privacy. Among these, the i2b2 (Informatics 
for Integrating Biology and the Bedside) National Computing Center has been deployed at over 
52 academic health centers internationally. 

Dr. Kohane has published over 180 papers in the medical literature and authored a widely 
used book on microarrays for Integrative Genomics. He has been elected to multiple honor 
societies including the American Society for Clinical Investigation, the American College of 
Medical Informatics, and the Institute of Medicine. He leads a doctoral program in genomics and 
bioinformatics at the Division of Health Sciences and Technology at Harvard and MIT. He is 
also a practicing pediatrics endocrinologist and father of three energetic children. 

Manuel Llinás 
Dr. Manuel Llinás is an Assistant Professor of Molecular Biology and a member of the 

Lewis-Sigler Institute for Integrative Genomics at Princeton University.  Dr. Llinás earned a 
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Ph.D. in molecular and cell biology from the University of California-Berkeley and did 
postdoctoral work in the lab of Joseph DeRisi at the University of California-San Francisco.  He 
joined the Princeton faculty in 2005.  Dr. Llinás’ laboratory studies the deadliest of the four 
human Plasmodium parasites, Plasmodium falciparum.  His research combines tools from 
functional genomics, molecular biology, computational biology, biochemistry, and metabolomics 
to understand the fundamental molecular mechanisms underlying the development of this 
parasite.  The focus is predominantly on the red blood cell stage of development, which is the 
stage in which all of the clinical manifestations of the malaria disease occur.  His research has 
focused on two major areas: the role of transcriptional regulation in orchestrating parasite 
development, and an in-depth characterization of the malaria parasite’s unique metabolic 
network.  On the transcription side, Dr. Llinás’ lab works on the characterization of the first 
family of DNA binding proteins to be identified in the Plasmodium falciparum genome, the 
Apicomplexan AP2 (ApiAP2) proteins.  The metabolomics work has begun to identify unique 
biochemical pathway architectures in the parasite including a novel branched TCA cycle.  These 
two approaches explore relatively virgin areas in the malaria field with the goal of identifying 
novel strategies for therapeutic intervention. 

Bernard Lo 
Bernard Lo, M.D., is Professor of Medicine and Director of the Program in Medical 

Ethics at UCSF.  He is also National Program Director for the Greenwall Faculty Scholars 
Program in Bioethics, a career development award for bioethics researchers.  He directs the 
Regulatory Knowledge Support Component of the NIH-funded Clinical and Translational 
Science Institute at UCSF and is co-Director of the Policy and Ethics Core of the Center for 
AIDS Prevention Studies.  He chairs the UCSF Stem Cell Research Oversight Committee.  He is 
co-chair of the Standards Working Group of the California Institute of Regenerative Medicine, 
which recommends regulations for stem cell research funded by the state of California.  He is a 
member of the Centers for Disease Control and Prevention (CDC) Ethics SubCommittee of the 
Advisory Committee to the Director.  He serves on DSMBs for NIH-sponsored HIV vaccine 
trials and for the Long-Term Oxygen Treatment Trial (LOTT) and on the Ethics Working Group 
of the HIV Prevention Trials Network.  He also serves on the Board of Directors of the 
Association for the Accreditation of Human Research Protection Programs.  He is a member of 
the Institute of Medicine (IOM), served on the IOM Council and as chair of the IOM Board on 
Health Sciences Policy.  He chaired a 2009 IOM Committee on conflicts of interest in medicine 
and several earlier reports.  Dr. Lo is author of Resolving Ethical Dilemmas: A Guide for 
Clinicians (4th ed., 2010) and of Ethical Issues in Clinical Research (2010).   

Tom Misteli 
Dr. Tom Misteli is a Senior Investigator and Head of the Cell Biology of Genomes group 

at the National Cancer Institute, NIH.  Dr. Misteli obtained his PhD from the University of 
London, UK, and joined the NCI after postdoctoral work at the Cold Spring Harbor Laboratory, 
New York. He has pioneered the field of genome cell biology by developing live-cell 
microscopy approaches to study the nuclear organization of the genome and gene expression in 
intact cells, and his laboratory aims to apply this knowledge to the development of novel 
diagnostic and therapeutic strategies for cancer and aging. Dr Misteli has received numerous 
awards for his work, and currently serves as Editor-in-Chief of The Journal of Cell Biology and 
of Current Opinion in Cell Biology. 
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Sean J. Morrison 
Sean J. Morrison, PhD, is the Director of the Children’s Research Institute and the Mary 

McDermott Cook Chair in Pediatric Genetics at the University of Texas Southwestern Medical 
Center as well as an Investigator of the Howard Hughes Medical Institute.

The Morrison laboratory is investigating the mechanisms that regulate stem cell function in the 
nervous and hematopoietic systems and the ways in which these mechanisms are hijacked by 
cancer cells to enable neoplastic proliferation and metastasis. The Morrison laboratory is 
particularly interested in the mechanisms that regulate stem cell self-renewal, stem cell aging, 
and the role these mechanisms play in cancer. Parallel studies of these mechanisms in two tissues 
reveals the extent to which different types of stem cells and cancer cells depend upon similar 
mechanisms to regulate their function.  

The Morrison laboratory has discovered a number of critical mechanisms that distinguish stem 
cell self-renewal from the proliferation of restricted progenitors. They have shown that stem cell 
self-renewal is regulated by networks of proto-oncogenes and tumor suppressors and that the 
balance between proto-oncogenic and tumor suppressor signals changes with age. This likely 
explains why the mutation spectrum changes with age in cancer patients, as different 
mechanisms become competent to hyper-activate self-renewal pathways in patients at different 
ages. The Morrison laboratory has further shown that in some cancers many tumor cells are 
capable of driving disease growth and progression while other cancers are driven by minority 
subpopulations of cancer cells that adopt “stem cell” characteristics. These insights into the 
cellular and molecular mechanisms of self-renewal have suggested new approaches for 
promoting normal tissue regeneration and cancer treatment. 

Dr. Morrison completed a BSc in biology and chemistry at Dalhousie University (1991), then a 
Ph.D. in immunology at Stanford University (1996), and a postdoctoral fellowship in 
neurobiology at the California Institute of Technology (Caltech; 1999). From 1999 to 2011, Dr. 
Morrison was at the University of Michigan where he Directed their Center for Stem Cell 
Biology. Recently, Dr. Morrison moved to the University of Texas Southwestern Medical Center 
where he is the founding Director of the new Children’s Research Institute. Dr. Morrison was a 
Searle Scholar (2000-2003), received the Presidential Early Career Award for Scientists and 
Engineers (2003), the International Society for Hematology and Stem Cell’s McCulloch and Till 
Award (2007) the American Association of Anatomists Harland Mossman Award (2008), and a 
MERIT Award from the National Institute on Aging (2009). 

Dr. Morrison has also been active in public policy issues surrounding stem cell research. For 
example, he has twice testified before Congress and was a leader in the successful “Proposal 2” 
campaign to protect stem cell research in Michigan’s state constitution. 

David G. Nichols 
Dr. Nichols is a professor of anesthesiology/critical care medicine and pediatrics and the 

Mary Wallace Stanton Professor of Education. Since joining the School of Medicine faculty in 
1984, he has held numerous leadership posts in both the Department of Anesthesiology and 
Critical Care Medicine and school-wide. Named vice dean for education in 2000, Dr. Nichols 
oversees undergraduate, graduate, residency, postdoctoral and continuing medical education 
programs, as well as the Welch Medical Library. He has led a wide variety of significant 
initiatives to improve the school of medicine’s innovative use of technology in education; update 
the medical school’s curriculum; improve faculty development by revising tenure and promotion 
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guidelines; restructure graduate medical education; oversee the design of a new $50 million 
medical education building; and enhance diversity throughout Johns Hopkins Medicine. 

From 1984 to 1987, Dr. Nichols was associate director of the residency education 
program in the Department of Anesthesiology and Critical Care Medicine. He became director of 
the Division of Pediatric Critical Care and of the pediatric intensive care unit (PICU) in 1988. 
The division was merged with pediatric anesthesiology under Dr. Nichols’ leadership in 1997. 
During this period, he trained and mentored more than 50 postdoctoral fellows, many of whom 
now are professors or directors of PICUs in the United States and abroad. Dr. Nichols became a 
full professor of anesthesiology/critical care medicine and pediatrics in 1998 and became the 
recipient of the Mary Wallace Stanton Professorship for Education in 2005. He has written more 
than 80 professional journal articles and abstracts, held 17 guest professorships, headed more 
than 20 symposia and delivered more than 115 guest lectures. He also has been editor in chief of 
the leading textbooks in pediatric critical care medicine and edited Rogers Textbook of Pediatric 
Intensive Care and Critical Heart Disease in Infants and Children. 

Maynard V. Olson 
Dr. Maynard Olson is Professor Emeritus of Medicine and Genome Sciences, at the 

University of Washington. He received his PhD in Chemistry at Stanford University in 1970 and 
a BS in Chemistry from the California Institute of Technology in 1965. His research interests 
focus on studies of natural genetic variation in both bacteria and humans. This research involves 
activities in human genetics, genomics, molecular genetics, analytical biochemistry, and 
computational biology. Dr. olson has a special interest in interdisciplinary research, particularly 
at the interfaces between chemistry, computer science and biology. 

Dr. Olson was involved in shaping scientific policy toward the Human Genome Project, 
serving on the National Research Council Committee on Mapping and Sequencing the Human 
Genome, the Program Advisory Committee of the National Center for Human Genome Research 
Institute. In recognition of his research in genetics and genomics, he received the Genetics 
Society of America Medal in 1992, the City of Medicine Award in 2000, the Gairdner 
International Award in 2002, and the Gruber Prize in Genetics in 2007. 

Charmaine Royal 
Dr. Charmaine Royal is an Associate Research Professor in the Institute for Genome 

Sciences & Policy and the Department of African and African American Studies at Duke 
University. She received her MS in Genetic Counseling and PhD in Human Genetics from 
Howard University. She subsequently completed her postdoctoral training in the Bioethics and 
Special Populations Research Program at the National Human Genome Research Institute of the 
National Institutes of Health, and in the Division of Epidemiology and Behavioral Medicine at 
the Howard University Cancer Center.  

Prior to joining the Duke faculty in 2007, Dr. Royal was Assistant Professor of Pediatrics 
and Director of the GenEthics Unit in the National Human Genome Center at Howard 
University. She serves on the: Bioethics Advisory Committee of the March of Dimes 
Foundation; Social Issues Committee of the American Society of Human Genetics; Editorial 
Board of the American Journal of Bioethics; and various other professional Committees and 
boards.

Dr. Royal’s research and scholarship focus primarily on ethical, psychosocial, societal, 
and biomedical issues at the intersection of genetics/genomics and concepts of “race”, ancestry, 
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ethnicity, and identity. Her specific interests include genetic variation and the 
(re)conceptualization of race, use of race and ancestry in research and clinical practice, gene-
environment interactions in health and health disparities, genetic ancestry inference, involvement 
of historically marginalized and underrepresented groups in genetic and genomic research, and 
genomics and global health. She has taught, presented, published, and received funding in these 
and other related areas. A key objective of her research program is to advance a more holistic 
and ethical approach to understanding and improving human health and well-being through 
increased integration of genetic and genomic research with behavioral, social science, and 
humanities research.  

Keith R. Yamamoto 
Dr. Keith Yamamoto, Ph.D., is Professor of Cellular and Molecular Pharmacology and 

Executive Vice Dean of the School of Medicine at the University of California, San Francisco.  
He has been a member of the UCSF faculty since 1976, serving as Director of the PIBS Graduate 
Program in Biochemistry and Molecular Biology (1988-2003), Vice Chair of the Department of 
Biochemistry and Biophysics (1985-1994), Chair of the Department of Cellular and Molecular 
Pharmacology (1994-2003), and Vice Dean for Research, School of Medicine (2002-2003).  Dr. 
Yamamoto’s research is focused on signaling and transcriptional regulation by intracellular 
receptors, which mediate the actions of several classes of essential hormones and cellular signals; 
he uses both mechanistic and systems approaches to pursue these problems in pure molecules, 
cells and whole organisms.  Dr. Yamamoto was a founding editor of Molecular Biology of the 
Cell, and serves on numerous editorial boards and scientific advisory boards, and national 
Committees focused on public and scientific policy, public understanding and support of 
biological research, and science education; he chairs the Coalition for the Life Sciences 
(formerly the Joint Steering Committee for Public Policy) and for the National Academy of 
Sciences, he chairs the Board on Life Sciences.  Dr. Yamamoto has long been involved in the 
process of peer review and the policies that govern it at the National Institutes of Health, serving 
as Chair of the Molecular Biology Study Section, member of the NIH Director’s Working Group 
on the Division of Research Grants, Chair of the Advisory Committee to the NIH Center for 
Scientific Review (CSR), member of the NIH Director’s Peer Review Oversight Group, member 
of the CSR Panel on Scientific Boundaries for Review, member of the Advisory Committee to 
the NIH Director, Co-Chair of the Working Group to Enhance NIH Peer Review, and Co-Chair 
of the Review Committee for the Transformational R01 Award.  Dr. Yamamoto was elected as a 
member of the American Academy of Arts and Sciences in 1988, the National Academy of 
Sciences in 1989, the Institute of Medicine in 2003, and as a fellow of the American Association 
for the Advancement of Sciences in 2002. 

NATIONAL RESEARCH COUNCIL STAFF

India Hook-Barnard 
Dr. Hook-Barnard is a program officer with the Board on Life Sciences of the National 

Research Council.  She came to the National Academies from the National Institutes of Health 
where she was a Postdoctoral Research Fellow from 2003 to 2008.  Her research investigating 
the molecular mechanism of gene expression focused on the interactions between RNA 
polymerase and promoter DNA.  Dr. Hook-Barnard earned her PhD from the Dept. of Molecular 
Microbiology and Immunology at the University of Missouri. Her graduate research examined 
translational regulation and ribosome binding in Escherichia coli.  At the National Academies, 
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she contributes to projects in a variety of topic areas.   Much of her current work is related to 
issues of molecular biology, microbiology, biosecurity and genomics.  She was study director for 
the 2010 report Sequence-Based Classification of Select Agents: A Brighter Line, and continues 
to direct the U.S. National Committee to the International Brain Research Organization. 
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Appendix C:  March 1& 2, 2011 - Workshop 
Agenda

FRAMEWORK FOR DEVELOPING A NEW TAXONOMY OF DISEASE 

Tuesday and Wednesday, March 1st and 2nd, 2011 
The House of Sweden – Alfred Nobel Hall 

Washington, DC

AGENDA
Day 1

Breakfast available at 7:15 am in the Atrium Lounge

8:00 AM SESSION 1:  WELCOME AND OPENING TALKS 

Committee co-chairs:
o Susan Desmond-Hellmann, Chancellor, UCSF
o Charles Sawyers, Director of HOPP, Memorial Sloan-Kettering 

Cancer Center:

Chris Chute: Professor of Medical Informatics, Mayo Clinic College of 
Medicine – Current Taxonomy: importance, process of updating ICD

Atul Butte: Chief and Assistant Professor, Division of Systems Medicine, 
Department of Pediatrics, Stanford – Current Taxonomy transitioning to New 
Taxonomy  

9:20 AM Break

9:35 AM A NEW TAXONOMY NETWORK – Keith Yamamoto A proposal for consideration 
and further development.   

10:00
AM

SESSION 2: DO WE NEED AN AMERICAN GENOMES PROJECT?
A panel discussion – David Goldstein; Moderator 
Is genomic information central to a New Taxonomy of Disease?  What are the 
opportunities and concerns?  What is happening now with whole genome sequencing? 
What are the goals in near/ long term?--Define productive pathways.  
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Andrew Conrad: Chief Scientific Officer, LabCorp’s NGI

Kathy Giusti: Founder and Chief Executive Officer, Multiple Myeloma 
Research Foundation (MMRF)

Panel discussion:   ~30 min 

SESSION 3: BEYOND THE GENOME – INFORMATION FOR A NEW 
TAXONOMY  
A panel discussion – Manuel Llinas; Moderator 
In addition to genome sequence, other information could be leveraged to improve health 
and research, as part of a New Taxonomy of Disease Network. What information could/ 
should be included in the network? Would this enable longitudinal studies?  

Lewis Cantley: Chief, Division of Signal Transduction, Harvard Medical 
School – Metabolome, proteome

Martin Blaser:  – Frederick H. King Professor of Internal Medicine and 
Chairman of the Department of Medicine, NYU School of Medicine –
Microbiome  

Jason Lieb: Professor, Department of Biology, UNC – Epigenetics; ENCODE
project

Helmut Zarbl: UMDNJ-Robert Wood Johnson Medical School, 
Environmental & Occupational Medicine, Rutgers University–Environmental 
Health, toxicology

Erin Ramos: Epidemiologist, National Human Genome Research Institute–
Sociological contributions, PhenX

11:00
AM

Panel discussion:   ~30 min  

12:45 PM Lunch

SESSION 4: ETHICS AND PRIVACY     

A panel discussion – Bernie Lo; Moderator 

Alta Charo: Professor of Law and Bioethics, University of Wisconsin Law 
School – (FDA) Informed Consent, Privacy

Sanford Schwartz: Professor of Medicine, Health Care Management, and 
Economics, University of Pennsylvania – Clinical validation issues

Debra Lappin: President, Council for American Medical Innovation – Patient 
Advocate

1:30 PM

Panel discussion:   ~30 min 
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3:00 PM Break

SESSION 5:  PRODUCT DEVELOPMENT – PHARMA; BIOTECH
A panel discussion – David Cox; Moderator 

1. How would a New Taxonomy of human disease enable more cost effective and 
rapid development of new, effective and safe drugs in the pharma/biotech 
setting? 

2. How would a New Taxonomy of human disease promote integration of clinical 
and research cultures in the pharma/biotech industry? 

3. How would a New Taxonomy of human disease promote public/private 
partnerships between industry and academia? 

4. What are key factors that would limit the implementation of a New Taxonomy 
of human disease in the pharma/biotech setting? 

Klaus Lindpaintner: Vice President of R&D, SDI

Charles Baum: Vice President of Global R&D, Pfizer

Corey Goodman: Managing Director and Co-Founder ,venBio 

3:30 PM

Panel discussion:   ~30 min  

5:00  PM Summary of the day; overview of tomorrow, discussion:   Susan Desmond-
Hellmann and Charles Sawyers
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AGENDA
Day 2 

Breakfast available at 7:15 am in the Atrium Lounge

8:00 AM Opening Remarks:  Susan Desmond-Hellmann and Charles Sawyers 

SESSION 6: PRAGMATIC CONSIDERATIONS –THE END USER  
A panel discussion – David Hunter & David Nichols; Moderators 

1. What taxonomy framework would be most useful for your end user group? 
(Why?) 

2. What characteristics of a taxonomy framework might harm your end user 
group? (Why?) 

3. What criteria should be used to assess the value of a New Taxonomy? (cost, 
ethics, practicality, healthcare outcomes, etc. ?) 

4. Should the lay public be able to comprehend a New Taxonomy of disease?  

Janet Woodcock: Director, CDER at the FDA

Jon Lorsch: Professor of Biophysics and Biophysical Chemistry, Johns 
Hopkins University, School of Medicine 

Brian Kelly: Head of Informatics and Strategic Alignment, Aetna

Sanford Schwartz: Professor of Medicine, Health Care Management, and 
Economics, University of Pennsylvania – Cost Effectiveness Issues 

8:10 AM

Panel discussion:   ~30 min 

10:00
AM

Break

SESSION 7:  INSTRUMENTING THE HEALTHCARE DELIVERY SYSTEM 
TO DEFINE AND LEVERAGE A NEW TAXONOMY 
A panel discussion – Isaac Kohane; Moderator 
Considerations for cognition, data handling, visualization and user interface.   

Daniel Masys: Chair of the Department of Biomedical Informatics, 
Vanderbilt University Medical Center –eMERGE consortium (using
healthcare data to run genomic studies) 

John Brownstein: Instructor, Harvard Medical School – Informal data 
sources -Health map.org 

10:15
AM

Panel discussion:   ~30 min

12:00 PM Lunch
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SESSION 8:   A CLINICAL PERSPECTIVE ON A NEW TAXONOMY Case 
Studies – Charles Sawyers; Moderator 
Physician/Scientists consider what a New Taxonomy of Disease would mean for the 
disease they study.

William Pao: Director, Personalized Cancer Medicine at the Vanderbilt-
Ingram Cancer Center – Lung Cancer

Ingrid Scheffer: Professor of Paediatric Neurology Research, University of 
Melbourne  – Epilepsy

Elissa Epel: Associate Professor in Residence, Department of Psychiatry at 
UCSF – Chronic Stress/ Obesity

12:45 PM

Panel discussion:   ~30 min 

2:15 PM Final discussion and Closing Remarks: Susan Desmond-Hellmann and Charles 
Sawyers 
(Committee will meet for an hour in closed session ) 

3:00 PM Adjourn



Copyright © National Academy of Sciences. All rights reserved.

Toward Precision Medicine: Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease

PREPUBLICATION COPY 

98



Copyright © National Academy of Sciences. All rights reserved.

Toward Precision Medicine: Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease

PREPUBLICATION COPY 

99

Appendix D: eMERGE Consortium Data Use 
Agreement

Data Use Agreement 

For use by and among 
Members of the Electronic Medical Records and Genomics Research Network (eMERGE) 

TERMS AND DEFINITIONS: The Electronic Medical Records and Genomics (eMERGE) Network 
(https://www.mc.vanderbilt.edu/victr/dcc/projects/acc/index.php/About) is a National Institutes of Health (NIH)-
organized and -funded consortium of U.S. medical research institutions (“eMERGE Network”). The primary goal of 
the eMERGE Network is to develop, disseminate, and apply approaches to research that combine DNA 
biorepositories with electronic medical record (EMR) systems for large-scale, high-throughput genetic research. 
Member institutions participating in the consortium study the relationship between genetic variations and clinically 
relevant human traits, using the technique of genome-wide association (GWAS) analysis. Such studies involve 
testing hundreds of thousands of genetic variants called single nucleotide polymorphisms throughout the genome in 
people with and without a condition of interest. A fundamental question that eMERGE seeks to answer is whether 
electronic medical record (EMR) systems can serve as resources for such complex genomic analysis of disease 
susceptibility and therapeutic outcomes, across diverse patient populations. In addition, the consortium includes a 
focus on social and ethical issues such as privacy, confidentiality, and interactions with the broader community.  
Detailed information on the eMERGE network can be found at the eMERGE website (www.gwas.org).   

The following entities are eMERGE Network members (“eMERGE Network Members” or “Members”): Group 
Health/University of Washington, Marshfield Clinic, Mayo Clinic, Northwestern University and Vanderbilt 
University serve as the clinical sites (“Clinical Sites”); Vanderbilt University also serves as the consortium’s 
coordinating center (“Coordinating Center”); Broad Institute and Center for Inherited Disease Research both serve 
as genotyping facilities (“Genotyping Facilities”); and the National Center for Biotechnology Information (NCBI), 
NIH; and the National Human Genome Research Institute (NHGRI), NIH (“Program Officials”) serve as scientific 
and programmatic managers and technical advisors. 

Researchers with a wide range of expertise in genomics, statistics, ethics, informatics, and clinical medicine 
employed by an eMERGE Network Member participate in the eMERGE network, including: Principal Investigators 
of the eMERGE Clinical Sites, the Coordinating Center, the Genotyping Facilities, and Program Officials from the 
National Center for Biotechnology Information and the National Human Genome Research Institute. 

Data Sharing Guiding Principles: All data sharing will adhere to 1) the terms of consent agreed to by 
research participants; 2) applicable laws and regulations, and; 3) the principle that individual sites within the 
network have final authority regarding whether their site’s data will be used or shared, on a per-project basis. These 
principles are intended to maximize sharing of GWAS data generated by the eMERGE Members among and 
between other Members as well as with the wider scientific community, and to do this without compromising data 
security or the confidentiality of information about individuals whose data and/or samples are used for research. 

Data Sharing Responsibilities:  Principal Investigators of each eMERGE Clinical Site may designate data 
to accomplish activities defined in eMERGE sanctioned research studies (eMERGE data) to be shared as follows: 
(1) distribution through dbGaP; (2) distribution within the eMERGE Network; and/or (3) distribution to the 
eMERGE Coordinating Center.  The eMERGE data to be shared within eMERGE will be provided only to 
eMERGE Network Members that have signed this Agreement.  All eMERGE Network Members and the eMERGE 
Coordinating Center may aggregate eMERGE data from all Member sites and, with documented approval prior to 
each submission from the contributing site(s), submit said eMERGE data to dbGaP and/or other databases 
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administered by the National Institutes of Health. Each eMERGE Network Member may share its own data with 
external collaborators without approval of the other Members.  If eMERGE data received from any Member is 
shared externally by another Member, prior approval from the Member providing the eMERGE data must be 
obtained and documented.  Members sharing eMERGE data externally must also ensure that each external eMERGE 
data recipient agrees to the same restrictions and conditions applicable to Members and Member Representatives 
regarding the use and disclosure of the eMERGE data as outlined in this Agreement or as may be required by law. 

Statement of Confidentiality: By signing this Agreement, the authorized official representing an 
eMERGE Network Member, certifies that s/he and the Principal Investigators, fellows, students, and research staff  
(collectively, “Network Member Representatives”) working on eMERGE-related projects are aware of the 
confidential nature of data on research participants maintained by the Member and of the necessity for maintaining 
that confidentiality. 

The eMERGE Network Member agrees not to attempt to personally identify any eMERGE participant based on 
eMERGE data and agree not to attempt to contact any eMERGE participant of a site other than their own.  The 
Member agrees not to transfer or disclose any confidential data or any information about individual eMERGE 
participants, except as permitted by this Agreement or as required by law, either during or after the conclusion of the 
affiliation with eMERGE.  The Member agrees to provide adequate security for the eMERGE data, including but not 
limited to safeguards intended to prevent unauthorized use or disclosure of such information. In addition each 
Member agrees to report in writing to the other Members any use or disclosure of any portion of the data of which it 
becomes aware that is not permitted by this Agreement including disclosures that are required by law.

The eMERGE Network Member agrees to ensure that its Network Member Representatives do not use, disclose or 
transfer any eMERGE data to anyone who is not an eMERGE Network Member except as permitted by this 
Agreement or as required by law.  Further, the Member agrees to return all eMERGE data to the eMERGE 
Coordinating Center or delete/destroy all electronic eMERGE data upon termination of its affiliation with the 
eMERGE Network and to notify the eMERGE Coordinating Center when it has done so. 

Limitations of Data Use: The eMERGE Network Member agrees to ensure that Network Member 
Representatives will only use eMERGE data in a manner that is consistent with any limitations that have been 
specified for individual studies by the disclosing Member and agreed to by the Steering Committee and shall ensure 
compliance with all applicable state and federal laws and regulations governing the use of such data including the 
Health Insurance Portability and Accountability Act of 1996 (HIPAA), if applicable, including any and all future 
amendments.   

The eMERGE Network Member agrees to comply with all established policies of eMERGE governing the 
acquisition, analysis, reporting, publication, use and distribution of eMERGE data. 

This Agreement supersedes and replaces all prior agreements made between eMERGE Network Members. 

Agreed to by: 

eMERGE Institution Authorized Official name and title (print): _________________ 

Signature: _________________________________ Date: _____________________ 

Read & Understood by:  

Network Member Representative name & title (print): ________________________ 

Signature: ___________________________ Date: _____________________ 

Member Representative’s Institution:  

_________________________________________________ 
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Appendix E: Glossary

Biobank – A bank of biological specimens for biomedical research.

Biomarker : a characteristic that is objectively measured and evaluated as an indicator of normal 
biological processes, pathogenic processes, or pharmacologic responses to a therapeutic 
intervention. (IOM 2010a)

Biosamples – Samples of biological materials 

Candidate-gene A candidate gene is a gene whose chromosomal location is associated with a 
particular disease or other phenotype. Because of its location, the gene is suspected of causing 
the disease or other phenotype.(NHGRI 2011)

Chromosomal translocation  a condition where a fragment of one chromosome is broken off 
and is then attached to another. Depending on which piece of chromosome is moved to where, 
this results in a wide range of medical problems, such as leukemia, breast cancer, schizophrenia 
or muscular dystrophy (USC 2011).  

Clinical utility the ability of a screening or diagnostic test to prevent or ameliorate adverse 
health outcomes such as mortality, morbidity, or disability through the adoption of efficacious  
treatments conditioned on test results (Khoury 2003). 

Crowd Sourcing  informal reports of large groups of people 

Database of Genotypes and Phenotypes (dbGap) developed to archive and distribute the 
results of studies that have investigated the interaction of genotype and phenotype (NCBI 2011) 

Data-intensive biology  understanding of biological processes through models and algorithms of 
mathematics, statistics and computer science using the vast volumes of data generated by new 
technologies (http://sc11.supercomputing.org/schedule/event_detail.php?evid=wksp120) 

Decision-support systems are a specific class of computerized information system that supports 
business and organizational decision-making activities (Information Builders 2011) 

Disease marker --Specific molecular signature of disease, physiological measurement, genotype 
structural or functional characteristic, metabolic changes, or other determinant that may simplify 
the diagnostic process, make diagnoses more accurate, distinguish different causes of disease, or 
enable physicians to make diagnoses before symptoms appear and to track disease progression 
(Medical Dictionary 2011) 

Disease risk -the probability that an individual who is initially disease-free will developed given 
disease over specified time or age interval (e.g. one year or lifetime) (Pigeot 2005).

Disease Taxonomy the science of disease classification. 

DNA – Deoxyribonucleic acid. The polymer that encodes genetic material and therefore the 
structures of proteins and many animal traits. 

EHR (Electronic Health Record ) A subset of each CDO's EMR, presently assumed to include 
summaries, such as ASTM's Continuity of Care Record (CCR) and HL7's Care Record Summary 
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(CRS), and possibly information from pharmacy benefit management firms, reference labs and 
other organizations about the health status of patients in the community(Garets and Davis 2005). 

EHR-derived phenotype Phenotype based on Electronic Health Record (EHR). 

Electronic medical records (EMS) are computerized legal clinical records created in CDOs, 
such as hospitals and physician offices(Garets and Davis 2005). 

Epigenetic Relating to, being, or involving a modification in gene expression that is independent 
of the DNA sequence of a gene (epigenetic carcinogenesis) (epigenetic inheritance) (Merriam-
Webster 2007). 

EpigenomeThe epigenome consists of chemical compounds that modify, or mark, the genome in 
a way that tells it what to do, where to do it, and when to do it. Different cells have different 
epigenetic marks. These epigenetic marks, which are not part of the DNA itself, can be passed on 
from cell to cell as cells divide, and from one generation to the next. (NHGRI 2011)  

Epiphenomenon An additional condition or symptom in the course of a disease, not necessarily 
connected with the disease (Houghton Mifflin Company 2007)  

Etiology  the study of all factors that may be involved in the development of a disease, including 
the susceptibility of the patient, the nature of the disease agent, and the way in which the patient's 
body is invaded by the agent (Mosby 2009).

Exposome characterization of both exogenous and endogenous exposures that can have 
differential effects at various stages during a person’s lifetime (Wild 2005; Rappaport 2011). 

Gel Electrophoresis: electrophoresis in which molecules (as proteins and nucleic acids) migrate 
through a gel and especially a polyacrylamide gel and separate into bands according to size 
(Merriam-Webster 2007).  

Genbank –The GenBank sequence database is an annotated collection of all publicly available 
nucleotide sequences and their protein translations (Mizrachi 2002).

Gene-environment interactions an influence on the expression of a trait that results from the 
interplay between genes and the environment. Some traits are strongly influenced by genes, 
while other traits are strongly influenced by the environment. Most traits, however, are 
influenced by one or more genes interacting in complex ways with the environment (NHGRI 
2011).

Gene expression is the process by which the information encoded in a gene is used to direct the 
assembly of a protein molecule. The cell reads the sequence of the gene in groups of three bases. 
Each group of three bases (codon) corresponds to one of 20 different amino acids used to build 
the protein (NHGRI 2011).

Gene-expression profile 
Gene expression profiling is the measurement of the activity of thousands of genes at once, to 
create a global picture of cellular function. These profiles can, for example, distinguish between 
cells that are actively dividing, or show how the cells react to a particular treatment. Many 
experiments of this sort measure an entire genome simultaneously, that is, every gene present in 
a particular cell (InfoGlobalLink 2011)
Genetic polymorphisms the recurrence within a population of two or more discontinuous 
genetic variants of a specific trait in such proportions that they cannot be maintained simply by 
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mutation. Examples include the sickle cell trait, the Rh factor, and the blood groups (Mosby 
2009).

Genetic privacy the protection of genetic information about an individual, family, or population 
group, from unauthorized disclosure (Kahn and Ninomiya 2010).

Genome – The full sequence of genetic material encoded in DNA in an organism. 

Genome-Wide Association Study (GWAS)A study that identifies markers across genomes to 
find genetic variation associated with a disease or condition. (PCAST 2008)

Genotype – The idiosyncratic genetic sequence of an individual organism, often categorized in 
terms of known genetic variants. This can either refer to known alleles (or types) of a single gene 
or to collections of genes. For example, some lung cancers have a mutant Egf receptor genotype 
while other lung cancers have a wild-type (or normal) Egf receptor genotype. 

Geographic Information System (GIS)"an organized collection of computer hardware, 
software, geographic data, and personnel designed to efficiently capture, store, update, 
manipulate, analyze, and display all forms of geographically referenced information (ESRI 
1990)."

Germline variation 
Health Insurance Portability and Accountability Act (HIPAA) an act of Congress, passed in 
1996, that affords certain protections to persons covered by health care plans, including 
continuity of coverage when changing jobs, standards for electronic health care transactions, and 
privacy safeguards for individually identifiable patient information (Mosby 2009). 

Heterozygous refers to having inherited different forms of a particular gene from each parent. A 
heterozygous genotype stands in contrast to a homozygous genotype, where an individual 
inherits identical forms of a particular gene from each parent (NHGRI 2011). 

Histology the science dealing with the microscopic identification of cells and tissue (Mosby 
2009).

Institutional Review Board (IRB) – A group of physicians, scientists, ethicists, lawyers, and 
community members that review human subjects research to ensure that the research will be 
performed ethically and that it will benefit patients. Individual institutions, such as universities, 
often have their own IRBs that must approve all human subjects research before it is conducted 
within the institution.

International Classification of Diseases (ICD) an official list of categories of diseases, physical 
and mental, issued by the World Health Organization (WHO). It is used primarily for statistical 
purposes in the classification of morbidity and mortality data. Any nation belonging to WHO 
may adjust the classification to meet specific needs (Mosby 2009).

Linkage-analysis A gene-hunting technique that traces patterns of heredity in large, high-risk 
families, in an attempt to locate a disease-causing gene mutation by identifying traits co-inherited 
with it; the formal study of the association between the inheritance of a condition in a family and 
a particular chromosomal locus; LA is based on certain ground rules of genetics (McGraw-Hill 
2002).

Lipidome - the totality of lipids in cells (Quehenberger et al. 2010). 

Longitudinal study A research study that collects repeated observations of the same items over 
a long period of time.(PCAST 2008)
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Metabolic profiling – Identifying the types and amounts of known metabolic intermediates 
present in a biological specimen. 

Metabolome can be defined as the complete complement of all small molecule (<1500 Da) 
metabolites found in a specific cell, organ or organism. It is a close counterpart to the genome, 
the transcriptome and the proteome. Together these four ‘omes’ constitute the building blocks of 
systems biology (Wishar et al. 2007). 

Microbiome -- (term used to describe the collective genome of our indigenous microbed 
(microflora) (Hooper and Gordon 2001 in IOM 2010b). Identification of the types of microbes 
present in a biological specimen or that are associated with another organism, such as a human. 

Human Microbiome Project (HMP)--  A National Institutes of Health initiative that aims to 
characterize the microbial communities found at several different sites on the human body, 
including nasal passages, oral cavities, skin, gastrointestinal tract, and urogenital tract, and to 
analyze the role of these microbes in human health and disease. 

Molecular biology -- 
(A) a branch of biology dealing with the ultimate physicochemical organization of living matter 
and especially with the molecular basis of inheritance and protein synthesis (Merriam-Webster 
2007)

(B) Field of science concerned with the chemical structures and processes of biological 
phenomena at the molecular level (Merriam-Webster 2007).

Moore’s Law The number of transistors that can be placed inexpensively on an integrated circuit 
doubles approximately every two years (Moore 1965) 

National Center for Biotechnology Information (NCBI)   The National Center for 
Biotechnology Information advances science and health by providing access to biomedical and 
genomic information (NCBI 2011).

Natural language processing is a theoretically motivated range of computational techniques for 
analyzing and representing naturally occurring texts at one or more levels of linguistic analysis 
for the purpose of achieving human-like language processing for a range of tasks or applications 
(Liddy 2001)

Observational studies: Although molecular data will be collected from individuals in the 
normal course of health care, no changes in the treatment of the individuals would be contingent 
on the data collected. 

Ontology: A branch of metaphysics concerned with the nature and relations of being (Merriam-
Webster 2007) 

Oophorectomy: The surgical removal of an ovary (Merriam-Webster 2007) 

Outcomes research: The systematic study of the effects of different therapeutic interventions on 
health outcomes. 

Pathogenesis: The origination and development of a disease (Merriam-Webster 2007) 

Pathology: 1) the study of the essential nature of diseases and especially of the structural and 
functional changes produced by them; 2) something abnormal: a : the structural and functional 
deviations from the normal that constitute disease or characterize a particular disease (Merriam-
Webster 2007) 
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Pathophysiology: The physiology of abnormal states; specifically : the functional changes that 
accompany a particular syndrome or disease (Merriam-Webster 2007) 

Patient oriented research: Observation and scientific study of individuals or small groups of 
subjects, for an understanding of their physiologic and pathophysiologic characteristics.  The 
primary focus of the research is on mechanisms of disease on the clinical observations and 
laboratory studies that define these mechanisms as well as interventions that modify the course 
of the disease (APOR 2011). 

Personalized Medicine (also see: Precision Medicine): “Personalized medicine” refers to the 
tailoring of medical treatment to the individual characteristics of each patient. It does not literally 
mean the creation of drugs or medical devices that are unique to a patient, but rather the ability to 
classify individuals into subpopulations that differ in their susceptibility to a particular disease or 
their response to a specific treatment. Preventive or therapeutic interventions can then be 
concentrated on those who will benefit, sparing expense and side effects for those who will not.”
(PCAST 2008) This term is now widely used, including in advertisements for commercial 
products, and it is sometimes misinterpreted as implying that unique treatments can be designed 
for each individual. For this reason, the Committee thinks that the term “Precision Medicine” is 
preferable to “Personalized Medicine” to convey the meaning intended in this report. 

Phenome-Wide Association Study: Akin to the genome-wide association studies (GWAS) 
widely used today to find single-nucleotide polymorphisms (SNPs) that are genetically linked in 
a population to a particular disease trait—except that PheWAS is GWAS in reverse. GWAS 
associates genotypes with a given phenotype, such as height or a genetic disease. In contrast, 
PheWAS attempts to determine the range of clinical phenotypes associated with a given 
genotype (Mak 2011).

Phenotype: The idiosyncratic traits exhibited by an organism, often categorized in terms of 
known trait variants. This can either refer to a specific trait or to a collection of traits. For 
example, blue eyes and brown eyes are phenotypes exhibited in subsets of humans. 

Phenotype-genotype association (or correlation): The association between the presence of a 
certain mutation or mutations (genotype) and the resulting physical trait, abnormality, or pattern 
of abnormalities (phenotype). With respect to genetic testing, the frequency with which a certain 
phenotype is observed in the presence of a specific genotype determines the positive predictive 
value of the test (http://ghr.nlm.nih.gov/glossary=genotypephenotypecorrelation).
Precision medicine (also see: Personalized Medicine): As used in this report, “Precision 
medicine” refers to the tailoring of medical treatment to the individual characteristics of each 
patient. It does not literally mean the creation of drugs or medical devices that are unique to a 
patient, but rather the ability to classify individuals into subpopulations that differ in their 
susceptibility to a particular disease, in the biology and/or prognosis of those diseases they may 
develop, or in their response to a specific treatment. Preventive or therapeutic interventions can 
then be concentrated on those who will benefit, sparing expense and side effects for those who 
will not. Although the term “Personalized Medicine” is also used to convey this meaning, that 
term is sometimes misinterpreted as implying that unique treatments can be designed for each 
individual. For this reason, the Committee thinks that the term “Precision Medicine” is 
preferable to “Personalized Medicine” to convey the meaning intended in this report. It should be 
emphasized that in “Precision Medicine” the word “precision” is being used in a colloquial 
sense, to mean both “accurate” and “precise” (in the scientific method, the accuracy of a 
measurement system is the degree of closeness of measurements of a quantity to that quantity's 
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actual (true) value whereas the precision of a measurement system, also called reproducibility or 
repeatability, is the degree to which repeated measurements under unchanged conditions show 
the same results).http://en.wikipedia.org/wiki/Accuracy_and_precision. the point where 
pharmacogenetics and personalised medicine meet (The Economist 2009).

Pre-competitive collaboration: Collaboration among competitors to achieve goals that can be 
more effectively accomplished by a group effort and have the potential to benefit everyone (IOM 
2010a).

Proteome: The entire complement of proteins and associated modifications produced by an 
organism (PCAST 2008).

Public private partnerships: Agreement between a public agency (federal, state or local) and a 
private sector entity. Through this agreement, the skills and assets of each sector (public and 
private) are shared in delivering a service or facility for the use of the general public (NCPP 
2011).

Radioisotopic labeling: The incorporation of radioactive atoms into DNA so that the DNA can 
be detected and visualized based on its emission of radioactivity.

Recombinant DNA: the artificial synthesis of sequences of DNA that may or may not exist in 
nature using genetic engineering techniques. These techniques are central to much of molecular 
biology and to the development of modern drugs. 

Sequelae: A pathological condition resulting from a prior disease, injury, or attack 
(MedicineNet.com. 2011). 

Single Nucleotide Polymorphism (SNP): single genetic variation; DNA sequence variations 
caused by single base changes at a given position in a genome.(PCAST 2008). 

Signs and symptoms: Objective evidence of disease perceptible to the examining physician 
(sign) and subjective evidence of disease perceived by the patient (symptom). 

Social Network: An association of people drawn together by family, work or hobby.

Systematized Nomenclature of Medicine (SNOMED) : A comprehensive clinical terminology, 
originally created by the College of American Pathologists (CAP) and, as of April 2007, owned, 
maintained, and distributed by the International Health Terminology Standards Development 
Organisation (IHTSDO), a not-for-profit association in Denmark.
Systems analyses: Analysis of all aspects of a project along with ways to collect information 
about the operation of its parts (wordnetweb.princeton.edu/perl/webwn).

Transcriptome: The complete set of RNA transcripts produced by the genome at any one time. 
The transcriptome is dynamic and changes under different circumstances due to different 
patterns of gene expression. The study of the transcriptome is termed transcriptomics 
(MedicineNet.com. 2011). 

Translational research: “Translational research transforms scientific discoveries arising from 
laboratory, clinical, or population studies into clinical applications to reduce cancer incidence, 
morbidity, and mortality." (NCI 2011). 
http://www.cancer.gov/researchandfunding/trwg/TRWG-definition-and-TR-continuum
Whole-genome sequencing: Determining the sequence of deoxyribonucleotides that compose 
an entire genome, including all of its chromosomes. 
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