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4. NLM Support for Genomic Science in the 21st Century

Preamble
Unprecedented advances in the fields of molecular biology and genetics have the potential to transform our medical care system over the next decade.  The emergence of truly personalized medicine will become possible if observations from large-scale clinical studies can be coupled to genetic information.   Implementing this knowledge, however, within the framework of the current healthcare system will require significant effort to deliver the necessary data, to create and maintain decision support tools, to train medical practitioners, and to inform healthcare consumers.   Without these advances and despite the profusion of information, the practice of evidence-based medicine may in fact become harder to execute with precision.    NLM has an opportunity to assume leadership in analyzing, organizing, and distributing the emerging body of medical knowledge, and thus transforming clinical, genomic, and environmental information into improved patient care.  
The panel recommends that NLM focus on three principal areas:  
· Incorporating clinical (phenotypic) and genetic (genotypic) information, within the context of environmental factors and in formats that support systematic genome-phenome correlations, into knowledge systems to improve health care;
· Facilitating the scientific discovery process by integrating biomedical information resources and developing intelligent agent guides to navigate these data sources;
· Enabling the application of new integrative databases and computer tools by decision support systems and the training of researchers and next generation of information users in the effective use of decision support systems.

Background:

NLM has been a pivotal force in the information explosion in molecular biology and genetics resulting from the technological advances that have accompanied the Human Genome Project.  The overwhelming quantity of data and complexity of data analysis have made informatics essential to the study of biology.  As the major international resource for assembly and dissemination of the results of genome research, NLM has also led in the design of tools and methodologies for human genome analysis.  Since the publication of the initial drafts of the human genome in 2001, comparative genomics has flourished, with dozens of whole genomes now available including chicken, mouse, rat, dog, and chimp.  The power of comparative data has led to significant insights in viewing genes as functional elements.  Comparisons of plant, worm, fruit fly and human genomes led to the discovery of microRNAs, including the small interfering RNAs and their role in gene regulation networks.  Within a few years of their discovery, microRNAs are now used in healthcare as tools to detect cancer and modify gene expression.  Other discoveries are bound to emerge from this treasure trove of comparative sequence data.

NLM must be prepared for an even greater volume of sequence data as second generation sequencing technology becomes commonplace.  Sequencers such as those produced by 454 Life Sciences claim speeds 100 times faster than current technology.  For example, the Mycoplasma genitalium sequence that took three months to produce initially, can now be completed in four hours.  The availability of this technology may drive the costs for sequencing the human genome down from today’s $3 million price to $10,000 or even $1,000 over the next five years.  Once this happens, the road opens to large-scale resequencing of targeted regions of the human genome, paving the way to broad clinical applications in uncovering the genetic bases of common diseases. The discipline of pharmacogenomics will speed the development of diagnostics and personalized treatment strategies.  This technological advance will herald the era of the “personal genome” sequence as an integral part of an individual’s standard medical record.
The resources developed and maintained by NLM make it ideally suited to assume a leadership role as genomics evolves from the domain of biological research into the realm of diagnosis, treatment, and prevention of disease.  Databases that are repositories of human variation information will become essential tools for discovering the associations between genes and disease.  NLM databases will need to capture in a systematic fashion a wide array of clinical and laboratory information and couple these data with environmental variables and genotypes.  Scores of case-control studies originally funded by the NIH are rich sources of detailed, longitudinal phenotypic data.  Initiatives are underway to genotype the participants of these studies to gather the raw data necessary to address questions related to the complex interactions of genes and the environment in disease causation.  This effort will call upon the skills of experts trained in genomics and clinical medicine, as well as in epidemiology, genetics, public health, environmental science and medical ethics.  The publicly accessible tools of the NLM for the analysis and integration of data across disciplines and the availability of NLM funding for the development of informatics training programs place NLM at the center of the search for genomic discoveries that will translate into improved health for all. 
4.1. Objective 1:  The Integration of Clinical and Genomic Information

Trends, Issues and Findings

Anticipated developments that potentially will affect NLM’s mission and information services include: (1) the availability of one’s own genetic sequence as an element of health-related information; (2) the use of structural and functional genomic information for personalized medicine; (3) earlier disease detection and disease prediction based on genomic data; (4) increasing numbers of drugs with more precise targets; (5) an evolving National Health Information Infrastructure with Internet-accessible electronic medical records; (6) an increasing clinical research focus on correlating phenotypes with genotypes; and (7) globalization of specialized health information, with specific applications such as a global organ transplant database.
Personalized medicine, which is covered by another planning panel, will require an understanding of the ways to integrate one’s personal health data with aggregate data that are mined from large-scale electronic medical records (EMR) systems.   Specialized data types, such as those created by molecular imaging, are likely to appear in EMRs. “Personal health knowledge bases” will combine the record of diagnoses, assessments and therapy (traditional EMR content) with an individual’s own contributions to their record, and executable decision rules based on an individual’s genome, personal preferences, and links to authoritative public resources such as those of the NLM.
Genetic association studies have significant potential to reveal the genetic variants which influence susceptibility to common disease.  It has been challenging within the current clinical research infrastructure to conduct studies with sufficient statistical power to identify small effects 1,2.  However, several national and international efforts are addressing this challenge  For example, Francis Collins, Director of NHGRI,  has called for large (200,000+) cohorts to be assembled to achieve the necessary sample sizes required to overcome the problems of cross-sectional studies 3 .  Recent findings identifying genetic variants related to type 2 diabetes mellitus and age-related macular degeneration demonstrate the potential of study populations that are well–characterized both phenotypically and genotypically 4-6.  Indeed, the thousands of articles generated by the Framingham Heart Study and Nurses’ Health Study are testimony to the durable and continuing value of large cohort studies. Despite these promising opportunities, creating productive and lasting cohort studies presents challenges in terms of resources, technology and sociological feasibility.
In addition to observational studies, large representative population cohorts can serve to substitute for the convenience samples currently used by pharmaceutical companies for phase III trials and post-marketing surveillance of adverse drug-related events. In doing so, an opportunity will be created for  publicly-driven, highly transparent studies in which the interests of the public are more clearly aligned with the conduct and the interpretation of trial data. The collection of phenotype data generally remains low-throughput (in contrast to the advances in high-throughput sequencing technology) and is the most challenging and costly aspect of large studies.  The collection of phenotype data is highly dependent on the annotation efforts of clinicians or their proxies.  Realizing the value of these large-scale clinical studies will require the creation of a  decentralized trial organization infrastructure that is conscientious about privacy, consent and trial design.  Such infrastructure does not currently exist.
An NLM effort that integrates clinical phenotype and genomic information could evolve into a project at least as large as GenBank.  However, a significant obstacle is the lack of a commonly accepted set of representational standards for phenotypes, such as that which exists for sequences. There is information in older longitudinal studies that can be captured as is, for a modest investment in personnel, but to reanalyze it and incorporate corrections for comparability with the full range of data will require more expertise.
A critical variable to integrate within the phenotype/genotype study framework is the impact of environmental exposure to potentially toxic agents.  By 2015, environmental sensors for biological and chemical hazards will be commonplace, including personal environment sensors.  Other pathogens or toxins will also be tracked in agricultural contexts (food and animal products). NLM, in conjunction with other government efforts such as the BioWatch Program, could maintain the databases of hazardous organisms and agents, as well as results from the monitoring efforts. The agricultural economics community is already adept with Geographic Information System (GIS) methods, and may be helpful in integrating monitoring results with state public health data. NLM resources could be used by individuals to associate genotype data, based, for example, on relevant subpopulations with environmental exposures.
Integration of biomedical information needs to occur on multiple levels. At the user level, the system must function well for users from a variety of disciplines and backgrounds, from patient to physician to research scientist. At the information level, data links need to associate a variety of research outcomes, including epidemiological studies such as the National Children’s Study, environmental monitoring, animal products tracking, and individual genotypes. 

Providing links among related types of data and “discovery” paths that benefit individuals, health care providers and researchers will likely require new mathematical and statistical methods. It is important to have an internationally reputable organization maintain the reference sequences for genes from pathogenic biologics which could be further expanded to include toxins and other chemical hazards.

NLM has considerable expertise in managing different types of biomedical data, including literature, gene and protein sequences, three-dimensional structures, chemicals, and images. A major achievement is public access to this information in a way that incorporates direct, real-time links between these databases, exemplified by the Entrez search system. The need for such integration is expanding rapidly and NLM has a role in implementing a mechanism for global data acquisition and access.
Key Recommendations

4.1.1. Produce and support integrative databases (e.g. PharmGKB)  that allow cross searching for phenotype - genotype correlations. [Importance: High; Impact: Incremental]
4.1.2. In connecting phenotypes to genotypes, consider starting with Mendelian disorders e.g., adapt OMIM to include links for environmental factors, data from clinical research and clinical trials.  Address the political problems (e.g. privacy and scope) involved in obtaining genotype and phenotype data from Mendelian databases. Recognize that clinical research will generate datasets that are increasingly molecular and build tools and resources accordingly. [High; Incremental]
4.1.3. Be a national repository of medical logic modules (MLMs) and other functionally similar specifications in downloadable format (“executable knowledge”).   Appropriate use and maintenance of up to date genetic information and other decision rules related to multiple factors in healthcare decision making is more complex than most practitioners are able to implement without automated assistance.  Address issues of updating and re-validating the knowledge representation since the underlying logic is subject to frequent change. [High; Transformative]

4.1.4. Interact closely with NIH-wide efforts such as the Roadmap, and the work of other individual institutes, such as the Cancer Biomedical Informatics Grid (CaBIG), to build tools for re-engineering distributed clinical research with NLM as the repository for protocols. Build tool kits to provide electronic schemas for clinical protocols to improve ability to do multi-center clinical research.[High; Transformative]
4.1.5. Access, represent and integrate both global and local environmental hazards data and provide ways to link it to individual health queries, epidemiological studies, national repositories (CDC), and both clinical and basic research.[High; Transformative]

4.1.6. Develop methods to correlate genotype data with potential effects of exposure to environmental hazards, including pathogens and chemical hazards.[High; Transformative]

4.1.7. Expand NLM’s intramural and extramural databases and information resources to include medications, environmental hazards, etc.[High; Transformative]
4.1.8. Support construction and dissemination of decentralized approaches to information systems and standards for sharing, storing and retrieving biosamples, images and data, while protecting patient privacy. Support research into digital rights management technologies that would enable the terms of informed consent to be associated with each biosample.[High; Incremental]

4.1.9. Develop and make available or endorse software that  manages large study cohorts. Functionality will include  consent tracking, de-identification, and reporting capabilities.[Medium; Transformative]
4.1.10. Support and /or undertake the construction of biomedical science-oriented, internet-enabled registries of persons interested in participating in research, to enable wide access to large pool of volunteers. (e.g. functionality similar to NCI Cancer Genetics Network, for a broader range of conditions)  Consider this as an enhancement to Clinicaltrials.gov. Evaluate other approaches to representing clinical research protocols in computerized formats, including those that would support automated conduct of studies (e.g., functionality similar to Oncocin and other clinical trials systems that provide participant-specific clinical decision support for research protocols). [Medium; Incremental]
4.1.11. Support policies to indemnify researchers and subjects in case of breach of privacy. [Medium; Easy]

4.2. Objective 2:  Scientific Discovery through Integrative Information Services

Trends, Issues, and Findings:

The exponential growth of molecular and cellular data has created challenges in data representation, vocabularies, and interlinkages between various conceptual levels of information. NLM has been successful in harvesting experimental information and capturing it in structured ways, but the discovery of unexpected connections in the data remains a manual task.  The complexity of data challenges not only researchers but healthcare practitioners and the public.  Healthcare, particularly, has been bound to a phenotypic model that has not significantly changed in the last 100 years.  Navigating genotypic information presents serious obstacles for practicing health care providers many of whom are unfamiliar with the underlying basic science and are unable to interpret results, much less explain them to patients.  Genotypic data also introduces its own set of ethical, legal, and social considerations.
Patients are being exposed to greater amounts of genetic information routinely.  For example, newborn screening is expanding to test for some 30 diseases.  Health care practitioners will be called upon to explain rare disorders and assist parents in understanding and treating these disorders.  In the near future full genotyping of newborns will become routine and it is likely the data gathered will outpace the ability to interpret the results.  In addition, reliable association of genotypic findings with quantitative clinical phenotypes will be important in disease management and individualized medical care of the 21st century.  Confidentiality issues with regard to storing the data in electronic medical records or in public health databases will need to be addressed.

NLM/NCBI has created infrastructure that can capture, archive, and disseminate research data and publications – journal articles, monographs, books – transforming textual data into standard Document Type Descriptions (DTDs) and other computerized structures. This existing suite of literature, sequence and genomic databases has the potential to lead to scientific hypotheses or discoveries through efficient navigation of links.  Standardized systems could readily be deployed to mirror sites and made available world wide.  

The rapid advances in systems biology, protein-protein interactions and metabolic pathways present new representational challenges.  Future trends will require increasingly sophisticated modeling of physiological functions.  In addition, most wet bench techniques will become commoditized, producing a need to standardize and organize data in electronic notebooks. Standards for submitting and organizing this supplementary data are currently lacking, a situation that could impede data sharing.

Currently, most users of the NLM / NCBI databases fail to take advantage of the rich variety of linkages that already exist among NLM’s related data sets and rely on a simple question and answer mode of querying, sorting through a short list of results and exiting.  Consequently, many important discoveries are never realized.  This problem will become more substantial as databases expand with new and different data types.  Enhancements that provide automated assistance to facilitate discoveries are badly needed.

Key Recommendations:
4.2.1. Facilitate discoveries by improved presentation of related data based on the integration of biomedical information resources, and by new computational methods to match NLM understanding of user behavior.[High; Transformative]
4.2.2. Facilitate and support flexible and accessible data interfaces that allow user customization (similar to the ‘pushpin’ functionality of Google maps) of databases that are highly curated and computationally intensive to produce, e.g. genome maps.[High; Incremental]
4.2.3.  Support research to enable defining standards for representation and exchange of data on systems biology. [Medium; Transformative]
Additional Recommendations

4.2.4. As part of a database discovery initiative, develop intelligent agent guides (“wizards”) to uncover links relevant to the particular user and guide him/her to the problem solution taking into account user experience and intent.  Develop heuristics and associated statistical and computational methods to identify the potentially high-yield links.  In tandem, analyze usage patterns as potential sources of informative navigation paths.
4.2.5. Establish a Unified Molecular Language System (UMLS II) with a Metathesaurus to map controlled vocabularies, nomenclature and classification systems of molecular databanks and pathway databases to support advances in systems biology.

4.2.6. Focus on biological networks, pathways, and mechanisms of control in living systems with NLM becoming a repository for systems biology data and responsible for defining standards for representation and exchange of these datatypes.  The ultimate goal is a biological model of all known human genes, proteins, interactions and networks.

4.2.7. Design and develop tools to produce ‘executable knowledge’, by building reasoning tools that operate within states of uncertainty.  The difficulty that the public and many health care practitioners have with probabilistic events needs to be taken into account in the design of wizards.

4.2.8. Develop computational algorithms and tools that can extract information from multiple biological sources of genomic, proteomic, imaging, and other phenotypic data and integrate them into coherent data models.

4.2.9. Design and develop algorithms and decision support models that can analyze and associate genotype with phenotype.

4.2.10. Involve computationally trained biologists and physicians into the design of large-scale clinical phenotyping/genotyping studies.

4.2.11. Structure information to serve the spectrum of users, from the researcher who needs to analyze and manipulate datasets, to the non-expert who needs high quality synthesized information for patient care, teaching or policy making.

4.3. Objective 3:  Training the Next Generation of Information Users
Trends, Issues and Findings:

Sustained growth in bioinformatics depends upon sufficient training and education programs to increase both the number of bona fide researchers in the discipline of bioinformatics and the number of researchers in the life sciences trained in bioinformatics.  Likewise, in the field of medicine, opportunities are emerging to build career paths in clinical bioinformatics that integrate functional genomic and proteomic data within the electronic health record and build patient-specific clinical decision support systems that combine phenotype and genotype data.  An outstanding problem, however, is to move from the abstract and theoretical realm of computer science to the complex and pragmatic domain of biologists and clinicians.  Practical issues in the career definition of bioinformaticians also remain such as the distinction between service and research with the attendant problem of securing recognition and credit towards tenure for activities that are often viewed as simply support of basic or clinical research.

Centers are now being established at many academic and research institutions to foster collaborative research between the disciplines of computer science and biomedical research.  Many of these activities focus on translational informatics – translating the findings of bioinformatics to bring useful, pertinent health-related information to end users.  A significant challenge will arise in the future as genotype data become a variable to be considered in clinical care.  Personalized health knowledge bases will add a new dimension to be considered when using and interpreting population-based research such as the literature in databases like Medline. Patient empowerment in the clinical decision making process will heighten expectations for useable and understandable information that is pertinent to the specific genetic and environmental context of each individual.

Libraries are already playing a significant role in offering services as biomedical domain specialists.  Building on this role, additional training opportunities for medical librarians and information specialists are needed to assist them in acquiring the specialized bioinformatics skills necessary to support students and faculty at research institutions and investigators translating scientific discoveries into point-of-care tools.   Information specialists play a significant role in establishing outreach activities at the high school and undergraduate level for promoting careers in bioinformatics.

Within NLM, NCBI undertakes a substantial outreach effort, with over 8000 participants per year in its Field Guide and other short-term courses.  NCBI has employed models of intense training of a small cadre of bioinformatics specialists to support the research laboratories at NIH as well as a ‘train the trainers’ approach to expand the reach of bioinformatics in the biomedical library community. These activities need to be expanded to serve the growing need.
Key Recommendations:
4.3.1.  Support greater sharing of open access software and experimental data sets, including those from clinical trials. [High; Transformative]

4.3.2. Researchers/Clinicians. Support and encourage the creation of formal training opportunities in 1) clinical bioinformatics to create a workforce skilled in the intersection of molecular science and clinical science and the relevant computing, information, and informatics sciences, and 2) bioscience and computer science graduate programs. Fund centers for collaborative biomedical informatics.  Encourage the involvement of departments in the physical sciences (engineering, physics, chemistry), mathematics and computer science in bioinformatics research.[High; Easy]

4.3.3. Researchers/Clinicians. Support research for the development of a ‘New Approaches’ program for bioinformatics with emphasis on, e.g. biostatistics, analysis of multi-dimensional data, and modeling (systems biology).[High; Incremental]
4.3.4. Librarians. Increase science literacy among librarians (particularly public and medical librarians without a science background) through in-depth courses on the scientific research process, biomedical disciplines, culture of science, information needs of scientists, and related information resources.[High; Incremental]
4.3.5. Librarians. Support the development of “bioinformatics support specialists” employed by libraries.   Make existing NLM funding for information specialists more flexible to allow for short-term training. Promote bioinformatics support services as a viable career track/career change for experienced information specialists through work with information science schools, library associations, and exhibits at science and library conferences.[High; Incremental]
4.3.6. Public. Partner with educational programs (such as the NCSR at the Smithsonian) to integrate NLM resources into the K-12 and undergraduate curriculum. Promote bioinformatics as a career choice at the high school and undergraduate level, employing partnerships with NSF and schools, conference exhibits, and summer training programs for students and teachers.[High; Incremental]
4.3.7. Use distance-learning technologies and develop integrated guides and tutorials to assist users with NLM information resources to facilitate a learn-as-you-go environment while taking into consideration multi-literacy levels. [High; Incremental]
Additional Recommendations

4.3.8. For the public, develop web-based information resources in biomedicine and genetics that address the need for multi-literacy levels and multi-media formats.   Provide guidance for the public for assessing the quality and reliability of web health information resources.

4.3.9. Expand and supplement existing resources such as Genetics Home Reference, GeneTests, and OMIM with new resources in the areas of pharmacogenetics, risk factors in multifactorial common disorders and environmental interactions in order to better communicate health-related genetic information and the interpretation of genetic testing results to the public.
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