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Introduction

In our era of digital biomedicine, data take many forms, from “omics” to imaging, mobile
health (mHealth), and electronic health records (EHRSs). With the availability of more
efficient digital collection methods, scientists in many domains now find themselves
confronting ever larger sets of data and trying to make sense of it all (1-4). Indeed, data
which used to be considered large now seems small as the amount of data now being
collected in a single day by an investigator can surpass what might have been generated over
his/her career even a decade ago (e.g., (e.g. 5)). This deluge of biomedical information
requires new thinking about how data are generated, managed, and ultimately leveraged to
further scientific understanding and for improving healthcare. Responding to this challenge,
the National Institutes of Health (NIH) has spearheaded the “Big Data to Knowledge”
(BD2K) program (6). Data scientists are being engaged through BD2K to guide biomedical
researchers through the thickets of data they are producing. NIH Director, Francis Collins,
has noted, “Indeed, we are at a point in history where Big Data should not intimidate, but
inspire us. We are in the midst of a revolution that is transforming the way we do biomedical
research...we just have to devise creative ways to sift through this mountain of data and
make sense of it” (7). The NIH is now taking its first major steps toward realizing
biomedical science as an interdisciplinary “big data” science.

Maximizing the potential of data for everyone

The interplay between biomedical science and advancing technology drives a continuous
cycle of data growth: as new technologies enable more and different varieties of data to be
amassed, scientists exploit the potential of these technologies and the data being produced to
uncover knowledge, and pose new questions that require novel technologies to probe further.
Inherent to this accelerating cycle is the requirement to handle the growing data complexity
and computational analyses. Towards this, the BD2K program involves the efforts of
multiple Centers of Excellence (Table 1), two coordinating centers, and a set of focused
individual research and training projects, considering the latest approaches in data science
and their application to large-scale biomedical data.

For instance, the challenges around the development of scalable computing are being
examined by the Big Data for Discovery Science Center (BDDS), advancing high-
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performance computing and methods for disseminating large datasets (8). More
sophisticated data management approaches are taken, capturing not only the data, but its
provenance and metadata — to support scientific reproducibility. Here, the Center for
Expanded Data Annotation and Retrieval (CEDAR) has developed software for editing and
sharing metadata templates describing the information needed to annotate datasets, working
with biomedical communities to build a searchable library that reflects their standards (9).
Other BD2K initiatives seek to democratize biomedical data usage by making resources and
materials “findable, accessible, interoperable, and reusable” (i.e., the so-called “FAIR”
scientific guiding principles (10)). The biomedical and healthCAre Data Discovery Index
Ecosystem (bioCADDIE) program has launched DataMed (https://datamed.org), a resource
analogous to PubMed but for cataloging data resources so they can be easily reused and
cited. Heart BD2K is indexing the software tools and platforms which operate on these
datasets (https://dev.aztec.io). Collectively, these efforts reframe biomedical data and its use
into an open science ecosystem supporting everyday collaboration and discovery, fostering
NIH’s emergent Commons Framework (https://datascience.nih.gov/commons) to enhance
the exchange of scientific data between investigators as well as major data archives.

A holistic perspective on biology and health

An exciting aspect of biomedical big data comes from the untapped integration of large-
scale, heterogeneous information repositories to find new relationships. BD2K’s activities
pave the way to link -omics, phenotype, behavior, and outcomes into a more complete
picture of the human condition. For example, the Library of Integrated Network-based
Cellular Signatures (LINCS) Data Coordination and Integration Center has unveiled
Harmonizome, a web-based portal aggregating omics resources for knowledge mining of
genes and proteins (11). KnowEng has created a network of big data resources embodying
community-based data on genes, proteins, functions, and phenotypes (12). Application
programming interfaces (APIs) and software tools that integrate genomics into clinical
perspectives are pursued by the Center for Big Data in Translational Genomics. Working at
the intersection of neuroimaging and genomics, the Enabling Neuroimaging Genetics
through Meta-Analysis (ENIGMA) Center has performed some of the world’s largest
genetic studies of the brain to date — revealing genomic loci affecting brain structure and risk
for disease (13). And changing how clinical data is captured for research, PIC-SURE’s
patient-centric information commons combines genetic, environmental, imaging, and EHRSs;
this supports the Sync for Science project (http://syncfor.science) to gather health
information for the landmark precision medicine research program, All of Us (https://
www.nih.gov/research-training/allofus-research-program). These BD2K efforts represent
key developments for integrating disparate datasets into a comprehensive view of health,
connecting molecular and genomic features to human phenotypes.

Enabling learning from the past to predict the future

Data mining and machine learning epitomize modern big data science. BD2K aims to forge
contemporary insights by advancing these techniques in biomedicine. Making these and
other modern computational methods more accessible, the Mobilize Center’s Snorkel
application enables users with little-to-no programming background to extract and analyze
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information from their data. Constructing predictive models elucidating disease trajectories
over time are the focus of several BD2K sites, with the objective of using such models with
an individual’s past history and current context to tailor interventions. The Center for
Predictive Computational Phenotyping (CPCP) is building such models with multimodal
biomarkers, providing physicians with better prognostic tools (14). The Center for Causal
Discovery (CCD) develops algorithms and software which learn causal networks from high-
dimensional biomedical datasets (15), resulting, for example, in networks resolved at the
image voxel level for the resting state functional dynamics of the human cortex. The Mobile
Sensor Data to Knowledge (MD2K) program is pioneering mobile health methods for
assessment of human health in everyday settings (16); their mCerebrum platform provides
scalable, continuous data collection with real-time analytics. BD2K programs are developing
the computing needed to process vast quantities of data used in creating these models; and
sets the stage for them to be improved as more data and knowledge become available.

Training the current and next generation of biomedical data scientists

Importantly, interwoven throughout the NIH BD2K program is a range of data science
training programs including undergraduate and graduate education, summer workshops,
career path development, and online content, including MOOCSs and video lectures (17).
Involvement of underserved communities is a major component of these endeavors. The
BD2K Training Coordinating Center (TCC), in particular, is working to create an
Educational Resource Discovery Index (ERuDIte) of online training course materials for use
in crafting personalized training curricula in biomedical data science. Working jointly, the
BD2K Centers Coordinating Center (CCC), TCC, and NIH Office of the Associate Director
for Data Science are producing an online seminar series to educate and engage the scientific
community and general public concerning the data science underlying modern biomedical
investigation (http://www.bigdatau.org/data-science-seminars).

Conclusion

The BD2K program’s charge has been to make large-scale data usage commonplace —
streamlining its synthesis, exploration, and its ease of analysis. While the term “big data”
carries with it some skepticism (18), technical challenges (19), and even ethical concerns
(20), BD2K is showing how these issues can be explored and surmounted. The BD2K
program’s efforts have already made strides towards applying data science and
computational methods to a range of modern biomedical research challenges. Though time
will tell, having made inroads toward exploring big data biomedicine the BD2K program
appears poised to influence the future of biomedical research and clinical care. Indeed, the
NIH’s investment in BD2K has already been unprecedented, laying the foundation for future
advances in precision and participatory medicine (21, 22). Without the support of multiple
NIH institutes, a far-reaching strategy to evolve the “discovery science” of biomedical big
data from would not be attainable.
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BD2K Center of Excellence

Institution

Lead PI(s)

Big Data for Discovery Science (BDDS)

University of Southern California (USC)

Arthur W. Toga

Center for Causal Discovery (CCD)

University of Pittsburgh

Gregory F. Cooper, lvet Bahar, Jeremy M.
Berg

Center for Expanded Data Annotation and
Retrieval (CEDAR)

Stanford University

Mark A. Musen

Center for Predictive Computational
Phenotyping (CPCP)

University of Wisconsin-Madison

Mark W. Craven

ENIGMA Center for Worldwide Medicine,
Imaging, and Genomics

University of Southern California (USC)

Paul M. Thompson

Heart BD2K

University of California Los Angeles (UCLA)

Peipei Ping, Merry Lindsey, Andrew Su,
Karol Watson

KnowEnG

University of Illinois at Urbana-Champaign

Jiawei Han, Saurabh Sinha, Jun S. Song,
Richard M. Weinshilboum

BD2K-LINCSDCIC

Icahn School of Medicine at Mount Sinai

Avi Ma’ayan, Mario Medvedovic, Stephan
C. Schurer

Mobile Sensor Data to Knowledge (MD2K)

University of Memphis

Santosh Kumar

Mobilize

Stanford University

Scott Delp

Center for Big Data in Translational
Genomics

University of California Santa Cruz (UCSC)

David Haussler, David Patterson, Laura J.
van 't Veer

PIC-SURE

Harvard University

Isaac S. Kohane

Broad I nstitute LINCS Center for
Transcriptomics and Toxicology

Broad Institute

Todd Golub, Aravind Subramanian

bioCADDIE

University of California San Diego (UCSD)

Lucilla Ohno-Machado

BD2K Coordinating Centers

BD2K Centers Coordinating Center (CCC)

University of California Los Angeles (UCLA)

Peipei Ping, Alex Bui, Wei Wang

BD2K Training Coordinating Center (TCC)

University of Southern California (USC)

John D. Van Horn

For full descriptions of BD2K U01, R25, T32/T15, and other awards, see https://datascience.nih.gov/bd2k/funded-proarams
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