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Abstract: Background: Facing critically low return per dollar invested on clinical research and clinical care, the Ameri-
can biomedical enterprise is in need of a significant transformation. A confluence of high-throughput “omic” technolo-
gies and increasing adoption of the electronic health record has fueled excitement for a new paradigm for biomedical
research and practice. The ability to simultaneously measure thousands of molecular variables and assess their rela-
tionships with clinical data collected during the course of care could enable reclassification of disease not only by
gross phenotypic observation but according to underlying molecular mechanism and influence of social determi-
nants. In turn, this reclassification could enable development of targeted therapeutic interventions as well as disease
prevention strategies at the individual and population levels. Methods/Design: The MURDOCK Study consists of dis-
tinct project “horizons” or stages. Horizon 1 entailed the generation and analysis of molecular data for existing large,
clinically well-annotated cohorts in four disease areas. Horizon 1.5 involves creating and maintaining a 50,000-
person, community volunteer registry for biomarker signature validation and prospective studies, including integra-
tion of environmental and social data. Horizon 2 leverages and prospectively recruits Horizon 1.5 volunteers, and
extends the study to additional disease areas of interest. Horizon 3 will expand the study through regional, national,
and international partnerships. Discussion: The MURDOCK Study embodies a new model of team science investiga-
tion and represents a significant resource for translational research. The study team invites inquiries to form new
collaborations to exploit the rich resources provided by these biospecimens and associated study data.

Keywords: Stratified medicine, personalized medicine, biomarkers, disease reclassification, community registry, bio-
repository

Introduction

The American biomedical enterprise is in need
of a fundamental transformation. In 2010, the
United States (US) spent $2.6 trillion on health
care [1], and unless significant changes are
made, health care expenditures are projected to
continue to increase at a rate that exceeds that
of the Gross Domestic Product (GDP) [2]. De-
spite this substantial investment in health care,
the US system was ranked 37t best in the
world by the World Health Organization [3]. This
poor health system performance is thought to

be driven by sub-optimal allocation of expensive
resources at both the individual and the popula-
tion level [4]. In addition to health care spend-
ing, investment in research and development
for new drugs is also increasing rapidly. Be-
tween 2004 and 2010, investment in pharma-
ceutical research and development increased
approximately 6% per year on average, exceed-
ing $60 billion in 2010, while the number of
new molecular entities approved each year re-
mained flat or even decreased [5, 6].

Strategic application of recent and future ad-
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vances in technology and informatics can fuel
the transformation needed by enabling new
approaches to both drug development and man-
agement of human health and disease. Tech-
nologies for high-throughput molecular assays,
increased computational power and digital stor-
age capacity, and novel methods for analysis of
large data sets will enhance understanding of
molecular mechanisms of health and disease.
Searchable electronic health records (EHR) cou-
pled with biospecimen repositories, and the
integration of social and geospatially plotted
environmental data, will further elucidate com-
plex interactions between genes, gene expres-
sion, and environmental factors. Increased
mechanistic understanding of human health
and disease is expected to enable the develop-
ment of targeted approaches to disease preven-
tion, early detection and tailored treatment.
Variably referred to as personalized, stratified,
genomic, precision, or “P4” medicine [7-10],
this concept fundamentally focuses on ensuring
that the right counseling, lifestyle modification,
or treatment is given to the right patient, at the
right time. Importantly, this targeted approach
can also enable more rational and effective
population health management, thus facilitating
the fundamental transformation that is re-
quired.

Rewriting the textbook of medicine

Nearly a decade into the genomic era, new tech-
nologies and analytical approaches enable the
vision for personalized medicine [11]. However,
the actualization of genomic medicine contin-
ues to be hindered by a pre-genomic-era medi-
cal framework. Disease classification taxono-
mies widely in use today (e.g., International
Classification of Disease-9), were developed
similarly to Linnaeus’ taxonomy of living organ-
isms, i.e., based primarily on macroscopic symp-
toms and observations. Today, we anticipate
that through the use of technology platforms
that generate molecular level data, many dis-
eases previously considered a single entity at a
macroscopic level may be revealed to encom-
pass multiple distinct underlying conditions.
Molecular profiling may also reveal commonal-
ities among diseases previously considered to
be mechanistically distinct.

Significant advances in mechanistic under-
standing and reclassification of disease will re-
quire an innovative approach to research. It will
be essential to collect baseline and longitudinal
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clinical data, biospecimens, environmental ex-
posure data, and information about use of
medical and lifestyle support resources from
large numbers of participants. Success will also
require a coordinated, end-to-end informatics
infrastructure to facilitate data management
and analysis across molecular, clinical, and en-
vironmental data and among samples, subjects,
and populations. Finally, the translation of infor-
mation to actual application in clinical care will
require a team-science approach involving col-
laborations not only among interdisciplinary
academic researchers but also with industry.

Here we present the Measurement to Under-
stand the Reclassification of Disease of Cabar-
rus/Kannapolis (MURDOCK) Study (www. mur-
dock-study.org), a large-scale research initiative
designed to foster the transition to predictive,
preventive, personalized medicine through bio-
marker discovery, elucidation of environmental
health factors, and the molecular reclassifica-
tion of disease. Centered in Kannapolis, North
Carolina, the MURDOCK Study was named after
its benefactor, David H. Murdock, and repre-
sents a rich resource for collaborative, genome-
era biomedical research.

Methods and design

The MURDOCK Study is organized in stages,
called “horizons” (Figure 1). Horizon 1 consists
of initial exploratory studies performed using
data and samples from existing cohorts. Horizon
1.5, known as the MURDOCK Study Community
Registry and Biorepository and launched con-
currently with Horizon 1, entails the creation of
a 50,000-participant volunteer registry in Cabar-
rus County and the city of Kannapolis. Horizon 2
leverages the Horizon 1.5 Registry for validation
and prospective studies, and to recruit targeted
population cohorts. Horizon 3 will expand the
study with regional, national, and international
partnerships, enabling meta-analyses and cross
-population studies.

Horizon 1

The goal of Horizon 1 was to enable biomarker
discovery in the short term, using existing co-
horts in specific disease areas. Horizon 1 en-
compasses four previously existing, independ-
ent cohorts studied for cardiovascular disease,
obesity, liver disease, or osteoarthritis. Within
each cohort, biospecimens had been collected
and stored for future research use along with
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Ongoing
Prospective cohort

studies
2007-2011

Biomarker discovery
using legacy samples

¢ Cardiovascular disease
e Liver disease

e Osteoarthritis

e Obesity

HORIZON 1.5

Current studies

¢ Alzheimer's disease
e Multiple sclerosis

e Physical functioning
e Severe acne

e Centenarians

Future

New cohort studies
Data meta-analysis

Multi-institutional
and multi-national
collaborations

Measure public
health impact

Building a Community Registry and Biorepository
(Informatics and Sample Management)

Figure 1. Distinct horizons of the MURDOCK Study. Horizon 1 entailed biomarker discovery in four existing cohorts.
Horizon 1.5, launched concurrently with Horizon 1, creates a community registry of 50,000 subjects. Horizon 2 lever-
ages the Horizon 1.5 Registry for validation studies, prospective studies, and to recruit targeted populations. Horizon

3 will expand the study with regional and national partnerships.

documented clinical outcomes and other char-
acterizing information. Each Horizon 1 investiga-
tive team applied one or more high-throughput
assays (genomic, proteomic, and/or metabo-
lomic) to existing biospecimens to address pro-
ject-specific, clinically relevant hypotheses. The
osteoarthritis study additionally used special-
ized image analysis. Details of each Horizon 1
project are provided in Table 1 [12-15].

Standard and advanced statistical methods
were used to analyze the clinical and molecular
data generated from the Horizon 1 studies.
Mapping common clinical data elements among
disparate disease cohorts, coupled with the use
of a given molecular platform to study more
than one clinical disease (e.g., proteomics in
both cardiovascular and liver disease), may al-
low identification of molecular variation that is
common across seemingly disparate clinical
disease states. In addition, Horizon 1 studies
(except the obesity study) used multiple molecu-
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lar platforms to enable a systems biology ap-
proach, i.e., exploration of molecular pathways
of disease and analysis of molecular interac-
tions in relation to disease state or response to
treatment. For example, analysis of proteomic
data coupled with genotypic data in hepatitis C
patients enabled mechanistic inquiry into the
relationship between treatment response and
genotypic variation in the IL28B gene [16].

Horizon 1.5

The goal of Horizon 1.5 is to develop the infra-
structure necessary to conduct efficient, large-
scale studies for biomarker discovery and popu-
lation stratification. This infrastructure has been
realized through the creation of a participant
registry and biorepository from which volunteers
for prospective studies can be drawn. The de-
tails of Horizon 1.5 and initial recruitment are to
be described elsewhere (manuscript in prepara-
tion). Briefly, Horizon 1.5 was launched in paral-
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Table 1. Overview of Horizon 1 studies

H1 Study

Ccv

Hep C

OA

WLM

Principal Inves-
tigator

Therapeutic
area

Source of sam-
ples and
clinical data

Clinical ques-
tions

Biospecimens

Platforms

Targeted
metabolomics

Discovery
proteomics

Targeted
proteomics

GWAS

Gene expres-
sion

Imaging

Planned follow-
on studies

References

L Kristin Newby

Cardiovascular disease

Biological samples: Duke CATHe-
terization GENetics biorepository
(www.cathgen.duhs.duke.edu/
index.htm); Clinical data from the
Duke Databank for Cardiovascu-
lar Disease [12]

1. What baseline clinical features
best stratify risk for coronary
disease events?

2. What -omic profiles best strat-
ify risk for coronary disease
events and how do they contrib-
ute incrementally to clinical char-
acteristics?

6447 clinical modeling
2023 molecular cohort

Plasma, PaxGene RNA, DNA

2023 plasma

60 plasma (30 + 30)

500 plasma (250 + 250)

2023

500 PaxGene RNA (250 + 250)

Angiography

NHLBI GO Grant (Go Get It) to
add GWAS and complete RNA
profiling in the 2023 molecular
cohort

[12]

John McHutchison

Gastrointestinal/
Infectious disease

Duke Hepatology Clini-
cal Research

1. What protein bio-
markers (host or viral)
predict response to
interferon therapy?

2. Are there protein
biomarkers (host or
viral) associated with
different Hep C geno-
types?

55 discovery
41 validation

Serum

96 serum

96

96*

[13, 16, 29-32]

Virginia Kraus
Osteoarthritis

Predict Osteoarthri-
tis Progression
study, described in
[25, 26] and the
Genetics of General-
ized Osteoarthritis
(GOGO) study [27]

1. What imaging
biomarkers predict
OA progression?
2. What molecular
biomarkers predict
OA progression?

2047

Synovial fluid, se-
rum, urine

48 urine, 14 syno-
vial fluids

Pending 108 sera

1258

138 individuals

(248 non-replaced
knees)

[15]

Laura Svetkey

Obesity/Weight loss
maintenance

The weight loss mainte-
nance randomized con-
trolled trial [28]

1. What are me-
tabolomic biomarkers to
stratify who is able to
lose weight and keep
the weight off?

2. What are me-
tabolomic biomarkers
associated with meta-
bolic consequences of
obesity? To what extent
are these consequences
are affected by weight
loss?

1000

Serum, plasma at 3 time
points

500 plasma, serum at
baseline

*HCV genome-wide association data were generated through external funding.

lel with Horizon 1 investigations with the goal of
enrolling 50,000 participants, roughly one-third
of the adult population of the catchment area:
approximately 35,000 recruited through open
enrollment methods, and a population random
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sample of 15,000 individuals. Enroliment began
in February, 2009, and through May, 2012,
>8000 subjects were enrolled via open enroll-
ment. At this point, the MURDOCK cohort was
65% female, the median age was 54.2 years,
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and the racial composition was primarily Cauca-
sian (78.4%), with 13.5% African American (vs.
15.3% in the Cabarrus County population) and
8.4% Hispanic (vs. 9.4% in the Cabarrus County
population).

Registry volunteers consent to provide blood
(for DNA, RNA, plasma and serum), urine, and
self-reported clinical and demographic informa-
tion, as well as undergo a brief physical exam.
At the time of enrollment and annually thereaf-
ter, the participant provides information regard-
ing medical history, general health and well-
being, mental health, socioeconomic status,
environment, and lifestyle. Unless a subject
chooses to withdraw from participating, he or
she will be contacted for annual updates indefi-
nitely, as long as the MURDOCK Study is
funded. Biospecimens are stored in a biobank
in Kannapolis that has capacity for over 10 mil-
lion samples, operated by LabCorp, Inc. Partici-
pants also consent to be contacted annually for
follow-up and up to four times per year to con-
sider participation in future studies for which
they might qualify. A key component of registry
participation is consent for access to EHR over
time. Additionally, address information enables
geospatial mapping of a participant’s residence,
allowing environmental information to be incor-
porated, e.g., proximity to recreational spaces,
health care services, or grocery stores. This
component enhances the study’s interdiscipli-
nary collaboration with environmental and pub-
lic health researchers.

The MURDOCK Study registry operations are
based in Kannapolis, the location of the North
Carolina Research Campus, a public-private
venture between David H. Murdock, the State of
North Carolina, and eight North Carolina univer-
sities. Community outreach is a cornerstone of
the Horizon 1.5 efforts. Study personnel have
developed relationships with health care provid-
ers, community leaders, and local organizations,
and participate in networking and recruiting
events through venues such as local churches,
schools, fairs, and farmers’ markets. Advertising
is done through local print and radio media in
addition to social networking and other elec-
tronic sources. A network of sites has been de-
veloped for conducting enrollment, and mass
enrollment events are regularly held on-site at
local organizations within the community, e.g.,
at businesses, schools, churches, and fire sta-
tions.
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Horizon 2

The goal of Horizon 2 is to leverage the Horizon
1.5 infrastructure for prospective biomarker
discovery in an optimized translational research
environment. This phase builds upon Horizons 1
and 1.5 with biomarker validation and focused
recruitment in specific disease areas. New ar-
eas of focus include multiple sclerosis, mild
cognitive impairment, physical functioning, ag-
ing, and severe acne. In some cases, these
studies have identified participants from Hori-
zon 1.5 based on patient-reported clinical data.
Others are recruiting new subjects to the MUR-
DOCK Horizon 1.5 Registry and Biorepository
through targeted recruitment at specialized clin-
ics or at the time of enroliment into the main
registry.

Horizon 3

The goal of Horizon 3 is to expand the scope of
the study to include diverse populations around
the world. This phase will involve the formation
of collaborative partnerships regionally, nation-
ally, and globally, which will enable meta-
analyses, cross-population studies, and valida-
tion of findings in geographically, environmen-
tally, ethnically, and racially diverse populations.
Specifically, with a medical school in Singapore
[17], a set of major partnerships in India in
which a cohort study is being launched this year
[18], and a university in Shanghai [19], the op-
portunity arises for combined molecular epide-
miology studies involving diverse genetic pools
and health care delivery systems.

Informatics as a bridging discipline

Central to the success of each study horizon,
and key to bridging the gaps between them, is
informatics, including the collection, storage,
integration, and retrieval of data. The informat-
ics cornerstone for the MURDOCK Study is the
MURDOCK Integrated Data Repository (MIDR).
The initial phase of the MIDR houses data from
MURDOCK Horizon | studies. As each horizon
matures, the MIDR is extended to accommo-
date new data and new uses of data, and will
continue to be developed over time. Near-term
developments include employing a metadata-
driven approach to augment study data with
study descriptions, e.g., using OCRe (Ontology of
Clinical Research) [20], as well as sample
status information over time. The key short-term
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Box 1. Different query types for short-term and medium-term use cases.

Initial use case queries

How many samples do we have from women over 50 who were later diagnosed with hypertension and who

have a family history of cardiovascular disease?

How many male subjects do we have under the age of 50 who have been diagnosed with prostate cancer, for

whom we have GWAS data?

Future use case

What pathways appear to be transcriptionally up-regulated in subjects diagnosed with COPD versus healthy

controls?

What is the representative genotype at SNP rs314159265 for males under 50 with prostate cancer versus

health controls?

use case is to enable any authenticated user to
identify a potential collaboration based on mu-
tual interest or complementary data and con-
tact MURDOCK Study personnel to follow up,
thus enabling data mining, analysis, and discov-
ery with appropriate data access permission.

The next major release of the MIDR will draw
upon data from a number of sources. Some
data will be extracted into a central location,
while other data will remain in their original lo-
cation, with the metadata pulled into the central
data repository as needed to support key use
cases. For example, raw “-omic” and imaging
files, which tend to have a large data footprint,
will be stored in their original location. Initial
MIDR use cases focus on queries that enable a
would-be collaborator to understand what stud-
ies, samples, and data sets are available, and
whom to contact for more information. Future
releases of the MIDR will incorporate row-level,
processed -omic data as well, to enable molecu-
lar data mining and analysis with appropriate
governance and approval. Examples of initial
and future use cases are given in Box 1.

The first challenge in creation of the MIDR was
to compare, align, and integrate Horizon 1 clini-
cal data into a canonical set of common data
elements. Data from the four independent case
report forms were categorized and standard-
ized, with each original data element mapped to
a standards-based data element in the MIDR.
Importantly, the mapping rules themselves were
stored in the MIDR as metadata to archive ex-
actly how mapped data were derived. As a sim-
ple example, the data value White from the os-
teoarthritis study mapped to the value Cauca-
sian in the MIDR. For each Horizon 1 study, a
subset of the full data set was extracted from
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the original source database, transformed, and
loaded into the MIDR. Protocol metadata were
also imported into the MIDR, primarily as free
text. In future versions of the MIDR, study meta-
data will be represented in structured form us-
ing terms from OCRe [20].

Version 2.0 of the MIDR is currently under de-
velopment. In addition to Horizon 1 clinical,
demographic, and protocol data included in the
first release, MIDR 2.0 will incorporate Horizon
1.5 Registry data, including biospecimen infor-
mation, -omics and imaging metadata, consent
data, and data from EHR (see Figure 2). Incor-
poration of EHR data is a key facet of the Hori-
zon 1.5 Registry. When the Health Information
Technology for Economic and Clinical Health
(HITECH) Act was passed as part of the Ameri-
can Recovery and Reinvestment Act of 2009, it
was estimated that only approximately 17% of
doctors and 10% of hospitals in the country
used some form of EHR [21]. Cabarrus County
is an outlier to the relatively low national rate for
health Information Techonology adoption, which
led to its selection as an ONC (Office of the Na-
tional Coordinator) Beacon Community [22]. As
described in the Beacon Community proposal,
three major health care providers, each of
which has one or more operating EHR systems,
deliver health care for a substantial majority of
the Cabarrus population. Regular automated
imports of EHR data for registry participants are
currently under development. This approach will
supplement the annual patient self-report ques-
tionnaire and enable a cost-efficient method to
track participants longitudinally. It will also pro-
vide a valuable resource for research on data
quality and secondary use, with the ability to
compare and contrast patient-reported informa-
tion with data collected through clinical care.

Am J Transl Res 2012;4(3):291-301
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Clinical
Data

Consent
Data

Study
Metadata

¢ Data mining

¢ Disease stratification
¢ Predictive algorithms
¢ Pathway modeling

* Systems biology Discovery

MIDR

Electronic
Health Records

Biospecimen
Data

Omics, Imaging
Metadata

* Metadata queries
e Cohort selection
¢ Administrative

Information reports

Retrieval

Figure 2. The MURDOCK Integrated Data Repository (MIDR). In addition to the clinical data stored in the current ver-
sion of the MIDR, the next release will include subject consent data and structured metadata for study protocol, bio-
specimens, -omic, and imaging data. The resource will enable both administrative information retrieval and scientific

discovery through hypothesis generation.

Discussion

To achieve the vision for stratified medicine, a
new medical paradigm is required. One crucial
first step will be the creation of a new, molecu-
larly based taxonomy of disease and the appli-
cation of this new taxonomy to clinical studies
and clinical trials, enabling its incorporation into
guidelines. To this end, an ad hoc committee of
the National Research Council (NRC) was con-
vened in 2011 at the request of the Office of
the Director of the National Institutes of Health
to explore the feasibility and need for “creating
a ‘New Taxonomy’ of human diseases based on
molecular biology” [23]. Among the conclusions
presented in the NRC'’s report was the need for
new models for population-based research that
would incorporate EHRs, enabling the conduct
of research at the point of care [23]. In addition,
the report asserted the need for “a creative pe-
riod of bottom-up research activity, organized
through pilot projects of increasing scope and
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scale,” emphasizing cooperation among these
different pilot approaches [23]. The MURDOCK
Study embodies just such a project. The study is
designed and being conducted to facilitate data
sharing, both technically through a standards-
based approach to data management and logis-
tically through a clear governance structure and
documentation of data access policies.

While initial efforts have been productive, many
challenges remain in fulfilling the vision of per-
sonalized medicine. Key challenges are summa-
rized in Table 2, along with descriptions of how
the MURDOCK Study will contribute to address-
ing them. This effort provides complementary
information to preceding large-scale bioreposi-
tories and epidemiological studies. The MUR-
DOCK Study adds a population with more ethnic
diversity than the Framingham Study [33], and
provides a broader age range than the UK Bio-
bank [34]. It also provides a venue for explora-
tion into leveraging recent developments in
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The MURDOCK Study

Table 2. Translational barriers and how they are being addressed by the MURDOCK Study

Translational Challenge

How addressed by MURDOCK

Large scale required for sufficient statistical
power in high dimensional analyses

Interdisciplinary expertise required

Ability to identify predictive biomarkers prior
to disease onset
Novel informatics methodologies required

Longitudinal data collection

Access to high-throughput technology instru-
mentation and expertise

Environmental effects

Commercialization of novel biomarkers

Lower paylines in the current funding environ-
ment
Data sharing and data access

Recruitment of 50,000 participants
Extensive community engagement and support

Team science approach that includes clinicians, platform experts,
statisticians, informaticists, ethicists, biobanking experts, and
business development and public health experts

Collection of biospecimens at baseline in healthy participants, or in
participants who have not yet developed a given disease

MIDR, informaticists as part of the core team, pilot funding for
methods development, solicitation of external collaborations

Annual follow-up, leverage EHR, partner with regional health infor-
mation exchange

Partner with David H. Murdock Research Institute and Duke Core
Facilities

Geospatial data for participant residence, along with geographical
information regarding health care services and community re-
sources

Partnership with LabCorp for clinical test development, creation of
BioMarker Factory

Emphasis on data reuse and partnerships with industry

Formal governance structure and documentation

health information technology, i.e., EHR for lon-
gitudinal follow-up. The Electronic Medical Re-
consortium
uses biobanks linked with electronic medical
record systems to perform large-scale genome-
wide studies, but these analyses are limited to
genotypic variation and are done on de-

cords and Genomics (eMERGE)

epidemiological studies. Of particular interest
are studies being initiated at Medanta, in Gur-
gaon, India and efforts being initiated at the
Duke-NUS Medical School in Singapore and the
Duke-Kunshan University in Kunshan, China
(http://today.duke.edu/2010/01/
kunshan.html) [17, 18]).

identified data, precluding follow-up with individ-

ual research participants [35].

Another key aspect of the MURDOCK Study not
found in other large-scale epidemiological initia-
tives is a broad academia-industry partnership.
The Biomarker Factory, LLC (www. biomarker-
factory.com/) is a collaboration between Duke
University and LabCorp providing a fully inte-
grated biomarker development and commer-
cialization outlet for the project and its collabo-
rators, and serving as a bridge across a marked
gap in funding between discovery and therapeu-
tic application to bring novel biomarker tests to
market [24]. This collaboration builds from and
leverages the work of the MURDOCK Study to
translate potential insights generated by this
effort into technologies with actual clinical im-

pact.

Finally, the MURDOCK Study uses informatics
standards that facilitate linkage with ongoing
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Conclusion

We have created an array of rich data sets that
can be used both for predictive biomarker dis-
covery and for a mechanistic, systems biology
approach to the study of disease. Our ability to
analyze biomarkers not just within a given dis-
ease cohort but across groups with differing
diagnoses-within the MURDOCK Registry and in
combination with other populations—will enable
the breakdown of superficial disease distinc-
tions toward reclassification of disease. Finally,
MURDOCK’s standards-based informatics ap-
proach combined with Duke’s regional, national,
and global partnerships enable expansion of
this approach to translational research beyond
a single county, state, or regjon.

Utility of the tools and data assets generated

through each horizon of the MURDOCK Study
will be measured in terms of uptake by the re-
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search community and generation of currency
ranging from impact in peer-reviewed publica-
tion to products launched from commercial sec-
tor collaboration. The authors invite interested
investigators to take full advantage of this rich
and innovative resource by contacting the MUR-
DOCK Study team (murdock-study@duke.edu)
regarding potential collaborations.
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