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The biomedical research community relies on a diverse set of resources, both within their own institu-
tions and at other research centers. In addition, an increasing number of shared electronic resources have
been developed. Without effective means to locate and query these resources, it is challenging, if not
impossible, for investigators to be aware of the myriad resources available, or to effectively perform
resource discovery when the need arises. In this paper, we describe the development and use of the Bio-
medical Resource Ontology (BRO) to enable semantic annotation and discovery of biomedical resources.
We also describe the Resource Discovery System (RDS) which is a federated, inter-institutional pilot pro-
ject that uses the BRO to facilitate resource discovery on the Internet. Through the RDS framework and its
associated Biositemaps infrastructure, the BRO facilitates semantic search and discovery of biomedical
resources, breaking down barriers and streamlining scientific research that will improve human health.

� 2010 Elsevier Inc. All rights reserved.
1. Statement of the problem to be addressed

The biomedical research community uses a diverse set of re-
sources to conduct research. These resources include computer
software, animal models, regulatory expertise, facilities and cores,
and training programs, to name just a few. Investigators who are
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able to leverage these resources to facilitate their research can be
more efficient and avoid duplication of effort. The inventory of re-
sources within the research community is continually growing,
changing, and evolving. Software packages are upgraded to include
new functionality, technology cores are established, and new
instruments are introduced. Information about these many valu-
able resources is scattered across institutional and laboratory web-
sites, and may be highlighted only in publications or conference
proceedings, if at all. Without a readily accessible inventory it is
challenging, if not impossible, for investigators to be aware of the
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myriad resources available to facilitate their research, or to effec-
tively perform resource discovery when the need arises. Many
valuable federal or state-funded resources may be underutilized
without information sharing, advertisement, and active promotion.
There is also risk for unnecessary duplication of resources not only
within institutions but among regional collaborating groups.

General-purpose Web search engines are useful and ubiquitous,
but with millions of pages indexed, they lack specificity for search-
ing complex and technologically advanced research resources. For
instance, Google would return information, publications, and im-
age results in response to a search for ‘‘animal models,’’ although
the user may have been attempting to obtain information related
to facilities with specialized expertise and histopathology-related
resources. More important, a Google search would not distinguish
between the thousands of textual Web pages that simply contain
the words ‘‘animal models’’ and those that provide information rel-
evant for a biomedical investigator in need of a particular facility.

The Biositemaps technology was developed as a collaboration
between the National Centers for Biomedical Computing (NCBC)
and Clinical and Translational Science Awards (CTSA) consortia
[1]. In contrast to text-based search engines, it allows Web site
authors to store structured information that enables special-pur-
pose search engines to identify precisely those research-related re-
sources that are of interest to investigators, and to provide specific
information for accessing those resources. This paper describes the
development and use of Version 3.0 of the Biomedical Resource
Ontology (BRO) [2] to enable semantic resource annotation in the
context of the Resource Discovery System (RDS) project [3–4] a
federated, inter-institutional pilot initiative to facilitate resource
discovery on the Internet. RDS (formerly the CTSA Informatics
Inventory of Resources Web Presence, or CIRWP) uses the Bios-
itemaps infrastructure [5] and was developed as a collaboration
among six members of the Clinical and Translational Science
Awards (CTSA) Consortium.
2. User requirements

Early in the course of this project, we conducted a series of six
interviews with both translational researchers (N = 3) and directors
of translational technology resources (N = 3). Interviews were done
by phone and lasted approximately 1 h each. Findings from these
interviews suggest that there are two general needs that motivate
investigators to search for resources. The first is to gain access to
resources the investigator requires in order to conduct his or her
research. Many resources, for example complex scientific instru-
ments, are expensive and available in only a few institutions; it
would simply not be practical or feasible for each investigator in
need of such a resource to consider purchase and maintenance.
Where such instruments have been purchased, either by an indi-
vidual investigator or as a shared resource, the more the resource
can be leveraged by other users, the greater the return on invest-
ment to the scientific community. In addition, an increasing num-
ber of shared electronic resources are being made available in the
public domain. Such resources may include software tools, compu-
tational algorithms, datasets, or high performance computing envi-
ronments. These computational resources are generally exempt
from the geographical considerations that might apply to, for
example, a biobanking facility. It is therefore important to make
their availability known to researchers throughout the country.

The second reason to search for external resources is to ex-
change information regarding use or management of a specific re-
source. Frequently the person responsible for a highly specialized
technology faces domain-specific obstacles for which it would be
helpful to connect with others who manage similar facilities in
order to exchange best practices and lessons learned. To this end,
Please cite this article in press as: Tenenbaum JD et al. The Biomedical Resourc
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resource owners might seek contact information for personnel
associated with a similar technology or offering.

Table 1 presents the top three use cases identified through both
empirical experience and the formal investigator interviews. Use
cases helped to drive system development and were used to eval-
uate the tool in design walk-throughs, usability inspections and ex-
pert reviews.

We note that Use Case 3 comprises two types of queries; the
first is to identify candidate technologies for the application, and
the second is to locate an instrument appropriate to the selected
technology. A key strength of BRO and our RDS is that the user
need not be aware of these queries; rather, the user can use our
system to directly fulfill both needs.
3. Approach

To address the need for a federated, readily accessible inventory
of research resources on the Internet, a consortium of investigators
from six institutions within the Clinical and Translational Science
Awards (CTSA) Consortium developed the Resource Discovery Sys-
tem (RDS) [3]. As part of the RDS project, the NCBC and CTSA teams
collaboratively extended the development of the BRO and Bios-
itemaps infrastructure as will be described in this paper. Following
the first year of development, the RDS serves as an invaluable pro-
ject implementing a federated resource annotation and semantic
searching system, using information accumulated through other
pilot projects on resources at multiple sites. It provides a number
of lessons learned for moving this important area of investigation
forward and highlights a number of challenges that remain to be
addressed, both social and technological. Although still a pilot ef-
fort, the RDS [3], the Biositemaps infrastructure [5], and the BRO
[2] are openly accessible for use, and we have already seen growth
in content from a number of institutions and research groups.

In this manuscript, we describe the BRO and RDS projects and
how they leverage the Biositemaps infrastructure. We address
the issues and challenges that the project has uncovered, which re-
main active areas of ongoing investigation for the project team. Fi-
nally, we describe ongoing efforts toward harmonization with
other related efforts which have different data models, including
the Neuroscience Information Framework (NIF) [6], the Neuroim-
aging Informatics Tools and Resources Clearinghouse (NITRC) [7],
and the eagle-i Consortium [8].

The RDS project leveraged and built upon several existing NIH
initiatives including CTSA Working Groups and Administrative
Supplement Grants, and the NIH Roadmap National Centers for
Biomedical Computing (NCBC). An overview of the relationships
between the various components is shown in Fig. 1.
4. Design principles

We adopted four core principles as the basis for our design ap-
proach with the RDS project and associated extension of the BRO
and Biositemaps infrastructure:

(1) addressing real-world challenges faced by biomedical
researchers;

(2) leveraging existing technology;
(3) design simplicity; and
(4) employing iterative development to enable continuous

refinement.

These principles are illustrated in the approach employed for
system development:
e Ontology (BRO) to enable resource discovery in clinical and translational
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Table 1
Top three use cases identified through both empirical experience and formal investigator interviews.

Use
case

Description

1 A researcher wants to know where to send samples for full genome sequencing using a particular type of next generation sequencer.
2 A genomics core director wants to know what experiences others have had with two different data storage system vendors.
3 A researcher is studying physiology and metabolism. She already makes use of a calorimeter at her home institution, but is not aware of a double-labeled

water technology to quantify oxidation, available at another institution – and useful for various applications within the study of metabolism and physiology.

Fig. 1. Relationship between the various contributing groups to the RDS initiative. The foundational technology infrastructure consists of: (A) The Biositemaps infrastructure
with its associated Biositemaps Information Model [5] for resource meta-data broadcast and retrieval. (B) The Biomedical Resource Ontology (BRO), which provides a
controlled terminology for annotation of resources. (C) Resource information and annotation provided by the Informatics Inventory Resource Working Group (IRWG), a
voluntary effort through the Informatics Key Function Committee of the CTSA to provide local inventories of informatics tools from each of the 46 CTSA sites, and (D)
Investigators at Duke University and the University of California Davis who worked to identify facilities, cores, and resources for translational research, and to develop and
annotate a pilot inventory of such resources among seven CTSA sites. (E) The Informatics Inventory Resource Project Group (IRPG) enhanced and integrated these pre-existing
efforts to implement the RDS, a Web-accessible inventory of biomedical research resources.
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4.1. Grounding in real-world challenges

Based on investigator interviews, we defined key use cases for
resource discovery (Table 1). This ensured that the ultimate out-
come would be informed by, and address, challenges faced by
real-world users, and not simply by what is technically possible
or easily achieved.

4.2. Leveraging existing technologies

Rather than build a new system from the ground up, we chose
to embrace and extend existing infrastructure – the Biositemaps
technology, Biositemaps Information Model and Biomedical
Resource Ontology for describing biomedical resources (see
Section 5). By leveraging existing technologies, we were able to
focus on functional requirements and save time required to build
the initial infrastructure.

4.3. Design simplicity

We aimed to keep the design as simple as possible to enable a
decentralized approach in which resource owners or curators can
easily describe their resources in a structured manner, and those
searching for resources can successfully carry out the key use cases
(Table 1). A more complex data model to describe resources would
enable more complex queries and inferences regarding resources,
however, it would also result in the need for added complexity
Please cite this article in press as: Tenenbaum JD et al. The Biomedical Resourc
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in resource annotation. While such complexity is less of an obsta-
cle for a centralized solution in which resource annotation and
curation is performed by dedicated personnel with training and
support, RDS is intended for use by a broader, more heterogeneous
community.

4.4. Iterative development

We performed iterative development across all components of
the RDS, BRO, and Biositemaps projects, harmonizing both within
the project and with related initiatives. Iterative development, as
opposed to creating and adhering to complete and final specifica-
tions developed up front, enables more rapid development as well
as incorporation of lessons learned along the way.

5. System overview

Fig. 2 gives an overview of the end-to-end RDS. The various
components are explained in more detail below.

5.1. Biositemaps

The Biositemaps technology is a mechanism designed to enable
basic scientists, bioinformaticians, clinicians, and translational sci-
entists to broadcast, search, compare and retrieve meta-data about
diverse computational biology resources [1,9]. Information
describing biomedical resources is encoded in an RDF (Resource
e Ontology (BRO) to enable resource discovery in clinical and translational
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Description Framework) file published on an institution’s Web site.
The approach is analogous to, and was inspired by, Sitemaps [10],
which provide a means for webmasters to inform search engines
about pages on their sites that are available for crawling. Biositem-
aps RDF files encode resource meta-data, which is made available
to web-crawlers and Biositemaps query tools. Institutions, groups
and individuals with biomedical research resources may publish
Biositemaps files on their Web site and register the location of
the file with the Biositemaps registry [11]. Each biositemap.rdf file
contains meta-data describing the institution’s resources for bio-
medical research. Resources described in online-accessible Bios-
itemaps files can be discovered, parsed, and catalogued by web
crawlers and search agents such as the RDF query tool (Fig. 2).
Originally, resources published through Biositemaps were limited
to informatics-oriented datasets and tools, such as software, Web
services, and algorithms. Our work has expanded the scope of
the resources beyond computational tools to include basic, clinical
and translational research more broadly.

5.2. The Biositemaps Information Model (BIM)

The BIM is a set of properties that are used to specify meta-data
for a resource (Resource name, Organization, etc.). The formal spec-
ification is published on the Biositemaps Web site [5]. The initial
version of the BIM was based on the requirements for the NCBC
consortium. It was used to describe the informatics tools and re-
sources offered by the seven funded NCBCs, or any other site that
wished to contribute resources. In parallel with the development
of the BIM (before the efforts were coordinated), the CTSA Infor-
matics Inventory Resources Project Group (IRPG) developed a basic
Fig. 2. Overview of end-to-end RDS system. (A) A user (content generator) at an institutio
The Biositemaps Editor generates an RDF file, stored locally on a server at the institution.
RDS query tool searches content from the registered RDF files. (E) A researcher uses the
provide valid values for the Resource Type property in the editor, and by the query too

Please cite this article in press as: Tenenbaum JD et al. The Biomedical Resourc
research. J Biomed Inform (2010), doi:10.1016/j.jbi.2010.10.003
information model comprising a list of attributes in an Excel
spreadsheet used to collect information on informatics resources
from all funded CTSA sites. The harmonized version of the BIM,
consisting of coded values, free text, and ontological domains,
can be found on the Biositemaps website [5]. Many elements are
optional, applicable primarily to informatics resources. This is an
area of active development; we have identified a core set of ele-
ments, and seek to define other ‘‘modules’’ of data elements, to
be utilized for different resource types being described.

5.3. The Biomedical Resource Ontology (BRO)

The BRO [2] was developed as an ontology to classify types of
biomedical resources. In the context of Biositemaps, the purpose
of the BRO is to provide a controlled terminology to provide values
for the BIM Resource Type attribute. In addition to a controlled list
of names of resources, a taxonomy of the resources was needed to
enable searches at varying levels of granularity and abstraction. For
example, a researcher may wish to search for all imaging software,
or for those packages that provide image segmentation. In addition
to the taxonomic relationships, the ontologic structure of BRO al-
lows for the possibility of adding other relations such as the man-
ner in which individual resource types may be components of
some composite resource types.

The first draft of BRO was built by conducting interviews with
investigators in different disciplines and with different scientific
backgrounds. The classes in BRO represented types of informatics
resources. Subsequently, both the breadth and depth of the BRO
have been expanded in an iterative process. Classes representing
more specific types of resources have been added, and the range
n enters information about institutional resources using the Biositemaps Editor. (B)
(C) The location for that RDF is registered through the Biositemaps registry. (D) The
query tool to search for resources. (F) The BRO is used by the Biositemaps Editor to
l to provide a list of terms by which the user can easily search for resources.

e Ontology (BRO) to enable resource discovery in clinical and translational
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of types of resources has been expanded in order to support the
annotation of translational, non-informatics-oriented resources. A
medical librarian augmented the content and reorganized the ini-
tial structure of BRO. The BRO was subsequently uploaded to the
National Center for Biomedical Ontology (NCBO) BioPortal [2]
where it is available for community review, comment, and use.

BRO development has been, and continues to be, an iterative
process. While early versions of the BRO served as a useful con-
trolled terminology for preliminary RDS testing, some aspects of
the ontology lacked ontological rigor. For version 3.0 of the BRO,
released in March 2010, a devoted task force was formed with
two main goals: (1) formalize a set of principles to which the class
hierarchy and definitions must adhere, and (2) BRO is self consistent
in the sense that it follows an ‘is_a’ hierarchy and the locations in
the hierarchy are consistent with the class definitions. It is com-
plete up to the following level of the resource hierarchy: Funding
Resource, Information Resource, Material Resource, People Re-
source, Service Resource, Software and Training Resource (note
that Software is synonymous with Software Resource as per agree-
ment with NIF). Beyond that level it covers all the classes that are
needed for current Biositemaps usage. However, it is not formally
complete, e.g., under Software some branches of the hierarchy
are deeper than others. BRO 3.0 was informed by real-world use
cases and represents a significant improvement in ontological con-
sistence from previous versions, however, it is a work in progress
and we will continue to refine and make more complete as we re-
ceive community feedback and harmonize with other important
technologies like eagle-i, NITRC, and NIF.

As stated above, the BRO is an ontology of resource types. There
are two key aspects of a resource type: first, there is the means or
method by which it provides access to something, and second there is
the entity to which that access is being provided. For example, data
on a hard drive is not a resource unless there is some means of
accessing that data. In that case, the resource is not the actual data
itself, but rather the repository or Web service that provides access
to that data. Such a repository or service would be classified as
type data resource because it provides access to data. Analogously,
a pet store would be considered an animal resource type, as op-
posed to the animals in the store, which are not in themselves re-
source types. Definitions of classes in BRO generally conform to
the structure ‘‘A resource that provides. . .’’ or ‘‘A resource that pro-
vides access to. . .’’ In some cases, this structure is implied by ref-
erencing the parent class with further qualification. For example,
a facility core is ‘‘A resource that provides instruments, technolo-
gies, facilities, and/or expert support for a specific area of re-
search.’’ Its child, Fabrication Facility is defined as ‘‘A facility core
devoted to creating, manufacturing, building or assembling re-
sources used in scientific research.’’ Referencing the parent in the
definition avoids excessive verbosity in definitions, and redun-
dancy across sub-classes. The one other exception to general rule
for definition structure is the top-level class Resource, defined as
mechanism that provides access (either in the open community or
within an organization) to material, intellectual, financial, technolog-
ical, or electronic means of carrying out research and development.
Second level (child) and subsequent levels are classes with an
is_a hierarchy (Fig. 2).

The foundational approach for the BRO may be described as
Aristotelian in that the definition of a term conveys ‘‘what makes
an entity of a given sort an entity of that sort’’ [12] and that it takes
on the form ‘‘An A is a B which. . .’’ Like the Gene Ontology, how-
ever, and in contrast with the more rigorous Foundational Model
of Anatomy, the BRO relies primarily on is_a relationships [12–
14]. A more complex model was consciously avoided in order to
maximize ease of use by a distributed group of curators with vary-
ing levels of technical expertise, though in the future we will intro-
duce a limited number of properties and additional relationship
Please cite this article in press as: Tenenbaum JD et al. The Biomedical Resourc
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types. While this design decision does not take full advantage of
the richness and semantic complexity that an ontology affords over
a list of terms and their definitions, it does simplify the terminol-
ogy for ease of use by researchers. It also makes it difficult to avoid
multiple inheritance. In this respect we have diverged from the
Aristotelian ideal. While inferred multiple inheritance through
the use of properties is generally considered preferable, and we
plan to move in that direction in the future; there are currently cer-
tain cases where there is asserted multiple inheritance in order to
improve usability of the BRO as a classification scheme. This trade-
off was deemed worthwhile given that user navigation is the pri-
mary use case scenario for the BRO, as opposed to automated
inferences over the ontological hierarchy.

To improve usability of the BRO, we have made use of SKOS
(Simple Knowledge Organization System), a W3C standard [15].
In the BRO, SKOS provides lexical labels such as preferred term
and synonym.

The Biositemaps Initiative reflects the growing interest among
the biomedical research community in understanding the scope
and availability of biomedical resources and resource types. The work
of the Neuroscience Information Framework (NIF), an effort grow-
ing out of the 2004 NIH Blueprint for Neuroscience Research, is one
such example. NIF is focused on a broad-based effort to bring neu-
roscience relevant information from across the research commu-
nity to individual neuroscientists. This includes a component
aimed at identifying resources relevant to neuroscience. Eagle-i is
a new initiative funded by the American Recovery and Reinvest-
ment Act (ARRA) that will focus on the identification of research
resources within the nine institutions participating in the initia-
tive. We are aware of some similar aims between NIF and Bios-
itemaps and have made efforts to harmonize the ontologies
when appropriate. In May 2009 the authors representing the NCBC
Working Groups and CTSA/RDS efforts collaborated with the NIF
team to harmonize second level class names (Table 2). Communi-
cation along these lines with the eagle-i team is ongoing. Ulti-
mately it will be desirable to conduct a detailed systematic
comparison of these and other related initiatives, to harmonize
the approaches when there are common aims, and to highlight
the distinctions to better support users with differing needs.

We evaluated the BRO in terms of its sufficiency for annotating
biomedical resources that had been compiled by several research
groups. The IRWG collected 370 informatics resources from 40 dif-
ferent CTSA sites. In addition, a group within the CTSA Transla-
tional Steering Committee collected a list of more than 450
translational resources by manually mining the websites of seven
CTSA organizations. (The complete list can be found via the online
query tool [3]). Despite the number and variety of the resources
collected, almost all resources were able to be annotated with an
existing BRO class. Where no suitable class existed, the BRO was
extended. Extension of the BRO in this empirical manner is an
ongoing activity as additional resource types are identified. Inter-
ested parties are encouraged to comment on BRO by posting a
comment on the ontology or specific terms using the BioPortal
Notes (Fig. 3) [2] and by joining the BRO discussion group [16].

5.4. Biositemap RDF file generation and back-end data storage

The Biositemaps Editor [17] allows a user to generate a BIM-
compliant RDF file describing a set of resources available within
a given institution. The Editor provides a simple Web-based inter-
face to collect descriptions of resources using text boxes and drop
down menus as shown in Fig. 4, which displays the CTSA-specific
editor. Other applications such as the iTools web-based navigator
can also be used to generate Biositemaps from excel spreadsheet
or by manually entering resource meta-data [9]. The BIM defines
the set of Resource Properties shown within the Biositemaps Editor
e Ontology (BRO) to enable resource discovery in clinical and translational
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Table 2
Second level BRO class names and definitions. Each of these classes is a child of the top level Resource class in an is_a hierarchy.

Class name Definition

Funding resource A resource that provides monetary support in the form of grants, contracts, or gifts for research, training, or education.
Information resource A resource that provides data, knowledge or narrative.
Material resource A resource that provides items such as reagents, instruments, tissue samples or organisms.
People resource A resource comprised of one or more individuals who have specific expertise and provide professional or expert advice.
Service resource A resource that provides an act of helpful activity, consisting of an organized system of apparatus, appliances, technology, personnel, etc.
Software Resource that provides access usually through repositories or the Internet to computer executables, libraries, plugins, or source code.
Training resource A resource that provides access to educational materials or events, such as courses, workshops or graduate programs.
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(Fig. 4). The Biositemaps Editor accesses the BRO from BioPortal [2]
in order to populate the list of Resource Type choices in the editor.
The editor also provides drop down lists of values for properties
such as Organization and Center or Institute and free text fields
where appropriate. The RDF file generated by the editor is saved lo-
cally and posted to a publicly available folder or directory on the
author’s web site. The RDF author then publishes the location of
this RDF file through the Biositemaps registry [11].

The publicly-available corpus of Biositemaps files can be que-
ried in a number of ways. For the RDS implementation, the list of
URLs in the registry is used by Mulgara technology [18] to build
a data store of resource meta-data using the data from the RDF file
found at each published URL. The Mulgara application stores the
RDF data in a graph-based data structure, which can then be que-
ried by agents such as the Web-based RDS query tool. Mulgara can
also perform inferencing on the RDF data, which allows the RDS
query tool to return not only resources directly associated with a
given BRO term, but also those terms that are children, grandchil-
dren, etc. of a term in the hierarchy. Thus a user can search for re-
sources using the BRO at both broad and specific levels of
granularity.
Fig. 3. BRO Hierarchy in NCBO BioPortal. The figure shows the tree view of the is_a hiera
(right-hand panel).

Please cite this article in press as: Tenenbaum JD et al. The Biomedical Resourc
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5.5. The resource discovery system (RDS) query tool

The RDS query tool was designed to search Biositemaps re-
source descriptions [3] as shown in Fig. 5. The query tool was de-
signed to be user-friendly for non-technical users. The interface
enables the user to perform a basic search involving both free text
and faceted search, or advanced search in which free text may be
combined with multiple criteria based on properties in the BIM. In-
cluded in the free text search is all free text fields designated for a
given resource. In the next version of the tool, search by synonyms
will be added to improve recall. Results are displayed in a column-
sortable list view, with links to a detail page, the home page for the
resource, and a mailto: link for the contact person. In addition, re-
sults may be exported to a variety of formats including Excel and
CSV.

We iteratively designed and implemented the RDS query tool
through heuristic evaluations and cognitive walkthroughs, i.e.,
demonstrated support of the documented use cases (see Table 1).
Heuristic evaluations (HE) rate interfaces based on their accord
with established usability standards. After early HE of some
RDS proof-of-concept tools and comparable systems, a visual
rchy of the BRO in BioPortal (left-hand panel) and the details for each class selected

e Ontology (BRO) to enable resource discovery in clinical and translational
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Fig. 4. CTSA Biositemaps RDF Editor. Resource entries may be created, copied, or deleted using the buttons in the bottom left of the editor. Once created, each resource entry
is listed in the left panel by name. Clicking on a given resource name enables the user to modify the various attributes in the main editor pane through text fields, drop-down
controls, or ontology term selection controls. Finally, the user can save an RDF file containing the description of the resources the user created, to be posted on a Web site.

J.D. Tenenbaum et al. / Journal of Biomedical Informatics xxx (2010) xxx–xxx 7
mock-up was created to serve as a functioning prototype. Informal
user observation sessions were conducted using this prototype.
Collaborators in the project – none of whom had been involved
in query tool design – participated in these sessions, interacting
with the RDS interface for actual search and retrieval tasks. The
users thought aloud in this one hour work session as they searched
and observers took notes. Users also participated in post hoc inter-
views in which – from their expertise in using resource search sys-
tems – they provided critical comments on the prototype. User
feedback has guided further design as well as requirements for
the end-to-end system and many resulting feature requests are
in queue for future versions. Formal usability studies are planned
for the future with translational researchers not already engaged
in the project; i.e., the target audience for the RDS initiative.
6. Future directions

Our work to date comprises a pilot effort, and more work re-
mains to produce a final database of searchable resources. Expan-
sion and improvement of the BRO and BIM are ongoing activities,
being performed in parallel with an additional ‘‘deep dive’’ of
resource inventorying taking place at the University of Pittsburgh,
and in collaboration with NIF and the eagle-i Consortium for
resource discovery. Other active areas of development include
improving performance and usability of the query tool,
enhancement of the BIM with specific modules for specific
Please cite this article in press as: Tenenbaum JD et al. The Biomedical Resourc
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high-level resource types, and a new version of the Biositemaps
Editor that will enable batch editing and import.

In addition to expanded breadth and depth of BRO classes, we
will be pursuing three other efforts, each intended to better facili-
tate the guiding use cases for the project. Recall Use Case 3 from
Table 1 above: A researcher is studying physiology and metabo-
lism. She already makes use of a calorimeter at her home institu-
tion, but is not aware of a double-labeled water technology to
quantify oxidation, available at another institution – and useful
for various applications within the study of metabolism and phys-
iology. In the current version, this researcher is able to search for a
physiology core facility, and might learn from contacting that core
about the double-labeled water technology they use. A number of
enhancements to the BRO could help better support a researcher in
this situation by incorporating knowledge about the pertinent
technologies with the resources.

The first potential enhancement, as mentioned above, is to in-
clude additional properties within the BRO itself. While still adher-
ing to our design principle of simplicity, augmenting BRO beyond
the current is_a relationships would enable richer querying capa-
bilities. A relation such as ‘‘used_for’’ could be added, enabling re-
sources that are used for similar purposes to be inferred.

Second, we plan to link to ontologies that include richer rela-
tionships than the BRO is_a classification. For example, we plan
an extension of the BRO to include instrument terms from OBI
[19]. As addressed above, the domain of the BRO is limited to class
names and a hierarchy that satisfy ‘‘Resources that provides. . .’’ or
e Ontology (BRO) to enable resource discovery in clinical and translational
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Fig. 5. Web-based Resource Discovery System query tool. In this search screen, the user is able to filter resources by free text search using the text box at the top left of the
interface and/or by clicking on a ‘‘faceted’’ value at the left, e.g., a specific institution or specific term from the BRO. Results are displayed under sortable column headings.
Applied search criteria are listed as ‘‘breadcrumbs’’ above the results pane. A user may click on the resource name, Home page link, or contact name to navigate to a resource
detail page, resource website, or new email message respectively. Buttons at the bottom of the page enable the user to export the results to a number of different file formats.
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‘‘Resources that provide access to. . .’’ Ontologies such as instru-
ment types or classifications do not fall into these definitions,
but have richer relationships such as has_component. Incorporating
these richer relationships into the BRO and the BIM will also help
to build connections with other research inventory initiatives such
as NIF, NITRC, and the eagle-i Consortium.

The final potential enhancement involves extension of the BIM.
Through our formal interviews, we found that in addition to
searching explicitly by resource type, researchers were interested
in the possibility of searching by their area of research or by the
type of activity in which they were involved. This researcher would
not have known to search for double-labeled water technology by
name, but might have found that and other useful resources had
she been able to search by her areas of research, physiology and
metabolism. Our initial idea for how to enable this functionality
was to create two additional top level classes in the BRO as siblings
of Resource: Related Area of ‘‘Research’’, and ‘‘Related Activities’’. In
fact we did create these additional classes, and these are imple-
mented as properties in the current specification of the BIM. How-
ever, it soon became apparent that many of the terms that would
belong in these branches of the hierarchy already exist in other
existing, more mature and previously developed terminologies. In-
stead of continuing to develop these branches, we plan to investi-
gate some likely candidates for existing terminologies that would
serve this purpose, for example the Ontology of Biomedical Inves-
tigations (OBI), MeSH or the NCI Thesaurus.

7. Discussion and conclusions

With the proliferation of research resources and online
biomedical analysis tools, there is a pressing need to catalog
Please cite this article in press as: Tenenbaum JD et al. The Biomedical Resourc
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available resources to enable investigators to find the resources
they need to carry out their research. In our work, we built upon
the Biositemaps and BRO infrastructure to develop RDS, a system
that enables institutions to describe and publish structured re-
source descriptions as well as enabling semantic search and dis-
covery of key tools in biomedical research. This framework can
help deliver biomedical resources to the broader research commu-
nity and reduce redundancy in resource development.

A number of important lessons have been observed empirically
through real-world use. For example, real-world deployment has
highlighted the importance of training, support, and motivation
for participation. Institutions and individual researchers must see
direct benefit to them before they are likely to put in the time
and effort required to collect and record resource meta-data. While
it is easy to see how one benefits from others publishing their infor-
mation, it is harder to see how the home institution can benefit.
Investigators do tend to be enthusiastic about the ability to locate
resources within their own institution, as these are often not
methodically captured, nor documented in any organized way.
For this reason, RDS was developed as an open system that can
be deployed not only at the national level, but at local institutions
as well. Information collected for a local deployment of the system
can then be easily repurposed to share more broadly. Future
planned functionality is the ability to designate resources as ‘‘pub-
lic’’ or ‘‘private’’ at an institutional level. This type of continuing
on-the-ground observation will continue to inform our system de-
sign moving forward.

A key feature of Biositemaps is that each resource owner pub-
lishes descriptions of the resources on the Web, annotated using
terms from BRO. These resource descriptions are then discoverable
by semantic web-based search engines. This decentralized
e Ontology (BRO) to enable resource discovery in clinical and translational
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approach is scalable, and does not require curation of a central
database. Our decentralized approach necessitated certain design
decisions in order to ensure an intuitive interface and usability
by a diverse set of users. Thus far, we have made tradeoffs between
complexity and functionality on the one hand, and ease of compre-
hension and use on the other.

Over the past five months since we started tracking usage, with-
out any formal marketing or publicity for the site, RDS has seen
over 1000 visits and over 6000 page views from almost 500 indi-
vidual users. Feedback to date has been very positive, both through
formal usability evaluation and anecdotal evidence, however, the
task is far from complete. With the infrastructure now solidly
established, significant work items have been identified. Perhaps
the most substantial item will be the work required to expand
the existing inventory. While a portion of the work may be auto-
mated, through Web scraping agents and text mining algorithms,
a considerable amount of manual curation will be necessary at
each individual site. Even once existing resources have been de-
scribed, ongoing curation of resources will be needed to ensure
current, accurate information.

As the list of resources continues to expand, the BRO will also
expand in parallel in order to describe the rapidly evolving land-
scape of resources for biomedical research. Our motivation for doc-
umenting the current state of RDS and the BRO is not to present
this system as a finished product, but rather as a thriving and
evolving project. We believe that the BRO will continue to evolve,
and that there will ultimately be important applications beyond
the RDS and Biositemaps efforts. The current work seeks to achieve
forward compatibility with other efforts through ongoing discus-
sions with NIF, the Neuroimaging Informatics Tools and Resources
Clearinghouse, and the eagle-i Consortium, who are developing
rich data models for centralized annotation. BRO development
and extension has been, and will continue to be, a transparent
and collaborative process. Further, the utility of the BRO depends
on input from a broad range of stakeholders, from resource owners
to semantic tool developers, to organizations with needs for
semantic tools beyond what we can even anticipate at this time.
We encourage interested parties to join the designated Google
group Biomedical Resource Ontology (BRO) Discussions [19].
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