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The electronic health record (EHR) contains a diverse set of clinical observations that are captured as part
of routine care, but the incomplete, inconsistent, and sometimes incorrect nature of clinical data poses
significant impediments for its secondary use in retrospective studies or comparative effectiveness
research. In this work, we describe an ontology-driven approach for extracting and analyzing data from
the patient record in a longitudinal and continuous manner. We demonstrate how the ontology helps
enforce consistent data representation, integrates phenotypes generated through analyses of available
clinical data sources, and facilitates subsequent studies to identify clinical predictors for an outcome of
interest. Development and evaluation of our approach are described in the context of studying factors
that influence intracranial aneurysm (ICA) growth and rupture. We report our experiences in capturing
information on 78 individuals with a total of 120 aneurysms. Two example applications related to assess-
ing the relationship between aneurysm size, growth, gene expression modules, and rupture are
described. Our work highlights the challenges with respect to data quality, workflow, and analysis of data

and its implications toward a learning health system paradigm.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The promise of using electronic health records (EHRs) for sec-
ondary uses such as studying the natural evolution of diseases,
characterizing recent trends in exposures, and improving the qual-
ity and delivery of care has been well-documented [1-3]. Recent
reports from the Institute of Medicine on health information tech-
nology motivate the reuse of EHR data to achieve a learning health-
care system that permits real-time analysis of data collected about
patients [5,6]. Efforts to mine the patient record have demon-
strated promising results in identifying patient cohorts for clinical
trials [7], detecting adverse drug events [8], and providing clinical
phenotypes for correlation with genetic findings [9]. Infrastructure
tools such as i2b2 and SHARPn have made searching, summarizing,
and retrieving data from cohorts captured by the EHR more feasi-
ble [10,11]. These developments have supported a growing body of
work that utilize EHR data in identifying patient cohorts with
specific diseases and conducting large population studies to mine
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associations between gene variants and clinical phenotypes
[12-14]. Nevertheless, fulfilling the promise of precision medicine
necessitates not only the ability to aggregate and mine information
from multiple clinical data sources, but also novel approaches to
obtain detailed characterizations of observations that provide suf-
ficient context for studying the evolution of a patient’s condition.
Moreover, the results of observational studies leveraging EHR data
are influenced by inherent variability in reporting quality, which
may result in biased, incomplete, and inconsistent information
[15,16]. Sample sizes that are larger than a single institution are
frequently required to establish statistical significance, but EHR
data are typically kept in silos that make pooling information
across multiple populations difficult. Common data models such
as the Clinical Element Model (CEM) [17] and the Observational
Medical Outcomes Partnership (OMOP) [18] are beginning to
address these data integration issues, but the implementation of
these models remains limited in scope. Establishment of a compu-
tation framework and systematic workflow is needed to address a
number of caveats in transforming data originally collected for
clinical and billing purposes into data usable for research [19].

In this paper, an ontology-driven framework is presented for
representing and validating observational clinical, imaging, and
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genomic findings from clinical records at our institution. The goal
is to facilitate the systematic extraction and longitudinal represen-
tation of detailed observations in a standardized manner, allowing
a large cohort of individuals to be identified from the EHR and sub-
sequently used to address research aims. The ontology plays a cen-
tral role in data integration, information extraction, quality
assessment, and retrieval.

1.1. Related work

Components of this work are similar to existing approaches, but
several distinctions can be made. In [20], Min et al. demonstrated
the application of an ontology to assist in the integration and
querying of heterogeneous information across a prostate cancer
database and tumor registry. A prostate cancer ontology was cre-
ated and mapped to multiple custom relational databases using a
mediator (D2RQ). The use of the ontology permitted queries to
be posed using the SPARQL Protocol and RDF Query Language
(SPARQL), allowing data to be easily retrieved from multiple
sources using a single query. In our work, the role of the ontology
is similar, but we demonstrate how the ontology is integrated with
the OMOP common data model, rather than formulating a custom
data model and maintaining a mapping. REDCap [21] is an elec-
tronic data capture tool that permits users to easily design and
deploy standardized forms with data validation functions.
Observations and measurements associated with each instance of
a disease are tracked independently over time in our approach,
permitting investigators to study a particular instance (e.g., evolu-
tion of a single lesion) or the patient as a whole (e.g., total number
of lesions in a patient), maintaining this distinction in REDCap is
difficult using the current paradigm employed to organize its data.
OPIC (Ontology-driven Patient Information Capture) is a data col-
lection framework that utilizes the Epilepsy and Seizure ontology
to standardize data entry and representation, proactively enforce
data accuracy, and support logical skip patterns [22,23]. While
related in approach, our work focuses on using the ontology to
extract and represent clinical data; we also show how an ontol-
ogy-driven approach can be applied to another domain with differ-
ing information requirements. In summary, the contributions of
our work are threefold: (1) to present a framework that combines
the OMOP common data model with an application ontology to
integrate heterogeneous data across multiple sources; (2) to
employ the ontology as the central source of domain knowledge
to transform clinical data into a structured representation that
characterizes clinical observations longitudinally; and (3) to dis-
cuss the strengths and limitations of utilizing an ontology-driven
approach to improve the quality of data extracted from the EHR
for secondary use.

1.2. Driving example: intracranial aneurysms

As a running illustration, our efforts are described in the context
of analyzing data from patients with intracranial aneurysms (ICA).
ICAs are complex lesions that are only partially understood: their
multifaceted nature has hampered efforts to explain its pathophys-
iology and thus the development of effective therapies. Ruptured
ICAs result in subarachnoid hemorrhage (SAH) associated with a
poor 30-day mortality rate of 17-35% [24]. Recent studies on ICA
have focused on imaging studies [25], tissue samples [26], and
genomic analyses [27,28]; such studies have identified variables
(e.g., wall shear stress, familial influence, environmental factors)
that influence how ICAs form and evolve. However, these studies
typically analyze facets of the disease in isolation: while predictive
factors are reported, no study has attempted to comprehensively
understand the relationship between pathophysiological and
genetic factors with clinical observables. Hence, gaps persist in

our knowledge of what is known about the disease, what areas
need to be further understood, and how the knowledge gained
can influence routine clinical decisions. One notable effort was
the @neurlST project [29], which implemented a grid-based infras-
tructure and application ontology for standardizing and sharing
data from multiple sources and analyzing the data to generate
computational models of risk for patients. While their efforts
resulted in a platform for aggregating and sharing data on a specific
patient cohort across multiple institutions, the ability to generalize
their work to other research environments has yet to be demon-
strated. Two example applications based on our developed frame-
work are described to illustrate how the ontology is helping yield
new insights into the management of this patient population.

2. Materials & methods

The overarching goal in utilizing an ontology-driven approach is
to improve the quality and accessibility of clinical observations and
relevant contextual information to answer questions related to
rupture risk and treatment selection in individuals with ICA. Our
local institutional review board approved a waiver of consent for
retrospective review of past ICA cases and consent materials for
prospective cases. The following sections describe the approaches
used to formulate the application ontology, establish a data extrac-
tion and integration workflow, generate detailed contextual infor-
mation from the clinical data, and monitor the collection process.

2.1. Intracranial aneurysm ontology

2.1.1. Scope

The Intracranial Aneurysm Ontology serves as a unifying repre-
sentation for modeling relevant findings related to ICA. The
ontology covers a broad range of information specific to aneurysm
risk, morphology, and treatment that is reported in or derived from
clinical data sources, as listed in Table 1. Information related to
biological processes is not explicitly represented in the ontology;
rather, existing ontologies such as Gene Ontology are referenced
[30]. Examples of how the ontology influences data extraction
and integration are depicted in Fig. 1. Entity names and synonyms
captured in the ontology are used to generate term lists that are
used in named entity recognition (Fig. 1a). Annotations associated
with each entity specifying data type and permissible values con-
strain how fields are presented to the user in the web-based form
(Fig. 1b). Queries that exploit the ontology’s graph structure and
semantic relationships can be executed using SPARQL to retrieve
related entities (Fig. 1c).

2.1.2. Approach

Using the Basic Formal Ontology (BFO) [31] as the overarching
organization, the ontology was developed using a top-down,
bottom-up approach to catalog relevant entities, relations, and
attributes.

2.1.2.1. Top-down approach. A top-down approach was followed to
identify candidate entities based on the input of clinical investiga-
tors and examination of current scientific literature. During the
elicitation process, individuals with backgrounds in neurosurgery
(NRG), interventional and diagnostic neuroradiology (FV, JPV),
and hemodynamic analysis (FV, AC) were asked to enumerate all
known variables with relevance to aneurysm growth and rupture.
In addition, a review of published systematic reviews and reporting
standards was conducted to identify relevant entities documented
in the literature [32-39]. In total, the top-down approach yielded
398 unique entities.
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