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Abstract

Background: Blockchain technology is emerging as an innovative tool in data and software security.

Objective: This study aims to explore the role of blockchain in supporting clinical trials data management and develop a
proof-of-concept implementation of a patient-facing and researcher-facing system.

Methods: Blockchain-based Smart Contracts were built using the Ethereum platform.

Results: We described BlockTrial, a system that uses a Web-based interface to allow usersto run trials-related Smart Contracts
on an Ethereum network. Functions allow patientsto grant researchers accessto their dataand all ow researchersto submit queries
for datathat are stored off chain. Asatype of distributed ledger, the system generates a durable and transparent log of these and
other transactions. BlockTrial could be used to increase the trustworthiness of data collected during clinical research with benefits
to researchers, regulators, and drug companies alike. In addition, the system could empower patients to become more active and
fully informed partnersin research.

Conclusions: Blockchain technology presents an opportunity to address some of the common threats to the integrity of data
collected in clinical trials and ensure that the analysis of these data comply with prespecified plans. Further technical work is
needed to add additional functions. Policies must be devel oped to determine the optimal models for participation in the system
by its various stakeholders.

(JMIR Med Inform 2018;6(4):€11949) doi:10.2196/11949
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of the rigor of their work and represent important academic
achievements. For companies, considerable investment in
research and development may be at stake along with the
prospect of future earnings, both of which typically count in
the billions of dollars. In brief, both publishers and regulators
need to trust the data presented to them.

Several threats to the validity of clinical trials data stand to
underminethistrust [1]. First, datacan be altered or logt, either

Introduction

Clinical trials generate data used in the preparation of
peer-reviewed journal papers and applications to regulatory
bodies for approval of new treatments. In both cases, the
integrity of these data is important to numerous stakeholders,
including academic researchers, journal editorsand publishers,
drug and device companies, government regulators, and most

importantly, prospective patients and the genera public. For
researchers, published papers serve as akey external validator

http://medinform.jmir.org/2018/4/€11949/
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observers. Second, thereisarisk that the published analysisis
not atrue representation of the analysisthat wasinitialy planned
[2]. Reasonsfor variation includefailing to report all outcomes
measured, selective reporting of positive results (publication
bias), stopping data collection after achieving the desired resullt,
and excluding some data after ng the impact of doing so,
among many others. Third, datamay be fabricated, manipul ated,
or duplicated by researchers committing outright fraud. Because
of these risks, journals, regulators, and other oversight groups
are expected to trust the data generated by clinical trialsin the
absence of a fully trustworthy relationship with those who
generated them.

Blockchain technology has recently emerged as an alternative
means for transferring data between participating parties based
on a“distributed ledger” model that affords afully transparent
and immutable record of data transactions [3]. A blockchain
consists of consecutive chained blocks that are replicated on
the nodes of a peer-to-peer network. Blocks consist of records,
and each record contains details of a transaction between the
users of the system. Blockchain technology was originally
designed to serve as the basis for electronic cash systems such
as bitcoin [4]; it eliminates the need for trusted third partiesin
financial transactions by providing a secure and verifiable
history for every transaction in the system. Depending on the
application, transactions may involve a cryptocurrency, such
as bitcoin, or other kinds of assets.

Smart contracts—code that is stored, executed, and verified on
a blockchain—are a central component of the next-generation
blockchain platforms[5]. Smart contracts can play several roles,
including encoding the business logic for an application,
ensuring that preconditions for action are met before it is
executed, and enforcing permissions for an action. Because
smart contracts run on a blockchain, they have unique
characteristics compared with other types of software. First, the
program itself isrecorded on the blockchain, which impartsthe
blockchain’s characteristic permanence and resistance to
censorship. Second, the program can control blockchain assets.
Third, the program is executed by the blockchain, meaning it
will always execute as written and no one can interfere with its
operation.

As blockchain technology matures, applications outside of
finance areincreasingly being explored, including in the health
care sector [6-10]. Blockchain-based models for electronic
medical records have been proposed that would empower
patients to exercise greater ownership of their medical dataand
enhance data sharing between platforms [11-13]. Blockchain
technology might also prove useful in supporting or even
supplanting the traditional data infrastructure used in clinical
trials [14-16]. Because the blockchain can be used to establish
a permanent record agreed upon by all participating parties, it
has the potential to mitigate some of the threatsto data validity
asoutlined above. Immutableclinical trialsdatarecorded using
a blockchain may inspire greater confidence in its veracity,
resulting in better science, safer medicines, and enhanced public
trust in biomedical research.

This study aims to describe BlockTrial, a blockchain system
for clinical trials management based on the Ethereum platform.

http://medinform.jmir.org/2018/4/€11949/
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We discuss some design considerations and describe a
proof-of-concept system for patient enrollment and data
retrieval.

Methods

The clinical trials process (Figure 1) consists of trial protocol
setup and registration, patient enrollment, data collection, data
analysis, report generation, and publication of results [14].
Blockchain solutions may be useful in managing study metadata,
including protocol registration, descriptions of prespecified
analyses, screening and enrollment logs, and data upload and
query logs. The first steps involve the creation of metadata,
whereas the later reporting stages refer to these metadata to
ensure adherence to protocols and prespecified analyses.
Blockchain-based solutions stand to address questions of data
integrity and reproducibility at these various stages through the
creation of a detailed, time-stamped ledger of data upload and
query events.

Our development process addressed 3 main design
considerations. The first relates to the type of blockchain that
would best suit clinical trials applications. Blockchains can be
public, consortium-based, or private. Public blockchains are
those that anyone in the world can read and send transactions
to, conferring maximal transparency. In this configuration, the
nodes extend beyond the research community and could include
anyone in the world participating in the public network.
Blockchains controlled by a single organization (private) or
group of organizations (consortium-based) can have restricted
permissionsfor reading and writing and are therefore only partly
decentralized. A consortium-based blockchain might be run by
agroup of oversight bodies (eg, academic journalsand licensing
authorities) with nodes distributed across members of the
consortium, which in this model, might include investigators
activein clinical research; thiscould, in theory, come at the cost
of diminished visibility by outside organizations. Second isthe
question of who would participatein ablockchain-based clinical
trials platform. Several different groups have an important stake
in the trials process, including patients, researchers, ethics
boards, funders, pharma and device companies, regulatory
agencies, publishers, and others. Each of these stakeholdershas
variousinterestsin the process with differing assets at stake and
resources to commit. One advantage of using a blockchain to
manage clinical trialsisthat it standsto directly empower these
various actors, who may have substantial investment in the
study, be it financial, academic, or personal. The potential to
involve patients in the management of their own data is a
particularly useful prospect aligned with the ethical principle
of autonomy that is central to clinical research. Thethird isthe
guestion of whether the blockchain should store the research
data or whether transaction records alone should be stored. For
most studies, transaction recordswould be much smaller insize
and could be used to certify the veracity of the data, provide
means of determining provenance, and point to clinical and
research data stored elsewhere. Moreover, storing transaction
records alone on the blockchain allows the platform to exploit
existing approachesto managing clinical research data, ensuring
compatibility with current clinical trial s data management tools
such as OpenClinicaor REDCap [17]. Although the study data
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could, in theory, be stored directly on the blockchain, this
approach may be impractical because of the limitations of
storage space and difficulties in querying the data in such a
configuration, especially when considering large datasets such
as those generated by genome sequencing.

We developed BlockTrial using aprivate Ethereum blockchain,
allowing usto have full control of the design and devel opment

Maslove et d

process and leverage the smart contract functionality that is
central to our model. Given the abovementioned trade-offs
regarding storage space and ease of querying, we developed a
model inwhich the blockchain stores transaction records rather
thantheclinical trialsdataitself. Our proof-of-concept platform
model sthe actions of patientswho may give or withhold consent
to participate in the study, as well as researchers, who collect,
store, and analyze the data.

Figure 1. Clinical trials workflow: various phases of the clinical trials process generate and make use of study metadata.

Trial protocol &
setup

Validation/
Publication

Results

Ethereum is an open-source programmable blockchain that
supports smart contracts and allows developers to create
applications at any scale[5]; it includes a peer-to-peer network
protocol with each node in the network running the Ethereum
Virtual Machine. Operations can be distributed across the
network, thereby leveraging the security, accountability, and
efficiency of distributed computing. The Ethereum Foundation
makes available several Ethereum client implementations,
including C++, Python, Go, Java, JavaScript, and Ruby.

Figure 2 shows the structure of BlockTrial. The patient Smart
Contract (Patient SC) governs patient enrollment and granting
of permissions, whereas the research Smart Contract (Research
SC) allows researchers to send and receive queries to the trial
database. A blockchain “oracle” is used to interface with
“off-chain” resources, including the trial database.

http://medinform.jmir.org/2018/4/€11949/
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The implementation, which is intended to demonstrate the
feasibility of our blockchain-based approach, supports a
simplified clinical trial scenario in which patients and
researchersinteract with one another aswell aswith the system
through a Web app (BlockTrial App). Patient data have been
collected and stored in adatabase that is managed by a Database
Server outside of the blockchain. Following appropriate
discussions with research personnel and upon providing
informed consent to participate in a study, patients use the
BlockTrial App to register in the study and set permissions on
their data for the study. Their registration and permission
settings are recorded in the blockchain. Researchers use the
BlockTrial App to retrieve study data from the database. Data
requests are filtered by patients' permissions and registered in
the blockchain. The requests are in turn retrieved from the
blockchain and executed by the database server which sends
the results of the requests to the researcher. The data analysis
can then be performed outside the system at the researcher’s
site.
JMIR Med Inform 2018 | vol. 6 | iss. 4 |€11949 | p.6
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Smart contracts are placed on the Ethereum blockchain to
implement the actions for the patients and researchers. The
contracts create transactions to record the actions in the
blockchain, thus ensuring the integrity of the study and facilitate
requests to the external database server managing the trial
database. Furthermore, actions initiated by users through the
BlockTrial App are implemented by calling methods made
available by smart contracts.

Although smart contracts can run algorithmic calculations, store
data, and retrieve data, it is not practical to make arbitrary

Maslove et d

requests to a service off the blockchain, such as the database
server, from a smart contract. Smart contracts interact with the
off-chain world through “oracles,” which are agents that watch
the blockchain for events and respond to them by invoking a
service or performing some action [16]. The database server
includes a blockchain oracle that looks for new queries on the
blockchain, executes the queries on the database, and publishes
the results of the query back to the contract. Textbox 1 shows
the methods provided by BlockTrial’s smart contracts.

Figure2. TheBlockTria structure—patients and researchers interact with BlockTria through the Web-based BlockTrial App. SC: Smart Contract.

Patient

Trial
database

BLOCKCHAIN

Researcher

BlockTrial
4

Query result

Database server

Textbox 1. Smart contract methods.

Patient Smart Contract

. addPatient: Registers a patient for the study and sets access permissions

« editPermissions. Changes a patient’s access permissions

. getPeople: Getsthe set of patients registered for the study

Researcher Smart Contract
« addQuery: Submits a new query to the blockchain
»  addQueryResult: Places a hash of a query result on the blockchain

. getQueries: Retrieves waiting queries from the blockchain

«  getUnsolvedCount: Retrieves the number of waiting queries from the blockchain

http://medinform.jmir.org/2018/4/€11949/
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The patient smart contract (Patient SC) maintains an array in
the blockchain that holds patients registered for the study and
the permissions they have set for their data. Patients register
their permission to access datafor the study with the addPatient
method and change their permissions with the editPermissions
method.

The researcher smart contract (Researcher SC) supports
researchers issuing queries to the study database and receiving
their results. To retrieve study data, a researcher calls the
addQuery method, which placesthe SQL text of the query and
the address of the researcher issuing the query in astructure on
the blockchain maintained by the Researcher SC. Theresearcher
then waits for a notification from the database server that the
result is available. When the oracle in the database server
recognizes that a new query is available in the Researcher SC,
it uses the getQueries method to fetch the query text and
researcher address and the getPeople method of the Patient SC
to get the current permissions for all patients registered in the
study. The oracle applies the permissions to the query and
submitsthe query to the database. Because query results can be
arbitrarily large, it is not practical to put the results on the
blockchain. Therefore, we apply a secure hash function, such
as SHA-1, to obtain aunique signature that can be used for later
validation and append a new transaction to the blockchain
containing the query and the result signature. The oracle then
makesthe result of the query availableto the researcher through
a separate channel.

Discussion

Principal Findings

Clinical trialsare one of the cornerstones of biomedical research,
providing a mechanism for the objective evaluation of the
benefits and risks of new therapies. Trust in clinical trials
reporting is synonymous with that in the medical profession
itself. Much is at stake, given the potential consequences for
patients and their doctors as well as major stakeholders,
including researchers, pharmaceutical and device manufacturers,
regulators, publishers, and funding agencies. Thetrustworthiness
of clinical trials datais central to modern medical research and
practice but for avariety of reasons, it cannot be assumed.

A blockchain platform for clinical trials could be useful in
ensuring the trustworthiness of clinical trials data collection and
reporting. The need for such aplatform reflects the convergence
of several trendsin clinical research. First, patient autonomy is
increasingly recognized as necessary to the conduct of ethical
studies and to enhance recruitment into trials [18]. Blockchain
technology has aready been explored as ameans of enhancing
agency among patientsin the form of electronic medical records
that empower patients to share their data with their care
providers. A natural extension of this use case is in ongoing
consent to participate in clinical trials and to share data with
researchers.

Second, regulators such as the Food and Drug Administration
often require that data collected in the course of aclinical trial
investigating anew drug or device be posted in aregistry, such
as clinicaltrials.gov, upon study completion [19]. However,

http://medinform.jmir.org/2018/4/€11949/
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adherence to this practice remains poor [20,21]. Blockchain
technology could improve adherence to reporting through
various forcing functions, particularly at the time that data are
queried by investigators for further analysis. Querying the
dataset could trigger automatic posting of the datato aregistry,
perhaps with an embargo period to alow the researchers to
complete their initial analysis. In addition, blockchain
technology might be useful in ensuring that analysisisdonein
accordance with the statistical analysis plansthat were specified
at the time of trial registration. This need reflects a third trend,
highlighting the potential negative consequences of multiple
post hoc analyses (also referred to as“ datadredging”) [22,23].

Finally, blockchain technology suggests a mechanism through
which researchers can interact with research oversight bodies,
including local research ethics boards. By uploading ethics
applications to a blockchain, permanence of the protocol and
approval process can be established. Furthermore, ablockchain
might facilitate approval by asingle research ethics board across
multiple sites participating in a multicenter study.

This study described BlockTrial, a proof-of-concept
implementation of a blockchain for clinical trials research.
BlockTrial operatesasa private blockchain, where patients and
researchers act as nodes. Patients can assign permissions for
which of their data can be viewed, and by whom, whereas
researcher requestsfor dataare written into an immutabl e record.
Previous work has explored the use of blockchain technology
to enroll patients in clinical trials and record their consent to
participate [15,16]. This study extends this model to include
research participation in a blockchain with data query and
retrieval capabilities. This model empowers patients to take a
more active role in their participation in research studies. The
Web-based framework standsto improve the efficiency of study
enrollment and ensure that consent is as informed as possible.
Records of assigning and revoking consent and permission
would be visible to all parties and could be used for auditing
purposes to ensure proper adherence to trial recruitment
guidelines. Immutable records of researcher requests for data
and of delivery of said data could be tied to required reporting
tasksto ensurethat trial registries, such asclinicaltrials.gov, are
populated timely with up-to-date and complete data.

This study has several strengths. It uses the existing Ethereum
blockchain, which is widely used and which offers several
application programming interfacesto facilitate further software
development. We model 2 different types of participants,
including both patients and researchers as nodesin the network.
In addition, we developed a Web-based interface for ease of
use. However, this study also has several limitations that must
be considered. Chief among these isthe cost of participating in
an Ethereum-based blockchain; this would require that some
participants either purchase ether or mine ether directly (and
therefore incur computing and power costs). The optimal
distribution of costs remains to be worked out; however, we
believe that significant incentives exist for researchers and
companiesto contribute to these costs, especially if regulations
around reporting requirements continue to expand. In addition,
our system requiresintegration with an existing clinical database
such as REDCap. Although this does increase the overhead in
terms of computing infrastructure and middleware, it is likely
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to improve the ease and speed of querying data and allows for
the use of large data stores, which are unlikely to be easily
accommodated on the blockchain itself. The patient-facing
functionalities of our model are designed to increase patient
autonomy through the ability to assign and revoke permissions
for researchersto access data. However, this doesintroduce the
potential that more patients will opt out of a study in progress,
potentially introducing considerable selection bias. Finaly, the
blockchain implementation we describe does not guarantee
absolute data integrity; data entry itself remains a point of
vulnerability. Although it remains unknown how this model of
clinical trial data management will be received by various
stakeholders, we believe that substantial benefits may accrue
to usersof all typesand that these would offset the upfront costs
of further developing and subscribing to a new system.

Future research and development should address the
sociotechnical barriers to implementing blockchain solutions
for clinica trials management. Additional participant roles
should be modeled, including funders, ethics boards, research
institutions, academic journals, trial registries, pharmaceutical
corporations, clinical trial organizations, and regulatory
agencies. In addition, payment models should be explored,
which may include consideration of aspecific “BlockTrial coin”

Maslove et d

cryptocurrency that could be used to run the system and create
the necessary incentives to induce the desired participant
engagement. Integration with clinical trialsregistriesand journal
publishers should be explored to increase data sharing and
transparency and facilitate the process of publishing trial results
without bias, including selection bias, confirmation bias, and
various types of confounding, all of which could be introduced
in the course of post hoc analyses. Finally, qualitative research
is needed to better describe the attitudes and preferences of
patients, researchers, and other stakeholders toward
blockchain-enabled clinical trials data infrastructure.

Conclusions

This study presents a proof-of-concept blockchain-enabled
clinical trials data management solution that enables the
interaction of patients and researchers engaged in clinical
research. BlockTrial affords immediate benefits to patients by
empowering them to better control access to their data and to
researchers by affording them useful toolsto maintain adherence
to reporting requirements. Further developed with more
stakeholder roles, BlockTria standsto enhance the integrity of
clinical trials data and promote trust throughout the clinical
research community and beyond in the output of medical
research.
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Abstract

Background: Severa models suggest how the qualities of a product or service influence user satisfaction. Models such as the
Customer Satisfaction Index (CSl), Technology Acceptance Model (TAM), and Delone and McL ean Information Systems Success
demonstrate those relations and have been used in the context of health information systems.

Objective: This study aimed to investigate which qualities foster greater satisfaction among patient and professional users. In
addition, we are interested in knowing to what extent improvement in those qualities can explain user satisfaction and whether
this makes user satisfaction a proxy indicator of those qualities.

Methods: The Unified eValuation using ONtology (UVON) method was used to construct an ontology of the required qualities
for 7 electronic health (eHealth) apps being developed in the Future Internet Social and Technological Alignment Research
(FI-STAR) project, a European Union (EU) project in electronic health (eHealth). The eHealth apps were deployed across 7 EU
countries. The ontology included and unified the required qualities of those systems together with the aspects suggested by the
Model for ASsessment of Telemedicine apps (MAST) evaluation framework. Moreover, 2 similar questionnaires for 87 patient
users and 31 health professional users were elicited from the ontology. In the questionnaires, the user was asked if the system
has improved the specified qualities and if the user was satisfied with the system. The results were analyzed using Kendall
correlation coefficients matrices, incorporating the quality and satisfaction aspects. For the next step, 2 partial least squares
structural equation modeling (PLS-SEM) path models were developed using the quality and satisfaction measure variables and
the latent construct variables that were suggested by the UVON method.

Results: Most of the quality aspects grouped by the UVON method are highly correlated. Strong correlations in each group
suggest that the grouped qualities can be measures that reflect a latent quality construct. The PLS-SEM path analysis for the
patients reveal s that the effectiveness, safety, and efficiency of treatment provided by the system are the most influential qualities
in achieving and predicting user satisfaction. For the professional users, effectiveness and affordability are the most influential.
The parameters of the PLS-SEM that are calculated allow for the measurement of a user satisfaction index similar to CSI for
similar health information systems.

Conclusions: For both patients and professionals, the effectiveness of systems highly contributes to their satisfaction. Patients
care about improvementsin safety and efficiency, whereas professional s care about improvementsin the affordability of treatments
with health information systems. User satisfaction is reflected more in the users’ evaluation of system output and fulfillment of
expectations but slightly lessin how far the system is from ideal. Investigating satisfaction scores can be a simple and fast way
toinfer if the system has improved the abovementioned qualities in treatment and care.
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Introduction

Background

The normative evaluation of health information systems is
articulated through a frequently used set of keywords such as
acceptance or adoption [1,2], success|[ 3], and satisfaction [4,5].
Each of these keywords reminds us how a health information
system inherits traits from its conceptual ancestors, that is, the
information system, technology, and product. For an overall
eval uation of these systems, one might measure how well these
information systems succeed [6,7], how these technologies are
accepted by users[8,9], or how the customers of these systems,
patients, or professional s are satisfied with these products[10].
Below thislayer of top indicators, there exist sets of constructs
and relationshipsthat cause success, acceptance, or satisfaction.
Researchers have tried to capture and demonstrate through the
models how success [6,10], acceptance [9], or satisfaction
[11-13] are created by constructs such as perceived quality,
perceived expectation, ease of use, and other variables. Some
of these models have largely been employed in diverse contexts
[14]. There are also models, whether novel or customized from
the mainstream, that are specific to a smaller context such as
health information systems[15-17].

The Customer Satisfaction Index (CSI) model family placesthe
satisfaction construct at the core of their path structures. There,
the satisfaction construct is affected by leading indicators such
as perceived quality. At the same time, it impacts lagging
indicators such as user loyalty. There are at |east three versions
of CSlI widely being used. The origina CSI model was
introduced in Sweden [11]. The American Customer Satisfaction
Index improved the Swedish version [12], and then the European
Customer Satisfaction Index (ECSI) enhanced the American
version [18]. The ECS|I model consists of 9 latent construct
variables [18], which are measured by a series of measure or
manifest variables. Historically, CSI models have been used at
macro levelswhere the satisfaction of customers at the national
level or the level of an enterprise was the matter of concern.
Thewording of CSI models, such asthe customer term, and the
inclusion of some constructs, such as loyalty, suggest that
measuring user satisfaction at themicro level, that is, the product
level, was not their main target. However, the manifestation of
the satisfaction concept in the CSlI modelsthrough its 3 manifest
variables[18] isversatile enough to measure satisfaction at both
micro or macro levels with the same wording. CSI models
introduce away of measuring satisfaction scoresthrough adding
the weighted scores of those 3 variables, which inspires similar
approachesin various disciplines. In comparison with using the
CSl modelsfor health information systems, one might consider
the patient satisfaction models[19] that share a set of common
constructs and relations with the CSI models but do not
necessarily embed the same structures or components.

http://medinform.jmir.org/2018/4/€11252/

The Delone and McL ean Information Systems Success (D&M
IS) model, a prevalent model for analyzing the success of
information systems, sets out the relationship between user
satisfaction and quality dimensions [6,20]. In this model, 3
categories of qualities, information, system, and service
contribute to user satisfaction. There are 2 other constructs, net
benefits and intention to use, that are in a bidirectional impact
relationship with user satisfaction [20]. Several studies have
validated the causal relationships between the constructsin the
D&M IS model [21]. In addition, there exists a long list of
validated measures for each of the constructs [22]. The D&M
ISmodel hasbroadly been used in the health information system
context [23]. Furthermore, it has also been extended and
customized to be more specific for this context, such asin the
Human, Organization, and Technology Fit model [24], but the
extension has been directed more toward a wider perspective
of organization and technology. Although some studies have
incorporated [25] or prioritized [26] more specific qualities,
further investigation is needed to be more specific about the
impacting qualities and their degree of importance.

Technology acceptance models, such as Technology Acceptance
Model (TAM) aswell asthe Unified Theory of Acceptanceand
Use of Technology, which are supported by a great many of
studies [8,9], placed the acceptance of a system or technology
at the core of relationships. These models have been applied in
health information system studies, although they have reported
the significance of some of relationships differently [8]. The
user acceptance of ahealth information system can beaprelude
to or reflection of their satisfaction in using that system, but
acceptance is not the same as satisfaction. Some researchers
have considered acceptance, that is, the behavioral intention to
usein TAM, an equivalent for satisfaction [27], but the intention
touseisadifferent construct from satisfactionin awell-studied
model such asD&M IS.

Contextualizing TAM by adding variables has been acommon
practice [8,28,29]. Indeed, contextualizing TAM for health
information technology has led to the introduction of some
frequently employed variables, such asfit [30]. However, there
is a shortage of studies applying a systematic approach, such
as belief eicitation [31], when introducing a new variable [8].

Objectives

For the CSI, D&M IS, and TAM, the set of relationships
between their proposed constructs have been already examined
invarious contexts[8,14,13]. Nevertheless, for aspecific context
such as health information systems, one might seek to develop
new models, probably inspired by thosethat arewell established,
to expand a construct into more detailed constructs or find
manifest variables more relevant to a case. For example, the
constructsthat represent the qualities of asystem are generalized
in those models or their variations as perceived quality [13];
system, service, or information quality [20]; and output quality
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[8]. However, none of those model s represents aspecific quality,
such as safety, as a stand-al one construct.

In addition, finding a systematic approach to define manifests
for construct variables, as mentioned before, isanother direction
for extending a model [8]. Many of the evaluation frameworks
for health information systems suggest the qualitiesto evaluate
[32], arranged as categories or domains. These frameworks
implicitly suggest constructs and the manifeststo each construct.
Simultaneously, the end users of health information systems
are another sourcefor eliciting the qualities and their groupings
[33].

In the forthcoming sections, we put forth alist of qualities that
create and predict user satisfaction with health information
systems. The qualities are embedded within a path model that
demonstrates their relationships with user satisfaction. This
study’s methods and materials are discussed in the Methods
section. The qualities elicited from the Future Internet Social
and Technological Alignment Research (FI-STAR) project by
applying the Unified eValuation using ONtology (UVON)
method are reported in the Results section, an exploratory result
is demonstrated in the Correlation Patterns section, and an
estimated model is presented in the Partia Least Squares
Structural Equation Modeling Path Models section. The
European Union (EU)—wide empirical data collected through
the FI-STAR project, detailed in the Methods section and
Multimedia Appendix 1, is used to calculate and validate the
model inthe Partial Least Squares Structural Equation Modeling
Path Models section. The results of exploration and model
calculations are discussed in the Correlations section and the
Partial Least Squares Structural Equation Modeling Path Models
section. Subsequently, based on the model, the relative
importance of qualities in creating and predicting user
satisfaction isdiscussed inthe Most Influential Qualities section.
In the section Satisfaction Index, weightings are suggested for
the calculation of a satisfaction index for health information
systems. Finally, we examine the limits and extensions to our
approach and suggested model in the Extensionsand Limitations
section.

Methods

Data Collection

The empirical datafor this study have been collected from the
FI-STAR project, an EU electronic health (eHealth) project with
7 subprojects across the EU [34]. A convenience sampling
approach was used for the recruitment of the participants. Each
eHealth app was deployed in a hospital or health facility site
and the userson the site—patients or health professionals—were
asked about their assessment of the impact of that specific
solution on treatment. Participation in the trials, and therefore
the survey, was voluntary with no mentioned preconditions.
There was no constraint on the type of eHealth project being
devel oped provided that they follow the FI-STAR requirements,
especialy using the FIWARE infrastructure. However, most of
the subprojects could be categorized as telehealth apps. A
summary of al subprojects can be found in Multimedia
Appendix 1.

http://medinform.jmir.org/2018/4/€11252/
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Data Analysis

We applied the UVON method [33] to the FI-STAR requirement
documents, together with the eval uation aspectsfrom the Model
for ASsessment of Telemedicine framework [35]. The quality
aspects appearing in the result of the UVON method are
supposed to be provided by the eHealth apps developed in the
FI-STAR project. For each quality appearing in the UVON’s
output, a question was formulated according to that specific
quality in the treatment. The questions were categorized
according to the resulting domains in the UVON’s output. The
answer alternatives to the questions were formed as a 5-point
Likert rating scale with unweighted scores. There were 20
qualities alongside the 3 user satisfaction questions from ECSI
[18] that were converted to 2 questionnaires. One questionnaire
was customized for the patients and the other one for the health
professionals. The content of the questionnaires can be found
in Multimedia Appendices 2 and 3. Responses to the
guestionnaires by 87 patients and 31 heath professionals,
physicians or nurses, were used for the model s suggested in this
study.

In 2 steps, we arrived at a model based on the empirical data
from the answers to the questionnaires. The calculations were
done using the R language, version 3.4.0[36]. The bootstrapped
significance calculation was performed in SmartPL S software
version 3.2.7 (SmartPLS GmbH) [37].

Inthefirst step, amatrix of Kendall correlation coefficients tau
(1) for each of the patient and professional questionnaires was
formed. Theresultsare presented in Figures 1 and 2. Moreover,
we used Cronbach alpha (a) test to measure the consistency of
theresultsin the UVON-suggested families of qualitiesashints
for finding constructsin the later steps.

Inthe second step, we created a PL S-SEM path model. For each
set of the qualitiesthat have already been grouped by the UVON
method and show a high degree of correlation, alatent construct
variable was considered. These latent variables are not directly
measurable but manifest themselves through quality and
satisfaction variables. If a quality corresponds only with one
guestion in the questionnaire, one latent proxy variable was
considered. Consequently, it would be possible to add more
measure variables to the same latent variable in future studies.
The PLS-SEM analysis was performed using the matrixpls
library in R, version 1.0 [38]. The sample size adequacy
calculations were performed using G*Power version 3.1
(Heinrich Heine University Diissel dorf), aprogram for statistical
power analysis for avariety of statistical tests[39].

Theresult of PLS-SEM should be interpreted in the context of
the questionnaire. Accordingly, asdiscussed in the Partial Least
Squares Structural Equation Modeling Path Models section,
negative coefficients were considered noninformative and were
excluded from the final results. The validity of the result was
demonstrated through atoolbox of significance, discrimination
analysis, internal consistency reliability, and convergence
validity. The caculation of significance indicators was
performed applying the bootstrapping approach using SmartPLS
software [37]. Whenever applicable, the noninformative nature
of negative coefficients was considered during the validity and
fitness calculations [40].
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Figure 1. Correlation matrix for the patient questionnaire results across all cases. For the details of each variable, refer to the corresponding question
in Multimedia Appendix 2. Insignificant (P>.05) results are left blank. Negative results are marked with leftward slanting lines. Note that the qualities
grouped by the Unified eValuation using ONtology (UVON) method usually show higher correlations together.
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Results

Unified Evaluation Using Ontology M ethod Outcome

The result of applying the UVON method on the FI-STAR
project was atree-style ontology of qualities[33], of which the
top-level qualities are listed in Table 1. The questionnaires
articulate those qualities and their more specific subqualities.
Table 1 is just an overview of the qualities, details of the
guestions that were created for each quality can be found in
Multimedia Appendices 2 and 3.

Eivazzadeh et d

Descriptive statistics of the variables in the patient and
professional questionnaires, including mean, SD, and median,
are shown in Tables 2 and 3. Details of the corresponding
question for each quality in Tables 2 and 3 can be found in
Multimedia Appendices 2 and 3.

Correlation Pattern

Ascanbeseenin Figures 1 and 2, aspectrum of weak to strong
correlation coefficients appeared in the Corrgram diagrams [41]
for the patient and professional questionnaire. The blank cells
aretheresultsthat were not statistically important (P>.05). The
results of the Cronbach alpha (a) test can be found in Table 4.

Table 1. The quality attributes resulting from applying the Unified eVauation using ONtology (UVON) method to Future Internet Social and

Technological Alignment Research (FI-STAR) requirement documents.

Quality name Description

Accessibility If the app is accessible to different users

Adherence If the patients adhere more to treatment because of the app

Affordability If the treatment became more affordable for the patient or health care system because of the app
Authenticity If the information provided by the app is authentic and correct (combined with safety)

Availability If the service provided by the app is available on demand

Efficiency If the treatment is more efficient because the app was used

Effectiveness If the treatment process is more effective because the app was used (except for clinical effectiveness)
Empowerment If the app empowers the patient or health professional to know more about their conditions or perform their tasks better
Safety If the app itself is safe or makes the treatment process safer

Trustability If the app improves the trust of the patientsin treatment

Table 2. Descriptive statistics of the variables in the patient questionnaire.

Quality? Mean (SD) Median
pa.adhereability 4.35(0.73) 4
pa.affordability 4.1 (1.05) 4
pa.effectiveness.1 3.76 (0.94) 4
pa.effectiveness.2 4.28 (0.94) 5
paeffectiveness.3 4.57 (0.77) 5
pa.efficiency.1 3.82(0.88) 4
paefficiency.2 3.47 (0.9) 3
pa.efficiency.3 3.78 (0.97) 4
pa.empowerment 4.33(0.9) 5
pa.genera.sat.1 4.51 (0.79) 5
pa.general.sat.2 4.46 (0.73) 5
pa.genera .sat.3 4.01 (1) 4
pa.safety.1 4.76 (0.46) 5
pasafety.2 4.58 (0.64) 5
pa.safety.3 4.5 (0.86) 5
pa.trustability 4.62 (0.72) 5

3Details of the corresponding question for the itemsin the Quality column can be found in Multimedia Appendix 2.
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Table 3. Descriptive statistics of the variables in the professional questionnaire.

Qualitya Mean (SD) Median
pr.accessiblity 3.96 (0.88) 4
pr.adhereability 3.91(0.9) 4
pr.affordability 4.22 (0.8) 4
pr.availability 3.61 (0.99) 4
pr.effectiveness.1 3.39 (0.78) 4
pr.effectiveness.2 4.04 (0.77) 4
pr.effectiveness.3 4.26 (0.81) 4
pr.effectiveness.4 4.26 (0.81) 4
pr.efficiency.1 3.04 (1.02) 3
pr.efficiency.2 3.65(0.93) 4
pr.efficiency.3 3.91(1.12) 4
pr.empowerment.1 4.39 (0.58) 4
pr.empowerment.2 4.3 (0.47) 4
pr.general .sat.1 3.87(1.1) 4
pr.general .sat.2 3.87 (0.97) 4
pr.general.sat.3 3.52(0.9) 4
pr.safety.1 4.61 (0.58) 5
pr.safety.2 4.57 (0.59) 5
pr.safety.3 4(0.67) 4
pr.safety.4 3.78 (0.8) 4
pr.safety.5 4.26 (0.69) 4
pr.safety.6 3.96 (0.82) 4
pr.trustability 4.22 (0.74) 4

3Details of the corresponding question for the itemsin the Quality column can be found in Multimedia Appendix 3.

Table 4. Cronbach alpha (a) test results for the quality groups.

Quiality group Cronbach alpha (a)?
Patients
pa.general.sat. X .63
paefficiency.X .8
pa.effectiveness.X .63
pa.safety.X .67
Professionals
pr.general.sat. X 7
pr.efficiency.X a7
pr.effectiveness. X 75
pr.empowerment.X .82
pr.safety.X .79

8Although a score over 0.7 is usually considered the desired cut-off criterion, the composite reliability (CR) values in the table numbered 9 can still
better determine reliability.
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Partial Least Squares Structural Equation Modeling
Path Models

The 2 PLS-SEM models and their loadings and coefficient
values are depicted in Figures 3 and 4. Asis common with path
models, latent variables are depicted as oval's, whereas manifests
are shown as boxes. We considered all the measure variables
asreflective, that is, they do not construct their respected latent
variables, but they measure or manifest them. The number label
on the edge between a manifest and a latent variable is the
loading, and the number label on the edge between two latent
variables isthe coefficient.

Eivazzadeh et d

The most contributing and predictive qualities regarding
satisfaction are reported in Table 5 by specifying the coefficients
of relationships between qualities and the satisfaction construct.
For the patients, the coefficients of effectiveness, safety, and
efficiency qualities were higher than the average (.13) of all
coefficients. Similar to the professional, coefficients of the
affordability and effectiveness qualities were higher than the
average (.51) of all coefficients.

The relationship of each measure variable in the path model
with its construct is associated with weights. The standardized
weights for the satisfaction construct measure variables are
required for calculating the user satisfaction index and can be
found in Table 6.

Figure 3. Partial least squares path model for the patient questionnaire. The constructs are shown as ovals, and the number between constructs is the
coefficient value. Manifests are shown as rectangles, and the number between amanifest and a construct is the loading value of that manifest.
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Figure 4. Partial least squares path model for the professional questionnaire. The constructs are shown as ovals, and the number between constructsis
the coefficient value. Manifests are shown as rectangles, and the number between a manifest and a construct is the loading value of that manifest.
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Table 5. The coefficients of the qualities to satisfaction relationships in the partial least squares structural equation modeling path model show which

qualities contribute more to satisfaction.

Quality construct® Patient coefficient Professional coefficient
Effectiveness .33 .86

Safety 22 19

Affordability .02 .89

Efficiency .18 _a

Adherence A1 —

Empowerment .06 —

Trustability 0 —

Accessibility

— A

&_ represents negative values as being noninformative (see section Partial Least Squares Structural Equation Modeling Models). For the conclusion,

one should consider the significance, as shown in table numbered 7.

Table 6. Standard weights for calculating the satisfaction index, based on the manifest variable loadings for the Satisfaction constructs in the patient

and professional path models.

Manifest variable Standardized weight
Patients
pa.general .sat.1 0.36
pa.general.sat.2 0.38
pa.general .sat.3 0.25
Professionals
pr.general.sat.1 04
pr.general .sat.2 0.32
pr.general.sat.3 0.28

Table7. Significance of the quality to satisfaction relationships by calculating the P values of the relationships between the qualities and the Satisfaction
construct. If arelation does not exist in model, the corresponding cell in the table is | eft blank.

Antecedent to Satisfaction Patient P value Professional P value
Adherance .16 13
Affordability .38 042
Effectiveness 012 012
Efficiency 032 37
Empowerment .25 .20
Safety 042 .38
Trustability 48 .30
Accessibility 41
Availability 42
8P values<.05.

The P value results of calculating the significance of quality to
success relationships using the bootstrapping approach are
shown in Table 7. The P values below .05 are marked with
footnotes. Regarding discriminant analysis, the results of the
Heterotrait-Monotrait (HTMT) ratio are demonstrated in Table
8. HTMT being below 1.0, preferably 0.9, satisfies the
discriminatory criterion [42]. In addition, Multimedia A ppendix
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4 depicts cross-loadings in the path models. The effect sizes of
the samples were enough to show significant results for the
highest loading constructs, as shown in Table 5. Details of the
effect sizes and their associated power, by recalculating the
PLS-SEM and focusing on significant relations, are shown in
Multimedia Appendix 5. The list of acronyms is provided in
Multimedia Appendix 6.
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Table8. Thediscriminant validity analysis showsif the manifests of aconstruct in the patient or professional Partial Least Squares Structural Equation
Modeling models have the strongest relationship with that construct compared with another construct. If a relation does not exist in model, the

corresponding cell in the table isleft blank.

Construct pairs (A vs B)? Patient HTM TP Professional HTMT
Efficiency - Satisfaction 0.21 0.84
Effectiveness - Satisfaction 0.79 1.07
Safety - Satisfaction 0.69 0.91
Effectiveness— Efficiency 0.04 0.68
Safety . Efficiency 0.09 0.62
Safety — Effectiveness 0.75 0.68
Empowerment - Satisfaction 0.69
Empowerment - Efficiency 0.76
Empowerment - Effectiveness 0.97
Safety — Empowerment 0.63

3Heterotrait-Monotrait ratio results below 1.0, preferably 0.9, satisfy the discriminatory criterion.

PHTMT: Heterotrait-Monotrait.

Table9. Theresult of internal consistency reliability of the manifest variables by calculating composite reliability and their convergence by measuring

average variance extracted, grouped by constructs.

Construct? CRP patient AVE® patient CR professional AVE professional
Satisfaction 0.82 0.6 0.83 0.63
Adherence 1 1 1 1
Affordability 1 1 1 1
Efficiency 0.88 0.71 0.87 0.7
Effectiveness 0.8 0.57 0.84 0.58
Empowerment 1 1 0.92 0.85
Safety 0.85 0.66 0.86 0.51
Trustability 1 1 1 1
Accessibility 1 1
Availability 1 1

8A composite reliability value above 0.7 and an average variance extracted value above 0.5 are preferred.

bCRr: composite reliability.
CAVE: average variance extracted.

For internal consistency reliability, composite reliability (CR)
values, and for convergence validity, average variance extracted
(AVE) values were calculated for each construct, as depicted
in Table 9. The minimum CR should preferably be above 0.7
[43]. The minimum AV E should preferably be above 0.5 [44].

Discussion

Overview

This study advances and prioritizes the qualities in health
information systemsthat determine and predict user satisfaction,
both for patients and health professionals. As a secondary
outcome, it also suggests weightings for calculating the
satisfaction index. The outcomes of the study exhibit the
effectiveness of the UVON method in proposing quality
constructs that can be applied to a path analysis. Conclusions
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from the results are achieved in 2 steps. First, the correlations
give better insight about the groupings of the qualities as
manifest variables of the latent constructs. Second, the path
model justifies and quantifies the relationship between those
grouped qualities, their latent construct variables, and the
satisfaction construct.

Correlations

In the exploratory step, as shown in Figures 1 and 2, strong
correlations appear between the qualitiesthat have been already
grouped into a family by the UVON method. These high
correlations result from the semantic unification of qualities
across branches of an ontological tree by the UVON method
[33]. For example, a set of above-medium correlations exist
within the efficiency, effectiveness, and safety family of
qualities in the patient questionnaire results, as well as within
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the empowerment, effectiveness, safety, and efficiency families
in the professional questionnaire results. The same is true for
the satisfaction questions in both groups of questionnaires.

The above correlations suggest that the members of a quality
or satisfaction group can be combined. Alternatively, in other
words, they manifest a common latent variable. It is worth
mentioning that the Kendall correlation tau (1) isless generous
than Spearman rank correlation rho (p) in confirming the
correlations [45]. Hence, there would be more confidence in
positively interpreting the correlation results and suggesting a
common latent origin. The Cronbach apha results in Table 4
confirm the same explanation in the quality groups.

Besides the possible existence of latent variables, there are 2
other corollaries to the correlations. First, the high degree of
correlation between a family of qualities results in the
multicollinearity problem. Multicollinearity makes ordinary
regression techniques inefficient and the interpretation of the
regression coefficients challenging [46]. Overal, 2 solutions
can be taken here: choose one of the variables that show high
correlation with each other by using variabl e sel ection methods,
such as Least Absolute Shrinkage and Selection Operator, or
apply amethod that is tolerant to the problem. The PLS-SEM
approach used in this study is tolerant to multicollinearity;
meanwhile, it can investigate the causality relations between
some correlated quality groups.

Second, the correlation between qualities and satisfaction aspects
suggests a causality relationship between quality and user
satisfaction. Similarly, there are models, such asthe CSl family
of models [11-13] as well as the D&M IS model [20], that
demonstrate a causality relationship between qualities and
satisfaction in parts of their structure. We can draw on
corroborations from the extensive amount of literature about
those models, both to enrich our model and verify the results.

A summary of the above discussion is that we can group the
qualities within a family as manifests of a latent variable,
consider acausal relationship from those quality latent variables
to asatisfaction latent variable, and present these groupingsand
relationships through a PLS-SEM model.

Partial Least Squares Structural Equation Modeling
Path Models

The PLS-SEM path model has traditionally been used to
represent causalities for the CSl series [11,12,47], the models
related to D&M IS [48,49], and similar intentions [50]. This
prevalence of usage givesthe opportunity to reuse some of those
models' parts, comparetheir structures, and collate their results.
Other advantages of the PLS-SEM approach are the need for
small sample size and the ability of handling non-normal data
[50].

The 2 PLS-SEM path models in this study comply with the
general pattern in CSI, D&M 1S, and TAM series models in
which a central construct—be it called system success, user
satisfaction, customer satisfaction, or user acceptance—is
influenced by system qualities. Besides the use of different
constructs, each model captures adistinct level of detail for the
same or similar concepts. The CSI and TAM models are more
concerned about the general perception of quality, whereas
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D&M IS examines further details about the qualities by
considering 3 separate constructs: system quality, information
quality, and service quality. The model presented in this study
isinclined to be more domain-specific by focusing on the health
information system domain. The model isalso more concerned
with the qualities improved in the whole treatment setting by
using the health information system rather than the qualities of
the system. Finally, in comparison with the previously
mentioned mainstream models, the model in this study is more
specific about the type of qualities and how they compare in
determining and predicting user satisfaction.

Before discussing the qualities with the most influence on
satisfaction, model validity and the right way of interpreting
the results need to be investigated.

Regarding internal consistency reliability, CR indicators need
to be higher than 0.7 [43], which iswell satisfied (see Table 9).
The CR shows if the manifest variables of each construct
measure the same thing. The convergent indicator AVE needs
to be more than 0.5 to indicate that more than half of the
variance in the measures is because of the variance in the
construct [44]. All the constructsin our PLS-SEM model satisfy
this criterion (refer to Table 9).

From the discriminatory validation perspective, both patient
and professional models show indications of correctly assigning
the measure to construct variables. The HTMT ratio
demonstrates if the assignment of measuring variables to a
specific construct is better, that is, more relevant, than other
alternatives. All the HTMT results in both models, except one
asshown in Table 8, satisfy the specified criterion of being less
than 1. Furthermore, most of the HTMT values are less than
0.9, which confirms discriminant validity [42]. The only pair
of constructsthat have aratio value above 1 is the effectiveness
and satisfaction pair for professionals. However, thisunfulfilled
criterion might be justified considering that, in the domain, one
should segregate satisfaction and effectiveness, while
effectiveness highly contributes to satisfaction. The relatively
highHTMT ratio for the pair of empower ment and effectiveness
canindicatethat the users’ empowerment to reach effectiveness
isnot very distinctive from the improved effectiveness.

The interpretation of the negative coefficients that appeared in
the models must be discussed. The wording in the FI-STAR
guestionnaires captures only the user perspective on positive
relationships but not the negative ones. Theinformation gathered
from the questions is unidirectional. Therefore, one cannot
interpret the negative coefficients as an indication that some
qualities areinversely related to satisfaction.

For example, if it is asked whether the app has increased the
effectiveness of a treatment by decreasing the number of
mistakes, a responder might answer “disagree” This answer
can mean whether the user does not believe that the app has
decreased the number of mistakes in the trestment or the user
might think that the app has decreased the number of mistakes
but does not contribute to the system’s effectiveness. On the
other hand, it is still a possible interpretation that the app has
caused more mistakes, however, we cannot separate this
interpretation from the other previously mentioned valid
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interpretations. Therefore, we can only confirm the positive part
of relationships, where quality contributes to user satisfaction.

Most Influential Qualities

As shown in Table 7, there are constructs whose relationships
to the satisfaction construct are statistically significant. Those
constructs also have a considerable impact on satisfaction, as
depicted in Table 5. Regarding satisfaction as the major
contributor to success [51] and the indicator of voluntary
acceptance [14], we extend our discussion to cover similar
studies that report on these 2 indicators.

Within the list of qualities in Table 7 with a significant
relationship to the satisfaction construct, the degree of
effectivenessis considerably predictive in creating satisfaction.
Both patients and professionals care considerably whether an
app has increased the effectiveness of treatment and care. This
result highlights the nonintuitive contrast between the
effectiveness of other qualities, such as the efficiency for
patients, in affecting their satisfaction. Nevertheless, there can
be alternative interpretations. For example, if the apps in the
FI-STAR project could significantly improve efficiency for
patients, efficiency might have shown an impact as the
effectiveness on satisfaction.

This result confirms the studies that consider effectiveness the
major contributor or even equivalent to user satisfaction,
generaly, ininformation systems[14,51,52]. More specificaly,
this study paralels the studies that reported effectiveness
(sometimes expressed as usefulness) as the most, or one of the
most, influential qualities for the satisfaction of patients [53]
or hedth professional users [54-56] in a variety of health
information systems. Nevertheless, there exist studies that
reached adifferent conclusion in prioritizing the most influential
qualities[57].

It should be noted that improvementsin the effectiveness of the
treatment are not articulated identically in all those studies. For
comparison, one needs to consider this discrepancy [8]. Some
studies have used performance [54], a term presumably
borrowed from the D&M IS and TAM families. In addition,
some studies reported similar manifest variablesto effectiveness
in our study—see Multimedia Appendices 2 and 3 —such as
making fewer mistakes [58].

According to our results, affordability has a high degree of
impact on satisfaction for professionals, similar to effectiveness.
The affordability to satisfaction relationship for the patientswas
not statistically significant in this study, whereas its magnitude
was aso negligible compared with other relations. An
explanation might be that, in the FI-STAR setting, patients did
not have to be concerned about the costs and affordability of
solutions, whereas professionals might have a more holistic
perspective. In a different setting, where patients are more
concerned about treatment costs, their satisfaction might be
more influenced by theimprovementsin affordability, showing
higher significance and magnitude in the coefficient that rel ates
affordability to satisfaction constructs.

Although studies report increased affordability and cost
reduction in treatment can improve the satisfaction and
acceptance of health information systems[2,59], only some of
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these studies quantify or compare the degree that affordability
and cost reduction affect satisfaction. In addition, many studies
such asours could not report definitively how patients perceived
cost-reduction quality considering patients usually do not pay
for treatment in the context of a study [5,60]. Some studies that
rely on TAM models have considered affordability, alongside
other factors, as a manifest to perceived usefulness [8,61,62].
These studies show a relatively high or above-average impact
on professional users' satisfaction, acceptance, or intention to
use [61,62]. Our resultsin Table 5 comply with these studies.
It isworth noting that some studies declared the sameideain a
negative form, where being costly is considered a barrier to
acceptance [2,60,63] or success [7].

Patients showed some degree of improved satisfaction when
there was an improvement in efficiency or safety. It isimportant
to note that health information systems, as a side effect, can
degrade the status of efficiency or safety in ahealth care setting
[64]. Hence, their contribution to overall satisfaction can even
be negative. However, as highlighted before, our questionnaires
were not designed to differentiate between the states of negative
impact and no impact.

Considering most of the appsin the FI-STAR project could be
categorized astelemedicine apps (see Multimedia Appendix 1),
it could be predicted that efficiency, achieved by eliminating
the hassle of distant travels, contributes to user satisfaction to
some extent. Despite our initial expectations, the degree of
impact on satisfaction, although existing, was less than the
previously mentioned factors. Our expectation was based on
similar studies that investigated the impact of efficiency
improvements on satisfaction and acceptance: the degree of
impact was recorded relatively more than our study [1]. It is
also important to note that we considered a separate category
for affordability and cost saving quality, whereas some studies
considered cost saving a form of improving efficiency [65] or
amanifest to perceived usefulness[62]; therefore, other results
should be compared with more attention to this detail. From the
other side, some studies considered other forms of efficiency,
rather than affordability, as manifests to perceived usefulness
[55,66,67]. Regarding the coefficients and loadings in models
of the aforementioned studies, in comparison with our results,
they have recorded a higher impact from efficiency on the
satisfaction or acceptance of users.

Looking at the safety questions for the patients in Multimedia
Appendix 2, it seems that being informed about the situation
and capable of keeping the situation in check is the source of
the safety to satisfaction causality. Similar to other qualities,
safety has been categorized in various constructsin the studies,
whether as a manifest to provider performance [68], perceived
usefulness [62], outcome [62], or information satisfaction [62].

To the best of our knowledge, there are few studies that
investigate the impact of safety brought by health information
systems on the satisfaction or acceptance of the users of those
systems. However, one should pay attention to this caveat that
the safety concept might have divergent embodimentsin various
studies. Two of the manifest variablesin our models, pa.safety.2
and pr.safety.3, refer to providing correct information, which
is also mentioned in distinct studies, mostly as a manifest
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variable for the information quality construct [26,58,69]. In
these studies, providing the correct information influences
satisfaction or acceptance relatively high or above average.
Moreover, there are some studies on the systemsin which their
primary function is to improve safety aspects. As can be
anticipated, they report a high impact from safety on the
intention to use [70,71].

Satisfaction I ndex

Each of the satisfaction constructs in the PLS-SEM modelsis
operationalized by 3 measure variables, embodied as 3
guestions. The relationship of each of these measure variables
with the latent satisfaction construct is characterized by loading
and weighting values. The weighting values make it possible
to calculate awei ghted satisfaction index, both for patientsand
professionals. Using this index can be a makeshift way of
assessing qualities inside health information systems.

The standardized weightings for the scores of the 3 measure
guestions of satisfaction are determined by the overall balance
in the model asit isimplemented by the PLS-SEM algorithm.
The weightings, along with the scores of those 3 questions,
make it possible to calculate the user satisfaction that is
engendered by the improvement of qualities. Without the
weightings, the satisfaction score represents the evaluation of
a kind of unidentified trait that is relevant but not necessarily
the same asaquality engendered satisfaction. A larger and more
diverse sample population of respondents and apps might be
needed to stabilize the weightings for alarger scope.

Collecting satisfaction scores is a common practice in
health-related studies. However, to the best of our knowledge,
the studies on health information systems that suggest a kind
of satisfaction index with adjusted weights regarding other
qualitiesarelimited. Conversely, the studiesthat have calculated
the parameters of TAM or D&M 1S modelsin their contexts or
have used apath model that includes user satisfaction alongside
other impacted qualities, such as studies by Jo et al, Schaper et
al, and Pai et al [53,56,69], implicitly suggest akind of indexing
for adoption and satisfaction aspects. Nevertheless, there are
barriersto utilizing the measures suggested for the satisfaction
construct. First, the extent and diversity of subjects in these
studies are important factors to reuse their suggested measures
and their associated weights. Second, using arbitrary measure
guestions or the number of items for measurement can create a
burden beyond a study’s resources. A sample of thiscaseisthe
End User Computing Satisfaction measures that range from 12
to 39 items [52,72]. Although some studies have the required
resources to apply them [25], using those instruments is not
feasible in many other cases. Our focus on the 3 standard
satisfaction measures from CSI makes it easier to implement
the study and simultaneously facilitates the running of
interdisciplinary comparisons and knowledge about the
satisfaction of users (customers) of health information systems
and other services and products.

The qualities investigated in this study can explain different
amounts of satisfaction variations with R°=.43 for patient

satisfaction and R?=.88 for professional satisfaction (as depicted
in Figures 3 and 4). The satisfaction index can facilitate an
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informed guess about the qualities when the user perspectives
on those qualities are missing or hard to €elicit. This approach
is a makeshift way to evaluate the qualities improved by a
system. A practical application might be to use the satisfaction
index when comparing a pair of similar systems in similar
contexts. Another application isto compare the past and present
state of the same system that has undergone quality
improvement, but no other system or environmental aspect has
been changed. Generally, if there are similaritiesin context and
functionalities, and there has been no drastic change or
difference in qualities improved by systems, the satisfaction
index can serve asagood indicator for an informed guess about
those qualities.

Extensions and Limitations

The list of most influential qualities should be read with the
precaution of how the similar or even the same qualities have
been articulated differently in studies [73]. Studies that recruit
highly cited frameworks also tend to recruit similar wordings
for the qualities. However, other studies practice their freedom
to use the wording that best matches their case, resulting in
divergent wordings for similar concepts. In our case, notably,
theimprovement of atreatment’s effectivenessislargely similar
to performance or performance expectancy in the studies that
are based on the TAM family, and consider the performance
expectancy definition as “the degree to which an individual
believes that using the system will help him or her to attain
gainsin job performance’ [74]. It is similar to what we asked
about effectiveness (refer to Multimedia Appendices 2 and 3).
However, one can till find research based on TAM studies that
used performance expectancy as a form of efficiency [29]. In
addition, efficiency in our study is more or less similar to effort
expectancy or perceived usefulness in the TAM series. Some
other studies have used productivity or even performanceinstead
of what we called efficiency [68], and others considered
efficiency as amanifest to perceived usefulness [8,55,66,67].

Another caveat when comparing the resultsis that the qualities
specified in our study are the qualities of the treatment or care
that using FI-STAR systems might have improved, which are
different from the intrinsic qualities of those systems.
Accordingly, for example, ahigher speed system might increase
the affordability of treatment and care in some way. What we
have focused on was the affordability of care but not the speed
of the system. Therefore, reportson theintrinsic system qualities
that have increased user satisfaction or acceptance cannot be
compared directly with our study, unless those qualities get
tranglated to their final impact on treatment and care.

All the eHealth apps, being developed in the FI-STAR project,
were supposed to support the required general technical
specifications, which includes using the FIWARE infrastructure
and being based on software to data paradigm [75]. These
requirements were not constraints on the diversity of apps as
indicated in Multimedia Appendix 1. Nevertheless, the diversity
of the apps should be considered when generalizing the results
of this study. For example, if the main outcome of an app is
improving the safety of treatment, users might consider both
safety and effectiveness amost the same; however, in other
apps, they can consider them as distinctive qualities. Asanother
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example, the effect of some apps on affordability of treatment
can be varied in a different context, when the patients pay for
the treatment. This study relies on the output of the UVON
method, which extracts common qualities between aset of apps;
however, as it is shown in abovementioned examples, user
perspectives on those common qualities could be diverse.
Therefore, generalization of the results of this study should be
done bearing this caveat in mind.

The predictive power of qualitiesin projecting user satisfaction
can support design decision making for health information
systems. When trade-offs are necessary, designers can prioritize
features if they can compare their user satisfaction yield.
Knowing the quality profile of each feature, one can combine
that with the table of quality to satisfaction magnitudes, such
as in Table 5, to arrive a more informed feature selection
decisions[76].

Another extension to the model of this study isto consider the
qualities or system usage ramifications that impact satisfaction
negatively. This needs articulation of questions to capture
negative attitudes—not noninformative ones—about theimpacts
of systems. That kind of wording permits elicitation of
constructsthat are negatively related to other constructs or new
manifest variables for the current constructs that reflect the
construct negatively.

A possible future extension to our PLS-SEM model is to
consider relationships between quality latent variables. In the
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model presented in this study, no rel ationship has been proposed
between the quality constructs, but one might try, for example,
toinvestigate if asystem that improves adherence al so changes
user attitudes about its contribution to effectiveness. However,
considering that only recursive relationships can be used in the
PLS-SEM models, we cannot investigate the circular impact
between qualities and satisfaction with this technique [77,78].

Conclusions

The satisfaction of health information system users is highly
influenced by certain qualities that are improved by those
systems. Both patient and professional users consider
improvements to the effectiveness of heath care a highly
important quality that makes them satisfied with the system.
For patient users, safety and efficiency qualities come after
effectiveness in creating satisfaction. For health professionals,
better health care affordability brought by health information
systemsis important, much like effectiveness, in creating their
satisfaction.

The PLS-SEM model presented in this study can demonstrate
the above ranking of qualitiesin the creation of user satisfaction.
Furthermore, the model suggests weightings to calculate the
satisfaction index for hedth information systems. The
satisfaction index can be used to compare and monitor health
information systems from user satisfaction and quality
improvement perspectives.
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Abstract

Background: Theincreasing use of social media and mHealth apps has generated new opportunities for health care consumers
to share information about their health and well-being. Information shared through social media contains not only medical
information but also valuable information about how the survivors manage disease and recovery in the context of daily life.

Objective: The objective of this study was to determine the feasibility of acquiring and modeling the topics of a major online
breast cancer support forum. Breast cancer patient support forums were selected to discover the hidden, less obvious aspects of
disease management and recovery.

Methods: First, manual topic categorization was performed using qualitative content analysis (QCA) of each individual forum
board. Second, we requested permission from the Breastcancer.org Community for a more in-depth analysis of the postings.
Topic modeling was then performed using open source software Machine L earning Language Toolkit, followed by multiplelinear
regression (MLR) analysisto detect highly correlated topics among the different website forums.

Results: QCA of the forums resulted in 20 categories of user discussion. The final topic model organized >4 million postings
into 30 manageable topics. Using qualitative analysis of the topic models and statistical analysis, we grouped these 30 topicsinto
4 distinct clusters with similarity scores of >0.80; these clusters were labeled Symptoms & Diagnosis, Treatment, Financial, and
Family & Friends. A clinician review confirmed the clinical significance of the topic clusters, allowing for future detection of
actionableitemswithin social media postings. To identify the most significant topics acrossindividual forums, MLR demonstrated
that 6 topics—based on the Akaike information criterion values ranging from —642.75 to —412.32—were statistically significant.

Conclusions: The developed method provides an insight into the areas of interest and concern, including those not ascertainable
in the clinic. Such topics included support from lay and professional caregivers and late side effects of therapy that consumers
discuss in social media and may be of interest to clinicians. The developed methods and results indicate the potential of social
mediato inform the clinical workflow with regards to the impact of recovery on daily life.

(JMIR Med Inform 2018;6(4):e45) doi:10.2196/medinform.9162
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Introduction Methods
Health care is currently undergoing transformation by Overview

capitalizing on information technology and patient-consumer
engagement and activation through health information
technol ogy such as patient portal s and mHealth apps. Consumer
engagement is assumed to strengthen providers abilities to
tailor their care to the consumers needs, preferences, and
abilities. The increasing use of smartphones, mobile apps, and
remote monitoring devices, coupled with providers deployments
of electronic health records, patient portals, and secure
messaging, offers innovative ways to connect patients and
providers and to strengthen consumers engagement in their
health and well-being [1]. In addition, health consumers have
embraced social media, enabling them to share and discuss how
they managetheir health and well-being with otherswith similar
health issues. These social media and mHealth apps generate
important data outside the health care settings and, when shared
with providers, expand the depth, breadth, and continuity of
information avail able to optimize health care and outcomes.

Despitethe proliferation of social media use, such as blogs and
forums, little is known about the scope and quality of
information shared, or the purposesthat social mediasites serve
for consumer decisional and support needs [2]. Social media
retains|arge amounts of valuableinformation about consumers
contextual and environmental (day-to-day) factors while
managing their health and well-being; such issuesform amajor
foundation of human health. However, analyzing those free-text
datato discover these hidden aspects of health consumers' lives
and understand their health information needs beyond those
routinely addressed by health care providersis challenging [3].

This study explores approaches for analyzing the social media
data and extract potential valuable information on managing
health and well-being beyond the context of health care. Asit
is known that breast cancer patients and survivors often join
social mediato fulfill their information needs and discuss their
daily challenges and concerns, al or not related to health [4],
using those venues is apparent. Some concerns might not be
shared with health care providers for many reasons. For
example, patients might think it is not necessary to discuss the
topic, may feel embarrassed about theissue, or they do not even
know there is a problem [5,6]. Hence, we explored ways to
discover issuesthat are not commonly shared but are important
for the overall health and well-being.

Figure 1. Overview of the methods used to analyze the study content.

First, manual topic categorization was performed using
qualitative content analysis (QCA) of each individual forum
board. Second, we requested permission from the
Breastcancer.org Community for a more in-depth analysis of
the postings. In addition, natural language processing (NLP)
and statistical modeling approach were used to cluster >4 million
postings into manageable topics. Finaly, topic modeling was
performed using open source software, followed by multiple
linear regression (MLR) analysis to detect highly correlated
topics among the different website forums. The methodol ogy
isoutlined in Figure 1.

Manual Categorization of Posts

A Google search was performed for breast cancer forum
websites. Selection criteria were active websites (having posts
intheweek of search) and in the English language. Each website
must have at |east 5000 members or have a minimum of 50,000
posts in total, and the posts on the site must be organized into
categories. Among the resulting 20 websites, 5 were included
on the basis of the selection criteria. These 5 remaining websites
contained 4,901,516 posts organized in 211 forums (Table 1).
Theforum posts were further manually analyzed for consensus
among the team members.

Team memberswere assigned to review thetitles of 211 forums
across the 5 forum websites and organize them into 4 main
top-level categories and 16 subcategories correlating to several
domains from the report on the social determinants of health
published by the Ingtitute of Medicine [12]. The quantities of
posts belonging to each category and subcategory were
calculated by the forum that the posts belonged to. The 3 most
dominant subcategories across all websites were as follows:
Treatments (1.49/4.90 million, 30.5%, posts),
Diagnosed—Psychosocial Support—-Similar Patients (1.34/4.90
million, 27.3%, posts), and Diagnosed—Psychosocial
Support—Life (0.83/4.90 million, 16.9%, posts). After the posts
were categorized, the research team iteratively validated (with
arandom sample of 20 posts from each forum) and consolidated
the initial categorization, assuring the quality and correctness
of the method.

Search & Filter Forums

Qualitative Content
Analysis

Computational Analysis:
Breastcancer.org Community

*3craping and TopicModeling
=Euclidean Distance Similarity Measure
=Jualitative Validstion of topics
=Multiple Linear Regression
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Table 1. Breast cancer websites explored.

Jones et al

Website name Site URL Country Forums Threads Posts Members
Breastcancer.org Community [7] community.breastcancer.org us? 80 121,688 360834 153,620
Breast Cancer Care [8] forum.breastcancercare.co.uk UKP 54 36,949 782,486 N/A®
Susan G Komen Foundation: Message Board [9]  apps.komen.org/Forums us 24 44,175 354,592 26,883
Triple Negative Breast Cancer: Forums[10] forum.tnbcfoundation.org us 17 9641 100,706 123,427
No Surrender Breast Cancer Foundation [11] nosurrenderbreastcancersupportforum.com US 36 2443 55,498 5549

8US: United States.
bUK: United Kingdom.
°N/A: not applicable.

Data Extraction, Natural L anguage Processing, and
Statistical Modeling

Datafrom apublic breast cancer internet discussion forum were
extracted, cleaned, and processed; multiple approaches merging
NL P with statistical modeling wereimplemented for knowledge
discovery. In addition, off-the-shelf products were used to
develop and streamline the analytical approach to cluster
most-occurring topics of discussions. The methodology
developed revealed severa topics that may be of importance
for care planning and, thus, need to be incorporated in the
electronic health record. In addition, advanced text mining will
be a foundation for predictive modeling of consumers' health
information needs and provide interactive solutions.

Extracting (Scraping) Forum Data

Postings from the Breastcancer.org Community website were
selected for further analyses, as this website contained the
highest number of total posts (3.61/4.90 million 73.6%, posts
across al 5 websites selected in this study). Permission was
obtained from the Web administrators to download and analyze
all the datalogged in the site.

The Breastcancer.org Community siteincludes 80 main forums
organized by the site administrators into 9 sections. Users
self-select in which forum, and thus in which section, a post
that they makewill go. To capture information within the forum
posts, an in-house scraping tool in the PHP Hypertext
Preprocessor language was developed by a team member.
Forum metadata along with the actual posts were extracted; the
text within the different posts was aggregated into 80 text files
each corresponding to aforum. The files were named based on
the forum ID number. The data were saved in the JavaScript
Object Notation format. Multimedia Appendix 1 shows the
forum names along with the number of threads and posts in
each forum.

Applying Topic Modeling

Topic models provide a simple way to analyze large volumes
of unlabeled text. A “topic” consists of a cluster of words that
frequently occur together. Using contextual clues, topic models
can connect words with similar meanings and distinguish
between uses of words with multiple meanings. One of the
leading approaches used for topic modeling is Latent Dirichlet
allocation (LDA), which is one of the most popular methodsin
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NLP [13]. LDA represents a document as a distribution of
“topics,” where atopic isitself a distribution over words (and
may or may not be similar to aforum topic). Looping through
each word in every document, the LDA algorithm assignsevery
word to a temporary topic in a semirandom manner and
iteratively updates topic assignments. For each word, its topic
assignment is subsequently updated based on 2 criteria as
follows: (1) the prevalence of the word across al topics and (2)
the prevalence of the topics within the documents.

The Machine Learning Language Toolkit (MALLET) open
sourcetool (University of Massachusetts, Amherst, MA, USA)
[14] was used to execute the LDA algorithm on the data to
extract themaintopics. MALLET isaJava-based tool developed
at the University of Massachusetts Amherst, which is used for
the analysis of data in a textual format such as document
classification, clustering, topic modeling, information extraction,
and other machine learning apps. After scraping the forum data
and saving into 80 files representing each forum, the fileswere
imported into the MALLET tool. MALLET generates two
tab-delimited text files as a result of algorithm execution. One
file contains the topic 1D, and the words related to that topic
(akathe topic keywords; Table 2).

MALLET wasrun iteratively, customized to generate 15 topics,
20 topics, and 30 topics, respectively. Topic labels were added
by consensus of the research team based on the semantics of
the word cluster. Some topic labels in different sets of topics
were identical based on the semantic similarity, but the topic
words and strength are different for each of the 3 sets generated.
No new topics were generated at the third iteration; the
MALLET categorization of 30 word basketswas used for further
analysis.

For each iteration and each file, the topic composition and
corresponding LDA strength were computed, providing us a
way to infer the latent structure of the text file. The resulting
output is atopic ID-by-text file matrix known as a file-feature
set (Table 3). The first column shows the name of the file; the
rest of the columns are best considered as (topic-1D,
topic-strength) pairs. For example, it is noted that file F100 has
aTopic 12 strength of 0.275 (27.5%). For each document, there
are as many of these pairs as there are topics, although only the
top 5 topics for each file and the first 4 files are shown for
brevity.
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Table 2. The partial table of topics generated by Machine Learning Language Toolkit in the 30-topic model, with interpretations (the list goes on up

to the 30th topic; only 3 are shown for brevity).

MachineLearning Language Topic label
Toolkit topic identifier

Topic keywords

1 Diagnostic testing and waiting for results

2 Side effects of inflammation and its treat-
ment

3 Positive results after recurrence

breast biopsy cancer lump results ultrasound benign surgeon mammogram
doctor mri waiting back mammo good radiologist feel pain left i'm

breast ibc skin symptoms pain rash red cancer nipple biopsy infection di-
agnosed antibiotics swollen trestment | eft specialist redness swelling lymph

chemo stage years cancer treatment nodes onc tumor triple negative taxol
positive rads year diagnosed node recurrence congratul ations lymph radi-
aion

Table 3. A portion of thefile-feature set generated by Machine Learning Language Toolkit software (the list goes on up to the 80th file and 30th topic;

values were truncated for brevity of display).

Fileidentifier® Topicl DP Strength® TopicID Strength  TopicID Strength TopicID Strength  TopicID  Strength
F100 12 0.275 18 0.269 2 0.251 5 0.06 7 0.053
F102 2 0.542 18 0.136 7 0.087 12 0.056 1 0.04
F104 2 0.315 14 0.118 1 0.104 7 0.09 20 0.043
F105 2 0.295 11 0.25 6 0.213 7 0.067 14 0.042

8Scraped forum file.
bTopic identifier: Machine Learning Language Toolkit-generated topics.
“Weight of topic in thefile.

Statistical Analyses

The output from MALLET assigned weight scores (ie,
topic-strength) to each topic-ID within each file. Statistical
analysis was carried out (1) to understand the similarity across
the feature sets and files and (2) to identify the topics that are
most relevant to patients with breast cancer. Euclidean Distance
Similarity Measures (EDSM) were computed to evaluate the
similarity acrossthe files based on their weight scores for each
topic. Equation (1) isan example of how each fileand itsfeature
vectors were assigned, using file F100 as an example.

F100 [Topic6(.33), Topicl(.28), Topic9(.20),
Topic2(.08), Topic0(.05), Topic3(.04), Topicl12(.01),
Topic4(.01), Topic n(weight m)..] [1]
The EDSM between all potentia file pairs were computed on
the basis of Equation (2):
E

Where i and j are identifiers for each file pair, k is the total
number of topicsin the dataset (ie, 15, 20, or 30 topics), and x
is the topic weight score in each file.

To identify the most relevant topics in the dataset, an MLR
analysis was performed on all files. The MLR analysis was
computed using the R Statistical Package [15]. The MLR
analysis identified the topics that seem to be most relevant
within and across the forums in the study. The equation model
(Equation 3) for the MLR used is:

]
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Where topic,, topic, are the weight scores of the topicsin the
files; g isthe error in the model; B, is the intercept; B4, B, are
the coefficients for the topic,, topic,, respectively, computed
by the model; and y; is the outcome (dependent variable) for
eachfilei.

Results

Manual Categorization of Posts

Among the 5 sites studied, Breastcancer.org Community
presented the majority of the total post volume. From al
websites analyzed for post counts, 73.6% (3.61/4.90 million)
of posts were from Breastcancer.org Community; hence, we
selected this site for further exploration.

Manual Categorization

Initially, the research team performed via QCA a manual
categorization of topics discussed in the 5 selected public
websites. The popularity distribution of the manually generated
categories, as discussed in the Methods section, was assessed
by the number of posts made in the forums. For example, the
qualitatively generated categories Diagnosed—Psychosocial—
Smilar Patientshave an overal popularity of 41,972 posts. The
forum categorization was either general or granular depending
on theforum structure. The distribution of qualitative categories
across the threads on the Breastcancer.org Community website
is visualized in the figures below by frequencies of category
popularity (Figure 2); 20 of our QCA-generated categories
mapped to forums on breastcancer.org. The x-axis shows the
QCA-assigned category names.
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Figure2. Distribution of qualitative content analysis-generated categories according to the number of forum threads that each manual category possesses.
DX: Diagnosed; TLD: Top-Level Domain; NDC: Not Diagnosed but Concerned.
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Data Extraction, Natural L anguage Processing, and
Statistical Modeling

Data Extraction

The datafor all 80 forums on the Breastcancer.org Community
websitewere successfully extracted into 80 files, each containing
all communications posted over its respective forum.

Natural Language Processing: Topic Modeling

As mentioned earlier, exhaustion was reached at baskets of 30
cooccurring words. The remainder of the analyseswill be only
for these topics. All machine-generated topics were assigned
topic labels based on the semantics of the word cluster and
vaidated by adomain expert (clinical); thetopic ID was equated
with theterm key. MALLET assigned an LDA strength to each
topicindicating itsoverall dominance acrossall forum filesthat
were analyzed. Two example topics, IDs#8 and #29, are listed
in Table 4 (below), aong with the authors' labels for these
topics. Multimedia Appendix 2 provides afull list of generated
topics from this model as well as the authors’ semantic
interpretations. Each file represents the text of one forum, and
topic-strength pairs for the strongest five topics per MALLET
LDA analysis of that file are found to the right of thefile's ID.
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For any file, the strength across all 30 topics will always add
up to 1.00.

MALLET aso correlated the topic relationship strengths
between all files based on their topics. Strengths assigned to
document-topic pairs by MALLET ranged from almost zero
(<0.000001) up to 0.796. The maximum theoretical possible
strength for a single file-topic pair would be 1.00. Multimedia
Appendix 3 providesalist of thetop 5 correlated topics of each
file.

Statistical Analysis: Euclidean Distance Similarity
Measures

EDSM were calculated to find the similarity between files.
Figure 3 showsthefile-file similarity matrix and asubset of the
similarity matrix. The files are mirrored across both axes and
ordered by their alphabetical file name (with F100 being first
and F99 being last). Darker cells indicate that the files were
more similar. File 109 hasasimilarity measure of 0.89 with file
104; similarly, file 108 has a similarity measure of 0.78 with
file 104.

Table 5 illustrates the similarity measures among the file pairs
with asimilarity score 20.8.
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Table 4. Topics#8 and #29 with Latent Dirichlet allocation strengths author topic label interpretations.

Topicidentifier Latent Dirichlet allocation strength  Topic words

Authors' topic label

8 1.38724

cancer chemo years feel life family mom time support

Hope, love, family, and friends

things breast people treatment don’t husband care friends
diagnosed talk mother

29 0.19954

hair book pink survivor happy deb health country president

Daily living and breast cancer

shirley obama congratulations cats article eye mammo fumi
beth beautiful vote

Figure 3. File-file similarity matrix.

3838888¢8C .
f100 ' 1 0.52 /
f102 0.53 1 0.6¢ 0.72

f104 0.69 1 1.68).78).8¢

f105 1 0.750.40.58

f106 1.68).75 1 0.73).6¢€ 0.5

f108 D.780.40.73 1 0.71 0.72

f109 0.72).89).59).68).71 1

Table 5. Top scored file-file similarity measures.

...........

senm

sasnes

..

Fileidentifier Associated files (similarity score)

F102 F133 (0.85), F144 (0.91), F152 (0.97), F116 (0.95)

F104 F109 (0.89), F142 (0.81), F150 (0.82), F27 (0.89)

F108 F132 (0.94), F137 (0.86), F145 (0.97), F5 (0.90), F71 (0.93), F88 (0.86), F96 (0.97)
F109 F104 (0.89), F142 (0.89), F127 (0.85)

F110 F26 (0.80)

F111 F132 (0.8), F68 (0.87)

F112 F47 (0.92), F93 (0.94)

F113 F139 (0.89), F55 (0.87)

F133 F102 (0.85), F135 (0.86), F145 (0.90), F5 (0.87), F71 (0.94), F96 (0.94), F88 (0.87)

A cursory review of the fileswith high similarity also revealed
clinical relevance and connection. For example, filesF108, 132,
and 145, whilein different discussion categories on thewebsite,
all discuss the diagnosis, treatment, and potential side effects
from thetreatments and al so discussliving with different stages
and types of breast cancer. In addition, F96 hasahigh similarity
(97%) with F108, which is devoted to the breast cancer type

http://medinform.jmir.org/2018/4/e45/

RenderX

known as invasive ductal carcinoma. F112 discusses more
specific genetic risks of breast cancer (BRCA1 or BRCA2
positive), while F47 (similarity 92%) chats about more general
risks. F93 at first glance seems not related (Comments,
Suggestions, Feature Requests), but reading the postings
revealed the need for more information and social support for
users who find out that they are at risk for breast cancer.
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Figure 4. Topic-topic similarity matrix.

Jones et al

Figure 4 shows 4 clusters of highly correlated computationally

model ed topics. Each cluster islabeled with aletter, and topics

arelabeled askeys. Thetopicswith their consensus|abels based
on the semantic meaning of the word baskets are as follows:

Cluster A: Symptoms & Diagnosis

Topicl: Diagnostic testing and waiting for result

Topic 7: Genetic risk and testing

Topic 30: Symptoms and diagnosis of recurrence

Topic 3; Positive results after recurrence

Topic 26: Positive results after treatment for recurrence
Topic 9: Diagnostic and treatment observation for
recurrence

Topic 14: Medical drug treatment and long-term effects

Cluster B: Treatment

Topicl8: Chemotherapy side effects and change of treatment
Topic 22: General feeling over time

Topic 23: Medical or drug treatment and side effects
Topicl5: Physical activities during and after chemo

Topic 20: Side effects of breast cancer treatment

Topicl6: Surgical treatments while in remission

http://medinform.jmir.org/2018/4/e45/

RenderX

Topic 21: Lingering side effects while in remission
Topic27: Surgical reconstruction during remission

Topic 5: Prognosis about relapse or recurrence

Topic 25: Support from caregivers and medical team for
recovery long term

Topic 17: Nutrition and supplements

Topic 2; Side effect of inflammation and its treatment
Topic 10: Radiation side effects and duration of the effects.

Cluster C: Financial

Topic 24: Financial issues over time

Topic 11: Forum-related discussion for support from people
in similar circumstances

Topic 13: Looking for clinical research and trials

Cluster D: Friends & Family

Topic 4: Friends and fun

Topic 29: Everyday life and breast cancer
Topic 28: Spirituality and religion

Topic 19: feeling back to normal

Topic 8: Hope, love, family, and friends
Topic 12: Fedling positive and support
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Table 6. Most significant topics identified via multiple linear regression analysis.

Topic identifier  Topic label

Akaikeinformation criterion values

21 Lingering side effects while in remission -642.75
18 Chemotherapy side effects and change of treatment -641.98
10 Radiation and side effects -633.17
7 Genetic risk and testing -620.41
25 Support from caregiver and medical team for recovery long term -571.78
11 Looking for support from people in similar circumstances -412.32

As can be deduced from the semantic labeling, each cluster
describesatheme: cluster A isrelated to risk factors, diagnosis,
and potential risk of recurrence, whereas cluster B describes
different treatments and their side effects in the short and long
term. Cluster C and D are less clinically and more oriented to
patient contextual factors (ie, those that are typically
ascertainable only outside of the clinic encounters).

Statistical Analyses: MultipleLinear Regression Analysis

Finaly, MLR anaysis was performed to identify the most
significant topics (keys) across the 4 abovementioned clusters.
The topics were arranged in a descending order based on the
Akaike information criterion value, the most appropriate
measure for the methodology. The most significant topics
identified by the model were: Topic21> Topicl8> Topicl0>
Topic7> Topic25> Topicll. Table 6 reportsthe most significant
topics discussed among the forum participants, along with the
respective topic labels assigned by the authors.

Discussion

Principal Findings

Itiswell known that many users shareinformation online daily.
Forum posts, blogs, or other social media activity reveal arich
diary of everyday life. Health information isrevealed explicitly
when an individual communicates about their well-being or
when they ask for guidance, information on a very specific
health issue, treatment, and other related topics. Our goal was
to explore a method to enhance our ability to collect and
interpret information from those social media sources. Our
methodology allowed us to organize 4 million plus postings
into 30 topics, consequently clustered into 4 groups.

The popularity of QCA-generated categories (as measured by
the number of posts in their associated forums) showed a
logarithmic-linear (log-lin) distribution, strongly suggesting
that a few QCA-generated categories are disproportionately
gravitated toward user self-selection, while most topics receive
comparatively little attention. Moreover, it is of great interest
that topic modeling analysis via MALLET showed that the
overall LDA strengths of each topic among the forum documents
(asseenin Figure 3) alsofollowed alog-lintype of distribution,
allowing for the same type of conclusion in objectively
quantifying content with regards to the MALLET-generated
topics.

In addition, amodest level of correlation was observed between
the strongest (via MLR analysis) MALLET topics and the

http://medinform.jmir.org/2018/4/e45/

strength (by user posting) of manual QCA-generated categories.
Topic 11, looking for support from people in similar
circumstances, is amost semantically identical to the
QCA-generated category of Diagnosed—Psychosocial—Smilar
Patients. The latter category encompassed 34.4%
(41,972/121,688 of al threads on the Breastcancer.org
Community website. Topics 10 and 18 (Radiation and side
effects and Chemotherapy side effects and change of treatments,
respectively), meanwhile, correlate in general to the manually
generated category of Diagnosed—Treatment (top-level
domain), which covered 38,698 threads on the site. Topic 7
(genetic risk and testing) is semantically similar to the
QCA-generated category of Not Diagnosed But
Concerned—Testing, noted in 4519 site user threads.

The computationally assigned importance of Topic 11 when
combined with its equally significant manualy generated
category correlate demonstrates the need for health personnel
to takeinto account the contextual (nonclinical) factorsunlikely
to be captured in conventional medical documentation and not
supported by conventional clinic-based information technol ogy
resources. In particular, a greater emphasis on
information-mediated psychosocial interventions is supported
by the results of this research.

The computational topic modeling analysisviaMALLET aso
demonstrated topics that did not arise via manua category
generation. These topics, in particular Topic 21 (lingering side
effectswhilein remission) and Topic 25 (support from caregiver
and medical teamfor recovery long term), mirror breast cancer
survivorship instead of the disorder itself. Therefore, it is
suggested that computational topic modeling software such as
MALLET is useful in future research on large bodies of
patient-generated text and can generate topics similar in quality
to those generated by expert QCA; furthermore, this type of
software can detect significant but hidden topics (such as social
and daily living issues dealt with during survivorship) that are
not otherwise detectable when only the forum labels given by
asite are analyzed qualitatively.

Visua anaysis of the file-file (ie, forum-forum) similarity
matrix (see Figure 4) showsaparticular concentration of similar
files across the diagonal axis, indicating that files numbered
with close numbers tended to be more similar in content. This
observation actually does strengthen the case for using
computational topic modeling software such as MALLET
because closely numbered files in the study at hand tended to
originatefrom forumsthat resided inidentical categoriesonthe
Breastcancer.org Community website. Similarly, topics that
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closely correlated with each other were noted to have clinically
significant correlates. It isimportant to note that many of these
correlates may not have been intuitive at face value but were
more explainable with the clinical expertise.

Overall, the research team was able to gain significant insight
into the daily lives, clinical and otherwise, of patients affected
by breast cancer; the onusto support survivors of breast cancer
was also revealed. Furthermore, the research performed
generated significant support for the use of computational topic
modeling software such as MALLET to anayze
patient-generated information for nonclinical issues revealed
by patients with breast cancer over relevant disease-specific
online forums.

Limitations and Future Consider ations

The data could be better annotated in metadata-facilitated
context as opposed to being in a purely free-text format; the
granularity of the ontology in which the data are stored can be
improved in future research. In particular, having the posts
traceable to unique anonymized users would be of assistance.
To achieve this granularity, forumsin the future can be scraped
in a manner that preserves the HTML source code of their
content; structured information could be then extracted from
the HTML. The granularity of time, if extractable from the

Jones et al

HTML, could potentially facilitate the generation of individual
patient records and potentially even allow for the capability for
analyzing patient narratives in a longitudina (time-wise)
fashion.

Detailed analysis of similarity measures between files and
clustering methods is an important part of potential future
research and will require thorough analysis by clinical and
patient health experts. This processisvery time consuming and
is out of the scope of this study as our goal in thiswork isto
present a method for modeling a data in a meaningful format.
Future work will focus more on further analysis of data to
identify hidden relationships between files and topics that might
reveal hidden aspects of breast cancer patients' challenges in
their real life.

Conclusions

The importance of patient-generated data (including
patient-generated information via online communications) is
growing among scholars because of their value in identifying
hidden aspects of patients' challenges and concerns. This study
provides areasonable amount of insight into the areas of interest
or concern that patients with breast cancer discuss in social
mediaand may need to be addressed to optimize patient disease
and health management.
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Abstract

Background: Pharmacovigilance and drug-safety surveillance are crucia for monitoring adverse drug events (ADESs), but the
main ADE-reporting systems such as Food and Drug Administration Adverse Event Reporting System face challenges such as
underreporting. Therefore, as complementary surveillance, dataon ADEs are extracted from el ectronic health record (EHR) notes
via natural language processing (NLP). As NLP develops, many up-to-date machine-learning techniques are introduced in this
field, such as deep learning and multi-task learning (MTL). However, only a few studies have focused on employing such
techniques to extract ADEs.

Objective: We aimed to design a deep learning model for extracting ADEs and related information such as medications and
indications. Since extraction of ADE-related information includes two steps—named entity recognition and rel ation extracti on—our
second objective was to improve the deep learning model using multi-task learning between the two steps.

Methods: We employed the dataset from the Medication, Indication and Adverse Drug Events (MADE) 1.0 challengeto train
and test our models. This dataset consists of 1089 EHR notes of cancer patients and includes 9 entity types such as Medication,
Indication, and ADE and 7 types of relations between these entities. To extract information from the dataset, we proposed a
deep-learning model that uses a bidirectional long short-term memory (BiLSTM) conditional random field network to recognize
entities and a BiL STM-Attention network to extract relations. To further improve the deep-learning model, we employed three
typical MTL methods, namely, hard parameter sharing, parameter regularization, and task relation learning, to build three MTL
models, called HardMTL, RegMTL, and LearnMTL, respectively.

Results: Since extraction of ADE-related information is a two-step task, the result of the second step (ie, relation extraction)
was used to compare all models. We used microaveraged precision, recall, and F1 as evaluation metrics. Our deep learning model
achieved state-of-the-art results (F1=65.9%), which issignificantly higher than that (F1=61.7%) of the best systeminthe MADE1.0
challenge. HardMTL further improved the F1 by 0.8%, boosting the F1 to 66.7%, whereas RegMTL and LearnMTL failed to
boost the performance.

Conclusions: Deep learning models can significantly improve the performance of ADE-related information extraction. MTL
may be effective for named entity recognition and relation extraction, but it depends on the methods, data, and other factors. Our
results can facilitate research on ADE detection, NLP, and machine learning.

(JMIR Med Inform 2018;6(4):€12159) doi:10.2196/12159
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Introduction

Background

An adverse drug event (ADE) is an injury resulting from a
medical drug intervention [1]. Previous studies reported that
ADEs could account for up to 41% of al hospital admissions
[2,3]. An ADE may cause a prolonged length of stay in the
hospital and increase the economic burden [4]. The annual cost
of ADEs for a 700-bed hospital is approximately $5.6 million
[5]. Moreover, the total number of iatrogenic deaths can reach
nearly 800,000 per year, which is higher than the death rate of
heart disease or cancer [6]. In 2013, medical error, including
ADEs, is the third most-common cause of death in the United
States [7]. Therefore, ADE detection and report are crucial for
pharmacovigilance and drug-safety surveillance [8,9].

Two methods are usually used to detect and report ADE. In
premarketing surveillance, ADEs can be discovered during
phaselll clinical trials for drug development. In postmarketing
surveillance, ADEs are discovered by patients and physicians
using the Food and Drug Administration (FDA) Adverse Event
Reporting System (FAERS). These traditional methods are
limited by the number of participants[10], underreporting [11],
and missing patterns of drug exposure [12]; for example,
underreporting is aknown issue in FAERS and may occur due
to several reasons. First, the objective and content of the report
in FAERS change over time, which may confuse physicians
and the general public. Second, patients may choose not to
mention some reactions, dueto which practitionersfail to report
them. Third, ADEs with long latency or producing unusual
symptoms may be unrecognized. Other reasons may include
payments from pharmaceutical companies to doctors [13] and
inefficient communication between patients, physicians, and
pharmacists. Recently, the FDA madethe FAERS dataavailable
through a public dashboard [14]. Since anyone can view ADE
reports online, this venture may help the FDA receive feedback
to improve the FAERS.

Many researchers have used other resources to identify ADES,
such as biomedical publications [15,16], socia media[17,18],
and electronic health record (EHR) notes [19-21]. The ADEs
extracted from these resources are an important complement to
traditional ADE-surveillance systems. However, manua
collection of ADEs from these data is laborious [22]. As such,
the use of computer systems is a good choice to automatically
detect ADES, but may fail sincethese dataare often unstructured
text. Therefore, natural language processing (NLP) techniques
are employed for this significant task [15,20,21,23].

From the viewpoint of NLP, ADE detection is covered under
the task of information extraction, which includes ADE
extraction as well as information related to ADE, such as

http://medinform.jmir.org/2018/4/€12159/

medications and indications. Extraction of ADE-related
information can be casted as a two-step pipeline. Thefirst step
is named entity recognition (NER) [24], which recognizes a
string of text as an entity (eg, medication or ADE) that is
predefined by dataset annotators. The second step is relation
extraction (RE) [15], which isamodel that determines whether
two entities have a specific relation (eg, medication and ADE).

Previous studies employed traditional machine-learning
techniques[15,16,23,24] such as condition random field (CRF)
[25] or support vector machine (SVM) [26]. Recently, deep
learning attracted much attention in NLP due its numerous
advantages such as better performances and less feature
engineering compared to other systems[27,28]. However, only
a few studies have addressed extraction of ADE-related
information via deep learning. Since ADE detection can be
divided into two tasks (ie, NER and RE), it is logica to
incorporate multi-task learning (MTL) [29] into ADE detection.
However, only limited prior work has investigated the impact
of MTL on ADE detection.

Relevant Literature

Adverse Drug Event Detection

Since ADEs play an important role in drug-safety surveillance,
ADE detection receives increasing attention from both the
federal regulation and the research community. Besides the
official reporting system FAERS, there are other databases that
collect data on known ADEs, such as the Comparative
Toxicogenomics Database [30] and SIDER [31]. Various
resources have been used to detect ADES, such as biomedical
publications[15,16], social media[17,18], and electronic health
record (EHR) notes [19-21]. For example, Gurulingappa et al
[16] leveraged medical case reports to build a corpus in order
to support drug-related adverse effects. Wel et al [15] organized
a challenge task to extract chemical-induced disease relations
from the literature and created an annotated corpus from 1500
articles. With respect to the methods, both supervised and
unsupervised methods were used. Ramesh et a [32] devel oped
a supervised machine-learning model to extract adverse event
entities from FAERS narratives. Xu and Wang [33] used a
semisupervised bootstrapped method to construct aknowledge
base for the drug-side-effect association. Liu et al [34] proposed
a causality-analysis model based on structure learning for
identifying factors that contribute to adverse drug reactions.
Yildirim et a [35] applied the k-mean algorithm to identify
adverse reactions. Xu et al [23] used SVM to extract ADEs
between sentence-level and document-level drug-disease pairs.
Recently, Munkhdalai et al [21] attempted to use deep learning
to address ADE extraction, but their model was not end-to-end
and relied on the entities.
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Figure 1. Study overview. NER: named entity recognition. RE: relation extraction. BiLSTM: bidirectional long short-term-memory. CRF: conditional

random field. MTL: multi-task learning. MADE: Medication, Indication,

and Adverse Drug Events. HardMTL: multi-task learning model for hard

parameter sharing. RegM TL: multi-task learning model for soft parameter sharing based on regularization. LearnMTL: multi-task learning model for

soft parameter sharing based on task-relation learning.
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Named Entity Recognition

NER is a standard task that has been studied for many yearsin
NLP [25]. Many researchers made important contributions to
dataset construction including the GENIA corpus[36], the NCBI
disease corpus [37], and the ShARe/CLEF eHealth evaluation
[38]. Early studies addressed NER by diverse approaches such
as rule-based [39] and machine-learning approaches [40-42],
among which CRF-based approaches predominated. For
example, Campos et a [40] presented aCRF mode to
recognize biomedical names, which achieved state-of-the-art
performance at the time by incorporating rich features. Tang et
al [43] modified the label scheme of CRF to make it be capable
of recognizing digoint clinical concepts. However, such
approaches need many effortsfor feature engineering. Recently,
abidirectional LSTM (BiLSTM) model [44,45] was proposed
and became a popular method for NER. In the biomedical
domain, Jagannatha and Yu [20] used such a model to detect
medical events from EHR notes.

Relation Extraction

RE has been widely studied, and some typical RE corpora in
the biomedical domain include the 2010 i2b2/VA challenge
[46] and BioCreative V CDR task [15]. Early work used rules
and NLP structures such as dependency trees [47] and
coreference chains[48] to hel p extract relations. Othersusually
leveraged machine-learning approaches such as SVM [49,50]
and structured learning [51]. As deep learning developed,
researchers proposed a number of neural network models to
handle RE [52,53]. Our study isrelated to the joint or end-to-end
entity and RE, which allows performance of NER and RE
simultaneously. Miwa and Bansal [54] proposed an end-to-end
model based on the sequence and tree LSTM. Similarly,
Mehryary et al [55] proposed an end-to-end system to extract
information about bacteria and their habitats.

Multi-Task Learning

MTL [29] refersto training the model for multiple rel ated tasks.
It is widely used in artificia intelligence research such as
computer vision [56] and NLP [57]. Learning these tasks
simultaneously may improve the performance as compared to
learning the tasks individualy. Prior MTL studies mostly

http://medinform.jmir.org/2018/4/€12159/

focused on homogeneous MTL that consists of taskswith only
onetype such as classification or regression [58]. Some of their
tasksare closely related, such ascross-lingual [59] and synthetic
data[60]. Based on a previous study [58], MTL can be roughly
divided into two categories—hard and soft parameter sharing.
For hard parameter sharing, the lower layers are shared among
multiple tasks and each task hasits own higher layer [54]. For
soft parameter sharing, each task has its own model with its
own parameters. There are some representative methods for
soft parameter sharing such as regularization [59] or learning
task relations [56].

Objective

Since only a few prior studies have addressed end-to-end
detection of ADE via deep learning, we aimed to design a
two-step pipeline model that consists of two submodels. a
BiLSTM [61] CRF [25] network for NER and a
BiLSTM-Attention [62] network for RE. Since extraction of
ADE-related information includes two steps, it is possible to
study the impact of MTL on NER and RE. However, only
limited prior work hasfocused on MTL with such heterogeneous
and loosely related tasks. Therefore, our second objective was
to fill this gap by proposing three M TL models and comparing
them with the pipeline model. An overview of this study is
shown in Figure 1.

Methods

Deep L earning Pipeline M odel

BiLSTM-CRF Submodel for NER

Our NER submodel is presented in Figure 2. We extended the
state-of-the-art BiLSTM-CRF model [44,45] by enriching its
features. For asentence, we extracted four kinds of featuresfor
each token, namely, its word, whether the initial character is
capital, its part-of-speech (POS) tag, and its character
representation. We employed a convolutional neural network
to obtain character representation. After the token
representations are obtained by concatenating the features, we
fed them into a bidirectional LSTM layer to learn the hidden
representations. Subsequently, the hidden representations were
input into the CRF layer to determine the optimal labels for all
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thetokensin the sentence. For labels, we usethe BMES (Begin,
Middle, End, Singular) label scheme[45] plus entity types. For
example, the label of the token “Renal” is “B_Disease” The
details of the BiLSTM-CRF submodel for NER are provided
in Multimedia Appendix 1.

BiLSTM-Attention Submodel for RE

Our RE submodel is presented in Figure 3. A relation instance
can be considered as a token sequence and two target entities.
Here, the token sequence did not necessarily have to be one
sentence, as we could also extract intersentence relations. For
each token, we extracted four kinds of features, namely, its
word, its POS tag, and the position embeddings [63]. Here, the
character representation was not used, because it reduced the
performancein our preliminary experiments. Similar to the case
for NER, we employed aBiLSTM layer to generate the hidden
representations. Subsequently, the attention method [62] was
used to obtain context features.

Because only context features may not be enough to capture
the semantic relation, we also employed other features for
concision, which are not shown in Figure 3. Considering
previouswork [21], these features included words of two target
entities, types of two target entities, the token number between
two target entities, and the entity number between two target
entities. Like the word or POS embeddings, these features can
be represented as vectors. Therefore, the output layer considers
the concatenation of al these features to determine the relation
of target entities. The details of the BiL STM-Attention submodel
for RE are provided in Multimedia Appendix 2.

Multi-Task Learning Models

In this section, we propose three M TL models: one model used
hard parameter sharing [54] and two model s used soft parameter
sharing, namely, regularization [59] and task relation learning
[56].

HardMTL

Our MTL model for hard parameter sharing is presented in
Figure 4. We employed the shared-private architecture [64] to
make each submodel of each task retain its private parts and
share some parts for multi-task learning. The NER and RE
submodelshad their own BiLSTM layers, namely, LSTM™ and
LSTM'® and shared aBiLSTM layer, LSTM®®, During training,
the shared BiLSTM layer LSTM3¥®was used by both the NER
and RE submodels, so that it was tuned during the
back-propagation by both submodels. Therefore, the model was
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able to learn useful knowledge from both tasks. The details of
the HardM TL model are provided in Multimedia Appendix 3.

RegMTL

Our first MTL model for soft parameter sharing was based on
regularization, and itsarchitectureis presented in Figure 5. With
reference to previous studies [59,60], we employed the L2
regularization in order to encourage the parameters of the NER
and RE submodels to be similar instead of sharing some parts
in the networks. Two BiLSTM layers were considered because
different inputs of the NER and RE submodelslead to different
dimensions of the first BILSTM layer; therefore, L2
regularization of the parameters of thefirst BiLSTM layer was
computationally intractable. We resolved this issue by
performing L2 regularization in the second BiLSTM layer. The
details of the RegMTL model are provided in Multimedia
Appendix 3.

LearnMTL

Our second MTL model for soft parameter sharing was based
on task relation learning [56], and its architecture isillustrated
in Figure 6. After generating hidden representations from the
BiLSTM and attention layers, we used a linear layer, W, to
exchange information between the NER and RE submodels. To
utilize task-specific and shared information, the concatenation
of hidden representations of the BiLSTM and information

exchange layers was fed into the upper decoders D™ and D™.
Thedetailsof theLearnMTL model are provided in Multimedia
Appendix 3.

Dataset

We used the MADE dataset from the MADEL.0 challenge for
detecting medications and ADEs from EHR notes [65]. It
consistsof 1089 EHR notes of patientswith cancer, from which
datafor 18 common Protected Health Information aspectswere
removed according to the Health Insurance Portability and
Accountability Act. The dataset was separated into 876 notes
for training and 213 notes for testing. In this dataset, the
annotators annotated not only ADES, but also other ADE-related
infformation. They predefined 9 entity types, namely,
Medication, Indication, Frequency, Severity, Dosage, Duration,
Route, ADE, and SSLIF (any sign, symptom, and disease that
is not an ADE or Indication). In addition, they predefined 7
relation types between these entity types, namely,
Dosage-Medi cation, Route-Medication, Frequency-Medication,
Duration-M edication, Medication-Indication, Medication-ADE,
and Severity-ADE.
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Figure2. NER submodel. For simplicity, here we use “ Renal Failure” toillustrate the architecture. For “Renal,” theword featureis“Renal,” the capital
feature of theinitial character is“R,” the POS featureis“JJ,” and the character representation is generated from CNN. NER: named entity recognition.
CNN: convolutional neural network. CRF: condition random field. LSTM: long short-term memory. CNN: convolutional neural network. POS: part of
speech.
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Figure 3. RE submodel. The target entities are “renal failure” (e;) and “antibiotics’ (ey). Positions represent token distances to the target entities. RE:
relation extraction. LSTM: long short-term memory. POS: part of speech.
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Figure4. Thehigh-level view of HardMTL. For conciseness, “LSTM” indicates aBiLSTM layer, and the layers above the BiLSTM layer are denoted

as D" and D'®. The forward procedures for an NER instance and an RE instance are indicated by blue and green arrow lines, respectively. HardM TL:
multi-task learning model for hard parameter sharing. L STM: long short-term-memory. BiL STM: bidirectional long short-term-memory. CRF: conditional
random field. NER: named entity recognition. RE: relation extraction.
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Figure5. The high-level view of RegMTL. LSTM{"™ and LSTM,™ indicate the first and second BiLSTM layers of the NER model. LSTM;"® and

LSTM,"€ indicate the first and second BiLSTM layers of the RE model. NER: named entity recognition. RE: relation extraction. RegM TL: multi-task

learning model for soft parameter sharing based on regularization. BiLSTM: bidirectiona long short-term-memory. CRF: conditional random field.
LSTM: long short-term-memory.
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Figure 6. The high-level view of LearnMTL. LearnMTL: multi-task learning model for soft parameter sharing based on task-relation learning. CRF:

conditional random field. LSTM: long short-term-memory.
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Results

The experimental settings used to obtain these results are
provided in Multimedia Appendix 4.

Comparison Between Our Best Model and Existing
Systems

We compared our models with the top three systems in the
MADEZ1.0 challenge. Chapman et a [66] used CRF for NER
and random forest for RE. Specifically, two random forest
models were used—one for detecting whether relations exist
between entities and the other for classifying what specific
relation type exists. Xu et al [67] used BiLSTM-CRF for NER
with word, prefix, suffix, and character features. For RE, they
used SVM and designed features such as positions, distances,
bag of words, and bag of entities. Dandala et al [68] also used
BiLSTM-CRF for NER, but they input different features into
the model such as words, POS tags, and characters. For RE,
they employed the BiL STM-Attention model that takestokens,
entity types, and positions as input.

Full neural systems ([68] and our study) achieve better
performances with the MADE dataset than with other systems
(Table 1). Although the main methods between the study of
Dandalaet a [68] and our study are similar, our model ismuch
better, as it significantly improved the F1 for RE by 5%. The
reasons for this superiority may be that we used more features
than previous work, such as capital information and entity
words, and our model attained approximately 0.8% improvement
in F1from MTL.

Comparison Between the Pipelineand MTL Models

The HardMTL model outperforms other models, achieving an
F1 of 84.5% in NER and 66.7% in RE (Table 2); the pipeline
model ranks second, with F1 values of 84.1% and 65.9%,
respectively. The RegM TL model obtainsthebest recall in both
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NER (84.5%) and RE (63.6%0). Surprisingly, the most-complex
MTL model LearnMTL ranked last.

In our experiments, HardM TL successfully boosted the NER
F1 by 0.4% (P=.003) and the RE F1 by 0.8% (P=.01), but
RegMTL and LearnMTL failed to boost the performances. Thus,
the effectiveness of different MTL methods depends on the
selected tasks and data. For heterogenous and loosely related
tasks such as NER and RE, it is more difficult for MTL to be
effective.

Performance of Each Entity Type

Table 3 shows the performance of each entity type. Medication
and Route (both F1>90%) were easier to recognize than other
types. In contrast, ADE is the most-difficult type to recognize
(F1=55%). Other entity typeswith lower performancesincluded
Indication and Duration.

Performance of Each Rélation Type

Table 4 shows the performance of each relation type.
Medication-ADE relations are the most-difficult type to extract
(F1=45.5%). Severity-ADE ranks second (F1=54.1%), followed
by Duration-Medication (F1=59.5%). In  contrast,
Route-Medication and Dosage-Medication extraction are
relatively easier, with F1>80%.

Comparison Between the Pipeline Model and M edEx
System

MedEx [69] isan end-to-end system used to identify medications
and their attributes such as routes and dosages. Therefore, the
final results of MedEx correspond to our results for extracting
4 kinds of relations: Route-Medication, Dosage-Medication,
Duration-M edi cation, Frequency-Medication. Table 5 compares
MedEx with our model. Our model significantly outperformed
MedEx, which demonstrates that our model is a competitive
system in this domain.

JMIR Med Inform 2018 | vol. 6 | iss. 4 [€12159 | p.46
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Lietd

Table 1. Comparison of our model with the existing systems in the Medication, Indication, and Adverse Drug Events dataset. The microaveraged F1s
of relation extraction are shown according to the official evaluation report.

System Named entity recognition Relation extraction F1

Chapman et al [66] CRF? Random forest 59.2
Xueta [67] BiLSTMP-CRF Support vector machine 59.9
Dandalaet a [68] BiLSTM-CRF BiLSTM-Attention 61.7
Our Best (HardMTLS) BiLSTM-CRF BiLSTM-Attention 66.7

8CRF: conditional random field
bBiL.STM: bidirectional long short-term memory
CHardMTL: multi-task learning mode! for hard parameter sharing

Table2. Performances (%) of the pipeline and multi-task learning models. The val ues presented are the means of 5 runs of each model. The microaveraged
P, R, and F1sof all entity or relation types are shown.

Method Entity recognition Relation extraction

P R F1 P R F1
Pipeline 85.0 83.2 84.1 69.8 62.4 65.9
HardMTL? 85.0 84.1 84.5 70.2 63.6 66.7
RegM TLP 84.5 84.5 84.5 66.7 63.6 65.1
LearnMTL® 84.5 82.8 83.6 67.2 61.5 64.2

@HardM TL: multi-task learning mode! for hard parameter sharing
bRegM TL: multi-task learning model for soft parameter sharing based on regularization
®LearnMTL: multi-task learning mode! for soft parameter sharing based on task relation learning

Table 3. Performance (%) of each entity type.

Entity type P R F1

Medication 91.1 92.0 91.3
Indication 65.4 64.8 64.8
Frequency 87.1 86.5 86.3
Severity 84.6 84.7 84.7
Dosage 87.9 86.4 88.0
Duration 75.3 76.6 77.6
Route 91.6 91.9 91.9
Adverse drug events 59.5 57.6 554
SSLIF? 83.9 84.8 84.9

83SLIF: any sign, symptom, and disease that is not an ADE or Indication

Table 4. Performance (%) of each relation type.

Relation type P R F1

Severity-Adverse drug events 55.0 54.4 54.1
Route-Medication 81.0 825 82.1
Medication-Indication 53.9 52.5 52.9
Dosage-Medication 80.9 79.8 81.0
Duration-Medication 60.3 63.7 59.5
Frequency-Medication 7.7 78.6 784
Medication-Adverse drug events 50.4 47.6 455
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Table 5. Results (%) of comparisons between our pipeline model and the MedEx system.

Entity type MedEx system Pipeline model

P R F1 P R F1
Route-Medication 71.9 479 575 81.0 825 82.1
Dosage-Medication 29.7 35 6.2 80.9 79.8 81.0
Duration-Medication 255 15.6 194 60.3 63.7 59.5
Frequency-Medication 525 36.2 428 7.7 78.6 784

Discussion

Principal Findings

Existing systems usually selected atwo-step pipelineto address
ADE-related information extraction: recognizing entities and
extracting relations. BiL STM-CRF is the most-popular model
for NER, whereas the selections of RE models are mixed. All
our model s outperformed the existing systemsinthe MADEL.0
challenge, which may be because of thefollowing reasons: First,
our models benefited from deep learning that is able to learn
better from the data. Second, we enriched the features of deep
learning models; therefore, our model outperformed the system
[68] that used similar deep learning models as ours.

For MTL, wefound that the model using hard parameter sharing
(HardMTL) performed better than the other two models using
soft parameter sharing (RegMTL and LearnMTL) and that the
most complex MTL model, LearnMTL, performed the worst
in our data. Our results are not surprising, as different MTL
methods depend on different tasks and data[54,56,59]. Overall,
MTL moredifficult between heterogeneous and loosely related
tasks such as NER and RE.

In our experiments, the entity type “ADE” and relation type
“Medication-ADE” were the most difficult information to be
extracted. Based on our analysis, thisis not only due to alack
of training data, but also theintrinsic character of ADEs. ADEs
are often implicit in the context without any obvious pattern,
which negatively affects the model (Example 1 in Multimedia
Appendix 5). In contrast, some entity or relation types with
obvious patterns (eg, M edication-Dosage) are easier to identify
(Example 2 in Multimedia Appendix 5).

Finally, wefound that the performanceimproved when we used
the pretrained word embeddingsin the biomedical domain [70]
rather than those in the general domain. Furthermore, if the
pretrained word embeddings were not tuned, our modelswould
perform better. One likely reason for thisis that such a method
can alleviate the overfitting problem.

Error Analysis

We randomly sampled hundreds of error instances of NER and
RE. Through the manual analyses, we found several sources of
errors. For NER, the major false-negative errors are dueto long
expressions of entities (Examples 3 and 4 in Multimedia
Appendix 5). These entities (eg, 1gG kappamonoclonal protein)
include multiple words; therefore, it is difficult to detect their

http://medinform.jmir.org/2018/4/€12159/

boundaries. Moreover, the major false-positive errors for NER
occur because some entity types are incorrectly recognized as
SSLIF (Examples 5 and 6 in Multimedia Appendix 5). This
may be because the training instances of SSLIF are >10 times
those of other entity types such as ADE. Thus, imbalanced data
distribution may lead to certain bias of our models.

With respect to RE, the major false-negative errors are due to
long distances between target entities (Example 9 in Multimedia
Appendix 5). The relation of two entities can be expressed
through =6 sentences in EHRSs; therefore, our model may miss
such relations in a long context. In addition, the major
false-positive errors for RE occur because relation expressions
exist in the instance, but are not related to the target entities
(Examples 7 and 8 in Multimedia Appendix 5). For instance,
in Example 7 of Multimedia Appendix 5, “His current therapy
includes [thalidomide] gy, 50 mg aday for 2 weeks out of the
month. He had been on Vel cade, which was stopped secondary
to increasing [peripheral neuropathy]eqiye, ~ “peripheral
neuropathy,” and “thalidomide” have no Medication-ADE
relation, but the model incorrectly predictstheir relation dueto
the words “ secondary to.”

Contributions

The main contributions of this work are as follows: (1) We
proposed an up-to-date deep learning model to perform
ADE-related information extraction in an end-to-end manner.
Our model achieved new state-of-the-art performance,
improving the F1 by 4.2% (absolute value). (2) To our
knowledge, thisisthe first attempt to investigate the impact of
MTL on two heterogeneous and loosely related tasks (ie, NER
and RE). One of our MTL models further improved the F1 by
0.8% (absolute value). (3) Our manually annotated
dataset—M edication, Indication, and Adverse Drug Events
(MADE) [65]—will be publicly availableto support theresearch
on extraction of ADE-related information.

Conclusions

We proposed adeep learning model to detect ADEs and related
information. We also investigated MTL on two ADE-related
tasks, NER and RE. Our models achieved state-of-the-art
performance in an ADE-detection dataset. MTL can improve
performance, but it depends on the methods and data used. In
the future, we plan to evaluate our models with more related
datasets.
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Abstract

Background: Telehealth programs have been successful in reducing 30-day readmissions and emergency department visits.
However, such programs often focus on the costliest patientswith multiple morbiditiesand last for only 30 to 60 days postdischarge.
Inexpensive monitoring of elderly patients via a personal emergency response system (PERS) to identify those at high risk for
emergency hospital transport could be used to target interventions and prevent avoidable use of costly readmissions and emergency
department visits after 30 to 60 days of telehealth use.

Objective: The objectives of this study were to (1) develop and validate a predictive model of 30-day emergency hospital
transport based on PERS data; and (2) compare the model’s predictions with clinical outcomes derived from the electronic health
record (EHR).

Methods: We used deidentified medical alert pattern data from 290,434 subscribers to a PERS service to build a gradient tree
boosting-based predictive model of 30-day hospital transport, which included predictors derived from subscriber demographics,
self-reported medical conditions, caregiver network information, and up to 2 years of retrospective PERS medical aert data. We
evaluated the model’s performance on an independent validation cohort (n=289,426). We linked EHR and PERS records for
1815 patients from a home health care program to compare PERS-based risk scores with rates of emergency encounters as
recorded in the EHR.

Results: In the validation cohort, 2.22% (6411/289,426) of patients had 1 or more emergency transports in 30 days. The
performance of the predictive model of emergency hospital transport, as evaluated by the area under the receiver operating
characteristic curve, was 0.779 (95% CI 0.774-0.785). Among the top 1% of predicted high-risk patients, 25.5% had 1 or more
emergency hospital transports in the next 30 days. Comparison with clinical outcomes from the EHR showed 3.9 times more
emergency encounters among predicted high-risk patients than low-risk patients in the year following the prediction date.

Conclusions; Patient data collected remotely via PERS can be used to reliably predict 30-day emergency hospital transport.
Clinical observations from the EHR showed that predicted high-risk patients had nearly four times higher rates of emergency
encountersthan did low-risk patients. Health care providers could benefit from our validated predictive model by targeting timely
preventive interventions to high-risk patients. This could lead to overall improved patient experience, higher quality of care, and
more efficient resource utilization.

http://medinform.jmir.org/2018/4/e49/ JMIR Med Inform 2018 | vol. 6 | iss. 4 |e49 | p.54
(page number not for citation purposes)


mailto:jorn.op.den.buijs@philips.com
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

op den Buijset a

(JMIR Med Inform 2018;6(4):e49) doi:10.2196/medinform.9907

KEYWORDS

accountabl e care organizations; decision support techniques; emergency medical dispatch; machine learning; population health

Introduction

Background

With the worldwide increase in the elderly population [1],
chronic diseases and associated health care utilization, such as
costly emergency department (ED) visits and subsequent
hospitalizations, are also on therise. In the United States, nearly
40% of patients making ED visits arrived by emergency
ambulance transport [2,3], and 80% of unscheduled hospital
admissions were through the ED [4]. Preventing avoidable ED
visits and admissions among elderly patients is becoming a
global priority [5,6], since emergency hospitalizations may be
particularly distressing for older people and have been associated
with adverse events such as hospital-acquired infections, loss
of functional independence, and falls[7].

Various telehealth programs have been demonstrated to be
effective in reducing readmissions, ED visits, and mortality for
patients with congestive heart failure (CHF), stroke, and chronic
obstructive pulmonary disease (COPD) [8]. For instance, alarge
nonprofit health care system in the United States introduced a
home-based telehealth program that lasts 30 to 60 days after
discharge from hospital, targeting the top 5% high-cost patients
with multiple chronic conditions [9]. In addition, our recent
work unveiled cost-saving opportunities by managing the
patientsin the lower-cost segmentsthat are at risk of becoming
more costly in the long term, such as beyond institutional
settings and 30- to 60-day telehealth services [10]. Population
health management programs may benefit from data analytics
that integrate home monitoring devicesto monitor patients after
discharge and find out whether they have issues before ED
utilization. These devicesinclude personal emergency response
systems (PERSS), which can help older adults get immediate
assi stance when a serious home-based accident occurs and where
delayed response may result in preventable ED utilization [11].
Furthermore, our preliminary findings suggested that predictive
analysisusing PERS data could be useful for identifying patients
at high risk for imminent emergency health care utilization [12].

A PERS service enables older adults to get help in a situation
that potentially requires emergency transport by ambulance to
the hospital, such as a sudden worsening of their chronic
condition or a fall [13,14]. PERS is a widely used wearable
technology with a help button that is worn as either a bracelet
or a pendant. Patients may press the help button at any timeto
activate an in-home communication system that connectsto a
24/7 call center. The call center associate may contact an
informal responder (eg, a neighbor or a family member) or

http://medinform.jmir.org/2018/4/e49/

emergency medical services (EMSs) based on the patient’s
specific situation and follows up with the patient to confirm
that help has arrived. The call center associate records notes
from the conversations with the subscribers in an electronic
record and classifiesthetype, situation, and outcome of the case
(Figure 1). In combination with user enrollment data, such as
demographic, caregiver network, and medical condition data,
these case data provide valuabl einformation about the patient’s
status.

Progress in big-data analysis techniques, such as predictive
modeling to identify patients at risk of worsening health
conditions, may contribute to cost-effectively reducing
potentially avoidable health care utilization [15]. Previous efforts
in the field of risk prediction include predictive modeling of
hospital readmission [16], repeat ED visits[17,18], and the use
of specialized discharge services[19]. For example, the LACE
index (length of stay; acuity of the admission; comorbidity of
the patient, measured with the Charlson comorbidity index
score; and emergency department use, measured as the number
of visits in the 6 months before admission) was designed for
the prediction of death or unplanned readmissions after
hospitalization [20], achieving a predictive performance of the
areaunder the receiver operating characteristic curve (AUC) of
0.68. Another model, HOSPITAL (hemoglobin, dischargefrom
an oncology service, sodium level, procedure performed, index
type of admission [urgent vs elective], number of admissions
inthelast year, and length of stay), isarisk scorefor predicting
30-day potentially avoidable readmission with a performance
of AUC=0.72 as evaluated in 9 hospitals in 4 countries [21].
Yet another study used 1-year retrospective electronic health
record (EHR) datato predict 30-day ED revisits, with predictive
power of AUC=0.70, in a prospective validation cohort [18].
These predictive models rely only on clinical data collected
before or during the clinica encounters or at the time of
discharge, but not on datafrom home monitoring postdischarge.
In contrast, PERS services collect information while the patient
is back at home. This information includes the details—time
stamp, type, situation, and outcome—of incidents such asfalls,
respiratory issues, chest pain, or general pain, as well as other
check-in or social calls[13]. Such events may indicate adecline
in patient status, and some patients may eventualy request
emergency transport to the hospital viathe PERS service. Thus,
patient decline may be captured earlier with PERS-based
prediction models than with models based on clinical data.
Therefore, the hypothesis of this study is that the medical alert
pattern data collected via the PERS service may be used to
predict imminent risk for emergency transport to the hospital.
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Figure 1. Overview of the personal emergency response system (PERS) process and data collection.
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The objectives of this study were to (1) develop and validate a
predictive model of 30-day emergency hospital transport based
on PERS data; and (2) compare the model’s predictions with
clinical outcomes derived from the EHR, namely outpatient and
inpatient emergency encounters. We used a large, deidentified
PERS dataset of more than 580,000 individualsto develop and
validate the predictive model. For a subpopulation of 1815
patients, we linked PERS and EHR data so that we could
compare PERS—predicted risk of hospital transport with
observed clinical outcomes.

Methods

General Overview

In this study, we followed the guidelines by Luo et a for
developing and reporting machine learning predictive models
in biomedical research [22]. Thiswas aprognostic retrospective
predictive modeling study of emergency hospital transport in

methodol ogy for predictive model devel opment and evaluation.
We used retrospective, deidentified data of 581,675 subscribers
of acommercial PERS service (Philips Lifeline, Framingham,
MA, USA). We developed and validated the predictive model
on cohort 1 using data from 579,860 subscribers. For 1815
subscribers (validation cohort 2), who were patients of the
Partners HealthCare at Home (PHH; Partners HealthCare at
Home, Inc, Waltham, MA, USA) program in the greater Boston,
Massachusetts area, we also collected clinical outcomesin the
year following prediction to evaluate how prediction of
emergency hospital transport compared with rates of outpatient
and inpatient emergency encounters. Patients in the model
development cohort and both validation cohorts were mutually
exclusive,

This study was approved by the Internal Committee on
Biomedical Experiments of Philips Research (ICBE-2-16049).
Furthermore, we obtained approval for linkage of PERS and
EHR records from the Partners HealthCare institutional review
board.

Figure 2. Overview of the study design to develop and evaluate the predictive model of emergency hospital transport. AUC: area under the receiver
operating characteristic curve; EHR: electronic health record; NPV: negative predictive value; PERS: personal emergency response system; PHH:

Partners HealthCare at Home; PPV: positive predictive value.
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Study Cohorts

Model Development Cohort and Validation Cohort 1

We included patients if they were subscribers of the Lifeline
PERS service on January 1, 2014 (model devel opment cohort)
or February 1, 2014 (model validation cohort 1) and were
between the ages of 18 and 100 years. We excluded patients if
they appeared to be more than 10 years on the service due to
the use of adifferent back-end system prior to 2004 where some
patients may have left the service in the meantime without an
indication recorded in the database. Also, patients who left the
PERS servicefor any reason in 30 days from the prediction date
wereexcluded fromthe analysis. Reasonsfor leaving the service
included death, moving to long-term care, and financial reasons.
We excluded patients from the model development cohort and
validation cohort 1 if they were part of the PPH program, aswe
included these patients into validation cohort 2. Furthermore,
3.27% (19,886/606,848) of total patients had missing
demographic data and were excluded from the analysis.

The primary PERS data source for model devel opment wasthe
Philips Lifeline database, which contained historical data such
as demographics, patients’ living situation and caregiver
network, self-reported medical conditions, and medical alert
data. We collected data on self-reported medica conditions,
including medication allergies, using a custom coding system,
which consisted of a drop-down list of common disease
categories, such as COPD, CHF, and diabetes. Caregiver
network information included the number of responders, the
number of people who lived with the patients, and persons to
be notified after an incident occurred. Medical aert data from
the PERS device included all information gathered during the
interactions of the patients with the Lifeline call center
associates. Call center associates categorized the calls as
incidents or nonincidents. For al calls, the situation (eg, fall,
respiratory problems, chest pain, and socia cal) and the
outcome (eg, subscriber okay, responder assistance, and
emergency hospital transport) was collected by the associate
via custom-made software.

Validation Cohort 2

Validation cohort 2 included PERS users who were on the
service on February 1, 2014 and received care at PHH, a
homecare management service that offers general care as well
as specialized services to help patients manage chronic
conditions at home. PHH uses a variety of technological
innovations to remotely monitor their patients, including the
Philips Lifeline PERS, which is a service routinely
recommended for elderly or chronically ill patients who are at
risk of falls or other health-related emergencies. We excluded
patients if they left the PERS service in the 30 days after the
prediction date.

http://medinform.jmir.org/2018/4/e49/
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The primary data source for comparison of PERS-based
predicted risk for emergency hospital transport with clinical
outcomes in validation cohort 2 was the Enterprise Data
Warehouse, an electronic medical record data repository of
hospitals within the Partners HealthCare System. The data
include demographic information, medical conditions, and
hospital utilization. We combined longitudinal clinical data
from the EHR (from February 1, 2014 to January 31, 2015) for
1815 individuals who met the inclusion criteria with the
PERS-based predictive score of emergency hospital transport.
All data were deidentified before analysis. It should be noted
that, in this study, we did not use EHR data to train the
predictive model; rather, we compared PERS-based predictions
of 30-day emergency hospital transport with clinical
observations from the EHR.

Data Processing

We processed PERS data for input into the predictive model
using the statistical programming language R [23]. Different
database tables were extracted from an operational PERS
database, deidentified, and made accessibleto the research team.

One table included subscriber demographics, including age,
sex, and region in the United States, subscription type, and
enrollment information. A few test accounts, used for
demonstration purposes and training of call center agents, were
removed prior to the predictive analysis. We used enrolIment
information to determine which subscribers were active on the
prediction date. Subscribers with missing enrollment dates
(79,764/1,221,073, 6.53% of al subscribersin the initial data
extract) were aready deactivated or were pending a PERS
installation and were therefore excluded from further analysis.
We derived time on the PERS service as the number of days
between enrollment and prediction dates.

One table consisted of the subscribers caregiver network
information. This included the number of responders (eg, son,
daughter, or neighbor) and number of emergency service
providers (eg, ambulance or fire department) listed by the
subscriber at the time of enrollment.

One table included self-reported medical conditions and
medication alergies. Medical conditions and medication
allergies were recorded at enrollment by the call center agent
viaacustom-made drop-down list for the purpose of informing
EMSs in case of an incident. We extracted the 50 most
frequently occurring medical conditionsand medication allergies
from the database for use in the prediction model. Up to 3 of
the most common medical conditions and medication alergies
were listed for various categories (Table 1).

JMIR Med Inform 2018 | vol. 6 | iss. 4 |e49 | p.57
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

op den Buijset a

Table 1. Themost common self-reported medical conditions and medication allergies by personal emergency response system subscribers per category

(N=581,675).

Category and condition description

Subscribers, n (%)

Auditory
Hearing loss
Hearing aid
Cancer
Cancer
Cardiovascular
High blood pressure
Heart condition
History of stroke
Endocrine
Diabetes
Thyroid disease
Medication allergy
Penicillin
Sulfadrugs
Codeine
M usculoskeletal, falls, or movement problems
Cane, crutches, or walker
Arthritis
History of falls
Neurological
Balance problems or unsteady gait
Dementia
Dizziness or vertigo
Psychiatric
Depression
Anxiety
Pulmonary
Chronic obstructive pulmonary disease
Oxygen dependent
Asthma
Visual
Impaired vision
Glasses

Macular degeneration

66,102 (11.36)
20,802 (3.58)

11,507 (1.98)

221,416 (38.07)
80,113 (13.77)
41,925 (7.21)

133,694 (22.98)
10,435 (1.79)

85,982 (14.79)
59,327 (10.20)
42,581 (7.32)

136,215 (23.42)
83,565 (14.37)
83,395 (14.34)

38,672 (6.65)
20,360 (3.50)
17,557 (3.02)

19,788 (3.40)
12,848 (2.21)

40,868 (7.03)
28,190 (4.85)
21,905 (3.77)

20,055 (3.45)
15,078 (2.59)
13,207 (2.27)

Onetable consisted of up to 2 years of historical PERS service
use data, which totaled to more than 25 million data points. We
categorized cases by case type, situation, and outcome (Table
2). For each case, we constructed 2 features for input to the
predictive model, namely frequency and recency. Frequency

http://medinform.jmir.org/2018/4/e49/
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was the sum of cases experienced by the subscriber prior to the
prediction date. Recency was the number of days between the
most recent case prior to the prediction date and the prediction
date.
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Table 2. Case types, situations, and outcomes for which frequency and recency features were derived for input into the predictive model. Examples

are given per category.

Case category and classification example  Description

Types
Incident Case where help is sent to the subscriber
Accidental Subscriber accidentally pushed the help button
Check-in Social call by subscriber

Situations

Breathing problems, chest pain, dizzi-

ness, fall, illness, other pain pain
Outcomes
Check-in Social call

EMS2—transport
Responder—no transport

Incident with subscriber experiencing breathing problems, chest pain, dizziness, afal, illness, or other

EMS sent to subscriber’s house—subscriber transported to hospital

Responder sent to subscriber’s house—subscriber not transported to hospital

3EMS: emergency medical service.

We derived the dependent variable—having 1 or more
emergency hospital transportsin the 30 daysfrom the prediction
date—from the PERS service use data. As the prediction
problem was treated as a classification problem, the dependent
variablewasrendered binary, with 1 if the patient had 1 or more
emergency hospital transports in the 30 days following the
prediction date and O otherwise.

After preprocessing, we merged the datainto 1 large table with
129 columns representing predictive model features and 1
column for the dependent variable. Each of the rows
corresponded to 1 PERS user. For 1815 PERS usersin the PHH
program, clinical outcomes from the EHR were available, and
we assigned theseto validation cohort 2. We randomly assigned
the remaining PERS users on a 1:1 basis to the model
development cohort and the validation cohort 1.

Predictive Model of Emergency Hospital Transport

We then developed a predictive model using a boosted
regression trees approach called extreme gradient boosting
within R [24]. We chose extreme gradient boosting because it
was adopted by more than half of the winning competitions on
the Kaggle platform for data science competitionsin 2015 [24].
This methodology was also carried out within the commercial
PERS-based prediction system CareSage (Philips Lifeline).
During initial model development, we also considered logistic
regression as a candidate modeling technique but it resulted in
significantly lower AUC values in the validation cohort.

The frequency and recency features based on medical alert
pattern data are highly skewed. While this may pose a problem
for certain predictive modeling methods, the tree-based method
we used did not make any assumptions on normality of the
features. Monotonic transformations of the features to render
them more normal did not affect the predictive performance of
the models. We determined variable importance according to
the gain, a measure of the relative contribution of the
corresponding variable to the predictive model, calculated by
taking the improvement in accuracy brought by a variable to
the branches it is on. We reduced the number of features by

http://medinform.jmir.org/2018/4/e49/

selecting only those with non—zero gain values for the fina
model, resulting in a total of 121 features in the final model.
The boosted regresson model aso involved tuning
hyperparameters of the learning algorithm, such as the number
of trees, the maximum depth of the trees, and the learning rate.
We achieved this optimization using 5-fold cross-validation on
the model development set with the optimization metric
determined by the AUC in the test fold.

Predictive Model Evaluation

We evaluated the discriminatory accuracy of the predictive
models using the AUC, which indicates the probability of the
predictive model ranking a randomly selected patient with
30-day emergency transport higher than a randomly selected
patient without the event. Furthermore, the negative predictive
value (NPV) isthe percentage of patients not having emergency
transport in the group classified as negative, while the positive
predictive value (PPV) indicates the percentage of patients
having emergency transport in the group classified as positive.
We varied the threshold for classifying patients as positive using
risk scores above the 90th, 95th, and 99th percentiles such that
10%, 5%, and 1%, respectively, of patients were classified as
high risk. For these thresholds, we computed the NPV, PPV,
sensitivity, specificity, and accuracy. We derived 95%
confidence intervals for performance metrics using a stratified
bootstrapping method with 1000 bootstrap replicates.

Whilewe used AUC to assess the ahility of the predictive model
to discriminate between patients with and without transport,
regularization, as done in extreme gradient boosting, may have
created bias in the predictive model [22]. Therefore, we aso
checked the model for calibration—the agreement between
predictions made by the model and the outcome—by plotting
the observed outcome in ranges of the predicted probabilities
(0%-20%, 20%-40%, ..., 80%-100%). We also tested
goodness-of-fit using the Hosmer-Lemeshow test. This is a
systematic way of assessing whether the observed outcomes
match the predicted probabilities in subgroups of the model
popul ation.
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Statistical Analysis

We tested differences in age between the model devel opment
and 2 validation cohorts using analysis of variance followed by
Tukey post hoc test. Pairwise comparison between pairs of
proportions with Holm correction for multiple testing was
applied to the patients’ sex, self-reported medical conditions,
and 30-day emergency transport.

To determine how PERS predicted risk for 30-day emergency
hospital transport compared with clinical outcomes, we derived
therates of emergency outpatient and inpatient encountersfrom
the EHR at 30, 60, 90, 180, and 365 days following prediction
for validation cohort 2. We split the cohort into low, medium,
and high risk according to the risk threshol ds that corresponded
to the 0 to 50th percentile, 51st to 95th percentile, and greater
than 95th percentile. The numbers of emergency encountersin
these 3 risk groupswere normalized asthe number of emergency
encounters per 100 patients. Emergency encounters were
statistically compared using a pairwise Wilcoxon rank sum test.

Results

Patient Characteristics and Prevalence of the
Dependent Variable

Table 3 presents the characteristics of the model devel opment
and both validation cohorts. PERS users were on average 81
years old and most were female (234,817/290,434, 80.85%) in
the model development cohort and validation cohort 1. There
was no statistically significant difference in age between the

op den Buijset a

model development and validation cohort 1. Average age was
dightly, but statistically significantly, younger in validation
cohort 2 than in the model devel opment cohort.

The distribution of the number of self-reported conditions was
different in validation cohort 2, with only 6.89% (125/1815) of
users not reporting any conditions, compared with 20.58%
(59,769/290,434) inthe model development cohort. Onereason
may be that these were patients receiving care for 1 or more
specific conditions through a home health care program.
Regarding the dependent variable of having 1 or more
emergency hospital transports in 30 days, 2.20% (40/1815) of
patients had emergency hospital transport in the 30 days
following the prediction datein validation cohorts 1 and 2. This
was not significantly different from the model development
cohort (6686/290,434, 2.30%). Theratio of positiveto negative
classes was 0.024 for the model devel opment cohort and 0.023
for both validation cohorts. According to the EHR data,
509/1815 patients of validation cohort 2 (28.04%) had 1 or more
emergency encountersin the year following the prediction date.

M odel Performance

Table 4 detail s the performance of the predictive model in both
validation cohorts for various risk thresholds. The AUC for
emergency hospital transport in 30 days was 0.779 (95% CI
0.774-0.785) in validation cohort 1 and 0.766 (95% CI
0.686-0.845) in validation cohort 2. Nonsignificant
Hosmer-Lemeshow test results (P=.99 for validation cohort 1
and P=.78 for validation cohort 2) showed that predicted
probabilities matched observed outcomes.

Table 3. Patient characteristics and prevalence of the dependent variable in the model development and validation cohorts.

Variable Model development Validation cohort 1 (n=289,426) Validation cohort 2 (n=1815)
cohort, (n=290,434) Statistic P value Statistic P value
Prediction date January 1, 2014 February 1, 2014 N/A2 February 1, 2014 N/A
Age (years), mean (SD) 81.3 (11.5) 81.2 (11.5) 20 79.8 (11.5) <.001
Female patients, n (%) 234,817 (80.85) 233,692 (80.74) 66 1461 (80.50) 01
PERS sdlf-reported medical conditions, n (%)
0 59,769 (20.58) 61,685 (21.31) <.001 125 (6.89) <.001
1-2 72,067 (24.81) 71,094 (24.56) 02 656 (36.14) <.001
34 77,739 (26.77) 76,384 (26.39) 27 519 (28.60) 31
25 80,859 (27.84) 80,263 (27.73) 25 515 (28.37) 84
Patients with 30-day emergency 6686 (2.30) 6411 (2.22) .08 40 (2.20) .99
hospital transport, n (%)
Patientswith = 1 emergency encountersat 3 time points after the prediction date, n (%)
30 days N/A N/A N/A 64 (3.53) N/A
180 days N/A N/A N/A 321 (17.69) N/A
365 day’s N/A N/A N/A 509 (28.04) N/A

3N/A: not available.
BPERS: personal emergency response system.
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Table 4. Performance of the predictive model evaluated by the area under the receiver operating characteristic curve (AUC), negative predictive value
(NPV), positive predictive value (PPV), sensitivity, specificity, and accuracy using the 90th, 95th, and 99th percentiles as thresholdsin the 2 validation

cohorts.

Characteristic Prediction score threshold

>90th percentile

>05th percentile >99th percentile

Validation cohort 1 (n=289,426)%

AUC (95% Cl) 0.779 (0.774-0.785)
NPV (95% CI) 98.6% (98.6%-98.7%)
PPV (95% Cl) 9.6% (9.3%-9.9%)
Sensitivity (95% CI) 43.8% (42.5%-45.0%)
Specificity (95% Cl) 90.7% (90.6%-90.8%)
Accuracy (95% ClI) 89.6% (89.5%-89.7%)
Validation cohort 2 (n=1815)b

AUC (95% CI) 0.766 (0.686-0.845)
NPV (95% CI) 98.8% (98.4%-99.1%)
PPV (95% CI) 8.3% (5.9%-10.7%)
Sensitivity (95% Cl) 52.5% (37.5%-67.5%)
Specificity (95% Cl) 86.9% (85.3%-88.4%)
Accuracy (95% Cl) 86.2% (84.4%-87.7%)

0.779 (0.774-0.785) 0.779 (0.774-0.785)

98.4% (98.4%-98.4%) 98.0% (98.0%-98.0%)
13.5% (13.1%-14.0%) 25.5% (24.1%-27.2%)
30.5% (29.3%-31.7%) 11.5% (10.7%-12.3%)
95.6% (95.5%-95.7%) 99.29% (99.2%-99.3%)
94.1% (94.1%-94.2%) 97.3% (97.3%-97.3%)
0.766 (0.686-0.845) 0.766 (0.686-0.845)

98.3% (98.0%-98.7%) 98.0% (97.8%-98.3%)

9.2% (5.1%-13.9%)

30.0% (15.0%-45.0%)
93.4% (92.2%-94.5%)
92.0% (90.7%-93.2%)

16.7% (4.3%-29.6%)
12.5% (2.5%-22.5%)
98.6% (98.0%-99.1%)
96.7% (96.1%-97.3%)

3Hosmer-Lemeshow test: X%gg=13.1; P=.99.
PHosmer-L emeshow test: x%g=4.8; P=.78.

PPV swere on the low side due to the low prevalence of 30-day
emergency hospital transport, which was around 2.2% in both
validation cohorts (Table 3). By increasing the prediction score
threshold, PPV increased but at the expense of decreased
sensitivity. In validation cohort 1, at a risk score threshold
corresponding to the 90th percentile, the predictive model
identified 43.8% (95% CI 42.5%-45.0%) of the patients who
had emergency transport in the 30 daysfollowing the prediction
date (sensitivity); however, only 9.6% (95% CI 9.3%-9.9%) of
flagged patients had emergency transport in the following 30
days (PPV) at this threshold. At thresholds corresponding to
the 95th and 99th percentiles, the sensitivity dropped to 30.5%
(95% CI 29.3%-31.7%) and 11.5% (95% CI 10.7%-12.3%),
respectively, while the PPV increased to 13.5% (95% ClI
13.1%-14.0%) and 25.5% (95% Cl 24.1%-27.2%), respectively.
Thisanalysis using different thresholds illustrates the trade-off
between sensitivity and PPV, that is, trying to find as many
positive cases as possible with an acceptable fal se-positive rate.
A similar trade-off between sensitivity and PPV was also
observed in validation cohort 1.

The predictivemodel produced a probability (from 0% to 100%)
for each patient to assess the risk of 30-day emergency hospital

http://medinform.jmir.org/2018/4/e49/

transport. The actually observed percentage of patients with
emergency hospital transport increased as the predicted
probabilities increased (Figure 3). At predicted probabilities
between 80% and 100%, 80% (4/5) of patients had 30-day
emergency hospital transport in validation cohort 1.

Predictor Variables

Table 5 provides the number of predictors and total gain, a
measure of predictability, for each broad category of predictors.
Predictorsfrom the medical alert dataformed the most important
predictor category for the predictive model, as they accounted
for 87.7% of thetotal gain. A total of 8 predictor variableswith
zero gain did not contribute to predictability. These included
certain uncommon medication alergies and self-reported
medical conditions.

The predictive model of 30-day emergency hospital transport
included 121 variableswith nonzero valuesfor the gain. Figure
4 shows the 5 most important predictors for each category. For
self-reported medical conditions, COPD, CHF, and heart
conditions are among the 5 most important predictors. Other
important predictors include age, sex, and the number of
responders.
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Figure 3. Observed percentage of patients needing 30-day emergency hospital transport versus model-predicted probability in validation cohort 1.
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Table 5. Number of predictors and total gain per predictor category.

Predictor category

Number of predictors Total gain (%)

Medical aert pattern-based predictors
Self-reported medical conditions and medication allergies
Other predictors

62 87.7
44 3.7
15 8.7

Comparison With Clinical Outcomes

Wethen used the predictive model of 30-day emergency hospital
transport to segment validation cohort 2 into high risk (>95th
percentile), medium risk (51st-95th percentile), and low risk
(<50th percentile) after ranking them according to the predicted
probabilities of 30-day emergency hospital transport. We
normalized the number of emergency encounters (both
outpatient visitsand inpatient admissions) inthe year following

http://medinform.jmir.org/2018/4/e49/
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the prediction date to 100 patients (Figure 5). Compared with
emergency encounters in the low-risk group, patients in the
high-risk group had significantly more emergency encounters
at 30 (P=.001), 60 (P<.001), 90 (P<.001), 180 (P<.001), and
365 (P<.001) days. The medium-risk group had significantly
more emergency encounters at 90 (P=.01), 180 (P<.001), and
365 (P<.001) days. After 365 days, there were 3.9 times more
emergency encountersin the high-risk group than in the low-risk

group.
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Figure4. The 5 most important variablesin the predictive model for 3 categories of predictors: predictors derived from medical alert data, self-reported
medical conditions, and other predictors. Predictor importance as measured by the gain is reported for validation cohort 1. COPD: chronic obstructive
pulmonary disease; PERS: personal emergency response system.
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Figure 5. Emergency encounters per 100 patients (pts) in low-, medium-, and high-risk groups in the year following the prediction date. Data shown
are for validation cohort 2. * P<.05 compared with low risk, pairwise Wilcoxon rank sum test.
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Discussion

Principal Findings

Retrospective validation demonstrated the effectiveness of the
PERS medical alert data-based predictive model of 30-day
emergency hospital transport in identifying patients at risk of
hospital transport with good discrimination (AUC=0.779). A
goodness-of-fit test and calibration plot indicated that the
model-predicted probabilities matched with observed outcomes
across ranges of predicted risk. We evaluated the trade-off
between finding many true-positive cases (ie, ahigh sensitivity)
and reducing the number of false-positives (ie, ahigh PPV) by
varying the threshold to classify patients as positive. At arisk
threshold corresponding to the 99th percentile, 1 out of 4 patients
flagged at high risk needed hospital transport in the next 30
days (PPV=25.5%), while at this threshold the sensitivity was
rather low at 11.5%. PPV was nearly 12 times higher than the
prevalence of 30-day emergency transport in validation cohort
1, which was 2.20%. Thetrade-off between sensitivity and PPV
was also reported by other predictive modeling studies of
emergency health care utilization [18,25].

Recent studies have reported on the devel opment and validation
of predictive modelsthat can be used to systematically identify
individualsat high risk for an unfavorable outcomein a hospital
setting [26,27]. Such risk assessment model s have great potential
to inform treatment decisions and improve the quality of care
delivered to patients [26-28]. As innovative connected health
technol ogies and val ue-based care palicy influence the evolution
of geriatric models of care to deliver more individualized,
multifaceted management strategies, home health programsfor
community-dwelling seniors may benefit from enhanced risk
assessment of patients. For instance, a 32-center randomized
controlled trial of the guided care model used health care
encounter—based predictive modeling software to identify the
25% of patientswith the highest risk of needing complex health
carein the coming year. The study provided them with geriatric
assessment and specialized support, resulting in significantly
reduced health care utilization by home hedlth care patients
compared with agroup that followed usual care[29]. By using
remotely collected PERS datato predict the risk of emergency
health care utilization, our predictive model of 30-day
emergency hospital transport presents a unique opportunity to
efficiently allocate limited health care resourcesto patientswho
need them the most and thereby reduce costs associated with
excessive use.

This predictive modeling study was, to the best of our
knowledge, unique, asit used PERS datato predict emergency
hospital transport. Most state laws in the United States require
that patients in need of emergency medical care must be taken
to the nearest appropriate health care facility capable of treating
the patient, which may be an out-of-network facility.
Furthermore, in case of ED crowding [30], ambulance diversion
to other potentially out-of-network facilities may be requested.
In both cases, the resulting ED visit may not be captured in the
EHR of the in-network organization. Therefore, predictive
models of emergency health care utilization developed on EHR
dataof aparticular health care provider may be missing outcome
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data. We minimized this limitation in our study, since response
agents from the PERS service recorded information about any
ambulance transport after an incident that required help from
an EMSin the electronic case record of the user.

Linkage of PERS and EHR datain acohort of 1815 PERS users
who were patients of an accountable care organization in the
greater Boston area group enabled comparison of PERS-based
predicted risk of 30-day emergency hospital transport with
emergency encounters derived from the clinical EHR. The
patients in the high-risk group—that is, those above the 95th
percentile range of risk for emergency transport—also had 3.9
times more emergency encounters per 100 patients in the year
following the prediction date than did patients classified as
having low risk. Here we specifically analyzed rates of health
care encounters, asthese are the eventsthat could ultimately be
avoided with the appropriate interventions. These results suggest
that prediction of emergency health care utilization based on
PERS data may be a good alternative to EHR-based prediction
models, which could be especially helpful for continuous
monitoring of patients after discharge and where patients have
missing or limited EHR records.

Our previous study on hedlth care utilization by PERS users
indicated that 21% of emergency admissions were considered
potentially avoidable[10]. Therefore, we believethat prediction
of risk for emergency transport, in combination with appropriate
interventions, could potentialy reduce emergency
hospitalizations. Clinical and financial implications of predictive
models largely depend on how well case managers and health
professionals can integrate risk prediction of patients into
clinical workflows. It is vital to have a detailed guideline that
clarifies how the algorithm will inform care [15]. An example
of such an approach is a predictive model to detect impending
deterioration of patients outside the intensive care unit [31],
whichwasimplementedin routineclinical carein 2 community
hospitals [32]. In an ongoing randomized clinical trial, we are
developing workflows that integrate daily PERS-based risk of
30-day emergency hospital transport with care pathways [33].
In this randomized clinical trial, we are using the predictive
model described herein to predict patients' risk for 30-day
emergency transport, followed by a nurse assessment and
tailored interventions for high-risk patients. The number of
patients who will ultimately benefit from a combination of
prediction and intervention will depend on various factors,
including the population size and the prevalence of emergency
health care utilization, the performance of the predictive model
and the risk threshold above which patients are considered to
be high risk, and the efficacy of the interventions provided to
high-risk patients.

Limitations

Thisstudy had afew limitations. The PERS population is mostly
old and primarily female, and the service is predominantly
privately paid for by patients and not covered by their health
insurance. This may limit the generalizability of the study to
older women who can afford the service. Interpretation of the
predictive model may have been influenced by confounding of
unobserved variables, including when and where users wore
the PERS device [34]. While the second objective of the study
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was to validate the PERS-based prediction model in a specific
health system, we believe it is more broadly applicable, since
the prediction model was developed on PERS-data only and
did not rely on specific inputs from the EHR.

More PERS subscribersin validation cohort 2 self-reported on
medical conditions than in the development and validation
cohorts. It islikely that this cohort was a biased patient group
with higher risk and more medical conditions, as they were
receiving care from a health care provider. Given that the AUC
for 30-day transport was not significantly lower in validation
cohort 2, we do not expect that this affected the predictions.
Furthermore, patients with emergency transport in validation
cohort 2 may not have ended up in the ED of one of the hospitals
of the Partners HealthCare network, but in a different hospital
system, such that emergency health care utilization was not
recorded in the EHR data that we used. Additionaly, patients
may have initiated emergency hospital transport outside of the
PERS service. Both above-mentioned limitations may have
affected the correl ation between PERS-based risk for emergency
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hospital transport and emergency encounters derived from the
EHR.

Conclusions

This study showed that remotely collected patient datausing a
PERS service can be used to predict 30-day hospital transport.
Furthermore, linking these data to clinical observations from
the EHR showed that predicted high-risk patients had nearly
four times higher rates of emergency encounters in the year
following the prediction date compared with low-risk patients.
Health care providers could benefit from our validated predictive
model by estimating the risk of 30-day emergency hospital
transport for individual patients and target timely preventive
interventionsto high-risk patients. We are testing this hypothesis
in a randomized clinical trial where risk predictions are
combined with a stepped intervention pathway. This approach
could lead to overall improved patient experience, higher quality
of care, and more efficient resource utilization. Future studies
should explore the impact of combined EHR and PERS dataon
predictive accuracy.
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Abstract

Background: Inthe United States, arare disease is characterized as the one affecting no more than 200,000 patients at a certain
period. Patients suffering from rare diseases are often either misdiagnosed or left undiagnosed, possibly due to insufficient
knowledge or experience with the rare disease on the part of clinical practitioners. With an exponentially growing volume of
electronically accessible medical data, alarge volume of information on thousands of rare diseases and their potentially associated
diagnostic information is buried in el ectronic medical records (EMRs) and medical literature.

Objective: This study aimed to leverage information contained in heterogeneous datasets to assist rare disease diagnosis.
Phenotypic information of patients existed in EMRs and biomedical literature could be fully leveraged to speed up diagnosis of
diseases.

Methods: Inour previouswork, we advanced the use of a collaborative filtering recommendation system to support rare disease
diagnostic decision making based on phenotypes derived solely from EMR data. However, the influence of using heterogeneous
datawith collaborative filtering was not discussed, which is an essential problem while facing large volumes of data from various
resources. In this study, to further investigate the performance of collaborative filtering on heterogeneous datasets, we studied
EMR data generated at Mayo Clinic as well as published article abstracts retrieved from the Semantic MEDLINE Database.
Specifically, in this study, we designed different data fusion strategies from heterogeneous resources and integrated them with
the collaborative filtering model.

Results: We evaluated performance of the proposed system using characterizations derived from various combinations of EMR
data and literature, as well as with sole EMR data. We extracted nearly 13 million EMRs from the patient cohort generated
between 2010 and 2015 at Mayo Clinic and retrieved all article abstracts from the semistructured Semantic MEDLINE Database
that were published till the end of 2016. We applied a collaborative filtering model and compared the performance generated by
different metrics. Log likelihood ratio similarity combined with k-nearest neighbor on heterogeneous datasets showed the optimal
performance in patient recommendation with area under the precision-recall curve (PRAUC) 0.475 (string match), 0.511
(systematized nomenclature of medicine[SNOMED] match), and 0.752 (Genetic and Rare Diseases Information Center [GARD]
match). Log likelihood ratio similarity also performed the best with mean average precision 0.465 (string match), 0.5 (SNOMED
match), and 0.749 (GARD match). Performance of rare disease prediction was a so demonstrated by using the optimal algorithm.
Macro-average F-measure for string, SNOMED, and GARD match were 0.32, 0.42, and 0.63, respectively.

Conclusions: Thisstudy demonstrated potential utilization of heterogeneous datasetsin acollaborativefiltering model to support
rare disease diagnosis. In addition to phenotypic-based analysis, in the future, we plan to further resolve the heterogeneity issue
and reduce miscommunication between EMR and literature by mining genotypic information to establish a comprehensive
di sease-phenotype-gene network for rare disease diagnosis.
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Introduction

Background

In the United States, a rare disease is described as the one
affecting no more than 200,000 patients at a certain time [1].
Currently, there are nearly 10% Americans suffering from rare
diseases [2]. However, patients often are misdiagnosed or left
undiagnosed because of insufficient clinical knowledge and
experience. Furthermore, merely 5% of these diseases have
treatment plans [2]. Therefore, accelerating rare disease
diagnostic decision support is crucial and urgent.

The very initial step in diagnosing rare disease is to stratify
patients into subgroups with similar  phenotypic
characterizations. In addition, with computationally accessible
medical data growing at an exponentia rate, an abundance of
rare disease-related phenotypic information is believed to be
buried in electronic medical records (EMRSs) and medical
literature. Therefore, we hypothesize that patients' phenotypic
information available among these resources can be leveraged
to accel erate disease diagnosis. Few studiesfocus on phenotypic
characterization of diseases and the anaysis of
phenotype-disease associations from free-text data such as
EMRs and medical literature. One of the most representative
efforts, the Human Phenotype Ontology (HPO) [3] was built to
collect human phenotypic information for the differential
diagnosis of rare diseases. In our previous work, we leveraged
the HPO to annotate alarge collection of clinical narrativesand
demonstrated a use case by using an annotation pipeline to
perform knowledge discovery on Wilson disease [4]. We also
proposed the use of collaborative filtering in our previous study
for rare disease diagnosis [5], as making diagnostic decision
making for a patient based on phenotype is similar to
recommending asimilar online product according to customers
previous purchasesin e-commerce [6-8].

Sinceall datasets areflawed, it isimportant to prepare datawith
good quality, as machine learning depends heavily on data[9].
Especially for collaborative filtering algorithm, a proper
preparation of data can largely avoid key information loss and
improvelearning performance[10]. More challenges comeinto
the picture while feeding heterogeneous dataiinto collaborative
filtering model.

Previous Work

One of these challenges is the alignment of semantic
heterogeneity. Semantic heterogeneity is referred to as a
situation where 2 or more datasets are provided by different
parties with various perspectives and purposes [11]. For
structured data, thefusion of heterogeneous dataisdifficult due
to inconsistent data models, data schemas, query languages,
and terminology [12]. For unstructured or semistructured data,
such issues are exacerbated as schemas must become much
more flexible to accommodate the nonstandardized data and as
such semantic drift becomes a more significant problem. Some

http://medinform.jmir.org/2018/4/€11301/

studies have focused on making good semantic alignment across
heterogeneous data. For example, MedKDD is a system for
integrating and aligning heterogeneous biomedical ontologies
[13]. Bache et al targeted on identifying patient cohort from
heterogeneous resources by devel oping an adaptive query model
[14]. Bleich et al made a comparison between integrated and
interfaced hospital systems[15]. Burkle et al conducted a study
to transfer data stored in one electronic patient record to another
health careinformation system [16]. EHRACR demonstrates an
interoperable way to reuse electronic health records[17]. Mate
et a conducted a study on integrating ontology data between
clinical and research systems[18]. SHRINE providesaplatform
for disease studies across multiple health care institutions [19].
Ohmann et al proposed an overview of studies on data
interoperability of basic research, clinical research, and medical
data[20].

Another challengeisto get benefit from heterogeneous data to
improve performance of machine learning. To investigate this,
Lewis et a applied support vector machine on heterogeneous
biological datato infer gene function [21]. Yu et a introduced
al2-norm multiple kernel learning algorithm and applied it on
biomedical data fusion [22]. Ye et a showed a study on
Alzheimer disease using heterogeneous datafusion [23]. Wang
et a made a comparison among clinical notes, biomedical
literature, and their combination to test their performanceswith
word embeddings [24]. Torii et a showed the performance for
concept extraction using machine learning taggers across
narratives from heterogeneous data sources [25]. A GOstruct
extension was developed to annotate protein functions from
heterogeneous data [26].

Objective

According to the aforementioned related work, although some
success was demonstrated, the issue regarding semantic
heterogeneity is still an unsolved puzzle. Moreover, to the best
of our knowledge, no study has paid attention to the impact of
applying collaborativefiltering on heterogeneous data, especially
in biomedical domain. Therefore, it isinteresting to investigate
how datafusion strategies on heterogeneous resources can work
with collaborative filtering for an optimal recommendation.

In this work, we developed a new framework based on our
previous designed collaborative filtering system to incorporate
heterogeneous data sources with different datafusion strategies
to assist in diagnosing rare diseases. We extracted Unified
Medical Language System concepts with MetaMap [27] and
applied the HPO with the Genetic and Rare Diseases I nformation
Center (GARD) [28] to annotate clinical notes at the Mayo
Clinic generated from 2010 to 2015 as well asresearch articles
stored in the Semantic MEDLINE Database (SemMedDB) [29]
published up to December 2016. We integrated different data
fusion strategieswith collaborative filtering and eval uated their
performances for patient recommendation and rare disease
prediction.
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Methods

Data Collection

For the EMR dataset, we collected clinical notes generated at
the Mayo Clinic from 2010 to 2015. The extracted corpus
maintained about 13 million unstructured clinical notesfor over
700,000 patients. We only annotated sections with problems
and diagnoses. For the medical literature dataset, we extracted
abstracts of research articles from the SemMedDB. We then
used HPO and GARD terms to match either subject or object
for each predication [29] and finally came up with 91,680
phenotype-rare disease associations to process.

Collaborative Filtering Model for Rare Disease
Recommendation

In e-commerce, collaborative filtering techniques [30] are
popularly applied to recommend products to a customer based
on customers with similar purchase preferences and other
interests. Diagnosing a patient with adisease based on patients
phenotypic information is very similar to recommending a
product to acustomer; therefore, it is natural to propose the use
of collaborative filtering for disease diagnosis.

In our previous work, we developed a collaborative filtering
model based on a cohort of rare disease patients to stratify
patients into subgroups and accelerate the diagnosis of rare
diseases. Here, we treated patient profiles with their respective
phenotypes as binary inputs, which meansthat the patient either
has or does not have a phenotype. For the patients with a
confirmed rare disease diagnosis, we used their phenotypes as
input and treated their rare disease diagnosis as labels to train
the collaborative filtering model.

Specifically, we applied the Tanimoto coefficient similarity
(TANI), overlap coefficient similarity (OL), Fager & McGowan

Textbox 1. Algorithm 1-Neighborhood identification.

Shen et al

coefficient similarity (FMG), and log likelihood ratio similarity
(LL) as 4 measurements to compute patient similarity [5]. For
any 2 patients m and n, |P,| and |P,| denote the number of
phenotypes each patient has, and TANI, OL, FMG, and LL are
described as shown in Equations 1, 2, 3, and 4, respectively.

]

We also applied 2 neighborhood algorithms to provide
recommendations. k-nearest neighbors (KNN) and threshold
patient neighbor (TPN) [5]. Detailed steps of identifying
neighborhood for 2 approaches are shown in Textbox 1.

Semantic MEDLINE Database

SemMedDB is a repository of semantic predications (ie,
subject-predicate-object triples) extracted from the titles and
abstracts of all PubMed citations [29,31-33]. In this study, we
used SemMedDB Version 25, which contains more than 84
million predications (ie, associations) between conceptsretrieved
from abstracts of over 25 million PubMed-indexed publications
[34].

Human Phenotype Ontology

The HPO is a standardized vocabulary for phenotypic terms,
and it is built based on collecting phenotypic knowledge from
various biomedical literature aswell as databases. In this study,
we used HPO released in September 2016 to annotate
phenotypic terms.

Genetic and Rare Diseases I nformation Center

The GARD is a database that contains information on rare
diseases. It groups collected 4560 diseases into 32 disease
categories. In this study, we used the GARD to extract rare
disease terms.

Output for KNN: Neighbor List LK
Output for TPN: Neighbor List LT
1. FOR each neighbor_patient NPin S
2. scoren=S.get(NP)
IF (LK .size()<k)
add NP into LK

3

4

5. IF(scorenp>t)
6 add NPinto LT
7

.RETURN LK, LT

Input: Sorted Similarity Score Map S (Neighbor_Peatient, Score) for each patient, number of neighbor k, similarity threshold t

Learning Methods

Figure 1 illustrates the system workflow of our study. The
proposed system is able to absorb heterogeneous data sources,
and it adapted the collaborative filtering model on any type of
input for rare disease recommendation in ageneral manner. For
EMRs, weleveraged the devel oped annotation pipelineto collect
all phenotypic information mentioned within 1 year of thefirst

http://medinform.jmir.org/2018/4/€11301/

appearance of the rare disease [4]. For medical literature, we
first retrieved al predicationsfrom SemMedDB and saved them
with PMID. We looked up HPO and GARD glossariesto check
each predication (subject, predicate, object) and filtered out
those sentences in which neither subject nor object could be
found. To exclude disease-disease and phenotype-phenctype
associations, we also filtered out those predications in which
both the subject and the object could be mapped to the same
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vocabulary (GARD or HPO) and only kept the associations
between phenotypes and rare diseases.

The format of input data is composed of patient identification
or PMID and unique phenotypes manifested by each patient or
article. We treated a positive diagnosis of a rare disease as a
gold standard for association tasksinvolving patientsand PMI1D
to rare disease mentions as a gold standard for literature
association tasks. We used 3 different data fusion strategies to
prepare homogeneous and heterogeneous resources:

1. EMR only: Only patient-phenotype information extracted
from the EMR was used.

2. EMR and literature (EMR+L): We first conducted a
treatment on medical literature. Since each publication
might only mention 1 phenotype with 1 rare disease, to
strengthen the evidence power provided by the literature,
we merged multiple literature sources together as 1 large
document if those sources shared the same rare disease.
Therefore, the number of documents used will belessthan
91,680. We then mixed patient-phenotype association with
literature-phenotype information and randomly permuted
them without any additional treatment. Detailed steps of
this process are shown as case 1 in Textbox 2.

3. EMRand pruned literature (EMR+PL). A similar approach
asEMR+L wasfollowed, but some phenotype-rare disease
associations mined from literature were additionally filtered
out if they did not appear inthe EMR. In this case, wetried
to enhance the correl ation and coexisting evidence between
phenotypes and rare diseases abit further to provide abetter
prediction output. Case 2 in Textbox 2 demonstrates this
pruned process.

Different phenotype-disease associations with 3 different data
fusion strategieswere imported to collaborative filtering model
and the final recommendation outputs based on 3 data inputs
would be given. For example, if a new patient has phenotypes
crystalline retinopathy, optic neuropathy, nephrocalcinosis,

Shen et al

and cysteine stones, 3 different disease recommendations (kidney
stone, calcium oxalate nephrolithiasis, and primary
hyperoxaluria) will be made, and we compared them with such
patient’s true diagnostic results for evaluation purpose.

Evaluation

We evaluated 24 various evaluation groups as: (1) TANI with
KNN on EMR; (2) TANI with KNN on EMR and literature;
(3) TANI with KNN on EMR and pruned literature; (4) TANI
with TPN on EMR; (5) TANI with TPN on EMR and literature;
(6) TANI with TPN on EMR and pruned literature; (7) LL with
KNN on EMR; (8) LL with KNN on EMR and literature; (9)
LL with KNN on EMR and pruned literature; (10) LL with TPN
on EMR; (11) LL with TPN on EMR and literature; (12) LL
with TPN on EMR and pruned literature; (13) OL with KNN
on EMR; (14) OL with KNN on EMR and literature; (15) OL
with KNN on EMR and pruned literature; (16) OL with TPN
on EMR; (17) OL with TPN on EMR and literature; (18) OL
with TPN on EMR and pruned literature; (19) FMG with KNN
on EMR; (20) FMG with KNN on EMR and literature; (21)
FMG with KNN on EMR and pruned literature; (22) FMG with
TPN on EMR; (23) FMG with TPN on EMR and literature; and
(24) FMG with TPN on EMR and pruned literature.

We used the same metrics adopted in our previous work to
evaluate system performance. Specifically, we applied root
mean square error (RMSE) [35] to determine the optimal
thresholds for KNN and TPN. We evaluated performances of
patient recommendations using precision-recall curve and mean
average precision [5]. We aso evaluated disease prediction
performance with precision recall and F-measure [5].

Similar to our previous study, we used 3 matching strategiesto
measure the similarity between any 2 rare diseases. string
matching, systemati zed nomenclature of medicine-clinical terms
(SNOM ED) matching, and GARD matching to provide different
levels of relaxation on predicting rare diseases [5].

Figure 1. System workflow. EMR: electronic medical record; UMLS: Unified Medical Language System.

http://medinform.jmir.org/2018/4/€11301/
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Textbox 2. Algorithm 2-Heterogeneous Data Fusion for electronic medical record and literature.

Output for Case 2: Pruned Map C’

Case 1: EMR+L

1. FOR each PMID and Rare Disease RD in A

2. retrievedl relevant phenotypes { P} for RD and PMID from B

3. IF Cdoesnot contain RD

4 create new document_ID

5 add {P} tolist L

6. add (document_ID, (RD, L)) to C
7 ELSE

8 List L=A.retrieve(document_ID)
9 add nonduplicate elements from { P} to list L
10.  add (document_ID, (RD, L))toC
11. RETURN C

Case 2: EMR+PL

12.C=C

13. FOR each phenotype-disease pair PD1in Map E
14.
15.
16.
17. RETURN C

FOR each phenotype-disease pair PD2 in Map C’
IF (PD1!=PD2)

remove PD2 from C’

Input: Map A (PMID, Rare Disease), Map B (PMID, Map(Rare Disease, List(Phenotypes)))

Output for Case 1: Merged literature with same rare disease, stored rare diseases along with their associated phenotypesin Map C

Results

Asshown in Table 1, after eliminating rare diseases that affect
only 1 patient, there were 38,607 patientsfor EMR only, 40,241
patients for EMR and literature, and 39,677 patients for EMR
and pruned literature datasets. Since EMR+L is mixed data
without any refinement, the total number of phenotypes, rare
diseases, and their associations are larger than the other 2
outputs. In addition, of the 32 possible GARD categories, we
found that the number of GARD categories covered for each of
the 3 outputs were 28, 31, and 28, respectively.

Table 1. Statistics for prepared datasets.

Threshold Selection With Root Mean Square Error

For KNN combined with different similarity measurements,
Figure 2 plots the curve to illustrate the change of RMSE
associated with different number of selected neighbors. We
observed that for LL and OL, RMSE was more sensitive to
EMR+L and EMR+PL than to EMR only, which shows that
adding sources of literature might affect the results in either a
positive or negative way. On the other hand, the change of
RM SE for TANI and FM G was minimal among these 3 datasets,
which indicates that literature enrichment did not reflect
markedly on the performance for these 2 algorithms.

Datasets EMR?only, n EMR and literature (EMR+L), n EMR and pruned literature (EMR+PL), n
Patients or literature sources 38,607 40,241 39,677

Phenotypes 3271 3818 3271

Rare diseases 1074 1634 1074

Phenotype-disease associations 141,036 154,802 141,036

GARDP categories covered 28 31 28

3EMR: electronic medical record.
PGARD: Genetic and Rare Diseases Information Center.
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Figure 2. Root mean square error (RM SE) for k-nearest neighbors (KNN) with four similarity measurements. EMR: electronic medical record; FMG:
Fager and McGowan coefficient similarity; L: literature; LL: log likelihood ratio similarity; OL: overlap coefficient similarity; PL: pruned literature;

TANI: Tanimoto coefficient similarity.
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Figure 3 describes how RM SE changesfor the tested coefficient
similarities with TPN. We found that TANI is sensitive to a
smaller threshold but tends to be balanced with the threshold
getting larger for all 3 datasets. RMSE for LL remained balanced
until similarity threshold became larger, denoting that LL isnot
sensitive to the similarity threshold. All 4 algorithms held a
higher average RM SE with EMR+L but alower average RM SE
with EMR and EMR+PL, indicating that the random mix of
EMR and literature might not be able to provide astrong scheme
for rare disease prediction and recommendation. Specifically
for OL, EMR only performed better than the other 2 datasets,
which showed that OL is not a very suitable measurement for
heterogeneous datasets. Table 2 summarizes the optimal
threshold selection for different evaluation groups.

Perfor mance for Patient Recommendation

We plotted precision-recall curves for each of the 24
experiments and areaunder the precision-recall curve (PRAUC)
for each matching criterion. Overall, we observed that GARD
matching contributed to the optimal performance among all
matching criteria, and SNOMED semantic matching was always
asuboptimal strategy. Figure 4 showsthe performance of TANI
with KNN and TPN on different datasets and matching criteria.
We observed that there are no considerabl e differences between
TANI+KNN and TANI+TPN for 3 matching criteria with 3
datasets. Although the difference seems subtle, TANI+TPN
with EMR+PL yielded the optimal PRAUC score for string,
SNOMED, and GARD matching, respectively. Figure 5 shows
the performance of LL. Compared with TANI, LL performed
worsewith TPN for all datasets and matching criteria. However,

http://medinform.jmir.org/2018/4/€11301/

RenderX

when using KNN, although LL performed worse with EMR
dataonly, it outperformed for both EMR+L and EMR+PL. This
result indicates that LL is more suitable for mining knowledge
from heterogeneous datasetsthan TANI. Figure 6 illustratesthe
performance of OL. Compared with TANI and LL, this
measurement produced considerably lower PRAUC for either
neighborhood algorithm. Additionally, OL vyielded better
performance with EMR data only but worse performance with
combined datasets, which indicates that OL may be more
suitable for a single dataset, and it suggests that combined
datasets might possess too much noise for OL to make an
accurate  judgment. Although OL cannot handle
literature-enriched datawell, we observed that pruned literature
still performed better than nonpruned literature. Figure 7 depicts
the reaction of FMG to different neighborhood algorithms and
combinations of datasets. Similar to OL, FMG with EMR data
only outperformed EMR+L and EMR+PL in al 3 matching
criteria. However, unlike OL, although FMG with EMR+L had
the worst performance with both KNN and TPN, pruned
literature slightly increased the performance, and no substantial
difference exists between using FMG with EMR only and
EMR+PL. Tables 3-6 show MAP for al patients
recommendations, which showed a consistent performance with
PRAUC evaluation, indicating that TANI and LL performed
better and are more suitable for integrated EMR and literature,
whereas OL and FM G performed worse and are not suitablefor
fused datasets. In general, optimal performance produced by
LL indicated the potential of combining EMR and literature to
increase patient stratification.
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Figure 3. Root mean square error (RM SE) for threshold patient neighbor (TPN) with four similarity measurements. EMR: electronic medical record,;
FMG: Fager and McGowan coefficient similarity; L: literature; LL: log likelihood ratio similarity; OL: overlap coefficient similarity; PL: pruned
literature; TANI: Tanimoto coefficient similarity.
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Table 2. Optimal thresholds for different evaluation groups.

Optimal parameters

TANI?

LLP

oL®

MG

EMR® EMR+L' EMR+PLY EMR EMR+L EMR+PL EMR EMR+L EMR+PL EMR EMR+L EMR+PL
Optimal k(KNNM) 11 10 9 4 4 4 4 4 4 7 6 6
Optimal t (TPN) 019 0.19 0.2 072 073 076 051 049 051 012 011 012

3TANI: Tanimoto coefficient similarity.
BLL: log likelihood ratio similarity.
®OL: overlap coefficient similarity.
dFmG: Fager and McGowan coefficient similarity.
®EMR: electronic medical record.
fL: literature.

9PL: pruned literature.

PKNN: k-nearest neighbors.
'"TPN: threshold patient neighbor.
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Figure4. Precision-recall curvesand areaunder the precision-recall curve (PRAUC) for Tanimoto coefficient similarity (TANI) with k-nearest neighbors
(KNN) and threshold patient neighbors (TPN). EMR: electronic medical record; GARD: Genetic and Rare Diseases Information Center; KNN: k-nearest
neighbors;, SNOMED: systematized nomenclature of medicine; TANI: Tanimoto coefficient similarity.
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Figure 6. Precision-recall curves and area under the precision-recall curve (PRAUC) for overlap coefficient similarity with k-nearest neighbors and
threshold patient neighbors. EMR: electronic medical record; GARD: Genetic and Rare Diseases Information Center; KNN: k-nearest neighbors; OL:
overlap coefficient similarity; SNOMED: systematized nomenclature of medicine; TPN: threshold patient neighbor.
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Table 3. Mean average precision for TANI2with EMRP, EMR+LS, and EMR+PLY (optimal in italics).
Matching criterion EMR EMR+L EMR+PL
KNN® TPNf KNN TPN KNN TPN
String 0.435 0.441 0.436 0.445 0.446 0.448
SNOMEDY 0.469 0.475 0.474 0.479 0.481 0.483
GARD" 0.739 0.742 0.742 0.745 0.746 0.748
3TANI: Tanimoto coefficient similarity.
PEMR: electronic medical record.
CL: literature.
dpL; pruned literature.
€K NN: k-nearest neighbors.
FTPN: threshold patient neighbor.
9SNOMED: systematized nomenclature of medicine.
NGARD: Genetic and Rare Diseases Information Center.
Table 4. Mean average precision for LL2with EMR?, EMR+LC, and EMR+PLY (optimal in italics).
Matching criterion EMR EMR+L EMR+PL
KNNE TPNf KNN TPN KNN TPN
String 0.368 0.351 0.46 0.391 0.465 0.396
SNOMEDY 0.405 0.386 0.495 0.426 05 0.431
GARD" 0.683 0.67 0.745 0.71 0.749 0.713
8 L: log likelihood ratio similarity.
PEMR: electronic medical record.
CL: literature.
dpL pruned literature.
EK NN: k-nearest neighbors.
"TPN: threshold patient neighbor.
9SNOMED: systematized nomenclature of medicine.
NGARD: Genetic and Rare Diseases Information Center.
Table5. Mean average precision for OL2with EMR?, EMR+LC, and EMR+PLY (optimal in italics).
Matching criterion EMR EMR+L EMR+PL
KNN® TPNf KNN TPN KNN TPN
String 0.344 0.342 0.117 0.11 0.167 0.148
SNOMEDY 0.365 0.369 0.126 0.122 0.179 0.162
GARD" 0.708 0.693 0.457 0.48 0.505 0.509

30L: overlap coefficient similarity.
PEMR: electronic medical record.
CL: literature.

dpL; pruned literature.

€K NN: k-nearest neighbors.

FTPN: threshold patient neighbor.

9SNOMED: systematized nomenclature of medicine.
PGARD: Genetic and Rare Diseases Information Center.
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Table 6. Mean average precision for FMG2with EMRP, EMR+LS, and EMR+PLY (optimal in italics).

Matching criterion EMR EMR+L EMR+PL

KNN® TN KNN TPN KNN TPN
String 0.274 0.275 0.18 0.205 0.264 0.27
SNOMEDY 0.3 0.302 0.192 0.221 0.288 0.297
GARD" 0.653 0.647 0.568 0.584 0.651 0.647

3FMG: Fager and McGowan coefficient similarity.
PEMR: electronic medical record.

CL: literature.

dpL; pruned literature.

€K NN: k-nearest neighbors.

FTPN: threshold patient neighbor.

9SNOMED: systematized nomenclature of medicine.
NGARD: Genetic and Rare Diseases Information Center.

Performance on Rare Disease Prediction With Log
Likelihood Ratio Similarity

We selected LL with KNN asthe optimal metric, trained it with
EMR+PL, and applied it on 44,060 patients with only 1 rare
disease. We only selected rare diseases with at least 3 affected
patients, which resulted in 702 rare diseasesin total. Prediction
performances for different matching criteria are described as
shown in Figure 8. The circle size in two-dimensional scatter
plots is proportional to the number of affected patients.
Three-dimensional plot for precision, recall, and F-measurein
Figure 8 clearly depicts that GARD outperformed SNOMED
matching, and string matching yielded the worst performance.
Macro-average F-measure for string, SNOMED, and GARD
matching for the tested diseases were 0.32, 0.42, and 0.63,
respectively.

In Table 7, we selected 9 diseases for each matching criterion
for LL with KNN. Specifically, we picked 3 with high
F-measures, 3 with medium to high F-measures, and 3 with
relatively low F-measures. For any rare disease affecting no
more than 10 cases, we marked them as <10.

For string matching, holoprosencephaly, Huntington disease,
and juvenile polyposis syndrome contributed to higher
F-measures and do not have alarge number of affected patients.
However, since they are unique, performance of
recommendation was promising. Sacrococcygeal teratoma,
frontotemporal dementia, and polycystic liver disease werewell
predicted but with some missed cases. Taking sacrococcygeal
teratoma as an example, we found neurogenic bladder,
constipation, and diarrhea to be the most common phenotypes
that also occurred in patients with the rare disease microcephaly.

Figure 8. Prediction performance for rare diseases. GARD: Genetic and Rare Diseases |nformation Center; SNOMED: systematized nomenclature of

medicine.
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Table 7. Recommendation performance for selected rare diseases (3 high, 3 medium to high, 3 low).

Approaches and top diseases Number of patients affected Precision Recall F-measure
LL 3K NNP with string matching
Holoprosencephaly <10 0.75 1 0.86
Huntington disease <10 1 0.67 0.8
Juvenile polyposis syndrome <10 0.91 0.71 0.8
Sacrococcygeal teratoma 15 0.83 0.67 0.74
Frontotemporal dementia 202 0.69 0.58 0.63
Polycystic liver disease 72 0.64 0.58 0.61
Hemicrania continua 36 0.08 0.25 0.12
Intrahepatic cholangiocarcinoma 94 0.08 0.22 0.12
Neuromyelitis optica 50 0.16 0.1 0.12
LL+K NN with SNOMED® matching
Myxoid liposarcoma 37 0.94 0.89 0.91
Linear scleroderma 16 0.91 0.71 0.8
Migraine with brainstem aura 15 0.75 1 0.86
Hypophosphatemic rickets <10 0.83 0.75 0.79
Congenital radio ulnar synostosis 14 0.67 0.86 0.75
Spasmodic dysphonia 177 0.83 0.67 0.74
Acute graft-versus-host disease 20 0.1 0.5 0.15
Cryptogenic organizing pneumonia 37 0.14 0.17 0.15
Cerebellar degeneration 29 0.14 0.17 0.15
LL+KNN with GARDY matching
Acrospiroma <10 1 1 1
Birt-Hogg-Dube syndrome <10 1 1 1
Dendritic cell tumor <10 1 1 1
Acute promyelocytic leukemia 15 0.97 0.93 0.95
Migraine with brainstem aura 15 1 0.88 0.93
Thyroid cancer, anaplastic 30 1 0.86 0.92
Addison disease 34 0.88 0.45 0.6
Encephalocele 56 04 0.59 0.48
Mixed connective tissue disease 78 0.4 0.48 0.43

8 L: log likelihood ratio similarity.

BK NIN: k-nearest neighbors.

CSNOMED: Systematized Nomenclature of Medicine.
dGARD: Genetic and Rare Diseases |nformation Center.

In our EMR, sacrococcygeal teratoma patients and
microcephaly patients reported 140 cases of neurogenic bladder,
84 cases of constipation, and 84 cases of diarrhea. In medical
literature, neurogenic bladder, constipation, and diarrhea are
also the 3 top phenotypes found in microcephaly, and they
appeared 34, 32, and 32 times, respectively. Considering
evidence from heterogeneous data sources, sacrococcygesal
teratoma was often predicted as microcephaly. Hemicrania
continua, intrahepatic cholangiocarcinoma, and neuromyelitis
optica are 3 diseases with relatively low F-measures. Although

http://medinform.jmir.org/2018/4/€11301/

the number of affected patients for them is not small, they lack
aunigue group of phenotypic patternsto differentiate them from
other diseases with similar phenotypes.

For SNOMED matching, the top predicted diseases are myxoid
liposarcoma, linear scleroderma, and microscopic polyangiitis.
Since we used the SNOMED semantic hierarchy to measure
the similarity between 2 diseases, the prediction performance
wasdightly better than using string matching only. For example,
in our results, myxoid liposarcoma was semantically the same
as liposarcoma, linear scleroderma had the same meaning as
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mor phea, and microscopic polyangiitiswastreated equally with
granulomatosis with polyangitis. These 3 diseases are related
to unigue phenotypes, and as such, the prediction results were
positive. For example, the phenotypes soft tissue sarcoma and
lymphedema have atight rel ationship with myxoid liposarcoma.
In addition, 65 phenotypes from EMRs and literature were
closely related to linear scleroderma, and we found that
headache and hemiatrophy frequently appeared. We al so found
that vasculitis and glomerulonephritis often appeared along
with cicatricial pemphigoid. Hypophosphatemic rickets,
congenital radio ulnar synostosis, and spasmodic dysphonia
also contributed to the positive recommendation results but with
some minor prediction errors. For example, hypophosphatemic
rickets was considered to be lung adenocarcinoma in a few
cases, congenital radio ulnar synostosis was misdiagnosed as
esophageal atresia, and spasmodic dysphonia and trigeminal
neural gia were sometimes mismatched. Finally, patient profiles
from EMRs and literature content regarding acute
graft-versus-host disease, cryptogenic organizing pneumonia,
and cerebellar degeneration were not good enough for our
model to conduct the prediction.

Since GARD matching was able to have a broader
recommendation based on system categories of rare diseases,
it usually yielded abetter prediction performance than the other
2 dtrategies. Acrospiroma, Birt-Hogg-Dube syndrome, and
dendritic cell tumor all had a 100% prediction rate, though the
number of affected patients was small. By using GARD
matching, for example, acrospiroma can be inferred as
fibrosarcoma, Birt-Hogg-Dube syndrome can be recommended
as syndrome adenocarcinoma of the appendix, and dendritic
cell tumor can be predicted as large granular lymphocyte
leukemia. The reason for thisis that all of these pairs can be
categorized as rare cancers according to GARD. Similarly, in
acute promyelocytic leukemia, migraine with brainstem aura,
and thyroid cancer, anaplastic disease can a so be recommended
to other diseases within the samerare disease system. For some
rare diseases, the GARD matching did not perform well. In the
case of Addison disease, for example, although we found some
recommendations by GARD matching from our datasets, such
as isolated ACTH deficiency (categorized in Endocrine
Diseases), x-linked adrenal hypoplasia congenital (categorized
in Congenital and Genetic Diseases), fibrous dysplasia
(categorized in Congenital and Genetic Diseases), and
syringomyelia (categorized in Congenital and Genetic Diseases),
there are till many nonrelevant results found by our system
caused by genera phenotypes that are related to numerous
diseases. In general, the prediction of similar kind of rare
diseases can still provide suggestions and clues for physicians
decision making.

Discussion

Limitations

Thisstudy demonstratesthe potential to provide decision support
on rare diseases for differential diagnosis. With more
comprehensive knowledge extracted from clinical notes and
literature, collaborative filtering performed better on both patient
recommendation and rare disease prediction. The current clinical

http://medinform.jmir.org/2018/4/€11301/
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decision support (CDS) system is limited to a narrow area of
clinical practice due to the inability to utilize information
embedded in clinical narratives and challengesin making good
semantic alignment among precision medicine knowledge and
clinical data stored in various formats and heterogeneous
resources. Therefore, there exists ahuge opportunity to integrate
our proposed work into current CDS system for a better rare
disease differential diagnosisin clinical practice.

For homogeneous data, LL performance would be depressed
when compared with TANI (eg, EMR only). On the other hand,
LL is good at dealing with heterogeneous data, and as
phenotype-rare disease associations extracted from EMR and
medical literature share different perspectives, such flexibility
can help usfind more patterns compared with TANI. Therefore,
it is not surprising that patient recommendation performance
improved when we combined EMR and literature randomly,
and performance improved further after we used pruned
literature. OL and FM G, however, performed worse than TANI
and LL. We found that OL gives too much weight to patient
similarities even with few shared phenotypes. Such strict
similarity measurements have difficulty finding semantic
relationships and lack the ability to stratify patients well. This
ispossibly an explanation for the better performance of OL for
single EMR datawith high homogeneity but poor performance
for combined datasets with high heterogeneity. Similar to OL,
FMG is not good at dealing with heterogeneous data;
nevertheless, it yielded a better patient recommendation
performance than OL in the EMR+L and EMR+PL datasets.
Furthermore, we observed that LL is sensitive to the selection
of KNN or TPN, especially for combined datasets, whichinfers
that making a good balance between KNN and TPN has the
potential ability to optimize overall performance and eliminate
bias with idealized neighbors and similarity at the same time.

The combination of EMR and literature did not always
contributeto optimal performancein patient recommendations.
The reason for this is that some biases exist when physicians
or researchers documented phenotype-di sease associations. For
EMRs, each document isrecorded based onindividual physician
instinct and experiences starting from a clinical perspective,
and for literature, phenotypes and rare diseases with positive
relationships are reported based on alarge number of genetests
from abiomedical experimental perspective, which may increase
the gap between these two sources. Collaborative filtering with
different similarity measurements and neighborhood algorithms
can remedy this problem to some extent. In the future, we plan
to investigate on gene level to reduce miscommunication and
balance the heterogeneity between different datasets. Besides
theuse of literature only, it would also beinteresting to integrate
cross-institutional EM Rswith balanced heterogeneity to acquire
diagnostic experience and knowledge from multiple hospitals
and health care ingtitutions to build a more general system for
rare disease diagnostic decision support.

Conclusion and Future Work

Weinvestigated the application of apatient-based collaborative
filtering model on heterogeneous EMRs and literature with
different smilarity measurements and neighborhood algorithms.
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Results demonstrated the potential of combining heterogeneous
datasetsto support diagnostic decision making for rare diseases.

In the future, we are going to fully utilize the graph structure
provided by the HPO and leverage its node embeddings
[5,36,37] to provide coefficient similarities from various

Shen et al

perspectives to improve performance of disease
recommendation. We also plan to resolve the heterogeneity
issue and reduce miscommunication between EMR and literature
by mining genotypic information to establish a comprehensive
di sease-phenotype-gene network for rare disease diagnosis.

Acknowledgments

This work has been supported by the National Institute of
R01GM 102282, and TR02062.

Conflictsof Interest
None declared.

References

Health grants OT3TR002019, RO1EB19403, RO1LM011934,

1.  Orphadata. Orphanet Rare Disease Ontology URL: http://www.orphadata.org/cgi-bin/inc/ordo_orphanet.inc.php [accessed

2018-09-24] [WebCite Cache [D 72fvJHyob]

2. Raredisease day. URL: http://rarediseaseday.us/ [WebCite Cache ID 72fvQ7paf]

3. Robhinson PN, Mundlos S. The human phenotype ontology. Clin Genet 2010 Jun;77(6):525-534. [doi:

10.1111/j.1399-0004.2010.01436.x] [Medline: 20412080]

4.  ShenF, Wang L, Liu H. Phenotypic analysis of clinical narratives using human phenotype ontology. Stud Health Technol

Inform 2017;245:581-585. [Medline: 29295162]

5. ShenF LiuS, Wang Y, Wang L, Afzal N, Liu H. Leveraging collaborative filtering to accel erate rare disease diagnosis.
AMIA Annu Symp Proc 2017;2017:1554-1563 [FREE Full text] [Medline: 29854225]

6. Balabanovic M, Shoham Y. Fab: content-based, collaborative recommendation. Commun ACM 1997 Mar;40(3):66-72.

7.  Linden G, Smith B, York J. Amazon.com recommendations: item-to-item collaborative filtering. IEEE Internet Comput

2003:76-80. [doi: 10.1109/M1C.2003.1167344]

8.  Zhao Z, Shang M. User-based collaborative-filtering recommendation algorithms on hadoop. In: 2010 Third International
Conference on Knowledge Discovery and Data Mining. 2010 Presented at: |EEE International Conference on Knowledge

Discovery and Data Mining; January 9-10, 2010; Phuket.

9. Zhang S, Zhang C, Yang Q. Data preparation for data mining. Appl Artif Intell 2003;17(5-6):375-381. [doi:

10.1080/713827180Q]

10. Mobasher B, Dai H, Luo T, Nakagawa M. Improving the effectiveness of collaborative filtering on anonymous web usage
data. 2001 Presented at: In Proceeding of the IJCAI 2001 Workshop on Intelligent Techniques for Web Personalization;
2001; Seattle URL: https://pdfs.semanticschol ar.org/4a70/b2209dfe9d7e5e084a314f 1ahad1402b1be9. pdf

11. ShenF, LiuH, Sohn S, Larson DW, Lee Y. BmQGen: Biomedical query generator for knowledge discovery. In: 2015 |IEEE
International Conference on Bioinformatics and Biomedicine (BIBM). 2015 Presented at: 2015 |EEE International Conference
on Bioinformatics and Biomedicine (BIBM); November 9, 2015; Washington, DC p. 1092-1097 URL.: https://queue.acm.org/
detail.cfm?id=1103836 [doi: 10.1109/BIBM.2015.7359833]

12. Sujansky W. Heterogeneous database integration in biomedicine. J Biomed Inform 2001 Aug;34(4):285-298 [FREE Full

text] [Medline: 11977810]

13. ShenF, LeeY. Knowledge Discovery from Biomedical Ontologiesin Cross Domains. PLoS One 2016
Sep;11(8):e0160005-e0160206 [FREE Full text] [doi: 10.1371/journal .pone.0160005] [Medline: 27548262]

14. BacheR, Miles S, Taweel A. An adaptable architecture for patient cohort identification from diverse data sources. JAm
Med Inform Assoc 2013 Dec;20(e2):e327-e333 [FREE Full text] [doi: 10.1136/amiajnl-2013-001858] [Medline: 24064442]

15. Bleich H, Slack W. Designing a hospital information system: a comparison of interfaced and integrated systems. MD

Comput 1992;9(5):293-296. [Medline; 1522791]

16. BurkleT, Schweiger R, Altmann U, Holena M, Blobel B, Dudeck J. Transferring data from one EPR to ancther:
content--syntax--semantic. Methods Inf Med 1999 Dec;38(4-5):321-325. [Medline: 10805022]

17. Hussain S, Ouagne D, Sadou E, Dart T, Jaulent M, De VB. EHR4CR: A semantic web based interoperability approach for
reusing electronic healthcare recordsin protocol feasibility studies. EHR4ACR; 2012 Presented at: Semantic Web Applications
and Tools for Health Care and Life Sciences; November 30, 2012; Paris URL: http://ceur-ws.org/Vol-952/paper_31.pdf

18. Mate S, Kdpcke F, Toddenroth D, Martin M, Prokosch H, Biirkle T, et al. Ontol ogy-based data integrati on between clinical
and research systems. PL0oS One 2015;10(1):e0116656 [FREE Full text] [doi: 10.1371/journal.pone.0116656] [Medline:

25588043]

http://medinform.jmir.org/2018/4/€11301/

JMIR Med Inform 2018 | vol. 6 | iss. 4 |€11301 | p.81
(page number not for citation purposes)


http://www.orphadata.org/cgi-bin/inc/ordo_orphanet.inc.php
http://www.webcitation.org/72fvJHyob
http://rarediseaseday.us/
http://www.webcitation.org/72fvQ7paf
http://dx.doi.org/10.1111/j.1399-0004.2010.01436.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20412080&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29295162&dopt=Abstract
http://europepmc.org/abstract/MED/29854225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29854225&dopt=Abstract
http://dx.doi.org/10.1109/MIC.2003.1167344
http://dx.doi.org/10.1080/713827180
https://pdfs.semanticscholar.org/4a70/b2209dfe9d7e5e084a314f1aba41402b1be9.pdf
https://queue.acm.org/detail.cfm?id=1103836
https://queue.acm.org/detail.cfm?id=1103836
http://dx.doi.org/10.1109/BIBM.2015.7359833
https://linkinghub.elsevier.com/retrieve/pii/S1532-0464(01)91024-X
https://linkinghub.elsevier.com/retrieve/pii/S1532-0464(01)91024-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11977810&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0160005
http://dx.doi.org/10.1371/journal.pone.0160005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27548262&dopt=Abstract
http://europepmc.org/abstract/MED/24064442
http://dx.doi.org/10.1136/amiajnl-2013-001858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24064442&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1522791&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10805022&dopt=Abstract
http://ceur-ws.org/Vol-952/paper_31.pdf
http://dx.plos.org/10.1371/journal.pone.0116656
http://dx.doi.org/10.1371/journal.pone.0116656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25588043&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Shenet a

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

McMurry AJ, Murphy SN, MacFadden D, Weber G, Simons WW, Orechia J, et a. SHRINE: enabling nationally scalable
multi-site disease studies. PLoS One 2013;8(3):e55811 [FREE Full text] [doi: 10.1371/journal .pone.0055811] [Medline:
23533569]

Ohmann C, Kuchinke W. Future developments of medical informatics from the viewpoint of networked clinical research.
Interoperability and integration. Methods Inf Med 2009;48(1):45-54. [Medline: 19151883]

Lewis DP, Jebara T, Noble WS. Support vector machine learning from heterogeneous data: an empirical analysis using
protein sequence and structure. Bioinformatics 2006 Nov 15;22(22):2753-2760. [doi: 10.1093/bioinformatics/btl475]
[Medline: 16966363]

YuS, Falck T, Daemen A, Tranchevent L, Suykens JA, DeMoor B, et a. L2-norm multiple kernel learning and its application
to biomedical data fusion. BMC Bioinformatics 2010 Jun 08;11:309 [FREE Full text] [doi: 10.1186/1471-2105-11-309]
[Medline: 20529363]

YeJ, Chen K, Wu T, Li J, Zhao Z, Patel R, et a. Heterogeneous data fusion for alzheimer's disease study. 2008 Presented
at: Proceedings of the 14th ACM SIGKDD international conference on Knowledge discovery and data mining; 2008; Las
Vegas p. 1025-1033. [doi: 10.1145/1401890.1402012]

Wang, Liu S, Afzal N, Rastegar-Mojarad M, Wang L, Shen F, et al. A comparison of word embeddingsfor the biomedical
natural language processing. J Biomed Inform 2018 Sep 11. [doi: 10.1016/j.jbi.2018.09.008] [Medline: 30217670]

Torii M, Wagholikar K, Liu H. Using machine learning for concept extraction on clinical documents from multiple data
sources. JAm Med Inform Assoc 2011;18(5):580-587 [FREE Full text] [doi: 10.1136/amigjnl-2011-000155] [Medline:
21709161]

Sokolov A, Funk C, Graim K, Verspoor K, Ben-Hur A. Combining heterogeneous data sources for accurate functional
annotation of proteins. BMC Bioinformatics 2013;14 Suppl 3:S10 [FREE Full text] [doi: 10.1186/1471-2105-14-S3-S10]
[Medline: 23514123]

Aronson AR. Metamap: Mapping text to the UMLS Metathesaurus. URL : https://ii.nlm.nih.gov/Publications/Papers/
metamap06.pdf [WebCite Cache ID 72j440z9v]

Genetic and Rare Diseases Information Center. URL: https://rarediseases.info.nih.gov/ [WebCite Cache ID 72fzD2m7G]
Kilicoglu H, Shin D, Fiszman M, Rosemblat G, Rindflesch T. SemMedDB: a PubM ed-scale repository of biomedical
semantic predications. Bioinformatics 2012 Dec 01;28(23):3158-3160 [ FREE Full text] [doi: 10.1093/bioinformatics/bts591]
[Medline: 23044550]

Breese JS, Heckerman D, Kadie C. Empirical analysis of predictive algorithms for collaborative filtering. 1998 Presented
at: Proceedings of the Fourteenth conference on Uncertainty in artificial intelligence; 1998; Madison p. 43-52.

Kilicoglu H, Fiszman M, Rodriguez A, Shin D, Ripple A, Rindflesch T. Semantic MEDLINE: A Web Application for
Managing the Results of PubMed Searches. 2008 Presented at: Proceedings of the third international symposium for semantic
mining in biomedicine; September 1-3, 2008; Turku p. 69-76.

KilicogluH, Rosemblat G, Fiszman M, Rindflesch TC. Constructing asemantic predication gold standard from the biomedical
literature. BMC Bioinformatics 2011 Dec 20;12:486 [ FREE Full text] [doi: 10.1186/1471-2105-12-486] [Medline: 22185221]
Rindflesch T, Kilicoglu H, Fiszman M, Rosemblat G, Shin D. Semantic MEDLINE: an advanced information management
application for biomedicine. Inf Serv Use 2011;31(1-2):15-21 [FREE Full text]

Rindflesch TC, Fiszman M. The interaction of domain knowledge and linguistic structure in natural language processing:
interpreting hypernymic propositionsin biomedical text. JBiomed Inform 2003 Dec;36(6):462-477 [FREE Full text] [doi:
10.1016/}.jbi.2003.11.003] [Medline: 14759819]

Salakhutdinov R, Mnih A, Hinton G. Restricted Boltzmann machines for collaborative filtering. 2007 Presented at:
Proceedings of the 24th international conference on Machine learning; 2007; New York p. 791-798.

Grover A, Leskovec J. node2vec: scalable feature learning for networks. 2016 Presented at: Proceedings of the 22nd ACM
SIGKDD international conference on Knowledge discovery and data mining; 2016; San Francisco p. 855-864.

Shen F, Liu S, Wang Y, Wang L, Wen A, Limper A. Constructing Node Embeddings for Human Phenotype Ontology to
Assist Phenotypic Similarity Measurement. 2018 Presented at: | EEE International Conference on Healthcare Informatics,
2018; New York City.

Abbreviations

CDS: clinical decision support

EMR: electronic medical record

FMG: Fager and McGowan coefficient similarity
GARD: Genetic and Rare Diseases Information Center
HPO: Human Phenotype Ontology

KNN: K-nearest neighbors

LL: log likelihood ratio similarity

OL: overlap coefficient similarity

PRAUC: area under the precision-recall curve

http://medinform.jmir.org/2018/4/€11301/ JMIR Med Inform 2018 | vol. 6 | iss. 4 |€11301 | p.82

(page number not for citation purposes)


http://dx.plos.org/10.1371/journal.pone.0055811
http://dx.doi.org/10.1371/journal.pone.0055811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23533569&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19151883&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btl475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16966363&dopt=Abstract
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-11-309
http://dx.doi.org/10.1186/1471-2105-11-309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20529363&dopt=Abstract
http://dx.doi.org/10.1145/1401890.1402012
http://dx.doi.org/10.1016/j.jbi.2018.09.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30217670&dopt=Abstract
http://europepmc.org/abstract/MED/21709161
http://dx.doi.org/10.1136/amiajnl-2011-000155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21709161&dopt=Abstract
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-14-S3-S10
http://dx.doi.org/10.1186/1471-2105-14-S3-S10
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23514123&dopt=Abstract
https://ii.nlm.nih.gov/Publications/Papers/metamap06.pdf
https://ii.nlm.nih.gov/Publications/Papers/metamap06.pdf
http://www.webcitation.org/72j44oz9v
https://rarediseases.info.nih.gov/
http://www.webcitation.org/72fzD2m7G
http://europepmc.org/abstract/MED/23044550
http://dx.doi.org/10.1093/bioinformatics/bts591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23044550&dopt=Abstract
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-12-486
http://dx.doi.org/10.1186/1471-2105-12-486
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22185221&dopt=Abstract
https://dl.acm.org/citation.cfm?id=2596804
https://linkinghub.elsevier.com/retrieve/pii/S1532046403001175
http://dx.doi.org/10.1016/j.jbi.2003.11.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14759819&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Shenet a

RM SE: root mean square error

SNOMED: systematized nomenclature of medicine
TANI: Tanimoto coefficient similarity

TPN: threshold patient neighbor

Edited by G Eysenbach; submitted 15.06.18; peer-reviewed by H Guo, A Kulanthaivel, B Polepalli Ramesh; comments to author
17.07.18; revised version received 19.08.18; accepted 08.09.18; published 10.10.18.

Please cite as.

Shen F, Liu S Wang Y, Wen A, Wang L, LiuH

Utilization of Electronic Medical Records and Biomedical Literature to Support the Diagnosis of Rare Diseases Using Data Fusion
and Collaborative Filtering Approaches

JMIR Med Inform 2018;6(4):€11301

URL: http://medinform.jmir.org/2018/4/€11301/

doi:10.2196/11301

PMID: 30305261

©Feichen Shen, Sijia Liu, Yanshan Wang, Andrew Wen, Liwel Wang, Hongfang Liu. Originally published in IMIR Medical
Informatics (http://medinform.jmir.org), 10.10.2018. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work, first published in IMIR Medical Informatics, is properly cited. The
complete bibliographic information, alink to the original publication on http://medinform.jmir.org/, aswell asthis copyright and
license information must be included.

http://medinform.jmir.org/2018/4/€11301/ JMIR Med Inform 2018 | val. 6 | iss. 4 |e11301 | p.83
(page number not for citation purposes)

RenderX


http://medinform.jmir.org/2018/4/e11301/
http://dx.doi.org/10.2196/11301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30305261&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Wellset al

Original Paper

Predicting Current Glycated Hemoglobin Values in Adults:
Development of an Algorithm From the Electronic Health Record

Brian JWellst, MD, PhD; Kristin M Lenoirt, MPH; Jose-Franck Diaz-Garelli2, PhD; Wendell Futrell®, BS; Elizabeth
Lockerman®, MD; Kevin M Pantalone®, DO; Michagl W Kattan®, PhD

IDivision of Public Health Sciences, Department of Biostatistics and Data Science, Wake Forest University School of Medicine, Winston-Salem, NC,
United States

2Department of Physiology and Pharmacology, Wake Forest University School of Medicine, Winston-Salem, NC, United States

SClinical and Trandlational Science Institute, Wake Forest University School of Medicine, Winston-Salem, NC, United States

4Department of Internal Medicine, Loyola University Medical Center, Maywood, IL, United States

SEndocrinol ogy and Metabolism Institute, Department of Endocrinology, Diabetes and Metabolism, Cleveland Clinic, Cleveland, OH, United States
8L erner Research Ingtitute, Department of Quantitative Health Sciences, Cleveland Clinic, Cleveland, OH, United States

Corresponding Author:

Brian JWells, MD, PhD

Division of Public Health Sciences
Department of Biostatistics and Data Science
Wake Forest University School of Medicine
525 Vine Street, 4th Floor

Medical Center Bouldevard
Winston-Salem, NC,

United States

Phone: 1 336 416 5185

Email: bjwells@wakehealth.edu

Abstract

Background: Electronic, personalized clinical decision support tools to optimize glycated hemoglobin (HbA ) screening are
lacking. Current screening guidelines are based on simple, categorical rules developed for populations of patients. Although
personalized diabetes risk calculators have been created, none are designed to predict current glycemic status using structured
data commonly available in electronic health records (EHRS).

Objective: Thegoal of this project was to create a mathematical equation for predicting the probability of current elevationsin
HbA . (=5.7%) among patients with no history of hyperglycemiausing readily available variablesthat will allow integration with
EHR systems.

Methods: Thereduced model was compared head-to-head with cal culators created by Baan and Griffin. Ten-fold cross-validation
was used to calculate the bias-adjusted prediction accuracy of the new model. Statistical analyses were performed in R version
3.2.5 (The R Foundation for Statistical Computing) using the rms (Regression Modeling Strategies) package.

Results:  The final model to predict an elevated HbA ;. based on 22,635 patient records contained the following variables in
order from most to |east importance according to their impact on the discriminating accuracy of the model: age, body massindex,
random glucose, race, serum non-high-density lipoprotein, serum total cholesterol, estimated glomerular filtration rate, and
smoking status. The new model achieved a concordance statistic of 0.77 which was statistically significantly better than prior
models. The model appeared to be well calibrated according to a plot of the predicted probabilities versus the prevalence of the
outcome at different probabilities.

Conclusions: The calculator created for predicting the probability of having an elevated HbA ;. significantly outperformed the
existing calculators. The personalized prediction model presented in this paper could improve the efficiency of HbA . screening
initiatives.

(JMIR Med Inform 2018;6(4):e10780) doi:10.2196/10780
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Introduction

Many prediction tools have been created to assess the risk of
undiagnosed diabetes and related outcomes such as impaired
glucose tolerance, prediabetes, risk of future diabetes, and
hyperinsulinemia. Most of these tools are not practical in the
setting of the electronic health record (EHR) because they
include predictor variables not readily available in structured
formats[1-20]. Examples of impractical variablesinclude waist
circumference, fasting time, physical activity, review of systems,
diet, pregnancy-related variables, and detailed ethnicity. Tools
typicaly leverage fasting glucose level as a predictor, whichis
simple to obtain in practice, but documentation of fasting time
inastructured fashionin EHRsisgenerally absent. The authors
identified two tools that accurately predict the presence of
diabetes using structured variablesroutinely present inthe EHR
[21,22].

Current guidelines from the United States Preventive Services
Task Force (USPSTF) recommend screening for abnormal blood
glucose in adults aged 40 to 70 years who are overweight or
obese. The USPSTF acknowledges that patients with other
high-risk characteristics (eg, family history of diabetes, personal
history of gestational diabetes) may need to be screened sooner
but this is left up to the physician’s discretion [23]. The
guidelines published by the American Diabetes Association
(ADA) recommend glucose screening of adult patients with an

elevated body mass index (BMI; =25 kg/m?) plus another risk
factor (eg, hypertension, physical inactivity, family history of
diabetes) at any age and for al patients beginning at 45 years
of age at 3-year intervals [24].

Current approachesdo not take advantage of advanced statistical
modeling. Hyperglycemia risk prediction with simultaneous
consideration of numerousindependent variables and nonlinear
effects is statistically ideal in the context of a multifactorial
pathology. Cresting strict cutoffs of individual variables or
combinations of a limited number of variables for clinical
guidelines does not take advantage of what can now be
reasonably achieved. The USPSTF and ADA guidelines
encourage physician judgment in the application of glucose
screening but do not provide specific guidance. Simplified
classification methods used in cancer have been notoriously
poor at discriminating between high- and low-risk patients[25].
Moreover, many existing models for predicting hyperglycemia
risk are also likely reducing their prediction accuracy by
categorizing continuous variables, which reduces granularity
and may miss potentially complex associations between a
continuous variable and the outcome. Thisissue was highlighted
by Kattan [26] when he showed that traditiona regression
techniques that incorporated restricted cubic splines to reduce
linearity assumptionswerefound to produce more accurate risk
prediction models when compared with classification methods
such as classification and regression trees and artificial neural
networks.

http://medinform.jmir.org/2018/4/€10780/

Predicting the date of onset of hyperglycemia is difficult due
to the lack of symptoms early in the course of the disease and
inconsistent testing and/or documentation in clinical practice
(particularly in a structured fashion). Previous studies indicate
that the onset of type 2 diabetes frequently occurs more than 5
yearsbefore diagnosis[27,28]. In contrast, blood measurements
of glycated hemoglobin (HbA ) provide an easy and accurate
method for determining current mean glycemiaover the previous
8 to 12 weeks without the need for fasting. HbA . testing is
standardized according to specifications defined by the National
Glycohemoglobin Standardization Program (NGSP). HbA .
levels are the primary blood marker used for guiding the
management of type 2 diabetes, and the ADA has approved
HDbA . testing for diabetes screening [24]. The increasing use
of HbA . as a screening tool in patients without prediabetes or
diabetes provides data for prediction modeling from EHR
records.

The authors strongly believe that the identification of patients
with elevated HbA . is important clinically despite previous
studies that have not shown amortality benefit from screening
for diabetes [29]. The early detection of elevated blood sugar
can have other significant benefits:

Behaviora counseling can lead to reductions in
cardiovascular disease risk [30].

Treatment of prediabetes, which affects approximately 35%
of the adult population in the United States [31], has been
shown to delay progression to diabetes [32].
Diabetic-specific retinopathy is present in up to 21% of
patients with newly diagnosed type 2 diabetes [33], while
periphera neuropathy and nephropathy are present in 21.5%
and 26.5%, respectively, of patients with undiagnosed
diabetes [34]. Aggressive blood sugar and blood pressure
control among patients with diabetes reduces the risk of
microvascular complications [35,36].

Early detection of diabetes alows for the alocation of
proven preventive strategies (eg, fundoscopic screening for
retinopathy, pneumococcal vaccination, screening for
nephropathy, and aggressive prevention of cardiovascular
disease) [37].

Appropriate documentation of elevated blood sugar and
diabetes allows health systems and payers to improve the
risk stratification of patients and increases the potential
pool of patients available for participation in clinica
research.

Therefore, an accurate tool for predicting the current probability
that a specific patient has an elevation in HbA . levels would
constitute a major advancement in finding patients with the
most probable need of screening interventions. To address this
gap, we created a calculator for predicting the probability that
a given patient with no history of diabetes or elevated blood
sugar currently has an elevated HbA . value (=5.7%). This
cutoff was chosen because it corresponds with the current
guidelines published by the ADA that indicate values <5.7%
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are considered to be normal. Importantly, the calculator
presented in this paper was restricted only to structured variables
typically available in EHRs. This focus on common structured
variables will enable the tool to be integrated into EHRs for
implementation.

Methods

This study was conducted on all adult patients who have
undergone HbA . testing prior to evidence of hyperglycemia
(random blood sugar =200 mg/dL), any diabetes-related
diagnostic code, or prescription for an antihyperglycemic
medication. Datawere extracted from the Epicare EHR at Wake
Forest Baptist Medical Center in Winston-Salem, North
Caraling, for the dates between September 2012 and September
2016. The study was approved by theinstitutional review board
and granted a waiver of informed consent. Data were limited
to structured data located in these areas of the EHR: encounter
diagnoses, problem list, past medical history, procedures,
prescriptions, vital signs, demographics, socia history, and
laboratory values. Candidate predictor variables were chosen
based on their theoretical association with hyperglycemia.
Textbox 1 shows a list of the candidate predictor variables
included in the compl ete statistical model.

Independent variables were defined on the date of the HbA
of interest. For missing continuous variables (eg, systolic blood
pressure), the most recent prior value was used instead. Patients
completely lacking values for independent variables were
excluded. Theinvestigatorsdid not impute missing data because
it wasfelt that imputation would not be appropriate at the point

http://medinform.jmir.org/2018/4/€10780/
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of implementation. Comorbiditieswere considered to be present
if the patient had any structured instances of the diagnostic code
on or before the date of the first HbA ;.. Medications with start
dates on or before the date of the HbA ;. and end dates on or
after the date of HbA ;. were considered to be active. Medication
order dates were used when the start dates were missing.
Medications missing both start and order dates were excluded.
Medication categories (eg, antihyperglycemics) were provided
by First Databank Inc. Multiple logistic regression was used to
model the association between the independent variables and
the outcome of HbA,. 25.7%. Continuous variables were fit
using restricted cubic splines with 3-knots. Due to collinearity,
the model could not be fit with the simultaneous inclusion of
serum non-high-density  lipoprotein  and  high-density
lipoprotein. Therefore, high-density lipoprotein was removed
from the complete model. The model was reduced using
Harrell’s model approximation method [39]. For parsimony,
the diagnosis of obesity variable was removed after variable
selection. The diagnosis had little impact on the prediction
accuracy and was redundant since BMI is also in the model.
The reduced model was compared head-to-head with the
caculators created by Baan and Griffin [21,22]. The
head-to-head comparisons were performed using 10-fold
cross-validation in order to calcul ate the bias-adjusted prediction
accuracy of the new model. Prediction model metricsincluded
measures of discrimination (concordance statistic), calibration
(calibration curves), and decision curves [40]. Statistical
analyses were performed in R version 3.2.5 (R Foundation for
Statistical Computing) using the rms (Regression Modeling
Strategies) package.
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Textbox 1. Candidate variables in the complete model prior to variable selection.

L aboratory measurements:

Active prescription medication categories:

Diagnosis codes (see Multimedia Appendix 1):

Vital signs:

Demographics:

Serum triglycerides

Random blood glucose

Serum non-high-density lipoprotein

Serum high-density lipoprotein (dropped due to an inability to fit model)
Serum total cholesterol

Estimated glomerular filtration rate (estimated from serum creatinine using the modified Chronic Kidney Disease Epidemiology Collaboration
formula[38])

Antihypertensive

First generation antipsychotic

Second generation antipsychotic
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase inhibitor (statin)
Fibrate

Valproic acid

Beta-blocker

Thiazide diuretic

Niacin

Oral glucocorticoid

Protease inhibitor

Nucleoside reverse transcriptase inhibitor
Oral contraceptive

I njectable medroxyprogesterone acetate
Cyclosporine

Sirolimus

Tacrolimus

Hypertension

Ischemic heart disease
Peripheral vascular disease
Neuropathy

Obesity

Hyperlipidemia

Systolic blood pressure
Diastolic blood pressure

Body mass index

Race
Age

Gender
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Family history:
«  Number of first degree relatives with diabetes

Socia history:
«  Smoking status

Results

Therecord search identified 22,635 patientsfor model building
and validation of which 26% were found to have an elevated
HDA . (=5.7%). Figure 1 showsthe number of patientsincluded

and excluded from the model building.

Thefinal model included thefollowing 8 variables ordered from
most important to least important; age, BMI, random glucose,
race, serum non-high-density lipoprotein, serum total
cholesterol, estimated glomerular filtration rate (eGFR), and
smoking status. Table 1 shows descriptive statistics for the
variables included in the final model by HbA,. results. As
expected, patients found to have elevated HbA . levels were
older, had higher BMI, lower eGFR, and higher random glucose
values.

The coefficients along with instructions for calculating the
probability of an elevated HbA,. (25.7%) and sample

calculations for 2 patient scenarios are shown in Multimedia
Appendix 2.

Figure 1. Dataflowsheet. HbA . glycated hemoglobin.

Unique HbA1c
Results in Adults Assessed for
Eligibility (N=105,231)

The 3 models were compared in their ability to accurately rank
patients according to risk as measured by the concordance
gtatistic (c-stat) and bias-adjusted using 10-fold cross-validation.
The current model (c-stat 0.765, 95% CI 0.762 to 0.769)
demonstrated  statistically  significant improvements in
discrimination when compared to the models created by Baan
(c-stat 0.637, 95% CI 0.633 to 0.641) and Griffin (c-stat 0.668,
95% Cl 0.665 to 0.672).

The calibration curve shown in Figure 2 reveal sthat the current
model is well calibrated. The predicted probabilities tend to
overestimate risk at theright tail of the distribution, but thewide
confidence intervals allude to the scarcity of the data at these
extreme high levels of risk. Error bars represent the 95%
confidence interval around the point estimate.

Decision curves are displayed in Figure 3 and also demonstrate
the superiority of thismodel. Our model shows anet benefit up
to aprobability of 0.73 for an elevated HbA ;. (=5.7%) without
significant net harms above this threshold. This model confers
a net benefit that is equal to or greater than the net benefit
offered by the other models at all probability thresholds.

Tests Excluded (n=82,596)

* Evidence of possible
hyperglycemia before testing
(n=38,077)

* No outpatient visit records
prior to testing (n=34,282)

* Incomplete vital and/or
laboratory data (n=10,237)

Tests Associated with Complete Vital
& Laboratory Data (N=22,635)

Used for
Model Validation

Patients with HbA1c
>5.7% (n=5,892)
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Table 1. Descriptive statistics by glycated hemoglobin outcome.

Wellset al

Characteristics

HbA 12 <5.7% (n=16,743)

HbA1c25.7% (n=5892) P value

Age (years) mean (SD)
Race, n (%)
Black
Other
White
BMIP (kg/m?), mean (SD)
Smoking status, n (%)
Current smoker
Former smoker

Never smoker
eGFRE (mL/min/1.73 m?), mean (SD)
Random blood glucose (mg/dL), mean (SD)

Non-HDLY cholesterol (mg/dL), mean (SD)
Total cholesterol (mg/dL), mean (SD)

48.1(15.4)

3692 (22.05)
1178 (7.00)
11873 (70.91)

30.1 (7.44)

2747 (16.41)
3867 (23.10)
10129 (60.50)

92.0 (33.0)
88.4 (12.7)

135 (37.4)
186 (39.4)

54.8 (14.0) <.001
<.001

2183 (37.05)

487 (8.30)

3222 (54.68)

33.0(8.41) <.001
<.001

1393 (23.64)

1480 (25.11)

3019 (51.23)

87.9 (30.8) <.001

96.1 (16.0) <.001

144 (41.7) <.001

192 (43.1) <.001

3HbA ¢ glycated hemoglobin.
bBMmI: body mass index.

CeGFR: estimated glomerular filtration rate, calculated using the Chronic Kidney Disease Epidemiology Collaboration formula (CKD-EPI) [38].

9HDL: high-density lipoprotein.

Figure 2. Calibration curve of the new model for predicting glycated hemoglobin =5.7%.

100-

50-

Observed Event Percentage

25-

http://medinform.jmir.org/2018/4/€10780/

RenderX

25

50 75

Predicted Probability

100

JMIR Med Inform 2018 | val. 6 | iss. 4 |e10780 | p.89
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

Figure 3. Decision curve analysis.
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Discussion

Principal Findings

The calculator created for predicting the probability of having
an elevated HbA,. significantly outperformed the existing
calculators. It should be noted that the calculators created by
Baan and Griffin were designed for predicting current glucose
tolerance test results and were not specifically calibrated to
predict HbA,. values. However, any potential issues with
calibration should not impact the ability to discriminate patients
according to risk. The authors chose not to develop a simple
risk score, which would be easier to calculate without a
computer but would be less accurate and would not provide an
absolute probability. One of the benefits of using multivariable
regression over many machine learning methods is that the
mathematical output of this model can be integrated into an
EHR using common mathematical operations. In contrast,
classification-based methods like random forest, artificial neural
networks, and classification and regression treeswould increase
the complexity of implementation by requiring separate software
outside the EHR to calculate probabilities. The movement of
datainto and out of the EHR al so rai ses concerns about security

and privacy.
Limitations and Strengths

Limitations of the study include the lack of external validation.
The model was validated internally using resampling and may
not reflect the prediction accuracy that would be achieved in a
prospective fashion at the current institution or when validated
in adifferent health system. However, the authors used 10-fold
cross-validation in which patientsin the test data for each fold
were not used to build the model. Another limitation pertains
to the lack of data from outside health systems. Patients may

http://medinform.jmir.org/2018/4/€10780/

have additional medication or laboratory results outside of the
health system that could alter the predicted risk or change the
patient’s status in terms of hyperglycemia. In order to ensure
that patients have a minimal amount of data to guide the
calculator’s creation, theinvestigators required that patients had
at least one value for each of the independent variables. Future
research and quality improvement projects may need to query
patients about health history prior to implementation.

A relatively small proportion of historical HbA . tests were
appropriate for use in model building. Some of the tests were
obtained before the installation of a comprehensive EHR and,
therefore, accompanying information like vital signs were not
available. Many of the tests were obtained in patients who
already had evidence of possible hyperglycemia, some of whom
were aready being treated with antidiabetic medication. These
patientswould beinappropriate to usefor the creation of amodel
aimed at patients with unknown glucose status. Limiting the
model building and validation dataset to patients with complete
datafurther reduced the sample sizefrom 32,872t0 22,635. The
authors chose not to impute the missing values given the
adequate number of patients with complete data. In addition,
the authors are not convinced that imputation would be
acceptable to patients and providers when the model is
implemented into practice. Patients lacking common variables
used in the model such as BMI and blood pressure values are
probably very new to the health system or are seeking their
usual care elsawhere. Serum creatinine and lipid measurements
are routinely obtained in clinical practice, especially among
older adults. Patients without any creatinine or lipid
measurements are likely to be younger and less likely to be at
risk for diabetes. The authorsfelt it wasimportant to identify a
population for model building that matchesthe future population
where the model will be implemented. Despite the restrictions
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on datainclusion, the dataset contained >5000 patientswith the
outcome of interest. The size of this dataset is large compared
to most similar studies conducted prior to the adoption of EHRs
and is more than adequate for regression modeling. Harrel [39]
has proposed that 7 to 10 outcomes for each degree of freedom
are necessary to prevent overfitting when building aregression
equation. The model created in this study contains 28 degrees
of freedom, which could have safely been built from a dataset
containing only 196 to 280 outcomes according to the
aforementioned heuristic. A feasibility analysis was conducted
among patients in the Department of Family and Community
Medicine, and it was determined that approximately 20% of the
adult patients seen in the past 3 years would be appropriate for
application of the tool.

Imprecision in the measurement of HbA,. levels could have
negatively impacted the model building and could decrease the
prediction accuracy of the model upon implementation. Wake
Forest Baptist Medical Center is not a certified member of the
NGSP but maintains accreditation by the Clinical Laboratory
Improvement Amendments Program (identification number
34D0664386). The Wake Forest Baptist Medical Center’s core
laboratory performs HbA . testing using ion exchange high
performance liquid chromatography, which is highly precise
and constituted the vast majority of HbA ;. measurements used
to create the data for this study. However, the investigators did
not exclude HbA ;. measurements obtained using different
methods at other locationsin the health system (eg, point-of-care
testing), which likely introduced variability in the HbA,
measurements. Comorbid conditions such as iron deficiency
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anemia can lead to HbA ;. measurements that do not accurately
reflect average blood glucose levels [41]. Despite the potential
negativeimpact of imprecise or inaccurate HbA ;. measurements,
the prediction model performed very well.

Conclusions

Improving the efficiency of diabetes screening should be of
great interest in the United States given the increased use of
value-based care contracts. Health systems could use our model
for diabetes screening initiatives in a variety of ways. The
decision curves suggest that using the new algorithm to guide
HDbA ;. testing would provide anet benefit between probabilities
of 0.01 to 0.71. The authors will conduct a targeted screening
study in which patients with a predicted risk of an elevated
HbA ;. =250% will be notified directly regarding their elevated
risk. Coupled with standing laboratory orders, this
direct-to-patient design would enabl e patientsto undergo HbA ;.
testing prior to a physician visit. Thisis particularly important
for patients with infrequent in-person visits. The hope is that
patients with subsequent elevations in HbA ;. would be more
likely to re-engage with the health system.

In summary, therisk equation created in this study is optimized
for integration within an EHR and outperforms other similar
models. Future research will attempt to integrate the risk
calculator into clinical workflows, examine the ability of the
calculator to predict risk in other health systems, and evaluate
the potential economic savings of using this model for diabetes
screening.
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Abstract

Background: Gay and bisexual men are disproportionately affected by HIV and other sexually transmissible infections (STIs),
yet opportunitiesfor sexual health testing of this population are often missed or incompletein general practice settings. Strategies
are needed for improving the uptake and completeness of sexual health testing in this setting.

Objectives. Thegoa of the research was to evaluate the impact of an intervention centered around integrated decision support
software and routine data feedback on the collection of sexual orientation data and sexual health testing among gay and bisexual
men attending general practice.

Methods: A study using before/after and intervention/comparison methods was undertaken to assess the intervention’s impact
in7 purposively sampled Australian general practice clinicslocated near the urban centers of Sydney and Melbourne. The software
was introduced at staggered points between April and August 2012; it used patient records to prompt clinicians to record sexual
orientation and accessed pathology testing history to generate prompts when sexual health testing was overdue or incomplete.
The software also had afunction for querying patient management system databasesin order to generate de-identified data extracts,
which were used to report regularly to participating clinicians. We calculated summary rate ratios (SRRs) based on quarterly
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trends and used Poisson regression analyses to assess diff erences between the 12-month preintervention and 24-month intervention
periods as well as between the intervention sites and 4 similar comparison sites that did not receive the intervention.

Results: Among 32,276 male pati ents attending intervention clinics, sexual orientation recording increased 19% (from 3213/6909
[46.50%] to 5136/9110 [56.38%]) during the intervention period (SRR 1.10, 95% CI 1.04-1.11, P<.001) while comprehensive
sexual health testing increased by 89% (305/1159 [26.32%)] to 690/1413 [48.83%]; SRR 1.38, 95% CI 1.28-1.46, P<.001).
Comprehensive testing increased slightly among the 7290 gay and bisexual men attending comparison sites, but the increase was
comparatively greater in clinicsthat received the intervention (SRR 1.12, 95% CI 1.10-1.14, P<.001). In clinics that received the
intervention, there was also an increase in detection of chlamydia and gonorrhea that was not observed in the comparison sites.

Conclusions: Integrated decision support software and datafeedback were associated with modest increasesin sexual orientation
recording, comprehensive testing among gay and bisexual men, and the detection of STls. Tests for and detection of chlamydia
and gonorrhea were the most dramatically impacted. Decision support software can be used to enhance the delivery of sexual

health care in general practice.

(JMIR Med Inform 2018;6(4):e10808) doi:10.2196/10808

KEYWORDS

men who have sex with men; general practice; sexual health; software; STI

Introduction

In most high-income settings, the prevalence of HIV and other
sexually transmissible infections (STIs) is high among gay,
bisexual, and other men who have sex with men [1-3].
Combatting this disproportionate burden requires, among other
strategies, routine and frequent sexual health testing, particularly
among men whose sexual practices place them at risk of
infection [4]. For this reason, clinical guidelines in countries
like Australia, Canada, and the United States recommend that
sexually active gay and bisexual men should receive a
comprehensive sexual health screen at least once per year and
more frequently as dictated by sexual risk [5-7].

Australian guidelines during this study defined acomprehensive
screen for gay and bisexual men as one that involved tests for
rectal and urogenital chlamydia, rectal and pharyngeal
gonorrhea, infectious syphilis, and (among men not known to
beinfected), HIV [8]. Theimportance of comprehensivetesting
has been underscored by previous research, with one study
finding that 60% of gonorrheainfectionsand 80% of chlamydia
in gay and bisexual men would be missed if rectal swabs were
not collected [9]. And athough approximately three-quarters
of gay men in Australia receive some form of sexual health
testing annually, far fewer (37%) report recelving a
comprehensive screen [10].

In many countries, general practice is responsible for a large
amount of sexual health testing. In Australia, just over half of
gay and bisexual men report receiving sexual health testing
from genera practice clinics [11,12] and the regularity with
which people attend general practices makes them ideal for
routine testing. Some general practitioners, however, are
uncomfortable discussing issues of sexuality with patients or
simply forget to raise sexual health dueto afocuson the primary
reason for presentation and other competing demands [13,14].
Further, studies have found that general practitionersrarely take
patients sexual histories or record their sexua orientation
[15-17], which isvital information for guiding any approach to
sexual health care. Collectively, these factors may challenge
the quality and completeness of sexual health care to gay and
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bisexual men attending general practice clinics. This contention
issupported by research that found gapsin the uptake of sexual
health testing among gay and bisexua men attending Australian
general practice clinics[18].

One way to enhance health care provision is through
computerized clinical decision support systems. Systems that
prompt clinicians or provide them with tools to make clinical
decisions have been shown in diversefields of health toimprove
patient outcomes [19]. While a few studies have shown that
clinician prompts can improve rates of testing for HIV and other
STIs[20-22], nearly all have been based in sexual health clinics
and focused on offering sexua health testing to all patients or
all members of a particular population. In general practice,
patients tend to be seen frequently and for diverse reasons[23],
so any decision support system must consider an individua’s
sexual risk and testing history.

The aim of this paper wasto assessif decision support software
can improve the delivery of sexual health care in genera
practice. To that end, we designed and implemented a
computerized clinical decision support system that aimed to
improve the recording of patient sexua orientation and promote
comprehensive sexual health testing among gay and bisexual
men. This paper evaluates the clinical impacts of this
intervention, known as The eTEST Project.

Methods

Study Design

To assessthe intervention’simpact, we undertook aquantitative
observational study design involving before-after time series
analyses at sites that received the intervention and assessment
of concurrent trends between intervention and comparison
clinics.

Study Sitesand Their Patients

I ntervention Sites

Purposive sampling was undertaken to recruit 7 general practice
clinics with minimum annual caseloads of 50 individual gay
and bisexual male patients. All practiceswerelocated in Sydney
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and Melbourne, urban centers with the largest populations of
gay and bisexual men in Australia and where approximately
half of men report receiving sexua health care in general
practice [11,12]. This study was limited to urban centers for
practical reasons, asrecruiting and supporting clinicsin regional
and remote areas would have exceeded available funding.
Clinics were identified for recruitment through consultation
with organizations representing general practice, sexual health,
HIV medicine, and the health of gay and bisexual men. We also
located clinics in or around neighborhoods with high
concentrations of same-sex partnered households using
Australian census data[24] and by posting study advertisements
in medical newsletters. Of note, no sites contacted us to
participate, suggesting that advertisements were ineffective for
recruiting clinics to this kind of intervention research.

Our scoping exerciseidentified 28 potentia sites, which through
consultation with research partnersin sexual health and general
practice was reduced to the 19 most likely to see reasonably
sized caseloads of gay and bisexual men. Potential sites were
sent an introductory letter or email that outlined the study and
proposed an in-person meeting. After introductory information
was sent, 12 in-person meetings were undertaken. From those
meetings, 3 clinics were found to not have sufficient numbers
of gay and bisexual male patients, resulting in 9 sites recruited
to participate. Two sites withdrew participation because their
practice computers did not meet the minimum requirementsfor
installing and operating the software.

Comparison Sites

In addition to the intervention sites, a convenience sample of
comparison siteswas created by extracting datafrom the patient
management systems of clinics based in urban areas of Sydney
and Melbourne. We selected comparison sites because it was
possibleto extract datafrom their patient management systems
and they bore similarities to the intervention clinics, each with
aminimum of 50 individual gay and bisexua men seen annually
and located within 10 kilometers of the intervention sites.
Comparison siteswereidentified as potentia intervention clinics
but ultimately did not receive the intervention either because
they were not interested or their patient management system
was incompatible with the intervention software. The number
of intervention siteswas limited given the general rarity of “gay”
general practice clinics of thiskind in Sydney and Melbourne.

Study Intervention

We designed a computerized clinical decision support system
for sexual health in general practice. The software built upon
an existing piece of technology used in general practice known
asthe PrimaryCare Sidebar, which worked by querying patient
databases and using those queriesto generate prompts, produce
assessments, or trigger patient recalls. One of the 7 study sites
used a patient management system incompatible with the study
software and, therefore, participated using a modified version
of the intervention that involved establishing prompts using
existing built-in assessment tools.

A sexua health-specific module was added to the existing
Sidebar software. The module included a custom-built sexual
history tool that facilitated the assessment and recording of
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sexual risk practices for gay and bisexual male patients. The
tool routed patients into 3 simple categories linked to testing
frequency recommendations. high risk (testing every 3 to 6
months: =10 sexual partnersin the past 6 months or condomless
anal sex with a casual partner), medium risk (annual testing:
any anal sex in past 6 months), and low risk (test as needed: no
sex in past year or in a monogamous relationship). The
assessment dialogue also included links to online sexual health
testing guidelines [25] and a partner notification resource to
which patients could be referred [26].

Additionally, the sexual health module of Sidebar included a
system of electronic prompts (Figure 1). These prompts were
triggered by opening of the patient records and were dynamic
but passive in that they appeared after a patient record was
opened and faded shortly thereafter. The fading function was
specifically requested by participating doctorsin order to reduce
unnecessary interference with consultations. Sexual health
prompts were activated by the following events:

«  Sexua orientation details were not included in a patient’s
record.

« Arrisklevel assessment had not been recorded for agay or
bisexual patient.

«  Sexua hedlth testing for agay or bisexual patient was due
or incompl ete.

Promptsfor HIV and STI testing were triggered on the basis of
pathology records in the patient management system, which
were automatically downloaded from servicing laboratories.
Promptsfor testing were also generated depending on assessed
risk, with clinicians prompted 6 months after previous testing
for patients assessed as high risk and after 12 months for
medium-risk patients. Of note, prompts were only generated if
apatient’s electronic record were opened. Following a 6-month
pilot at one clinic, staggered implementation of the software
occurred between April and August 2012 and operated in each
clinic for a minimum of 24 months with clinics finishing
between April 2014 and August 2014. An overview of the
prompt system and risk assessment dialogue is provided as a
video in Multimedia Appendix 1.

Beyond the user-facing component, the intervention software
also facilitated routine extraction of de-identified data from
male patients attending each service. To do so, the software
would query the patient database to generate acomma-separated
values table based on a customized schema for data extraction.
The table included line-listed patient data but without any
identifiers, such as address or name. These data were used to
evaluate the software but also included as part of theintervention
itself. Specifically, clinics were provided biannual reports on
testing trends, test positivity, and sexual orientation recording
at their service. Thesereportswereroutinely presented at clinic
meetings to allow doctors a chance to discuss the data, ask
questions, and share feedback on the software itself.
Individually, cliniciansalso received tailored email sthat focused
on different indicators specific to their patients and with
comparisonswithin and between clinics. In theseways, clinical
data were used like amodel of quality improvement.
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I ntervention Impact

Evaluation Pathway

Theintervention'simpact was assessed al ong aclinical pathway
of 3 outcomevariables: sexual orientation recording, HIV and/or
STI testing uptake, and comprehensive sexual health testing.
Figure 2 provides an overview of this pathway. As noted, the
intervention was introduced at staggered points throughout
2012, which required us to organize the study period into 12
quarters: preintervention period (quarters 1 through 4) and
intervention period (quarters 5 through 12). Comparison sites
were also organized into quarters, which were established at
the mean entry point for the intervention sites, meaning that
quarter 1 for comparison sites began in June 2012 and quarter

Callander et d

12 ended in May 2014. Stata version 14 (StataCorp LLC) was
used for all analyses.

Sexual Orientation

Sexual orientation recording was calculated as the proportion
of attending male patients for whom sexual orientation details
were collected. To assess changes over time, we calculated
quarterly trendsin the proportion of male patientswith recorded
sexual orientation in the pre- and intervention periods via
summary rate ratios (SRRs). SRRs are useful for assessing
relative differences in an event occurring over a fixed time
frame, which we compared between the pre- and intervention
periods using Poisson regression analysis. Unfortunately,
differences in how data were extracted between intervention
and comparison sites meant that it was not possible to compare
changesin sexual orientation between these two clinical groups.

Figure 1. Record-generated, passive prompt dialoguesin asexual health—specific modulefor decision support softwarein general practice that encourage
clinicians to record patient sexual orientation, collect a sexual risk assessment, and conduct sexual health testing.

Prompt 1: Sexual
orientation not
recorded

(@ ALAN ABBOTT (70 YRS, M) X

STleTest

Sexuality field incomplete

Prompt 2: Sexual
risk assessment due

(1) ALAN ABBOTT (70 YRS, M)

5TleTest

Assess ST Risk

Prompt 3: Sexual
health testing due or
incomplete

(@ ALAN ABBOTT (70 YRS, M) X

STl eTest

5Tl Testing Overdue

Figure2. Clinical pathway for assessing intervention impact between the pre- and intervention periods among sites that received the intervention. STI:

sexually transmissible infection.

Attending male Sexual orientation
patients —1 recorded
N=6267 n=2734 (44%)
Quarter 1 Gay and bisexual Any test for HIV or Comprehensive
Preintervention period men — other STls —> screen
n=2009 n=1022 {51%) n=263 (26%)
Attending male Sexual orientation
patients ] recorded
N=9110 n=5136 [56%)
Quarter 12 Gay and bisexual Any test for HIV or Comprehensive
Intervention period men —1 other 5Tis —> screen
n=2519 n=1413 (57%) n=690 {49%)
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Uptake of Testing for HIV and Sexually Transmissible
I nfections

The second indicator of the intervention’s impact focused on
the proportion of men recorded as gay and bisexual men who
had any test for HIV or other STI. Aswith sexual orientation,
we calculated this on a quarterly basis and calculated the SRR
for the pre- and intervention periods, which were compared
using a Poisson regression analysis. Changes over time were
al so assessed between intervention and comparison sites using
a Poisson regression analysis.

In order to facilitate comparisons over time, it was necessary
to apply patient sexual orientation acrossthe entire study period.
Thismeansthat if apatient was|ater recorded as gay or bisexual
we categorized him as such for the purposes of calculating these
indicators. It is also important to note that because sexual
orientation recording was very low among men attending clinics
in the comparison group, to facilitate comparison we used a
history of rectal swabsfor ST testing to identify patientslikely
to be gay or hisexual. This has been shown previoudly to be an
effective proximal marker for thispopulation [27], which while
not ideal was a necessity for comparative purposes.

Comprehensive Sexual Health Testing

Comprehensive sexual health testing was calculated as the
proportion of gay and bisexual men who received any HIV or
STI test—chlamydia (rectal or urogenital), gonorrhea (rectal or
pharyngeal), syphilisand, among men not known to beinfected,
HIV. SRRs were calculated and differences over time and
between intervention and comparison sites were assessed.

Detection of HIV and Other Sexually Transmissible
I nfections

Finally, we assessed changes to the detection of HIV and other
STls using positive pathology or, for infectious syphilis, by
reviewing historical test results and theinterpretative comments
provided by labs. In situations where infectious syphilis could
not be determined (ie, insufficient information), the result was
excluded. SRRs were calculated to assess the mean number of
infections diagnosed quarterly during the pre- and intervention
periods, which were compared using a Poisson regression
analysis. A similar analysiswas conducted to assess differences
in detection of infections between the intervention and
comparison sites.

Data Sources

We collected patient data using a data extraction component of
theintervention software. De-identified, line-listed patient data
were extracted for the 12-month pre- and 24-month intervention
periods. For male patients aged 14 years and older, we extracted
the following details per patient visit: unique identifier, age,
home postcode, Indigenous status, sexual orientation, HIV
status, visit date, visit reason, provider, and HIV/STI testing
conducted. Because the results of pathology were downloaded
into patient management systems as free text, they could not be
extracted directly from participating clinics. Thus, parallel HIV
and STI pathology results for all male patients were extracted
from the laboratories that serviced participating sites.
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Data for comparison sites were extracted from an existing
sentinel surveillance network for bloodborne viruses and STIs.
The Australian Collaboration for Coordinated Enhanced Sentinel
Surveillance (ACCESS) routinely extracts de-identified patient
datafrom arange of clinical sitesacross Australiaand provided
the comparison data for sites not participating in the study
intervention. Details on this project have been published
previously [28].

Ethical Review

Ethical review of this study was provided by the University of
New South Wales Human Research Ethics Committee
(HC10310). Informed consent was obtained from general
practitioners based at clinics that received the intervention.

Results

Study Sitesand Their Patients

I ntervention Sites

Intotal, 7 general practices participated in the study intervention,
all of which were located in inner urban areas. Participating
clinics employed between 3 and 17 general practitionersin full
or part-time service. Intotal, 66 general practitioners participated
in the intervention, of which 28 (42%) were female.

During the 3-year observation period, 32,276 individual male
patients aged 14 years and older attended intervention clinics
with a range of 1905 to 8711 patients per clinic. The median
age at baseline was 46 years (interquartile range: 36-56 years),
the majority of patients (24,007/32,276, 74.38%) were HIV
negative and, reflecting the exclusively urban nature of
participating sites, most patients (31,375/32,276, 97.21%) lived
in major cities. Only 53.45% (17,251/32,276) of patients had
Indigenous status included in their record, with 0.61%
(196/32,276) recorded as being of Aboriginal or Torres Strait
Islander background.

Comparison Sites

Four genera practice clinicswereidentified ascomparison sites,
2 based in Sydney and 2 in Melbourne. In total, 23,712
individual male patients attended comparison sites during the
24-month study period with a range of 952 to 10,279 male
patients per clinic. Demographically, the comparison patient
group was similar to those attending intervention sites with a
median baseline age of 46 years (interquartile range: 36-56
years). In total, 75.41% (17,881/23,712) of male patients
attending these clinics were HIV negative, 94.67%
(22,448/23,712) lived in an urban area, and 1.67% (396/23,712)
were of Aborigina or Torres Strait Islander background.

Intervention Impact

Sexual Orientation Recording

Figure 2 outlines the clinical pathway we used to evaluate this
intervention, comparing the first quarter of the prestudy period
(Q1) with the last quarter of the intervention period (Q12). In
thefirst quarter, 43.63% (2734/6267) of attending male patients
had details about their sexual orientation recorded, which
remained stable acrossthe prestudy period (2961/6639 [44.60%]
in Q4). During the intervention period, however, the proportion
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of male patients with sexual orientation details increased from
46.50% (3213/6909) in Q5 to 56.38% (5136/9110) in Q12
(P<.001) with an SRR of the average trend between the before
and intervention periods of 1.10 (95% CI 1.04-1.11, P<.001).
Inintervention sites, increasesin recording of sexual orientation
were observed across age groups, with the lowest baseline
proportion but the greatest change in patients|essthan 30 years
old, increasing by 71% during the intervention period from
17.06% (252/1477) recorded in Q5 to 29.45% (494/1680) in
Q12 (P<.001).

Multimedia Appendix 2 provides an overview of the SRRs of
sexual orientation recording between the before and intervention
periods. As noted, it was not possible to calculate this variable
among sites in the comparison group, noting that only 4.26%
(1010/22,702) of men attending these clinics had sexual
orientation included formally in their record. Using rectal swab
details, however, it was possible to identify 30.74% of men
attending these sites as either gay or bisexua (7290/23,712 of
male patients).

Uptake of Testing for HIV or Sexually Transmissible
I nfections

Asdetailed in Figure 2, sexua orientation recording was only
the first step in our clinical pathway. Among men recorded as
gay or bisexual, we al so assessed the proportion who in aquarter
had any test for HIV or other STIs. In Q1, 50.87% (1022/2009)
of attending gay and bisexual men received someform of sexual
health testing, which was stable during the preintervention
period (1115/2185 [51.03%] in Q4) and aso during the
intervention period (1159/2290 [50.61%)] in Q5 to 1413/2519
[56.09%] in Q12, P=.9). Theredid not appear to be adifference
in sexual health testing uptake between the pre- and intervention
periods (SRR 0.97, 95% CI 0.94-1.00, P=.2) nor was a change
observed in comparison sites (SRR 1.00, 95% CI 0.97-1.02,
P=.9).

Comprehensive Sexual Health Testing

Among men who received a test for HIV or other STI, only
25.73% (263/1022) in Q1 went on to receive the full
complement of tests recommended by guidelines. This
proportion remained stable during the preintervention period
(306/1115 [27.44%)] in Q4, P=.5) but increased during the
intervention period (305/1159 [26.32%)] in Q5 to 690/1413
[48.83%] in Q12), representing an 88% relative increase in
comprehensive testing (P<.001). The SRR comparing the
quarterly before and intervention trends of comprehensive
testing was 1.37 (95% Cl 1.28-1.43, P<.001). Multimedia
Appendix 2 provides an overview of the comparative increases
in comprehensive sexual health testing among gay and bisexual
men by HIV status and age. Increasesin comprehensive testing
were observed across age groups, including arelative increase
of 84% increase among men 30 yearsand younger (17/46 [37%)]
to 93/137 [67.9%)], P<.001), a 79% increase among men aged
30 to 49 years (174/596 [29.2%)] to 417/796 [52.4%], P<.001),
and a twofold increase among men aged 50 years and older
(72/380 [19.0%)] in Q5 to 180/480 [37.5%)] in Q12, P<.001).
Comprehensive testing doubled al so among patientsliving with
HIV (94/560 [16.8%] to 240/665 [36.1%)], P<.001).
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Tests for HIV and syphilis were, by far, the most common
component of testing events among gay and bisexual patients.
Prior to the intervention, 83.55% (12,016/14,282) of testing
events included syphilis and HIV, which increased to 89.46%
(29,934/33,461) for syphilis during the intervention period
(P<.001) but remained stable for HIV (P=.1). The overall
proportions of tests involving chlamydia and gonorrhea were
much lower in the before period: 19.90% (2842/14,282) of
testing events included rectal swabs for chlamydia and
gonorrhea, which increased to 34.51% (11,547/33,461) during
the intervention (P<.001), while urine testing for chlamydia
increased from 22.00% (3142/14,282) to 37.67%
(12,605/33,461) (P<.001). Pharyngeal swabsfor gonorrheaalso
increased, from 17.13% (2447/14,282) before to 34.71%
(11,614/33,461) during the intervention (P<.001).

In the 4 comparison sites, comprehensive testing uptake was
lower overal than in the intervention sites but increased over
time (Figure 3). During the 2-year period that the intervention
was active in other sites, comprehensive testing for HIV and
STlsincreased from 19.25% (319/1657) to 24.26% (464/1913)
among gay and bisexual men (P<.001). Compared with the prior
12 months, the SRR for these siteswas 1.18 (95% Cl 1.11-1.26,
P<.001). Overall, although comprehensive testing for HIV and
STlsincreased across both intervention and comparison sites,
theincrease and difference between periodswas greater for sites
that received the intervention than for those that did not (SRR
1.12, 95% ClI 1.10-1.14, P<.001).

Detection of HIV and Other Sexually Transmissible
I nfections

Finally, we explored changes in the detection of HIV and STls
between study and comparison sites. While there was a 46%
increase in the detection of rectal chlamydia during the
intervention, from a mean of 40.0 infections per quarter in the
preperiod to 58.5 per quarter of the intervention (SRR 1.28,
95% CI 1.07-1.53, P=.007), there was anonsignificant increase
of 27% in comparison sites (SRR 1.17, 95% CI 0.99-1.37,
P=.06). Similarly, while detection of urogenital chlamydiain
clinics with the intervention was 44% higher during the
intervention period than before (26.5 to 28.0 average per quarter,
SRR 1.26, 95% CI 1.01-1.57, P=.04), there was no similar
increase among comparison clinics (43.5 to 40.3 average per
guarter, SRR 0.85, 95% CI 0.71-1.02, P=.09).

For gonorrhea, detection of rectal infections increased 45%
from amean of 25.4 to 35.0 per quarter during the intervention
(SRR 1.27, 95% CI 1.01-1.61, P=.04) but was stable among
comparison sites (SRR 1.14, 95% CI 0.97-1.34, P=.1).
Pharyngeal diagnoses of gonorrhea were the one infection to
increase between both study and comparison sites, rising from
23.8 to 46.0 per quarter in intervention sites (SRR 1.69, 95%
Cl 1.35-2.11, P<.001) and from 9.0 to 20.0 in comparison sites
(SRR 2.04, 95% Cl 1.42-2.94, P<.001). Intheintervention sites
there were no differences in diagnoses of infectious syphilis
during the intervention (42.8 to 51.0, SRR 1.05, 95% CI
0.88-1.26, P=.6) or in HIV (13.5 to 13.0, SRR 0.75, 95% ClI
0.52-1.05, P=.09), which was the same for comparison sites.
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Figure 3. Comprehensive sexual health testing uptake among gay and bisexual men attending intervention and comparison sites.
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Of note, in both intervention and comparison sites, only 0.29%
of syphilistests (170/57,993) did not have sufficient information
for classification as anew or previously treated infection.

Discussion

Principal Findings

The findings of this study suggest that integrated decision
support software in general practice can improve sexual health
carefor gay and bisexual men. The implementation of software
that facilitated routine feedback and prompted genera
practitioners to collect details on patient sexuality and offer
comprehensive sexual hedlth testing was associated with
increased recording of sexual orientation among male patients
and, among gay and bisexua men, increasesin comprehensive
sexual health testing in line with clinical guidelines. The
observed increases in testing led to increased detection of
infections with chlamydia and gonorrhea.

It isworth noting that testing for STIsincreased across general
practice settings that did and did not receive the intervention.
Australid's epidemiology of these infections has documented
rising rates for years [2] and the governments of New South
Wales and Victoria—the states in which this study took
place—have both implemented numerous strategies aimed at
increasing sexual health testing [29]. Nevertheless, the
intervention appearsto have contributed to higher rates of testing
and diagnoses than would have otherwise taken place,
suggesting a cumulative effective with other initiatives.
Although promising, the observed increases were moderate,
with the intervention demanding consistent energy to produce
datareports and ensure that the software remained operational.
Future analyses of integrated decision support software and
quality improvement reports should consider the balance
between costs and gains.

In spite of the increases in sexual orientation recording among
male patients, at the end of theintervention period thisvariable
remained unrecorded for the majority of men. Given the value

http://medinform.jmir.org/2018/4/€10808/

of knowing sexual orientation for providing care beyond just
sexual health [30], additional effort may be required to
encourage the collection of this variable among clinicians in
genera practice. It is possible, however, that for some patients
these detail swere recorded somewhere other than the “ official”
location in their file, which would not have been captured by
our analysis.

The intervention appears to have encouraged greater
completeness of testing among those engaged in sexual health
care. The prompts, however, did not impact the overall uptake
among gay and bisexual men, demonstrated by the stable
proportion of men who received any form of sexua health
testing. While testing may not have been required for some of
the men who received no sexual health testing (ie, sexualy
inactive men, men who received sexua health care elsewhere),
it would seem that the software was useful for capitalizing on
existing testing opportunities but not necessarily for creating
new ones. Different strategies to improve the overall offer of
testing may be warranted, particularly among those not already
engaged in sexual health care at aclinic.

While the intervention increased comprehensive testing, this
was largely due to more samples being collected for chlamydia
and gonorrhea; it had alesser impact on testing for syphilisand
no impact on HIV testing. This finding echoes earlier work
assessing the effects of health promotion, which was associated
with increased testing for chlamydia and gonorrhea but not
syphilisor HIV [29]. It may be that some doctors are unaware
of all the different samples required to effectively test for
chlamydia and gonorrhea, with our findings echoing earlier
work that found anal and throat swabs are among the most
commonly missed [10]. It isalso possiblethat patientsare more
likely to request a test for HIV than other STIs. Thus, the
intervention’s impact in this domain highlights its usefulness
for capitalizing on clinical encounters.

The observed increases in sexual orientation recording and
comprehensive testing were gradual, due likely to the time it
took for cliniciansto becomefamiliar with the software. Further,
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the time required to properly calibrate the software to each
clinic’'s technical infrastructure may also have hampered its
usefulness in the intervention's earlier days. These factors
underscore the need for careful attention and routine follow-up
to ensure that newly designed systems are functioning as
expected.

Limitations

It is possible that the changes in sexual orientation recording
and comprehensive testing were due to some factor unrelated
to this study’s intervention. This influence of external forces,
however, was likely limited by the staggered intervention
introduction, the fact that no significant trends were identified
before theintervention, and the use of comparison sites. Further,
we are unaware of any new clinical activities that occurred
before or during the intervention period. It is also worth noting
that study recruitment specifically targeted clinics providing
careto gay and bisexual men based in major urban centers. As
such, it isnot possibleto generaize these findingsto other clinic
or patient types, including those in rura or regiona aress.
Additional research is required to evaluate if this style of
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decision support software could similarly influence the delivery
of sexual health care among other groups of patients.

A limitation of our analysis was the reliance on rectal swabsto
identify gay and bisexual menin comparison sites, which while
necessary may have actually diluted the intervention’s impact.
This study was ecological in nature and, as such, required a
body of analyses with nonoverlapping limitations. No one
analysis proves the intervention's impact but taken together
they paint a complementary picture. Finally, noting the careful
management required to ensure the intervention’s uptake in its
early days, more research is required to assess the cost
effectiveness of thiskind of software and its sustainability over
time.

Conclusions

Thisstudy providesevidencethat computerized clinical decision
support systems can be effectively used in general practice to
moderately improve sexual health clinical practice among gay
and bisexual men. Further, as detecting these infections reduces
the likelihood of onward transmission to sexual partners, these
systems may have a part to play in reducing community
prevalence of HIV and STls.
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Video guide of sexua health prompts and risk assessment dialogue introduced in general practice clinics via the PrimaryCare
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Multimedia Appendix 2

Average annual trends and summary rate ratiosin the quarterly proportions of male patientswho had sexual orientation recorded,
any HIV or other sexualy transmissible infection tests, and comprehensive sexual health testing in the pre- and intervention
periods.
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Abstract

Background: Electronic recording of vital sign observations (e-Obs) has become increasingly prevalent in hospital care. The
evidence of clinical impact for these systemsis mixed.

Objective: The objective of our study was to assess the effect of e-Obs versus paper documentation (paper) on length of stay
(time between trauma unit admission and “fit to discharge”) for trauma patients.

Methods: A single-center, randomized stepped-wedge study of e-Obs against paper was conducted in two 26-bed trauma wards
at amedium-sized UK teaching hospital. Randomization of the phased intervention order to 12 study areas was computer generated.
The primary outcome was length of stay.

Results. A total of 1232 patient episodes were randomized (paper: 628, e-Obs. 604). There were 37 deaths in hospital: 21 in
the paper arm and 16 in the e-Obs arm. For discharged patients, the median length of stay was 5.4 (range: 0.2-79.0) days on the
paper arm and 5.6 (range: 0.1-236.7) days on the e-Obs arm. Competing risks regression analysis for time to discharge showed
no difference between the treatment arms (subhazard ratio: 1.05; 95% CI 0.82-1.35; P=.68). A greater proportion of patient
episodes contained an Early Warning Score (EWS) =3 using the e-Obs system than using paper (subhazard ratio: 1.63; 95% ClI
1.28-2.09; P<.001). However, there was no difference in the time to the subsequent observation, “escalation time” (hazard ratio
1.05; 95% Cl 0.80-1.38; P=.70).

Conclusions: The phased introduction of an e-Obs documentation system was not associated with a change in length of stay.
A greater proportion of patient episodes contained an EWS=3 using the e-Obs system, but this was not associated with a change
in “escalation time”

Trial Registration: ISRCTN Registry ISRCTN91040762; http://www.isrctn.com/ISRCTN91040762 (Archived by WebCite
at http://www.webcitation.org/72prakGTU)

(IMIR Med Inform 2018;6(4):€10221) doi:10.2196/10221
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Introduction

Background

Physiological vital signsareregularly measured in hospitalized
patients. Deterioration in vital signs often precedes adverse
outcomes [1,2]. However, vital sign aterations can go
unrecognized, resulting in treatment delay that may worsen
outcomes[3-5]. One method for identifying deterioration isthe
Early Warning Score (EWS), in which a scoreis given to each
set of recorded vital signs. The overal score, the EWS, is the
aggregate of scores assigned to each individua vital sign,
depending on its level of abnormality. Higher scores indicate
greater physiological abnormality [6].

Until recently, vital signsand EWS have been recorded on paper
observation charts. The shortcomings of paper charts include
incorrect score assignment to the vital signs and incorrect
calculation of EWS [7-9], difficulty in interpretation [10], and
poor compliance with clinical escalation protocols [11].
Electronic methods for recording vital sign observations and
EWS, known as e-Obs, are becoming increasingly common
[12-14]. e-Obs systems may circumvent many of these
highlighted issues by automatically assigning EWS and
prompting appropriate clinical response. Thefacility to display
recent observations and scores on a central station may also
improve the ability of clinical staff to recognize patient
deterioration. However, the clinical impact of such systemsis
currently unclear, with studies reporting conflicting results
[15,16].

Objective

In thisstudy, we prospectively assessed whether the deployment
of the Vita PAC e-Obs system (VitalPAC; The Learning Clinic),
compared with the paper-based system, changed patients
hospital length of stay (since the conclusion of this study, The
Learning Clinic has been acquired by System C, Maidstone,
Kent). Our null hypothesis was that length of stay remained
unaltered. A cluster-randomized design was not appropriate as
the VitalPAC e-Obs system was to be introduced gradually in
the trauma unit. We, therefore, evaluated the intervention as it
was being introduced using a stepped-wedge study design.

Methods

Study Design

We conducted arandomized stepped-wedge interventional study
in the two adult inpatient wards of the trauma unit at the John
Radcliffe Hospital, Oxford University Hospitals National Health
Service Trust. Each ward had 26 inpatient beds. A
stepped-wedge study is one in which the intervention is phased
into the study population within clusters across successivetime
periods, with the time being determined by randomization [17].
The full study protocol is available online [18]. Approval for
this study was obtained from the Nationa Health Service
Research Ethics Committee (REC #11/H0308/11), and the study
was registered with ISRCTN (ISRCTN91040762). Informed
written consent was sought from all eligible participants after
hospital discharge.

http://medinform.jmir.org/2018/4/€10221/
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Control and I ntervention

Initially, nursing staff measured vital signs (blood pressure,
pulse, oxygen saturation, temperature, respiratory rate, and
consciousnesslevel) using spot-check monitors and documented
the result on paper. Nurses manually calculated the EWS and
recorded the score on paper. The EWS used was the previously
published centile-EWS [19], in which a score of 3 or more
(EWS=3) requires urgent intervention.

Theintervention wasthe Vital PAC e-Obs system, which allowed
vital signsto be documented on a hand-held device. The EWS
was then automatically calculated, and relevant hospital
guidancefor escalation was displayed. EWSwere also displayed
at a central patient ward list that adjusted colors and symbols
to prompt nursesto record timely observations according to the
hospital protocol.

Prior to study commencement, VitalPAC was installed and
tested and staff were trained to use the system. Refresher
teaching was a so provided for the paper system, and staff were
reminded of local clinical escalation policy. During thetraining
period, the paper system was used throughout the trauma unit,
but staff had the opportunity to enter datainto atest installation
of VitalPAC. Study staff attended the ward daily during the
week and once a weekends, providing top-up training
throughout the duration of the study.

Trial Design

The e-Obs intervention was phased in 12 clusters. Each cluster
was aphysical zonewithin thetraumaunit consisting of a4-bed
bay or acollection of six 1-bed siderooms. The clustersreceived
the electronic intervention sequentially. A new zone switched

from the control to the intervention every 3 weeks on Tuesday
at 2 pm.

Participants

All episodesfrom patients aged =16 years admitted to thetrauma
unit during the study period were considered for eligibility.
Episodes were excluded from analysisif the treatment plan for
the patient was palliative at admission to the ward.

Study Data

Clinical and demographic data on study participants were
obtained from an el ectronic patient record (Casenotes) and from
paper medical records. Research nurses collated the following:
age, sex, ethnicity, American Society of Anesthesiologistsscore,
reason for admission, and admission method (emergency,
elective, between wards) for each study participant.

We also recorded initial ward and zone on the trauma unit; date
and time (hh:mm) of admission into the ward; date, time
(hh:mm), and clinician-recorded EWS for the first vital sign
observations recorded on the trauma unit; total number of vital
sign observations on the unit recorded electronically and on
paper; “fit to discharge” date; actual hospital discharge date and
time (hh:mm); in-hospital mortality and 30-day mortality
following ward admission; and unplanned admission to the
intensive care unit (ICU) or acardiac arrest for each episode.

Two other electronic sources, Cerner Millenium (Cerner, Kansas
Cityy, MO) and Bluespier (Bluespier International,
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Worcestershire), were used to validate theinformation. Mortality
status at 30 days after admission was verified using data from
the National Health Service personal demographic service.

Outcomes

The primary endpoint was length of stay (the time from
admission to the trauma unit until “fit to discharge”). “Fit to
discharge” was defined asthefirst of the following: discharged
from the ward to home or alternative care or accepted by social
services as a “delayed discharge.” This outcome measure was
chosen because some trauma patients were known to have
extended stays while waiting for suitable support mechanisms
to be put in place outside hospital. Secondary endpoints were
mortality (in-hospital and 30-day following ward admission),
whether a patient experienced a cardiac arrest or an unplanned
ICU admission; the time between observations (length of
stay/total number of observations); the time until a patient first
scored EWS=3; and the time between the first observation that
scored EWS=3 and the subsequent observation (“escalation
time").

Sample Size

The number of participants was determined by the speed at
which zonestransitioned from paper to e-Obs. Slower transitions
would include more participantsfor each step, thereby increasing
the power of the study. However, clinical staff wished to
minimize the concurrent use of multiple systems. Therefore, a
clinically accepted transition rate of 1 zone every 3 weeks was
chosen, and no sample size calculation was undertaken.

Randomization

A random segquence generated using MATLAB (function
randperm [20]) determined the order in which zones received
e-Obs.

All zones were recruited and enrolled at baseline and followed
for the entire duration of the study. Research nurses administered
the sequential assignment to the e-Obsintervention. The nurses
visited the ward during each transition to facilitate adherence
to the change from paper to e-Obs.

Patients were allocated to either paper or electronic recording
of observations based on the zone to which they were alocated
on arrival to the trauma unit. Patients remained with the same
recording method even if subsequently moved. Allocation to
theinitial zone was determined by normal ward practices, which
remained unchanged during the study period. Therefore, the
allocation ratio could not be determined a priori.

Blinding
The randomization sequence was concealed from patients,
clinical staff, and all researchers involved in data collection

until the day a new zone was due to receive e-Obs. It was not
possible to conceal the intervention.

Statistical M ethods

Episode characteristics, including patient age and length of stay,
were summarized by study arm. A time-to-event analysis, Cox
proportional hazards regression, was undertaken for length of
stay with the competing risk of death in hospital, for death in
hospital with discharge from hospital as a competing risk, and

http://medinform.jmir.org/2018/4/€10221/
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for time to first EWS=3. The intervention arm, step, age, and
sex of patients were included as covariates. Subhazard ratios
were cal cul ated with respect to paper charts, age>80 years, and
male sex. The step was included as a continuous measure of
time and as a factor with 13 levels. The study design has two
levels, patient and study zone. The SEs of the coefficients in
the Cox proportional hazards model were adjusted for the cluster
variable, study zone. A similar competing risks Cox regression
analysis was undertaken for “ escalation time,” censored at 200
hours.

The binary outcome, death within 30 days of admission, was
analyzed using alogistic regression model and the SEs of the
coefficients were adjusted for the cluster variable, study zone.
The numbers of cardiac arrests and admissions to ICU were
reported.

All analyseswere performed on an intention-to-treat basis, with
patients analyzed according to the randomization intervention.
Furthermore, all analyseswere completed for hospital episodes.
A patient may have had multiple episodes consisting of distinct
admissions to the study wards for unrelated reasons. We
assumed a priori that the number of such admissionswas small
such that each episode may be treated as an independent event.
Post hoc, we repeated the analyses on the per-protocol
populations.

All statistical analyses were performed using Stata (Stata
Statistical Software: Release 14. College Station, TX; StataCorp
LP) [21].

Results

A total of 1518 admissions to the trauma unit were recorded
between August 31, 2011 and May 31, 2012. After excluding
286 episodes that did not meet the study criteria or for which
patients had declined consent, 1232 episodes (from 1199
patients) were included for analysis (Figure 1).

Of the included episodes, 628 were randomized to paper and
604 to e-Obs. Moreover, 873 episodes (paper: 558, e-Obs: 315)
had vital sign observations that were fully consistent with the
randomized intervention. A further 194 episodes (paper: 32,
e-Obs: 162) had over 80% of observations on the allocated
intervention. Vital sign observation chartswere absent from the
paper notes for 13 episodes.

Baseline characteristics of the study patientsare shownin Table
1. Allocation between the study armswas almost equal (paper:
628/1232, 50.97%). There were no significant differences in
any of the measured characteristics. In all analyses, theintraclass
correlation coefficient for patients within a study area was not
significantly different from zero.

There were 37 deaths in hospital: 21 in the paper arm and 16
inthe e-Obsarm. For patientswho were discharged, the median
length of stay (time from admission to “fit to discharge”) was
5.4 (range: 0.2-79.0) days on the paper arm (607 patients) and
5.6 (range: 0.1-236.7) days on the e-Obs arm (588 patients).
Longer time to discharge was associated with greater age, but
there was no difference between the treatment arms (Table 2).
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Figure 1. Flow chart for patients’ enrollment in the study. “ Escalation Time” is the time between the first observation that scored Early Warning Score

(EWS)=3 and the subsequent observation. ICU: intensive care unit.
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Patients admitted to Trauma
Wards (N=1518)

Excluded (n=286)

» Declined to participate (n=281)
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to Trauma Wards (n=3)

Included (N=1232)
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Primary Outcome Analyzed (n=628)
Secondary Outcomes Analyzed:
ICU Admission, Cardiac Arrest, Died in
Hospital, 30-day mortality (n=628)
Excluded: None

“Escalation Time" (n=278)
Excluded:
no EWS=3 (n=337)
missing data (n=13)

Results from the competing risks Cox regression analysis for
time to death in hospital with discharge from hospital as a
competing risk arereported in Table 2. There was no difference
between the treatment arms.

Therewere 45 deathswithin 30 daysfrom admission to hospital:
23 in the paper arm and 22 in the e-Obs arm. The results from
the logistic regression analysis of the number of deaths within
30 days of admission are reported in Table 2. There was no
difference between the treatment arms.

There were 8 admissions to the ICU from the paper arm and 7
from the e-Obs arm, and there were 2 cardiac arrests in each
arm. The median time between observations for those without
adelayed dischargewas 7.1 (interquartilerange [| QR]: 5.0-9.8)
hours on paper and 7.0 (IQR: 5.3-9.5) hours on e-Obs.

Figure 2 shows the Kaplan-Meier estimates of time to first
EWS=3. At least one EWS=3 was recorded for 278 and 342
episodesin the paper and e-Obs arms, respectively. The number
at risk indicates the episodes that had not had an EWS=3 after
{0, 200, 400, 600, 800, and 1000} hours. Numbers in
parentheses are those who had an EWS=3 before the next time
point. Moreover, 7 episodes in the e-Obs arm had no recorded
observations, while 13 episodes in the paper arm had missing
data (observation chart missing from notes). The subhazard

http://medinform.jmir.org/2018/4/€10221/

)Primary Outcome Analyzed (n=604)
Secondary Outcomes Analyzed:
ICU Admission, Cardiac Arrest, Died in
Hospital, 30-day mortality (n=604)
Excluded: None

“Escalation Time” (n=342)
Excluded: no EWS23 (n=262)

ratio for e-Obs with respect to paper from a competing risks
Cox regression analysis for time to first EWS =3 with death in
hospital as a competing risk including age>80 years, step, and
sex was 1.63 (95% Cl 1.28-2.09; P<.001).

Figure 3 shows the Kaplan-Meier estimates of escalation time.
Inclusion in the analysis was conditional on reaching an EWS
of =3. The number at risk indicates the episodes that had not
yet had an observation after { 0, 25, 50,..., 200} hours. Numbers
in parentheses are those who had the next set of observations
before the next time point. Patients could be censored at any
time due to discharge from hospital or death in hospital. Three
episodes had the next observation after more than 50 hours, 18
were discharged from hospital, and 3 died in the hospital before
a further set of observations. The hazard ratio for e-Obs with
respect to paper from acompeting risk Cox regression analysis
for timeto escalation including age>80 years, step, and sex was
1.05 (95% CI 0.80-1.38; P=.70).

All results presented here are for intention-to-treat analysis. The
results of the per-protocol analysis are shown in Multimedia
Appendix 1. On per-protocol analysis, we found no difference
in “escalation time” or length of stay. Per-protocol in-hospital
timeto mortality analysis suggested amortality benefit in favor
of e-Obs, but this was not sustained at 30 days.
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Table 1. Patient baseline characteristics (N=1232 episodes).
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Characteristic Paper (n=628)  e-Obs? (n=604)
Age (years) mean (SD) 58.1(23.4) 60.4 (23.3)
Males, n (%) 308 (49.0) 316 (52.3)
Ward 1:Ward 2 312:316 280:324
Ethnicity, n (%)
White British 471 (74.9) 446 (73.6)
Not stated 110 (17.5) 129 (21.3)
Other 48 (7.6) 31(5.1)
Reason for admission: injury type, n (%)
Lower limb (excluding neck of femur) 179 (28.5) 188 (31.1)
Neck of femur 160 (25.5) 169 (28.0)
Upper limb (excluding wrist) 59 (9.4) 63 (10.4)
Polytrauma (excluding head) 48 (7.6) 45 (7.5)
Wrist 38(6.1) 21(3.5)
Spinal trauma 33(5.3) 30(5.0)
Polytrauma + head 29 (4.6) 23(3.8)
Nontrauma 29 (4.6) 15(2.5)
Other 53 (8.4) 50 (8.3)
Primary specialty, n (%)
Trauma 581 (92.5) 574 (95.0)
Other 47 (7.5) 30 (4.9)
Admission method, n (%)
Emergency department (not viaintensive care unit) 323 (51.4) 342 (56.3)
Trauma clinic within Oxford University Hospitals Trust 108 (17.2) 107 (17.6)
Other ward 89 (14.3) 57(9.7)
Transfer from other United Kingdom hospital 24 (3.8) 24 (4.0)
Emergency department via emergency admissions unit 50(7.9) 50(8.2)
Other 34(5.4) 24.(4.0)
American Society of Anesthesiologists score, n (%)
1 101(16.1) 97 (16.1)
2 97 (15.4) 107 (17.7)
3 92 (14.6) 86 (14.2)
4 18(2.9) 22(3.7)
5 3(0.5) 1(0.2)
1E-5E 11(1.8) 12(2.0)
Unrecorded 180 (28.7) 169 (28.0)
Not applicable 126 (20.0) 110(18.2)

%-Obs: electronic recording of vital sign observations.

http://medinform.jmir.org/2018/4/€10221/

RenderX

JMIR Med Inform 2018 | vol. 6 | iss. 4 |€10221 | p.109

(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

Wong et a

Table 2. Results from the competing risks regression analysis for time to discharge from hospital with death in hospital as a competing risk, from the
competing risks regression analysisfor timeto death in hospital with discharge from hospital asacompeting risk, and the logistic regression for number
of deaths within 30 days from admission.

Variable Time to discharge from hospital with ~ Timeto death in hospital with discharge Number of deathswithin 30 daysfrom admission
death in hospital asacompetingrisk  from hospital as a competing risk
Subhazard ratio (95% Cl)  Pvalue Subhazard ratio (95% CI) Pvalue Oddsratio (95% CI) P value
eObs? 1.05 (0.82-1.35) 68 0.77 (0.42-1.40) 39 0.82 (0.46-1.47) 51
Step 1.00 (0.97-1.03) .99 0.98 (0.88-1.10) 72 1.01 (0.92-1.12) .80
Age=80years 0.62 (0.57-0.67) <00l  5.69(3.48-9.30) <001  8.93(5.69-14.01) <.001
Female 1.09 (0.96-1.25) 19 0.63 (0.35-1.12) A1 0.60 (0.39-0.94) .02

%-Obs: electronic recording of vital sign observations.

Figure 2. Kaplan-Meier failure estimates for time (hours) from admission until first Early Warning Score (EWS)=3. e-Obs: electronic recording of

vital sign observations.
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Figure 3. Kaplan-Meier failure estimates for time (hours) to next set of observations after the first Early Warning Score (EWS)=3. e-Obs: electronic

recording of vital sign observations.
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Discussion

Principal Findings

To our knowledge, thisisthe first stepped-wedge evaluation of
an e-Obsintervention. We found no differencein length of stay
(the primary outcome) between paper and e-Obs. A significantly
greater proportion of patient episodes contained an EWS>3
using the e-Obs system than using paper. However, we found
no differencein “escalation time.” Per-protocol analysis showed
improved in-hospital survival with e-Obs, but this was not
shown either on intention-to-treat analysis or for outcome at 30
days. The absence of intraclass correlation indicates that patient
groups were well matched at each individual step level.

Limitations

Although 86.61% (1067/1232) of patients had over 80% of their
observationsin the correct format, cross over was unequal . Only

http://medinform.jmir.org/2018/4/€10221/
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79.0% (477/604) of patients in the electronic observationsarm
had more than 80% of their observationsrecorded electronically.
The presence of multiple documentation systems in the wards
may haveled to confusion and suboptimal system use. To avoid
thisissue, future studies might ensure clear physical separation
between zones to prevent study arm contamination. Our
follow-up study over 4 hospitalsinstead considerswholewards
as astudy zone[22].

Length of stay is a complex outcome, risking confounding by
competing interventions. However, it is an important outcome
for patients and their families [23], as well as clinicians and
managers, and has been recommended as a potential outcome
measure within the National Institute for Health and Care
Excellence recommendations for recognizing patient
deterioration in hospital [24]. We used it asour primary outcome
as delayed detection of deterioration might be expected to
increase length of stay even where the delay or deterioration
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was not sufficient to warrant ICU admission or cause degath.
Indeed, improved recognition of clinical deterioration is
associated with earlier discharge [25] and has previously been
used in observational studies assessing e-Obs systems
[13,15,26]. To minimize the effect of competing interventions,
we used “fit to discharge” rather than actual discharge time and
took account of the competing risk of death in our analysis. We
included other outcome measures that would be expected to be
associ ated with more extreme delaysin recognizing deterioration
(death and 1CU admission) as secondary outcome measures.

Interpretation

In this study, more patient episodes contained an EWS=3 using
the e-Obs system than paper. We have previously shown paper
documentation errorsto be biased toward values|ower than the
true EWS, particularly when a patient first develops
physiological instability [27]. As the groups were otherwise
well balanced, it is likely that the result is explained by a bias
in paper documentation. As the clinical behavior underlying
this bias appears to be related to the actual instability of the
patient, it isunclear whether removing the biaswill affect patient
outcomes [27].

Despite differencesin documented EWS, therewas no difference
in the timeliness of observations between the two cohorts. This
supports the results reported by Hands et &, in which an e-Obs
systemwasintroduced to all adult inpatient areas of one hospital
[11]. The time of vital sign observations was recorded. They
found that observations were more frequently recorded at
particular hours in the day, rather than ssmply responding to
escalation algorithms.

There was aso no difference in the primary outcome, patient
length of stay from admission to the trauma unit until “fit to
discharge” after accounting for potential confounding variables.
Previous eval uations of e-Obs systems have focused on process
improvements such as data accuracy and speed of documentation
[7,28-30]. More recently, longitudinal data have been used to
assess the impact of eObs on patient mortaity via
before-and-after analysis, with conflicting results[15,16]. Dawes
et a found a 2-day reduction in average length of stay after
introduction of the VitaPAC e-Obs system when comparing
results in 2010 to those in 2005 [15]. However, further
exploration suggested this finding was due to a decreased
severity of admission rather than a change in in-hospital care.
Jones et a reported reductions in length of stay using the
Patientrack e-Obs system [13]. Subsequent correspondence
suggested that this may have resulted from changesin discharge
processes rather than changes in care resulting from the e-Obs
system [31,32].

A morerecent study suggested substantial reductionsin hospital
mortality in two hospitals that implemented Vita PAC [16].
Although our per-protocol analysis also showed a survival

Wong et a

benefit with e-Obs, thiswas a post hoc analysis of a secondary
outcome and was not found in either intention-to-treat analysis
or 30-day mortality (analyzing either intention-to-treat or
per-protocol groups). We, therefore, do not think great weight
should be attached to this outcome, particularly as we did not
find any change in observation frequency in those becoming
unstable to support the hypothesis that e-Obs caused a change
in care.

The previous before-and-after studies are inherently limited in
their ability to account for temporal changesin covariates[33].
Our stepped-wedge design and relatively short total study time
reduced the risk of other major changes in practice affecting
our outcomes. The stepped-wedge methodol ogy employed here
is a practical choice for phased interventions that allows for
control of temporal covariates because both control and
intervention are active over the whole study period [34]. One
disadvantage of the stepped-wedge design is that there is no
established consensus on the most appropriate methods of
modeling the data [35]. However, if properly analyzed, the
quality of evidenceis better than that of before-and-after studies
and approaches that of randomized controlled trials[36].

Although e-Obs had no effect on patient outcomesin our study,
there are some positive findings. First, the frequency of
observations before and after e-Obs remained stable.
Furthermore, although the timeliness of observations when
patients were physiologically unstable did not improve, they
also did not worsen, matching previous reports of e-Obs
introduction [13]. These findings suggest that it is possible to
introduce an e-Obs system without adversely affecting these
ward staff functions. Without an adverse effect, the availability
of thevital signselectronically bringsthe possibility of benefits
outside the patients studied, or in the future that may make
e-Obs worthwhile.

Generalizability

The results here are specific to the VitalPAC e-Obs system.
This system contains some key features that are available in
aternative e-Obs solutions; these include automatic EWS
calculation and real-time ward lists [12]. The results are also
location specific. While trauma was chosen as a representative
specialty that contained a wide range of care, results may not
be true in other hospital contexts. Although these factors may
reduce the generalizability of results, the results are robust due
to the large number of study participants and the stepped-wedge
study design.

Conclusions

Theintroduction of an electronic system for recording vital sign
observations was not associated with reduction in time from
admission to the trauma unit until “fit to discharge” More
patient episodes contained an EWS>3 using the e-Obs system,
but this was not associated with a change in “escalation time.”
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Abstract

Background: Electronic medical records (EMRs) contain aweslth of information that can support data-driven decision making
in health care policy design and service planning. Although research using EMRs has become increasingly prevalent, challenges
such as coding inconsistency, data validity, and lack of suitable measuresin important domains still hinder the progress.

Objective: The objective of this study was to design a structured way to process records in administrative EMR systems for
health services research and assess validity in selected areas.

Methods: On the basis of alocal hospital EMR system in Singapore, we developed a structured framework for EMR data
processing, including standardization and phenotyping of diagnosis codes, construction of cohort with multilevel views, and
generation of variablesand proxy measuresto supplement primary data. Disease complexity was estimated by Charlson Comorbidity
Index (CCI) and Polypharmacy Score (PPS), whereas socioeconomic status (SES) was estimated by housing type. Validity of
modified diagnosis codes and derived measures were investigated.

Results: Visit-level (N=7,778,761) and patient-level records (n=549,109) were generated. The International Classification of
Diseases, Tenth Revision, Australian Modification (ICD-10-AM) codes were standardized to the International Classification of
Diseases, Ninth Revision, Clinical Maodification (ICD-9-CM) with amapping rate of 87.1%. Inall, 97.4% of the ICD-9-CM codes
were phenotyped successfully using Clinical Classification Software by Agency for Healthcare Research and Quality. Diagnosis
codes that underwent modifi cation (truncation or zero addition) in standardi zation and phenotyping procedures had the modification
validated by physicians, with validity rates of more than 90%. Disease complexity measures (CCl and PPS) and SES were found
to be valid and robust after a correlation analysis and a multivariate regression analysis. CCl and PPS were correlated with each
other and positively correlated with health care utilization measures. Larger housing type was associated with lower government
subsidiesreceived, suggesting association with higher SES. Profile of constructed cohorts showed differencesin disease prevalence,
disease complexity, and health care utilization in those aged above 65 years and those aged 65 years or younger.

Conclusions: The framework proposed in this study would be useful for other researchers working with EMR data for health
services research. Further analyses would be needed to better understand differences observed in the cohorts.

(JMIR Med Inform 2018;6(4):€10933) doi:10.2196/10933
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Introduction

Methods

Secondary use of electronic medical records (EMRs) data by
clinicians, researchers, data analysts, and computer scientists
hasled to promising findingsin popul ation health research such
as patient-utilization stratification [1], treatment-effectiveness
evaluation [2], early detection of diseases [3], and predictive
modeling [4]. However, dealing with EMR data is often labor
intensive [5] and challenging because of the lack of
standardization in dataentry, changesin coding procedures over
time, and the impact of missing information [6,7]. Processing
EMR data for analysis is a critical step in health services
research requiring significant time and effort.

Different research teams have described EMR data processing
methods [6,8-18]. However, most have focused only on partial
aspects of data processing [11-13,15-18] or processing related
to a specific disease [6,11,13]. Designing an efficient and
structured way to standardize records, process features, link
data, and select cohorts for analysis is urgently needed, given
the increasing emphasis on big data and analytics to improve
patient care and reduce health care expenditure [5,19].

Although the standardization of diagnosis codes of different
nosologies or different versions of the same nosology has been
reported previously [20,21], the completeness and validity of
such mapping israrely reported. Thislack of transparent sharing
of code set definitions, construction process, and validity is a
barrier to rapid scaling of health services research [22], given
its importance and widespread relevance. With the change in
coding procedures over time, standardization is hence necessary
for longitudinal analyses and cross-period comparisons.

Measures of patient complexity, disease severity, and
socioeconomic status (SES) are not readily available in most
datasets [23] but have been shown to be useful in population
health [24-27] and disease progression studies [28]. Although
some studies have used the Charlson Comorbidity Index (CCl)
[26,29-31] and drug burden [32,33] to estimate patient
complexity, validity of these measures as an estimate for patient
complexity hasrarely been established in Asia. In the absence
of income data, SESistypically derived from area-based income
level from censusdata[34,35], insurance status [36], or property
value [37,38]. However, these proxies require additional data
as well, which are often not readily available in health care
administrative datasets or EMRs.

This study has attempted to address some of these challenges
common to the use of EMR datafor health servicesresearch by
detailing a structured framework for EMR data processing.
Furthermore, the study proposed and validated methods for
standardization of diagnosis codes and construction of disease
phenotypes and also proposed and tested derived measures of
disease complexity and SES, which could be applicableto other
datasets with similar datafields.

http://medinform.jmir.org/2018/4/€10933/

Local Electronic Medical Records System and
Architecture

The National University Hospital (NUH) is a 1000-bed
Academic Medical Center (AMC) in Singapore [39]. Being 1
of only 2 AMCsin Singapore, its EMR offersan important view
of the local patient population, particularly those who have
sought care in a tertiary setting. The Patient Affordability
Simulation System (PASS) dataset, which this study ispremised
on, originated from the NUH's EMR system [40,41].
Specifically, PASS captures information of all patients who
visited NUH since 2004, and for this work, we examined data
from 2005 to 2013. PASS information is organized in 6 tables:
(1) demographic, (2) movement, (3) billing, (4) pharmacy, (5)
diagnosis, and (6) diagnosis-related group (DRG) as depicted
inFigure 1.

The cascade architecture of PASSis patient — visit - record
as shown in Figure 2 where record is the basic row element for
(2) to (5) before aggregation. Five PASS tables were used in
our study. The DRG table was not used, as the information
captured is a subset of the more comprehensive International
Classification of Diseases (ICD) codes found in the diagnosis
table.

Patient ID is common in each table and Visit ID is available
across (2) to (5). These IDs were used to link features across
tables.

Standardizing and Phenotyping of Diagnosis Codes
With Quality Validation

The National University Hospital EMR system adopted
International Classification of Diseases, Ninth Revision (ICD-9),
Clinical Modification (CM) codes before 2010 and then
migrated to the more updated the International Classification
of Diseases, Tenth Revision (ICD-10), Australian Modification
(AM) codes afterward. To standardize the ICD codes, we
transformed ICD-10-AM codes to ICD-9-CM format using
Australia Consortium for Classification Development (ACCD)
backward mapping tables [42]. ICD-10 is more precise than
|CD-9 (i€, there could be multiple ICD-10 codesfor each |CD-9,
providing greater granularity such asdistinguishing the site[left
vsright] of pathology). Due to the added granularity, majority
of ICD-10 codes cannot be represented by forward mapping of
|CD-9 codes [43]. Asforward mapping from ICD-9 to ICD-10
and backward mapping from 1CD-10 to ICD-9 differ in terms
of scope and coverage, both approaches run the risk of
ambiguous mappings and loss of information [44,45]. ICD-10
codes aso form a significantly smaller portion of diagnosis
codes in our database. In this regard, backward mapping of
ICD-10 codes to ICD-9 would minimize the impact of
above-mentioned risks.

JMIR Med Inform 2018 | vol. 6 | iss. 4 |€10933 | p.117
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

Rahman et d

Figure 1. Components of PASS (Patient Affordability Simulation System) database before aggregation, which consist of demographic table (each row
isapatient), movement table (each row isarecord), billing table (each row isarecord or transaction), pharmacy table (each row isarecord or transaction),
diagnosis table (each row is arecord), and diagnosis-related group (DRG) table (not used).

Patient ID Visit ID | Case type
Patient ID Gender POO1 Vool Inpatient
Patient ID Visit ID Gross amount
P001 Female
POO1 Vool 220.00
- @ —=
e — W S ——
Demographic l Billing
Pharmacy DRG
—
Diagnosis
Patient ID Visit ID Drug name
POO1 Vool Folic acid Smg Patient ID Visit ID Hospital main diagnosis
POO1 Vool X

Figure2. Flow of aggregation from records (before aggregation) to visitsand then to patients after aggregations. PASS: Patient Affordability Simulation

System.

~

PASS record pool
Patient-level data

In transformation to the ICD-9-CM, if an ICD-10-AM code
could not be directly mapped to ICD-9-CM using the ACCD
backward mapping tables, it will undergo truncation (ie,
truncation down to 3 heading digits) or zero addition (ie,
addition of up to 2 trailing O digits to the ICD code). Mapping
will be performed again thereafter. ICD-10-AM codesthat were
left unmapped after code modification were excluded from
further analyses. A diagnosis will be classified as primary
diagnosis (PD) if it isindicated asthe hospital’smain diagnosis
(may be referred as principal diagnosisin other systems [46]).
Otherwise, it will be classified as a secondary diagnosis (SD).

http://medinform.jmir.org/2018/4/€10933/
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All PD and SD codes were standardized to ICD-9-CM format.
Figure 3 describes the code standardization approach in detail.

Asthe ACCD backward mapping table is well established and
defined, weregard the mapping from original ICD-10-AM codes
(no truncations or zero additions) to ICD-9-CM codes as valid
[42]. Therefore, to determine the quality of mapping, only those
with truncations and zero additions during mapping were
examined. We sampled 151 unique 1CD-10-AM codes that
underwent truncation or zero addition (modified) during the
conversion. These 151 codes comprised 23.1% of total 653
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unique ICD-10-AM codes that were modified. Thereafter, 2
physiciansindependently reviewed and rated the validity of the
mapping from 1CD-10-AM to ICD-9-CM for these sampled
codes. List of disagreementsin termsof validity of the mapping
was generated at the end of the rating exercise and shared
between the 2 physicians to reconcile differences through
discussions. In the event where disagreement could not be
resolved, a third physician would then be brought in. In our
study, the 2 physicians managed to reconcile differences without
the involvement of the third physician. The ratio of valid
mappings after reconciling rating differences by the 2 physicians
was then calculated to validate our code standardization
approach. Similar method of validating diagnosis codes has
been documented in other studies [47-49].

ICD codes have good utility for clinical research where the
researcher needsthe granularity for identification and attribution
of pathology at an individual level [20,50]. However, for health
services research, broader classification and coding methods
such as the Clinical Classification Software (CCS) by Agency
for Healthcare Research and Quality [51] demonstrate utility
as there is sufficient granularity at a population level, yet
reduced sparsity [52-54].

To extend the utility of our dataset to support health services
research, we sought ways to phenotype the more than 10,000
ICD-9-CM codes (both PD and SD) into meaningful groups.
To that end, we grouped the ICD-9-CM codes (including those
converted from |CD-10-AM codes) using CCSto 283 mutually
exclusive disease categories (eg, essential hypertension and
cancer of breast). For ICD codes that could not be classified
directly using CCS, the approach outlined in Figure 3 was
adopted as well. Validation of the ICD-9-CM codes that
underwent truncation or zero addition in the phenotyping was
conducted using the same methodol ogy as described above. In

Rahman et d

total, 361 (20.7%) unique ICD-9-CM codes of the total 1747
unique ICD-9-CM codes that were modified during the
phenotyping were sampled for this purpose.

Cohort Generation and Feature Processing

Generating Visit and Patient-Level Records

The PASS EMR had captured data at the record level. For
meaningful analysis to be performed, the database had to be
processed to generate visit-level and patient-level records.
Visit-level records capture information related to a single
encounter with NUH. Patient-level records captureinformation
on the patient himself aswell asinformation related to the visits
accumulated over the study period.

The 2 types of unique identifiers used for record linkage are
Patient ID and Visit ID. To generate visit-level records, we used
Visit ID to aggregate records within each table (eg, all billsfor
avisit) and then fully join the data for each visit by drawing on
data acrosstables (ie, linking the movement, billing, pharmacy,
and diagnosisinformation to provide more complete utilization
and clinical details for each visit). Age and date exclusion
criteriawere applied to 3 of thetables (2-4) beforethejoin. The
diagnosis table was then aso filtered using Visit ID from the
other tables (2-4) to filter out diagnoses not related to visits
within our cohort after applying the earlier exclusion criteria.
The tables (2-5) were fully joined thereafter. The joined data
were further linked to demographics through Patient ID.
Patient-level records were then generated by aggregating visits
by Patient ID. Patient-related exclusion criteria were then
applied after obtaining patient-level records.

Aggregation and analysiswere undertaken using Rversion 3.2.0
[55]. R package multidplyr [56] was used for efficient parallel
aggregation.

Figure 3. Pseudocode for converting International Classification of Diseases, Tenth Revision, Australian Modification (ICD-10-AM) codes to
International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes.

Input: All ICD-10-AM codes £ from diagnosis table, backward mapping table M=(Q/?~10 s

N'P=9) for ICD-10-AM to ICD-9-CM
Output: Converted ICD-9-CM codes 2
Procedure

1: Remove invalid codes £ (exceeding five characters):
Ne0n-0
Initialization of outputs and quality indicators: 2 « @

2: Loop for w in £2

If w is found in M, then pick out the ICD-9 version code @

Else if the heading 4 characters of w is found in M, then pick out the ICD-9 code @
Else if the heading 3 characters of w is found in M, then pick out the ICD-9 code @
Else if w with a trailing 0 digit added is found in M, then pick out the ICD-9 code @
Else if @ with two trailing 0 digits added is found in M, then pick out the ICD-9 code &
Else if w is a incorrectly-labeled ICD-9 code, then & « w

Else @ « NA
A « 0 u@and
3: Return {2
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Exclusion Criteria

Thefollowing exclusion criteriawere applied to streamline the
data for subsequent analysis.

« Any inpatient visit with admission date before 2005 or
discharge date after 2013 was dropped. This ensured that
the entire period of each inpatient visit was captured.

« Visits when patients were aged less than 21 years were
excluded in this study as subsequent analysisisfocused on
adult patients.

+  Patientswith no PD were excluded.

« Patients with birth years 1900 or earlier were excluded
(patients without birth date information were assigned a
default 1900 as the birth year; hence, they were excluded
from the study).

« Patients with invalid diagnoses (eg, male patients with
diagnoses of pregnancies and female infertility) were
removed.

The final cohort analyzed was an adult cohort aged 21 years
and above, with valid age and at least one PD record.

Preparing Primary and Secondary Variables

The main source variables in the database had to be extracted
and processed to generate secondary variables useful for cohort
profiling and other health services research. In addition, we
attempted to generate proxies for clinical and socioeconomic
indicators unavailablein the dataset, namely, disease complexity
and SES. Summary and detailsof all the extracted variablescan
be found in the Multimedia Appendices 1-3.

On the basis of the source variables from the 5 PASS tables,
we generated a series of secondary variablesfaling in categories
of (1) demographics (including SES), (2) health care utilization,
(3) disease indicators, and (4) disease complexity. For
categorical source variables, we created dummy variables for
visits, such aswhether avisitisan emergency department (ED)
visit or whether it has a specific CCS disease, and then we
aggregated them to patient-level by adding new categories,
summation, or logic operation. For numerical source variables,
such as inpatient length-of-stay (LOS), hospital charges, and
the components, a simple summation over all visits led to the
features at patient-level. Hospital charges (full cost of care
before subsidy) was adjusted using Monetary Authority of
Singapore Web-based inflation calculator [57] for health goods
and services to 2015 levels before the aggregation to
patient-level.

Estimating Disease Complexity and Validation of
Measures

Asclinical indicatorsand investigation results[ 23] that provide
information on disease severity and patient complexity were
not avalable in the dataset, we introduced 2 measures to
estimate disease complexity—CCl [58] and Polypharmacy
Score (PPS) [59]. CCI and PPS have both been shown to be
good measures of patient comorbidity and complexity in many
studies [26,29-33].

In our dataset, the Charlson comorbidities wereidentified using
ICD-9-CM codes [58], and both PD and SD codes were
considered for each patient. R package icd [59] was used to

http://medinform.jmir.org/2018/4/€10933/
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calculate CCl [28]. PPS quantifies drug burden, and high drug
burden is usually reflective of more severe disease or greater
comorbidity [60]. PPS at the visit-level was defined as the
number of unique drugs dispensed in a visit, and PPS at
patient-level was defined as the maximum PPS value at
visit-level for that patient acrossall visits. When computing the
PPS, nonprescription drugs and devices were excluded.

Validity of CCl and PPS were assessed to ensure that these
measures were consistent with theoretical understanding and
literature. To assess convergent validity, Spearman rank
correlation between PPS and CCI was computed. This measures
the degree to which PPS and CClI, that should be measuring
disease complexity, are in fact related. To assess criterion
validity, Spearman rank correlations between health care
utilization (number of inpatient, specialist outpatient clinic
[SOC] and ED visits) and PPS and CCI were computed. This
measures the extent to which higher CCl and PPSis associated
with higher health care utilization, under the assumption that
clinically complex patients require more health care utilization
[61]. The 95% Clsof the correlations were adjusted for multiple
comparisons using Holm method. The health care utilization
measures were also regressed on CCl and PPS separately,
controlling for demographic variables and observed period to
further ascertain its criterion validities. Log-linked negative
binomial generalized linear models were used to perform the
regression analyses. Missing values are removed pair-wise for
the regression analyses in this study. Our methods to assess
validity of these proxy measures are similar to methods used in
numerous other studies [62-64].

Estimating Socioeconomic Status and Validation of
Measure

To estimate the SES of PASS patients, we used housing type
as a proxy, given the lack of a direct indicator of SES in the
dataset. We then validated the use of housing type as a proxy
for SES as part of the study.

Eachresidential block and housein Singapore hasapostal code
assigned. Using the postal code data of each patient, we were
ableto determinethe block and, consequently, housing type for
each patient. The latest postal codes captured in PASS EMR
were used, as patients' past addresses were not available. For
all Housing Development Board (HDB) blocks (public housing),
we obtained information of flat types by postal codes collected
using OneMap Singapore [65] from the official HDB website
[66]. The full HDB flat type list includes rental flats, studios,
1- to 5-room flats, and other executive flats. We then grouped
the flat types by size as follows: rental to 2-room, 3-room,
4-room, and 5-room to executive flats. If a housing block
comprised multiple flat types, it was assigned to the flat type
with the largest proportion in that block. Residents living in
private condominiums or landed properties were classified as
private housing and were identified based on a postal code list
of private housing provided by a collaborative research team.
Blocks with postal codes not belonging to either lists were
defined as nonresidential. Patients with postal codes of
nonresidential buildings or with no valid postal codes were
assigned with amissing value.
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Criterion validity of housing type as a proxy for SES was
assessed through studying the relationship between housing
type and 2 measures: (1) subsidy status and (2) relative subsidy
received (RSR). Subsidy status indicates whether a patient
received government subsidized care or nonsubsidized (ie,
private) care where nonsubsidized careis costlier and involves
higher out-of-pocket payments. Typically, the lower theincome
level of anindividual, the morelikely oneisto opt for subsidized
care given the lower cost [67]. RSR indicates the proportion of
the cumulative hospital charges that were paid for with
government subsidies. In Singapore, the amount of subsidy one
is eligible for and receivesis dependent on the income level of
the individual [68]. The lower the income level, the more
subsidies oneiseligible for and ahigher percentage of bill will
be subsidized. Both subsidy status and RSR were used to
validate our SES proxy using Pearson chi-square (x2) and
Kruskal-Wallis rank-sum test [69,70], respectively, assuming
that lower income groups are more likely to opt for subsidized
care and that RSR increases with decreasing income. Subsidy

Figure4. Annual frequency of outpatient and inpatient visitsin the cohort.

Rahman et d

status and RSR were also regressed on SESto further ascertain
its criterion validity while controlling for nationality
(Singaporean vs non-Singaporean). Multinomial logistic and
linear regression models were used to perform the regression
analyses.

Results

Overview of Electronic M edical Records Aggregation
in Patient Affordability Simulation System

Among 10,795,573 visits during the study period, 7,778,761
satisfied our inclusion criteriaand constitute our visit-level data.
The visit-level data comprised 7,367,495 outpatient visits and
411,266 inpatient visits. An increasing trend was observed in
the number of visits from 2005 to 2013 (Figure 4). The
visit-level datawere subsequently aggregated to the patient-level
data, resulting in a cohort of 549,109 adult patients. The
flowchart of EMR processing and cohort generation is depicted
in Figure 5.
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Figure5. Records, visits, and patientsin Patient Affordability Simulation System (PASS) Electronic Medical Records (EMR) aggregation. No.: number

of records; N: number of visits; n: number of patients.

Aggregated to visit-level

PASS data

2005-2013

Aggregated to patient-level

Excluded
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Mapping Rates and Validation for I nternational
Classification of Diseases-10-Australian M odification
to International Classification of Diseases-9-Clinical
M odification Conversion

There was a total of 4,842,705 diagnoses belonging to our
patient cohort after visit-level aggregation, of which 19.2% was
coded in ICD-10-AM, with the remainder in ICD-9-CM. The
ICD-10-AM codes in our cohort were standardized to
|CD-9-CM codes with a mapping rate of 90.3% for PD codes,
78.2% for SD codes, and 81.4% overall using ACCD backward
mapping tables. This resulted in 4,670,111 ICD-9-CM codes
in the cohort, with 16.2% converted directly from ICD-10-AM
by the ACCD backward mapping table. As mentioned in the
M ethods section, the ACCD backward mapping table has been
validated previousdly; hence, the team regarded these 16.2% of
codes that were mapped directly through ACCD as valid.
Detailed statisticsfor code mapping rates are presented in Table
1
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In addition, there were 172,594 codes that could not be mapped
through ACCD. Of these, 23,800 (13.79%) ICD-10-AM codes
were converted after truncation and 29,005 (16.80%) converted
after zero addition (Table 2). These 52,805 ICD-10-AM codes
that underwent code modification trandated to 653 unique
|CD-10-AM codes or 8.9% of the 7373 unique codes that were
converted in total. The 52,805 codes accounted for only 6.5%
of the 810,459 ICD-10-AM codes that were converted.
Validation on a sample of the 653 codes that underwent code
modification as part of mapping process was performed. Out
of the 151 sampled unique codes, 137 (90.7%) were rated to
have valid mappings by the physicians (Table 3).

In total 810,459 (87.1%) of the total ICD-10-AM codes were
successfully converted to ICD-9-CM codes (97.2% of PD and
83.5% of SD). These converted codes and the origina
ICD-9-CM codes form a pool of 4,722,916 (4,722,916/
4,842,705, 97.5%) ICD-9-CM codes in our cohort. The
unmapped codes, which consisted of 119,789 (12.9%) of the
total ICD-10-AM codes, or 471 unique codes were excluded.
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Table 1. International Classification of Diseases (ICD) and Clinical Classification Software (CCS) codes mapping rates.

Diagnosis Primary Secondary Primary and secondary
Total diagnosis codes?, n (% of total codes)
Total 1,718,049 (100.00) 3,124,656 (100.00) 4,842,705 (100.00)
ICDP-9-cM® 1,470,473 (85.59) 2,441,984 (78.15) 3,912,457 (80.79)
|CD-10-AM¢ 247,576 (14.41) 682,672 (21.85) 930,248 (19.21)
Total ICD-9-CM codes after ACCD® backward mapping, n (%) 1,693,940 (98.60) 2,976,171 (95.25) 4,670,111 (96.44)
Total ICD-9-CM codes after ACCD backward mapping and code 1,711,180 (99.60) 3,011,736 (96.39) 4,722,916 (97.53)
modification, n (%)
Total CCS' codes after phenotyping, n (% of total ICD-9-CM codes  1:402,931 (81.99) 2,775,931 (92.17) 4,178,862 (88.48)
after conversion)
Total CCS codes after phenotyping and code modification, n (% 1,696,963 (99.17) 2,901,525 (96.34) 4,598,488 (97.37)

of total ICD-9-CM codes after conversion)

&Total number of diagnosis codes from cohort (nonunique codes).
B1CD: International Classification of Diseases.

¢CM: clinical modification.

dAM: Australian modification.

EACCD: Australian Consortium for Classification Development.
fces: Clinical Classification Software.

Table 2. Proportion of International Classification of Diseases (ICD) codes that underwent truncation or zero addition.
No modification,n (% Modified Total mapped, n(%of Total codes, n (% of

Diagnosis

f
of total mapped) Truncated, n (% of to- Zero added, n (% of total codes) total codes)
tal mapped) total mapped)
1IcD210-AMP codescorvert- 6720 (91.14) 195 (2.64) 458 (6.21) 7373 (94.00) 7844 (100.00)
ed to ICD-9-CMC (unique
codes)
ICD-10-AM codes convert- 757,654 (93.48) 23,800 (2.94) 29,005 (3.58) 810,459 (87.12) 930,248 (100.00)
ed to ICD-9-CM
1CD-9-CMY converted to 9220 (84.07) 246 (2.24) 1501 (13.69) 10,967 (88.26) 12,426 (100.00)
CCS® codes (unique codes)
1CD-9-CMY converted to 4,178,862 (90.87) 27,240 (0.59) 392,386 (8.53) 4,598,488 (97.37) 4,722,916 (100.00)

CCS Codes

% CD: International Classification of Diseases.
bAM: Australian modification.
¢CcM: clinical modification.

dAfter conversion from 1CD-10-AM to ICD-9-CM us ng Australian Consortium for Classification Development (ACCD) backward mapping tables
and code modification.

€CCs: Clinical Classification Software.

Table 3. Validity rate of International Classification of Diseases (ICD) codes, which underwent truncation or zero addition during standardization and

phenotyping.
Diagnosis Valid, n (%) Invalid, n (%) Total sample, n (%)
ICD-9-CM? codes from modified ICD-10-AMP codes 137 (90.7) 14(9.3) 151 (100.0)
CCS* codes from modified ICD-9-CM 332(92.0) 29(8.0) 361 (100.0)

3 CD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification.
bICD-1(}AM: International Classification of Diseases, Tenth Revision, Australian Modification.
¢ccs: Clinical Classification Software.
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Mapping Rates and Validation for Phenotyping of
International Classification of Diseases-9-Clinical
M odification Codes

The ICD-9-CM codes were then phenotyped to CCS codes,
which resulted in 282 mutually exclusive groups. Out of the
4,722,916 ICD-9-CM codes, 4,178,862 (4,178,862/4,722,916,
88.48%) were converted to CCS codes directly through the
CCS. These 4,178,862 (88.48%) are regarded to be valid
conversions, given the previous validation done on the CCS
[71]. Detailed statistics for code-mapping rates are presented
in Table 1.

Inaddition, 27,240 (27,240/4,722,916, 0.58%) |CD-9-CM codes
were converted after truncation and 392,386 (392,386/4,722,916,
8.31%) converted after zero addition (Table 2) through our
proposed methodology. These 419,626 ICD-9-CM codes that
underwent code modification trandated to 1747 unique codes
or 15.9% of 10,967 unique codes that were collapsed to CCS
codes. Moreover, 332 (332/361, 92.0%) of the 361 sampled
unique codes were rated as valid mappings by the physicians
(Table 3).

Intotal, 4,598,488 (97.4%) of the|ICD-9-CM codesin our cohort
were successfully converted to CCS codes (99.2% of PD and
96.3% of SD; Table 1). The 419,626 codes that underwent code
modification accounted for only 9.1% of the 4,598,488
ICD-9-CM codes that were collapsed. The unmapped codes,
which consisted of 124,428 (124,428/4,722,916, 2.63%) of the
tota valid ICD-9-CM codes, or 1459 unique codes were
excluded.

Validation of Proxy Measures

CCI was found to be positively correlated with health care
utilization measures, including number of inpatient visits (p=.54;
Cl 0.54-0.54; P<.001), number of SOC visits (p=.30; ClI
0.29-0.30; P<.001), and number of ED visits (p=.21; CI
0.21-0.21; P<.001); PPS was found to have an even stronger
correlation with health care utilization measures, with exception
being nhumber of ED visits: number of inpatient visits (p=.74;
Cl 0.74-0.74; P<.001), number of SOC visits (p=.53; CI
0.53-0.54; P<.001), and number of ED visits (p=.19; CI
0.19-0.19; P<.001). CCl and PPS were also found to be
positively correlated (p=.47; Cl 0.46-0.47; P<.001). On the
basis of multivariate regression analysis, which adjusted for
gender, race, age, and observed period, health care utilization
was expected to increase when there was aunit increasein CCl
(Table 4). Number of inpatient visits, SOC visits, and ED visits
were expected to change by a factor of 1.46 (P<.001), 1.32
(P<.001), and 1.23 (P<.001), respectively. Health care utilization
was also expected to increase when there was a unit increase in
PPS; the number of inpatient visits, SOC visits, and ED visits
were expected to change by a factor of 1.10 (P<.001), 1.08
(P<.001), and 1.03 (P<.001), respectively.

For all the patients with valid housing type data, the proportions
by subsidy status categories within each housing type are
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presented in Figure 6. As housing size decreased, an increase
in proportion of subsidized patients was observed—only 43.8%
of patients staying in private housing were subsidized compared
with 84.9% of patients staying in 2-room or smaller HDB flats.
The Pearson chi-square test showed that subsidy status was not
independent of housing type (x28:23602, P<.001), further
confirming the observation. The median and mean RSR of
patients by housing type were plotted in Figure 7. Patients who
lived in larger housing types tended to have alower percentage
of their bill subsidized (eg, those in 2-room or smaller HDB
flatshad amedian RSR of 57.0% compared with thosein private
housing with amedian RSR of 33.9%). Statistically significant
differencesin median RSR were observed using Kruskal-Wallis
rank-sum test ()(24:245232, P<.001). The mixed group is a
composite group and, hence, it was difficult to interpret the
results for this group. On the basis of multivariate regression
analysis, which adjusted for nationality, the odds of receiving
subsidized care only rather than nonsubsidized care only were
higher in patients who lived in smaller housing types when
compared with patients who lived in private housing (Table 4).
Patients who stayed in 2-room or smaller flats had the highest
odds ratio (OR) of 14.43 (P<.001), and those who stayed in
5-room flats or executive housing had the lowest OR of 2.97
(P<.001). A relatively smaller effect size, but the same trend,
was observed when mixed group was compared with
nonsubsidized group. Patients who stayed in 2-room flats or
smaller and 5-room flats or executive housing had the highest
and lowest ORs of receiving both subsidized and nonsubsidized
(mixed) care rather than only nonsubsidized care, respectively.
The ORs were 3.29 (P<.001) and 1.65 (P<.001), respectively.
RSR was also expected to be higher for patients who stayed in
smaller housing after adjusting for nationality (Table 4). Patients
who stayed in 2-room or smaller flats were expected to receive
19.0% (P<.001) more relative subsidy than those who stayed
in private housing, and patients who stayed in 5-room flats or
executive housing were expected to receive 9.8% (P<.001) more
relative subsidy than those who stayed in private housing.

Profile of Cohort

The detailed demographic, medical, and utilization
characteristics of the cohort are shownin Table 5. Overall, most
of the 549,109 patients were male, Chinese, aged 30to 39 years,
and lived in a 4-room HDB flat. Of the total patient cohort,
62.0% received only subsidized care in NUH. The total
inflated-adjusted hospital chargesincurred by the cohort during
the 9 years were more than SG $5 hillion.

The patients older than 65 years had a greater prevalence of
chronic diseases and disease complexity scores as compared
with those younger than or at 65 years. They also had amost 7
timesthe median hospital charges, median L OSthat was 3 days
longer, and 3 times the median SOC visits during the study
period compared with those younger than or at 65 years.
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Table 4. Multivariate log-linked negative binomial regression on health care utilization, multinomial logistic regression on subsidy status, and linear
regression on relative subsidy received (RSR).

Multivariate regression model® Effect (95% CI) Pvalue

Number of inpatient visits between 2005-2013°
ccic 1.47 (1.46-1.47) <.001

ppd 1.10 (1.10-1.10) <.001

Number of SOCE visits between 2005-2013"
cCl 1.32 (1.31-1.32) <.001
PPS 1.08 (1.08-1.08) <001

Number of ED' visits between 2005-2013"
ccl 1.23 (1.23-1.24) <001
PPS 1.03 (1.03-1.03) <001

Subsidy status between 2005-2013%
Rental, studios, 1-room, and 2-room vsprivate
Subsidized vs nonsubsidized 14.43 (12.73-16.36) <.001
Mixed vs nonsubsidized 3.29 (2.89-3.76) <.001
3-room vsprivate
Subsidized vs nonsubsidized 4.98 (4.81-5.17) <.001
Mixed vs nonsubsidized 1.99 (1.92-2.07) <.001
4-room vsprivate
Subsidized vs nonsubsidized 4.14 (4.01-4.27) <.001
Mixed vs nonsubsidized 1.79 (1.74-1.85) <.001
5-room and executive vs private
Subsidized vs nonsubsidized 2.97 (2.88-3.07) <.001
Mixed vs nonsubsidized 1.65(1.60-1.71) <.001

Relative subsidy received between 2005-2013"

Rental, studios, 1-room, and 2-room vs private 18.95 (18.57-19.33) <.001
3-room vs private 14.43 (14.21-14.64) <.001
4-room vs private 12.72 (12.52-12.92) <.001
5-room and executive vs private 9.79 (9.59-10.00) <.001

8Eight different modelsin total.

PEffects are exp(3), which can aso be interpreted as multiplicative effect.
CClI: Charlson Comorbidity Index.

dpps; Polypharmacy Score.

€S0C: specialist outpatient clinic.

'ED: emergency department.

9Effects are exp(B), which can also be interpreted as odds ratio.

PEffects are B.
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Figure 6. Proportion of subsidy status categories within each housing type.
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Table 5. Characteristics of patient cohort.

Rahman et d

Variables Petient cohort
Total (n=549,109) 21 to 65 years (n=458,069) >65 years (n=91,040)

Male, n (%) 311,650 (56.76) 267,061 (58.30) 44,589 (48.98)
Ageasat 2013in year, n (%)2

21-29 96,856 (17.64) 96,856 (21.14) _c

30-39 132,758 (24.18) 132,758 (28.98) —

40-49 98,124 (17.87) 98,124 (21.42) —

50-59 85,438 (15.56) 85,438 (18.65) —

60-69 67,013 (12.20) 44,893 (9.80) 22,120 (24.30)

70-79 42,327 (7.71) — 42,327 (46.49)

>80 26,593 (4.84) — 26,593 (29.21)
Race, n (%)?

Chinese 329,544 (60.01) 260,656 (56.90) 68,888 (75.67)

Indian 70,151 (12.78) 64,483 (14.08) 5,668 (6.23)

Malay 63,660 (11.59) 54,670 (11.93) 8,990 (9.87)

Others 85,754 (15.62) 78,261 (17.08) 7,493 (8.23)
Singaporean, n (%)2 357,009 (65.02) 279,729 (61.07) 77,280 (84.89)
Subsidy status, n (%)2

Subsidized 340,384 (61.99) 280,810 (61.30) 59,574 (65.44)

Mixed 154,895 (28.21) 131,943 (28.80) 22,952 (25.21)

Nonsubsidized 53,830 (9.80) 45,316 (9.89) 8,514 (9.35)
Housing types, n (%)%

Rental, studios, 1-room, and 2-room 14,618 (2.66) 10,881 (2.38) 3,737 (4.10)

3-room 92,137 (16.78) 71,619 (15.63) 20,518 (22.54)

4-room 141,637 (25.79) 116,861 (25.51) 24,776 (27.21)

5-room and executive 119,845 (21.83) 100,116 (21.86) 19,729 (21.67)

Private 67,152 (12.23) 54,850 (11.97) 12,302 (13.51)

Missing 113,720 (20.71) 103,742 (22.65) 9,978 (10.96)
ccs chronic conditions (primary and secondary), n (%)?

Essentia hypertension 67,611 (12.31) 29,705 (6.48) 37,906 (41.64)

Disorders of lipid metabolism 46,060 (8.39) 21,860 (4.77) 24,200 (26.58)

Diabetes mellitus 43,267 (7.88) 20,725 (4.52) 22,542 (24.76)

Acute cerebrovascular disease 17,731 (3.23) 7344 (1.60) 10,387 (11.41)

Asthma 10,177 (1.85) 7588 (1.66) 2589 (2.84)

Chronic obstructive pulmonary disease and 8195 (1.49) 3342 (0.73) 4853 (5.33)

bronchiectasis

Numerical-total (median; interquartilerange)

Inflation-adjusted hospital charges (SG $)

Inpatient visits
Length-of-stay (days)
Outpatient visits

5,177,231,809 (1846; 419-
7696)

411,266 (0; 0-1)
2,470,759 (0; 0-3)
7,367,495 (4; 1-13)

3,203,726,321 (1363; 352-
5366)

251,891 (0; 0-1)
1,330,125 (0; 0-2)
5,136,750 (4; 1-11)

1,973,505,488 (9186; 2595-
26,100)

159,375 (1; 0-2)
1,140,634 (3; 0-14)
2,230,745 (10; 3-29)
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Variables

Patient cohort
Total (n=549,109)

21 to 65 years (n=458,069) >65 years (n=91,040)

Specialist outpatient clinic visits
Emergency department visits
cci® (0, 0-0)

PPSf -(3;1-9)

4,122,156 (2; 0-8)
834,192 (1; 1-2)

2,821,298 (2; 0-6) 1,300,858 (6; 1-18)

644,230 (1; 1-2) 189,962 (1; 1-2)
-(0; 0-0) -(1;0-2)
=(3;1-7) -(9,3-17)

8As a percentage of respective patient cohorts.
BAge of death if patient died before 2013.
“Not applicable.

dces: Clinical Classification Software.

€CClI: Charlson Comorbidity Index.

== Polypharmacy Score.

Discussion

Principal Findings and Generalizability

Conversion to ICD-10 codes from other codes such as ICD-9
or International Classification of Primary Care is commonly
appliedin medical or health care studiesto increase granularity
for identification and attribution of pathology at an individual
level. However, given that our dataset is prepped for future
health services studies, our primary objective in code
standardization was to balance code sparsity with granularity.
In thisregard, backward mapping from 1CD-10 to ICD-9 codes
wasamore suitable method for this system, and the phenotyping
of these standardized codes using broader CCS codes provided
different levels of granularity in line with our objectives. Our
study showed that standardization of diagnosis codes to
|CD-9-CM codesfrom ICD-10-AM and phenotyping to broader
CCSgroupsthrough open source-mapping tables could achieve
high mapping rates of more than 81% and 88%, respectively.
The mapping rates could be further improved through code
modification to rates in excess of 97% for ICD PD. Code
modification through truncation or zero addition as applied in
our study was arobust way of improving the mapping rates as
shown by high validity when assessed by independent
physicians. Overall, we also showed that bias resulting from
code modification was small in our dataset, given that modified
codes only constituted less than 2% of total ICD codes and 9%
of total CCS codes and that high validity was observed even
with these modifications. Given the frequent shiftsin ICD codes,
these results assure health services researchers that the use of
open source-mapping tables together with code modification
can rapidly standardize diagnosis coding with low biases and
high validity to facilitate retrospective longitudinal analyses.
However, we advise caution to researchers who wish to use the
ICD-9-CM codes (original and mapped together) directly,
without collapsing to CCS codesfor their studies as there were
|CD-9-CM codesthat were unmapped to. Further detailson this
can be found in Multimedia Appendix 4.

CCI and PPS were introduced as proxy measures of disease
complexity. CCl and PPS demonstrated positive correlation
with health care utilization measuresin keeping with theoretical
understanding that patients with more complex disease consume
more health care [72]. CCl and PPS were also moderately

http://medinform.jmir.org/2018/4/€10933/

correlated, which is expected given that both are measures of
disease complexity. These associations held true after
multivariate regression analysis, demonstrating criterion validity
of the measures as proxies for disease complexity. Although
other studiesfound asimilar association and effect size between
CCl and LOS [73] and between CCl and PPS [74], our study
was the first to find such an association between CCl and PPS
with hedth care utilization measures such as inpatient
admissions, SOC, and ED visits. Thesefindings support the use
of CCl and PPS as measures to stratify patients by complexity
and possibly as an aggregate measure of health care utilization,
given their correlation with al health care utilization metrics.
This finding could be useful in works on profiling, risk
stratification, and predictive modeling.

SES is a key determinant of health outcomes and health care
utilization [75]. Neither direct measures through individual or
household income nor aternate measures of SES such as
area-based income were available in our dataset. Hence, we
proposed an alternative method of estimating SES using housing
type and size because of data availability and the housing
landscape in Singapore. In Singapore, the proportion of bill that
issubsidized is determined after arigorousfinancial assessment
and pegged to theincomeleve of the patient (with lower income
patients receiving greater levels of subsidy); hence, we
hypothesize that lower SES groups would have a greater
proportion of their bills subsidized. Given that subsidized care
is lower in cost compared with nonsubsidized care, we aso
expect lower SES groupsto opt for subsidized care. In our study,
we showed that with decreasing size of housing, the proportion
of the hospital bill subsidized increased and the proportion of
patients who opted for subsidized care increased. This
observation is consistent with our hypothesisthat patients who
stay in smaller housing types had a greater proportion of their
bills subsidized and tended to opt for subsidized care. We have
thus shown that in Singapore, housing type and size derived
through postal code data are good proxy for income level and
SES. Although other studies have shown that staying in rental
housing is associated with an increased risk of frequent
admissions [76] and readmission [75], as far asthe authors are
aware, there have not been studiesin the Singapore context that
have demonstrated the use of housing type as a proxy for SES.
Although amissing rate of 20.7% was observed for the housing
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type variable, this was attributed to foreign patients who
registered nonresidential or overseas addresses (86.6% of those
with missing housing data are nonresidents). Hence, the missing
dataare unlikely to biasthe findings described above. We were
also not able to account for any changesin housing type during
the study as the EMR only captured the last postal code of the
patient. Public resale data from HDB showed that only 1.6%
of public housing units had achangein ownershipin 2013 [77].
Hence, we believe it is reasonable to assume that the housing
information is static.

Our finding on the suitability of housing type as a proxy for
SES is useful, given that most clinical and administrative
databases collect addresses but not direct SES information or
other proxies. Our method of estimating SES would serve well
in countries where methods of estimating SES such as
area-based estimates [34,35], insurance status [ 36], and property
value[37,38] are not suitable because of contextual reasons and
unavailability of data. For example, area-based estimates may
not be suitable in countries where spatial segregation level is
low such asin many densely built citiesin Asia. In such densely
built cities, area-based estimations in effect would need to go
down to blocks, which would be similar to using postal codes
or addresses. Insurance statusis better applied to countries that
have high health insurance coverage, which is not the case in
most of Asia. Finally, in countries where the real estate market
isvolatile, property value may be difficult to interpret asaproxy
of SES, as the measure would reflect supply and demand
dynamics at the point of estimate and numerous extrinsic factors
unrelated to SES.

Unlike in countries where zip codes are area-based, the postal
codes in Singapore are assigned to each individual building;
hence, they serve amost like an address. Housing in Singapore
can be divided into 3 main classes: private housing, public
housing, and public rental housing. The private housing caters
mainly to the upper-middle to upper income groups, whereas
the public housing caters to the middle-class population, with
80% of the permanent population living in public housing as
owner-occupiers [78]. Eligibility for public housing schemes
and new units of certain public housing types depends on
household incomes. Moreover, 6% of the public housing stocks
are rental units, which serve as socia housing for the
underprivileged (households with income not exceeding SG
$1500) [79]. The housing estates in Singapore were carefully
designed to prevent the formation of social enclaves. In the
absence of social enclaves (where thereisahigh concentration
of either low or high value housing in an area) [80], area-based
estimates are likely to be less valid. With more countries and
cities adopting public housing policies and town planning
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measures to reduce the formation of urban ghettos and sharp
sociospatial divisions [81,82] and higher proportions of the
population living in tiered public housing [83,84], we do see
the applicability of our proposed approach outside of Singapore.
Hong Kong is an example of acity with similar ecology where
the proposed approach to estimate SES could be used. Although
the details may vary, the principle of stratification by type of
housing tenure (eg, rental [low-income social housing], public
housing, and private housing) first followed by unit size within
each tenure type can till be adopted. In countries where urban
social residentia enclavesexist, 2-stage estimation of SES may
be worth exploring by incorporating area-based indices with
housing type approach proposed in this study to aleviate the
problem of ecological fallacy from solely using area-based
indices[85].

Finally, our cohort was found to be similar in profile with the
Singapore national population. Comparison with National
Censusdatain 2010[86] found asimilar trend in demographics
and housing type, with the exception that our cohort skewed
older, which isnot unexpected given that health care utilization
has been shown to increase with age [87,88]. Patients without
PD are excluded from our cohort. These patients exist in our
database because it was hot mandatory for doctorsto key in PD
codesfor outpatient visits. Thiswould underestimate the number
of patientswho solely received outpatient care. Assuch, results
from future analysis using the cohort would need to be
interpreted with this limitation in mind. Within our cohort,
differences in disease profile, disease complexity, and health
care utilization could be observed when divided by age.

Conclusions

With increasing digitization of medical records, use of wearables
and Internet-of-Things—connected devices in health care, the
amount of data generated by health care systemsis growing at
a tremendous rate [89,90]. Being able to quickly process and
analyze the data generated is key to health care transformation
that is needed for sustainability [91]. In this study, we
demonstrated how an EMR system in an AMC was processed
for health services research. The approach (in whole or part)
could be generalized to other EMR systems structured in a
similar fashion to support research efforts. In addition, further
analyses to better understand differences in the cohorts [1,92]
would allow usto better ssgment the population and eventually
predict cost and utilization drivers[4,93]. Thisiskey aswe seek
to transform care and reduce utilization through targeted
interventions and system redesign. The processed database with
its multilevel views across time, as well as primary and
secondary variables would be integral in achieving these goals.
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|CD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification
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L OS: length-of-stay

NUH: National University Hospital

OR: oddsratio

PASS: Patient Affordability Simulation System

PD: primary diagnosis

PPS: Polypharmacy Score

RSR: relative subsidy received
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SOC: specialist outpatient clinic
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Abstract

Background: Capturing and Analyzing Sensor and Self-Report Datafor Clinicians and Researchers (COMPASS) isan electronic
health (eHealth) platform designed to improve cancer care delivery through passive monitoring of patients' health status and
delivering customizable reports to clinicians. Based on data from sensors and context-driven administration of patient-reported
outcome (PRO) measures, key indices of patients' functional status can be collected between regular clinic visits, supporting
cliniciansin the delivery of patient care.

Objective: Thefirst phase of this project aimed to systematically collect input from oncology providers and patients on potential
clinical applications for COMPASS to refine the system.

Methods. Ten clinicians representing various oncology specialties and disciplines completed semi-structured interviews designed
to solicit clinician input on how COMPASS can best support clinical care delivery. Three cancer patients tested a prototype of
COMPASS for 7 days and provided feedback. Interview data were tabul ated using thematic content analysis to identify the most
clinically relevant objective and PRO domains.

Results: Thematic content analysis revealed that clinicians were most interested in monitoring vital statistics, symptoms, and
functional status, including the physical activity level (n=9), weight (n=5), fatigue (n=9), sleep quality (n=8), and anxiety (n=7).
Patients (2 in active treatment and 1 in remission) reported that they would use such a device, were enthusiastic about their
clinicians monitoring their health status, especially the tracking of symptoms, and felt knowing their clinicians were monitoring
and reviewing their health status provided valuable reassurance. Patients would, however, like to provide some context to their
data

Conclusions:  Clinicians and patients both articulated potential benefits of the COMPASS system in improving cancer care.
From a clinician standpoint, data need to be easily interpretable and actionable. The fact that patients and clinicians both see
potential value in eHealth systems suggests wider adoption and utilization could prove to be a useful tool for improving care
delivery.

(IMIR Med Inform 2018;6(4):e46) doi:10.2196/medinform.9525
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Introduction

In 2014, there were an estimated 14.5 million cancer survivors
in the United States, and this number is expected to reach 19
million in 2024 [1]. The aging population, increased rates of
screening [2,3], and improved availability and quality of
treatments have resulted in cancer survivors living longer [4];
over the next decade, the proportion of 5-year cancer survivors
isexpected to increase by approximately 37%[5]. The provision
of high-quality medical care for this growing segment of the
population has been identified by the American Society of
Clinical Oncology as a priority [6]. Specific priorities include
(1) monitoring of patient-reported outcomes (PROs) such as
symptoms, health status, and quality of life; (2) adherence to
treatment regimens; and (3) monitoring of lifestyle and
health-protective behaviors [7-10].

Current evidence shows that collecting PROs including
symptoms (pain, fatigue, and nausea), psychosocial well-being,
and quality of life yields better clinical outcomes [11,12],
including potential survival benefit [13]. Worsening symptoms
might signal disease recurrence or progression or the need for
medication or dosage adjustments. However, there is a great
deal of variability in how PROs are actually being collected and
implemented in oncology care [14]. Typicaly, this type of
information is only gathered at routine clinic visits, if at all,
and, therefore, may not accurately reflect day-to-day
functioning. Furthermore, as patients do not want to burden
their care team, they tend not to report symptoms unless
specifically asked or they will wait for their next scheduled
clinic visit to report concerns [15]. The systematic integration
of PROs into clinical care through utilizing an electronic
platform that offers the ability to communicate with patientsin
real time could lead to shorter response times, better symptom
management, and ultimately better outcomes[16]. Furthermore,
efforts to integrate precise and robust symptom measures such
as Petient-Reported Outcomes M easurement Information System
(PROMIS) have emerged over the last few years[17].

Adherence to medication has emerged as a particular concern
because of the rise in the use of oral anticancer drugs [18]. In
terms of lifestyle and health-protective behaviors, physical
activity, time spent in sedentary pursuits (television watching),
and diet or nutrition markedly impact the physical, functional,
and psychological health status of patientsand survivors[19-21].
Physical activity isan especially important indicator of physical
functioning, health-related quality of life, risk for adeclinein
health status [22,23], and mortality outcomes [24], meaning its
maintenance is an important clinical goal. Failure to manage
these aspects of care can lead to increased risk of developing
comorbidities and, therefore, to excess economic burden
associated with medical care, time off work, lost productivity
at home, and additional medical visits [25,26].

However, there are challenges to monitoring the health status
of patientsin-between clinic visits, soliciting clinically relevant
data from patients and family membersin an efficient manner,

http://medinform.jmir.org/2018/4/e46/

corroborating patient self-report data (eg, physical activity), and
integrating multiple sources of clinically relevant data in the
context of busy oncology practice. Addressing these challenges
can be adaunting task, chiefly because clinicians and their staff
are dready plagued by numerous competing demands.
Therefore, developing innovative waysfor cliniciansto monitor
their patients' behaviors and when needed providing guidance
to help them with adherence to medicines, adoption and
maintenance of healthy lifestyles, and cope with stress could
potentially enhance the overall quality of supportive care and
reduce the burden on both patients and their care teams.
Electronic health (eHealth) models of care that leverage
electronic health records, as well as digital and wearable
technologies, are now emerging as an innovative strategy to
reduce unmet care needs and support regular monitoring and
interaction with patients between scheduled clinic visits [27].

Capturing and Analyzing Sensor and Self-Report Data for
Clinicians and Researchers (COMPASS) is a device-agnhostic
eHealth technology platform that can passively and remotely
monitor multiple domains of function and PROs. The
COMPASS system includes (1) a device worn by patients to
passively monitor physiological function; (2) an interface to
sync with patients’ smartphone; and (3) a Web-based clinician
interface to deliver customizable reports. The purpose of this
study was to explore the user requirements for such a system
to ensure that it can adequately support the breadth and range
of functionality typically requested by practitionersin thefield.
A user needs assessment was conducted to establish design and
use metrics of aprototype COMPASS system before conducting
more comprehensive testing and evaluation in a larger-scale
phase Il study.

Methods

Participants and Procedures

Thisstudy was conducted at the Robert H Lurie Comprehensive
Cancer Center (RHLCCC) of Northwestern University and was
approved by its Ingtitutional Review Board. Potential
participants, including clinicians and patients, provided written
informed consent prior to participation. Clinicianswere provided
with a description of the COMPASS system 7 days prior to the
interview with instructions to think about potential benefits of
the system. Patients were provided with a prototype of the
COMPASS app and wearabl e sensors (Mio Alpha Sports Watch)
for 7 days. Both clinicians and patients then completed a
semistructured interview with a trained interviewer. All
interviews were audiorecorded and transcribed.

Clinician I nterviews

Clinicianswereeligibleif they were current oncology providers
at RHLCCC. A purposive sampling strategy was used to recruit
a diverse sample of 10 oncology providers with regard to
specialty and clinical practice foci. Clinicians agreeing to
participate provided written, informed consent. We provided
clinician participants with a description of COMPASS
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approximately 1 week prior to the interview and asked them to
think about how they would utilize the system to inform clinical
care delivery (Multimedia Appendix 1, “Thought Exercise’).
Clinicians then completed in-person semistructured interviews
with atrained interviewer. Software devel opers who designed
COMPASS (FA and JN) participated in the interviews via
conference call. Each interview lasted approximately 1 hour.
Interview content included information about their clinical
practice (eg, specialty and types of patients typically seen),
metrics most pertinent to treatment decision making and goals
of care, how COMPASS could help to inform clinical visits,
and preferences for how patient data collected through
COMPASS are summarized and presented. Multimedia
Appendix 2 provides examples of clinician interviews.

Textbox 1 presents examples of questions posed to clinicians.
The semistructured interview solicited preferencesfor the types
of possible wearable sensors, PROs most relevant to clinical
practice, preferencesfor the format of datavisualization options,
and communication preferences including the sharing of
patients data and the frequency of contact with patients as a
way of improving the delivery of care. The interview template
evolved as interviews were conducted; therefore, only a subset
of providers was asked to discuss the sharing of data with
patients. Multimedia Appendix 3 provides a list of potential
sensors that could be incorporated into the COMPASS system.
Clinicians were provided with thislist during the interviewsto
inform them of potential metrics that could be captured.

Patient Interviews and Testing

To be eligible for participation, patients had to be aged =18
years, diagnosed with cancer (any type, all stages), and had to
own a smartphone. Patients could be at any stage of treatment,
including posttreatment. Patients provided written informed
consent prior to participating in any research activities. Patients
were identified through participating clinicians and were
approached in a clinic regarding participation. In addition,
patients were recruited through a study brochure and flyers
placedin RHLCCC clinical practice areas and through outreach
on social mediasites such as Twitter and Facebook. Multimedia
Appendix 2 provides examples of patient interviews.

Textbox 1. Examples of clinician and patient questions.

Lucaset a

Each patient participated in two study visits. The first was
conducted in-person a RHLCCC. Demographics and
disease-specific information were gathered. A commercialy
available smartphone, with an armband (should they prefer to
wear the smartphone rather than carry it), and Mio Alpha heart
rate monitor wristwatch were provided to participants for the
duration of study participation (7 days). The correct use of the
technology was demonstrated, and participants were instructed
to wear and interact with the wristwatch and smartphone app
for 1 week. We asked participants to respond to brief PRO
measures, with the explanation that data collected from
smartphone-based surveys would not be assessed for content
but rather for evaluating the feasibility and usability of this
feature. Following the 7-day testing period, the second study
visit was conducted at which time the devices were returned;
the second study visit included a follow-up semistructured
interview to collect dataon wearability or usability of the device
and patient experiences communicating with health care
providersregarding data collected using the COM PA SS system.
The interview was approximately 1-hour long and was
audiorecorded and transcribed. At the conclusion of the
interview, aUS $50 gift card was provided. Examples of patient
interview questionsare provided in Textbox 1. Figure 1 provides
screenshots of the smartphone app and wristwatch device.

Analyses

All interviews were subjected to thematic content analysis
(TCA) [28,29]. For clinician interviews, TCA was used to
organize data according to the frequency and, therefore, the
relative importance of the responses. The TCA was completed
by two independent coders to tabulate the most common
symptoms, clinical concerns, potential applications of the system
and themes. Any coding discrepancies were discussed and
resolved by the senior author (LIW). In addition, a list was
generated and a frequency for each topic recorded. For patient
interviews, aconventional qualitative content analysis[30] was
used to analyze responses. Transcripts were read several times
by the analyst, who determined a coding scheme inductively.
Transcripts were coded in ATLAS 8.0 (ATLASL Scientific
Software Development GmbH, Berlin, Germany). After coding,
segments of text were abstracted by code, reviewed for themes,
and summarized.

Clinician Questions

«  What would you want this system to measure and how?

«  Which patient populations might benefit the most from Capturing and Analyzing Sensor and Self-Report Data for Clinicians and Researchers

(COMPASS)?
«  What do you perceive as the benefits of COMPASS?
«  How would you like collected data to be presented or reported?

Patient Questions

«  What was your experience of wearing the device?

«  What isthe frequency of conversations with your care team and what do you discuss?

«  Some people find it difficult to keep track of certain things about their health in order to talk about them at a doctor’s visit. Do you ever find

that’s true for you? What would make that easier?

« Isthere anything you would not be comfortable with your medical team monitoring?

http://medinform.jmir.org/2018/4/e46/
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Figure 1. Screenshots of smartphone app (QMedic Health, Inc) and Mio ALPHA 2 (Mio Global) wristwatch device.
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Results

Clinician Interviews

We enrolled 10 of 17 clinicians who wereinvited to participate
(59% participation rate), including 5 physicians, 3 nurse
practitioners, 1 clinical psychologist, and 1 physical therapist.
Table 1 presents the details on clinicians' characteristics and
responses by specialty area and COMPASS features.

Priority Areasfor COMPASSto Assess

Figures 2-4 present frequency distributionsfor content to assess
outside of clinic visits. The objective measuresthat were deemed
most valuable and relevant for informing clinical care were
genera vital statistics (n=7), heart rate (n=6), weight or body
mass index (n=5), caloric expenditure (n=5), and glucose or
electrolyte monitoring (n=4). When clinicians were asked about
the use of a global positioning system or a monitoring system
to track movements inside and outside the home, clinicians
reported concern that patients would experience this as an
invasion of privacy, and global positioning system data would
not necessarily yield actionable results. However, data on
general physical activity obtained from accelerometers or
pedometers were considered potentially more useful. Domains
that could be measured using PROs that clinicians were most
interested in routinely assessing included psychological
well-being (n=8), anxiety (n=7), mood, depression, and stress
(n=6), pain and neuropathy (n=5), medication tolerance (n=4),
and nausea (n=2). Figure 3 reflects an interest in types of data
that could be captured by a combination of both wearable
sensorsand PROs. Functional status (including physical activity)
and fatigue were mentioned by most clinicians (n=9), with sleep
(n=8), gait (n=7), and adherence to treatment in general (n=7)
the next most commonly reported. Adherence to medication
(n=6) and lymphedema or swelling (n=5) was identified by
roughly half of the clinician respondents.

http://medinform.jmir.org/2018/4/e46/
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Notably, an overall reflection from most clinicians was the need
for data collected to be actionable. The following five main
themes emerged representing data that were useful and
actionable: (1) Functional status (physical and cognitive),
including information about daily physical activity, mobility
constraints (ability to walk, balance, and engage in activities of
daily living), weakness, cognitive abilities (forgetfulness), sleep
(deep-wake cycles and naps) and capacity for independent
self-care; (2) Indicators of disease progression (ie, health
deterioration), including falls, seizures, and declining level of
physical activity; (3) Symptoms from disease (particularly
disease progression) or treatment, including side effects such
as headaches, nausea, and increased pain from rehabilitation;
(4) Psychological well-being, including anxiety, depression,
and fear of recurrence; and (5) Adherence to treatment and
health behaviors, including medication adherence, alcohol
reduction, smoking cessation, and engaging in physical activity.
In addition, clinicians discussed test and imaging results as
important for evaluating response to treatment and determining
ongoing treatment plans.

Patients M ost Appropriate for COMPASS

Clinicians' perspectives on patients who could benefit the most
from COMPASS differed by specialty. For example, all 3
rehabilitation clinicians felt that patients with functional
limitations and who were at highest risk for events such asfalls
would benefit most from asystem like COMPASS. For example,
patients being treated for brain and spina cord tumors were
considered high risk for falls because of significant functional
limitations secondary to disease. Other distinct groups that
rehabilitation specialists felt could benefit from COMPASS
weresurvivors, no longer in active treatment and who no longer
were actively engaged in health care services, patientswith pain
(focusing on these patients during treatment could hel p to offset
problems down the line), and older, overweight, and sedentary
patients who typically have more comorbidities (eg, diabetes),
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and who were, therefore, also at greater risk for falls and
frailty-related declinesin function. Conversely, other clinicians
indicated that younger patients who were more impacted by
their diagnosis and who would al so spend longer in survivorship
were more likely to benefit from a system like COMPASS.

In addition, cliniciansidentified a separate patient group at risk
and who could benefit from COMPASS—elderly men with a
substance abuse history and poor social support. Other
psychosocia concernswerefor patient groupslike breast cancer
survivors with large treatment burden that could lead to Sleep
issues and depression. Three clinicians specifically talked about
patients (and caregivers) who experienced high anxiety being
ableto communicateregularly viaCOMPASS. Finally, patients
who had difficulty with treatment adherence could benefit from
a system that could incorporate reminders, for example, those

Lucaset a

who had complicated treatment regimens and who could,
therefore, be helped with structured reminders and regular
check-ins.

Summarizing Patient Data Collected Through
COMPASS

Table 1 reports how clinicians of different specialties felt data
should be presented and which platformswould make this most
accessible. Overall, 5 clinicians wanted to see chartsand graphs
supported by qualitative written information to ad in
interpretation, while other respondents wanted only charts and
graphs or only written information. Owing to concerns about
data overload, it was suggested that a summary of datawith an
option to expand to a more detailed view would offer the best
usability. Data should only be provided when something
abnormal was indicated.

Table 1. Clinicians' characteristics and responses by specialty area and Capturing and Analyzing Sensor and Self-Report Data for Clinicians and

Researchers (COMPASS) features.

Specialty area Main concerns for patients Usesfor COMPASS Format of data  Platform for Sharing
presented viewing data patient
data
Neur o-oncology
Physician 1 Current rehab activity or need for ~ Triggering alerts Graphs or Desktopperson-  No
referrals chartsandquali- al computer
tative data (PC)
Physician 2 Monitoring adverse effectsof medi- Triggeringaertsand Graphs or Desktop PC Yes
cations or interventions triggering electronic  chartsand qudi-
interventions (elnter-  tative data
ventions; eg, re-
minders)
Nurse practitioner Current rehab activity or need for ~ Triggeringaertsand Graphs or Desktop PC Yes
referralsand monitoring adverseef-  elnterventions chartsand quali-
fectsof medicationsor interventions tative data
Rehabilitation
Physiatrist 1 Monitoring adverse effectsof medi- Triggering elnterven-  Graphs or DesktopPCand Yes
cations, tracking physical activity, tions chartsand quali- laptop
and identifying comorbidity tative data
Physiatrist 2 Nothing mentioned Triggeringaertsand Graphs or Laptop and Yes
elnterventions charts only tablet
Physical therapist Patient vitals for the safety of exer- Triggeringaertsand Graphs or No preference  Yes
cise elnterventionsand  chartsand quali-
data summary at the tative data
point of care
Cancer survivor ship
Physician (gastrointestinal cancers) Medication adherence Datasummary atthe Graphsor Deviceagnostic Yes
point of care charts @l
Nurse practitioner (breast cancer)  Monitoring adverse effectsof medi-  Triggering derts Graphs or Desktop PC Yes
cations, identifying late effects, and chartsand quali-
addressing nutrition concerns tative data
Surgical oncology nurse practitioner Determining the need for referrals ~ Triggering alerts Graphs or Desktop PC Yes
(gastrointestinal cancers) charts
Supportive oncology clinical psycholo- Tracking lifestylebehaviors(smok- Triggeringaertsand Graphs or No preference  Yes
gist (genera oncology, head and neck  ing, alcohol, and physical activity) elnterventionsand  charts

cancer)

patient networking
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Figure 2. Objective measures. GPS: global positioning system; BMI: body mass index.
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Figure 3. Patient-reported outcomes.
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Figure 4. Content measured by both objective sensors and patient-reported outcomes.
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Five clinicians preferred to view data on a desktop computer as
they reportedly felt it was more secure and had alarge areafor
viewing data; 4 of 10 reported they were comfortable on all
platforms. However, some clinicians (n=3) did not like to look
at important data on the phone, and 2 clinicians expressed
concerns that having data delivered to their persona phones
might remove an important barrier between themselves and
their patients. All but 1 of the clinicians were interested in the
data being sharable between those who were providing care,
reflecting that this may be the most useful part of the entire
system, especially because cancer care is so multidisciplinary.
Conversely, another clinician expressed that timeis a valuable
and limited resource and having a care plan where one person
brings the data together to decide a course of action may be
better than the raw data being viewed by multiple people, all
of whom are reviewing and, perhaps, deciding a duplicative
plan.

Sharing of Data With Patients

A subset of 6 clinicians was asked whether they thought patients
should be provided with their own data. Most clinicians (n=5)
wereinfavor of seeing adatasummary being provided. Reasons
given were that it would help to engage patients with the
technology and, perhaps, |ead to better long-term use and could
show patients their patterns. It was suggested by one clinician,
who was in favor of data sharing, that, perhaps, some data
should be presented in the clinic rather than via COMPASS, as
this could alow the clinician to frame the information
appropriately. For example, data related to imaging or other
clinical interpretation should not be available outside the clinic
where it could not be explained properly, and patients may

http://medinform.jmir.org/2018/4/e46/

become more anxiousif they do not understand the data. In this
study, 9 clinicians were asked about the utility of patientsbeing
able to annotate their data to provide context, and all agreed
thiswould be valuable; however, they would still call or contact
patientsfor clarification anyway. Furthermore, 3 of theclinicians
felt that while valuable, this should only be optional and not
required as it may increase the patients' burden.

Patient Interviews

We enrolled 3 patients, 2 of whom were diagnosed with brain
cancer (one recelving active treatment and one 2 year
posttreatment) and 1 had a previous diagnosis of lung cancer
and was also 2-year posttreatment (Table 2). Owing to the
variety of recruitment methods utilized, including social media,
flyersin clinics, and on RHLCCC notice boards, we could not
track a participation rate for patients.

Wear ability

Patients wore the Mio wristwatch devices for an average of 7
days prior to their interviews. Patients found the watch-like
style of the device acceptable as it was generally comfortable,
aslong asit was not worn too tightly. However, 1 of 3 patients
seemed somewhat uncomfortable. When asked if potentialy
wearing a tracking device like the Mio on a chain around the
neck so it was close to the chest rather than on the wrist or
whether they would prefer to wear the smartphone on an arm
strap, 2 of 3 patients commented that these options were not
favored. Patient 3 specifically responded that he or she would
not want to wear a cell phone while running saying “1 think it
would be difficult, so no.” While not considered a particular
theme, 1 patient also made comments relating to specific
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concerns about privacy, professional life, and intimacy. As part
of wearability, patients also specifically noted the battery life
of thewrist device. While Patient 1 was ableto charge thedevice
and iPhone nightly, Patients 2 and 3 had some trouble. Both
patients reported a short battery life that was inconvenient.

Data Capture

All patients reported times when they were unsure their data
were being captured; thiswas either because the device was not
positioned correctly or because the device and cell phone were
not communicating. In addition, patients were asked to enter
basic data on the dietary intake, mood, and activity. A small
number of options were available in each category and patients
reported that this task was easy.

Tracking of Symptoms and Other Items

The tracking of symptoms during treatment and recovery was
a particular area of interest for patients. Patients agreed that
tracking a symptom was helpful; however, the symptoms
experienced and preferencesfor tracking these symptomsvaried
by patient. Table 3 shows the kinds of symptoms that patients
reported experiencing during their treatment, and Table 4 shows
that in addition to tracking symptoms, patientsalso felt it would
be useful to track other items.

Table 2. Patient characteristics and device preferences.

Lucaset a

All patients felt it would be useful to track their moods or
feelings on an app during treatment to discuss with providers.
One patient, in particular, felt this was important with regards
to medicationsthat may need adjustment. In addition, all patients
reflected that having the ability to add freeform text to responses
they had provided wasimportant for linking activities or events
with mood, changesin heart rate or stress, providing context to
their data.

Suggestions for Further Development of the System

Finally, patients reflected about preferences and suggestions
for improvements for COMPASS; these included suggestions
for improving the PRO descriptions and adding functionality
to the surveys depending on responses given. For example, the
device could provide guided relaxation exercises and imagery
if they reported high levels of anxiety. The contact frequency
should also be limited. One patient stated, “15 notificationsin
arow isunnecessary.” All patients wanted to be able to review
their personal data, as they felt this would be “motivating.” In
addition, the system could provide better support for reminders,
including for taking medicines, filling prescriptions, and
upcoming appointments. There were mixed responses to
guestions about the capacity of the deviceto contact significant
othersif there were concerns about their health.

Characteristic Patient 1 Patient 2 Patient 3
Cancer site Brain Brain Lung
Treatment status Current chemotherapy 2-year posttreatment 2-year posttreatment
Platform or device currently using iPhone, laptop Android Personal computer, Mac laptop, Android
Platform or device preferred iPad Desktop and mobile iPhone
Table 3. Patients symptoms.
Symptoms Patient 1 Patient 2 Patient 3
Anxiety a ad
Confusion O
Constipation a
Feeling sick O
Fevers g
Headaches O
Memory loss
Neuropathy
Pain
Respiratory infection
Seizures or auras ad

Vision loss (peripheral)
Weakness
Weight loss
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Table 4. Itemsto track.
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Item to Track

Patient 1 Patient 2 Patient 3

Appointments

Confusion

Dietary intake or nutrition
Exercise or activity, including heart rate and steps
Fatigue or exhaustion

Fevers

Headaches

Medication use or prescriptions
Mood, including anxiety

Pain

Progress

Seizures or auras

Weight

O o o o

Design Impacts of User Needs Assessment

The design of the prototype system represents an attempt to
accommodate the most frequently requested features from the
clinician assessment while minimizing the user burden on the
patient population. Because agoal of this phase | study wasto
evauate thefeasihility of asystem that integrates across multiple
devices and data sources, efforts were made to redlistically
reflect the type of activities required to operate and maintain
such asystem. Specifically, thetype and position of thewearable
device were necessitated by technical constraints related to
physiological sensing and capturing physical activity. Similar
considerations were taken to provide a user interface on the
mobile phone that accurately reflects that number, type, and
duration of interactions required to collect the types of PROs
most frequently requested by clinicians. Subsequent design
iterations over both the clinician and patient interfaces should
incorporate feedback on utility and usability from participants
until an optimal balance between these objectivesis achieved.

Discussion

Principal Findings

This study yields important insights regarding the initial
feasibility and priority domains to inform the development of
COMPASS, an eHedlth platform designed to facilitate the
patient-provider communication and improve supportive care
outcomes in the cancer care setting. Clinicians were most
interested in measuring and monitoring general vital statistics
(heart rate, body weight, caloric expenditure, and glucose
levels), functional status, symptoms (mood, depression, anxiety,
and pain), and medication adherence. |mportantly, measures
needed to be actionable and integrate both objective metrics
and PROs together to provide the richest and most clinically
relevant understanding of the patients' status. This was echoed
by patients, who also wanted to be able to provide context to
their data and responses. Patients were most interested in
monitoring their symptoms, including pain, headaches, mood,
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and anxiety. In addition, they wanted to be ableto track physical
activity, diet or nutrition, medications, and appointments.
Overall, patients who may benefit the most from a system like
COMPASS depended on the clinicians' specialty. Particular
groups mentioned were the elderly, those with comorbidities
such as diabetes, and those with complicated treatment regimens
(ora chemotherapy).

Theresults of thisstudy indicate that both cliniciansand patients
felt that a system like COMPASS had potential benefits for the
delivery of cancer care. Given the shared interest and importance
of symptom monitoring by both clinicians and patients, finding
waysto improve thisaspect of patient care seems critical. Recent
studies have suggested that oncol ogists are often not sufficiently
aware of their patients symptoms [31,32] but that when
prompted, patients willingly provide this information [33].
However, integrating such self-report systems into routine
clinical carewith minimal disruption isof key importance [11],
which is where eHealth-based platforms may offer significant
potential. A recent qualitative needs assessment among 30 head
and neck and breast cancer survivors supported these findings,
revealing that survivors often felt their symptoms remained
unknown to care providers[34]. In addition, they reported that
the advantage of an eHealth app would be that monitoring could
provide insight into the course of symptoms, providing
information for follow-up visits and receiving personalized
advice and tailored supportive care.

Both clinicians and patients were interested in tracking mood,
anxiety, and lifestyle behaviors, such as physical activity and
diet or nutrition, as areas of shared importance. This may be
related to the growing popularity of fitness trackers and health
appsin general; nonethel ess, the monitoring of physical activity
and lifestyle behaviorsis of clinical importance, asit strongly
reflectsthe functional status. Furthermore, the fact that patients
areinterested in monitoring these aspects of their function points
to ahigher likelihood of adherence when asked to monitor their
behaviors. A previously conducted randomized clinical trial
tested a system similar to COMPASS in patients with type |1
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diabetes; in that study, the intervention group supported with
24-hour access to mobile health coaching, monitoring, and
communication obtained better disease control in half the time
that it took the comparison group [35]. This finding highlights
the potential benefits of more regular contact that can be
facilitated with a system such as COMPASS. The growing
interest in eHealth-based approachesin the clinical care setting
seemingly reflects the benefits that such systems can provide
for both patients and providers.

Other themes representing actionable data included the
monitoring of the functional status and the ability of clinicians
to communicate the results of tests and imaging with their
patients more readily—something that really tapped into the
role that innovative systems such as COMPASS could play in
ongoing patient care. However, aswas mentioned several times,
too much data of no relevance to the clinical care of patients
would potentially create more of a burden than a benefit.
Kuijpers et al reached a similar conclusion when evaluating a
Web-based intervention focused on patient care for lung and
breast cancer survivors in the Netherlands [36]. While health
care professionals supported access to the electronic medical
record for providing reports and results, they also expected it
would lead to the increased workload because patients were
unlikely to understand the information provided, prompting
greater burden on clinicians to follow-up. This has important
implications for the development and potential of similar
eHealth-based approaches as the goal is to provide improved
patient care, but not lead to agreater workload, which isalready
aburden on the system [27].

Limitations

Because this study was designed to assess user needs relating
to an eHealth-based system for monitoring and facilitating
communication between patients and clinicians, we could not
test the prototype with a large number of patients. The study
included only 3 patients with 2 types of diagnoses compared
with what would typically be seen in the clinical setting.
Therefore, a primary limitation of this study was the small
number of patient interviews conducted in phase | of the study,
which may somewhat limit any generalizability of our findings
to other patient subsets. To addressthislimitation and facilitate
a continuing update of system features and further refine the
technology, patients who are involved in phase Il will provide
regular feedback on usability and features, which will be
incorporated with those provided in phase |. Evidence suggests
that between 6 and 12 participants can provide adequate data
for determining meta-themes [37]. Given the fast pace of
obsolescence in technology settings, the priority of phase | of
the study was to develop a prototype of the device-agnostic
platform that incorporated evidence-based features identified
by clinicians and that could be more rigorously tested in phase
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[1. Another limitation is that while the device was given to
participants who had previous experience with a smartphone
for logistical purposes, this may not reflect well on the ease of
adoption for a smartphone-naive individual .

Strengths

Itiscritical that people engaging with the technology—in this
case, clinicians, patients, and researchers—have input asto the
design of the tools and content they will be using. A significant
strength of this study is that we used an iterative process that
involved input from researchers, engineers, clinicians, and
patientsinidentifying the aspects of amobile and eHealth-based
platform that would be most effective for monitoring, capturing,
and reporting of relevant datarelated to patient carein thetime
between standard clinic visits. Other significant strengths of the
study were as follows: (1) the use of qualitative methods that
allowed us to gather and synthesize provider and patient
perspectives “in their own words’ and (2) the broad
cross-section of clinicians that provided a detailed description
of the types of metrics deemed most important and suitable for
monitoring and the types of patients who could benefit most
from asystem like COMPASS.

Conclusions

Technology is being increasingly integrated into the care of
cancer patients and survivors, who asagroup require significant
resources in terms of time and personal contact. One of the
primary goals of technology-driven approaches is to help
improvethe efficiency of the current care delivery systemwhile
providing high-quality care. Technology needs to support the
decision-making process of providers in an evidence-based
manner and in a way that makes its use easy for patients to
comply. Itiscritical to include the perspective of cliniciansand
their patients, as well as researchers and engineers, when
designing such systems. Furthermore, to provide a continual
refinement of such technologies, it is critical that ongoing
feedback be sought from patients and clinicians using the
system. Many practical and logistical issuesmay only arise after
ongoing use and in response to changing environmental
conditions. Therefore, a degree of flexibility in design iteration
is preferable. However, the other side of this argument is that
asking patientsto utilize systems that are burdensome will lead
to low compliance while providing clinicianswith vast amounts
of unusable data will lead to similar results. An ideal system
would streamline patient-provider interactions while also
highlighting clinically relevant domains that are important to
clinicians and ensure patients most salient concerns are
addressed. Future research needs to determine whether such
systems can be integrated into current practice settings and
whether there are, in fact, improvements in care and outcomes
for avariety of different cancer patients and survivors.
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Abstract

Background: Ontologies are key enabling technologies for the Semantic Web. The Web Ontology Language (OWL) is a
semantic markup language for publishing and sharing ontologies.

Objective:  The supply of customizable, computable, and formally represented molecular genetics information and health
information, via electronic health record (EHR) interfaces, can play acritical role in achieving precision medicine. In this study,
we used cystic fibrosis as an example to build an Ontology-based Knowledge Base prototype on Cystic Fibrobis (OntokK BCF)
to supply such information via an EHR prototype. In addition, we elaborate on the construction and representation principles,
approaches, applications, and representation challenges that we faced in the construction of OntoKBCF. The principles and
approaches can be referenced and applied in constructing other ontol ogy-based domain knowledge bases.

Methods: First, we defined the scope of OntoK BCF according to possible clinical information needs about cystic fibrosis on
both a molecular level and aclinical phenotype level. We then selected the knowledge sources to be represented in OntoK BCF.
We utilized top-to-bottom content analysis and bottom-up construction to build OntoK BCF. Protégé-OWL was used to construct
OntoK BCF. The construction principles included (1) to use existing basic terms as much as possible; (2) to use intersection and
combination in representations; (3) to represent as many different types of facts as possible; and (4) to provide 2-5 examples for
each type. HermiT 1.3.8.413 within Protégé-5.1.0 was used to check the consistency of OntoK BCF.

Results: OntoK BCF was constructed successfully, with the inclusion of 408 classes, 35 properties, and 113 equivalent classes.
OntoK BCF includes both atomi ¢ concepts (such as amino acid) and complex concepts (such as* adol escent female cystic fibrosis
patient”) and their descriptions. We demonstrated that OntoK BCF could make customizable molecular and health information
available automatically and usable via an EHR prototype. The main challenges include the provision of a more comprehensive
account of different patient groups as well as the representation of uncertain knowledge, ambiguous concepts, and negative
statements and more complicated and detailed molecular mechanisms or pathway information about cystic fibrosis.

Conclusions: Although cystic fibrosisis just one example, based on the current structure of OntoK BCF, it should be relatively
straightforward to extend the prototype to cover different topics. Moreover, the principles underpinning its development could
be reused for building alternative human monogenetic diseases knowledge bases.

(JMIR Med Inform 2018;6(4):€52) doi:10.2196/medinform.9979
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Introduction

“The Semantic Web is a vision for the future of the Web, in
which information is given explicit meaning, making it easier
for machinesto automatically process and integrate information
available onthe Web” [1]. The major objectives of the Semantic
Web areto improve datareuse, datasharing, and dataintegration
in the data-centric Web era [2]. The World Wide Web, in
contrast, isdocument-centric, whereby adocument, not the data,
isthe basic processing unit. Therefore, the Semantic Web, owing
to afiner granularity, hasthe potential to achieveamore precise
result in its application.

Ontol ogies are key enabling technol ogiesfor the Semantic Web
[3]. Ontologies play akey rolein information use viaknowledge
sharing and reuse [4]. According to the Oxford Living
Dictionary, an ontology is defined as “a set of concepts and
categoriesin asubject areaor domain that showstheir properties
and the relations between them.” Another definition by Tom
Gruber is*an ontology is a specification of conceptualization”
[5]. In this paper, we use ontology to refer a collection of
representations of the domain knowledge units (ie, entities and
properties) and their relationships that can be utilized by
humans, databases, and applications. The Web Ontology
Language (OWL) isasemantic markup language for publishing
and sharing data by ontologies on the Web [1,6]. OWL is
intended to be used in information processing by machines, as
well as understood by human beings [1,6]. Description logic
can be subjected to automated reasoning to check the
consistency of ontologies and determine subsumption
relationships [6].

The specific application of ontologies includes standard
conceptual vocabularies, services for queries, and reusable
knowledge bases, all of which can facilitate interoperability
across different systems [7]. Biomedicine is one of the active
application domains of ontologies. The motivation of our work
is to demonstrate the feasibility of providing formal and
computable clinical information and molecular genetic
information, derived from an ontol ogy-based knowledge base,
via an electronic heath record (EHR) interface. Molecular
genetic information plays a key role in medicine; this
information, however, is not the kind that is traditionally
included in an EHR system. Therefore, we aim to build an
Ontol ogy-based K nowledge Base prototype on Cystic Fibrosis
(OntoKBCF) [8,9] to supply formal and machine-processable,
clinically relevant molecular genetics information dynamically
viaan EHR prototype.

Cydtic fibrosis is used as an example disease in building
OntoK BCF for afeasibility demonstration. Thereasonsfor this
choice include the following: cystic fibrosis has a relatively
stable and comprehensive molecular genetic profile; it is one
of the most common, fatal genetic diseasesin the United States
[10], especially in white people of Northern European ancestry

http://medinform.jmir.org/2018/4/e52/

[11,12]; the mechanism of the disease has been well studied
and well understood; and cystic fibrosisisasingle gene disease,
which is less complicated than multiple-gene diseases. The
cystic fibrosis transmembrane conductance regulator (CFTR)
gene causes cystic fibrosis.

An ontology-based knowledge base is built on top of domain
entities, properties, and rel ationships (ie, the ontology); however,
it aso includes sharable instances, rules, and inference
capabilities [13], which extend the ontology. Therefore, an
ontology-based knowledge base can be utilized via an EHR
system, for example, by incorporating the characteristics of
patients. In this paper, we use a knowledge base model to refer
to the logic specifications of a knowledge base at the abstract
level and a knowledge base prototype (ie, OntoK BCF) to refer
to the physical artifact that we eventually built at the concrete
level, based on a knowledge base model. We use a knowledge
base prototype instead of a knowledge base because weinclude
different levels of factsin OntoK BCF, for example, nucleotide
changes, amino acid changes, and clinical phenotypes. Thefacts
are not exhaustive at any horizontal level within OntoK BCF;
however, the facts are sufficient to organize the relationships
at cross-horizontal levels [8,9] and to demonstrate how to
generate a knowledge resource including molecular genetics
information and health information via an EHR prototype
[14,15].

An overview of the project, showing how OntoK BCF supplies
computable and formally represented molecular and health
information to an EHR in adynamic manner has been published
previously [14], as has the technical integration of OntoK BCF
and the EHR prototype [15]. A further related source [8],
published at an early stage of the project, mainly describes the
domain coverage of OntoK BCF. In contrast, this paper provides
a holistic view of the construction principles of OntoKBCF,
including the representations of the integration between
OntoKBCF and an EHR. As such, this paper may provide a
referencefor content devel opers operating in the Semantic Web
space, especialy in building knowledge bases and knowledge
base modeling on monogenetic human diseases.

Methods

Representation Language and Terms Used in
Ontology-Based K nowledge Base Prototype on Cystic
Fibrosis

OntoK BCF was built using Protégé-OWL [16]. We chose OWL
description logic (DL) [1] as the language for OntoK BCF. We
used basic, combined, and complex concepts, as well as final
facts, to represent selected content within OntoK BCF. Table 1
provides definitions for the major terms that we have used in
the remainder of the paper, with examples. Figure 1 showsthe
relationships between the terms and their relative volumes of
each category within OntoK BCF.
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Table 1. Major construction terms used in the paper.

Jngeta

Term name Annotation and example

Basic concept The atomic concept from Unified Medical Language System [17], Gene Ontology [18], or domain knowledge, such as Gly,
which isthe amino acid glycine.

Combined concept  Combination of two or three basic concepts, such as Gly542, which is Gly’slocation, 542 in the cystic fibrosis transmembrane

conductance regulator amino acid chain.

Complex concept

Combinations of more than three basic concepts and usually they are subjects. A subset of the combined conceptsis explained

through the EHR?interface, such as Patient. CF_with_Gly542X, which isagroup of cystic fibrosis patients with the Gly542X

A domain statement represented in OntoK BCF? through a.combination of basic concepts or combined concepts with properties

and logic relationships, such as property and description of Patient CF_with_Gly542X.

variant.
Supporting concept  Basic concepts and combined concepts, used in explaining the complex concept.
Final fact
Fact

aproperty description of the concept.

Any concept above is a subset of facts, which includes (1) hierarchy of concepts, both basic and combined concepts, and (2)

3EHR: electronic health record.

bOntoK BCF: Ontol ogy-based Knowledge Base prototype on Cystic Fibrosis.

Figure 1. Relationships between construction terms used in this paper and their relative sizes.

Complex concepts

Combined concepts

Basic concepts

>~ Supporting
concepts

Organization and Main Construction Procedures of
Ontology-Based K nowledge Base Prototype on Cystic
Fibrosis

The main axes used in OntoK BCF aretime and probleminline
with the content of the included domain. The main axes are
utilized to organi ze the atomic, combined, and complex concepts
in OntoK BCF. Figure 2 shows the main construction processes
for OntoK BCF.

Scope of Ontology-Based K nowledge Base Prototype
on Cystic Fibrosis and Sources

Figure 3 presents the main content of OntoKBCF. One of the
purposes of OntoKBCF is for clinica use; therefore, the
following factors were considered when determining domain
content: (1) treatment or therapy, which has been reported as
the main category of information needsfor clinicians, including
gene therapy and other treatments for cystic fibrosis [19-25];
(2) availability of relevant molecular genetic information, such
asthe most common CFTR mutations, particularly thoserelated
to hedlth information or phenotypes (eg, symptoms, ethnic
groups) [26-28]; (3) cystic fibrosis has a time-related
development cycle, and usually, a patient’s age is available in

http://medinform.jmir.org/2018/4/e52/

an EHR; thus, time-oriented descriptions of cystic fibrosis are
included in OntoK BCF [21,23-25].

Top-to-Bottom Content Analysisin Ontology-Based
Knowledge Base Prototype on Cystic Fibrosis

The selected content required analysisto set up the construction
strategies. Based on the scope and the knowledge resources
available, analyzing the facts by utilizing a series of dissections
was necessary to make the task realistic and practicaly
accomplishable. The starting point was sentences of facts that
were dissected into atomic units (ie, basic concepts in Figure
1). The atomic units were represented with their necessary
hierarchies, they were combined, and their properties included
to express the complex factsin alogical, machine-processable
format. Usually, complex facts can be represented by one or
multiple concepts, described in Figure 1, and their properties.

The general criteria of the dissection were determined by the
scope and granularity of OntoKBCF; otherwise, dissection
would be an endless process. Only necessary superclass
concepts, rather than detailed and complete subsets of Unified
Medical Language System (UMLS) [17] and Gene Ontology
(GO) [18], have been included in OntoKBCF. Only the
properties and constraints within the scope of OntoK BCF, rather
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than a complete and comprehensive description for each class,
are represented. The main reason for doing so isto ensure that
the tasks are accomplishable with limited resources and within

Figure 2. Generd construction procedures of the ontology-based knowledge base prototype on cystic fibrosis. KB: knowledge base; UMLS: Unified

Medical Language System; GO: gene ontology.

Figure 3. Main content categories represented in the ontol ogy-based knowledge base prototype on cystic fibrosis and their potential usage.
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a restricted timeline. The dissection process was followed by
reconstruction. Figure 4 shows the analysis and reconstruction
order that we utilized in constructing OntoK BCF.
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Figure 4. General analysis (top-to-bottom) and construction (bottom-up) for ontology-based knowledge base prototype on cystic fibrosis.

ANalysis

Frg—————

Bottom-Up Construction Examplesin Ontology-Based
Knowledge Base Prototype on Cystic Fibrosis

OntoK BCF was constructed bottom-up [29] as follows. After
dissection analysis, reconstruction work started from basic
atomic concepts. Then, the basic concepts were modified
step-by-step until the basi c concept was turned into ameaningful
composite (acombined or complex concept). Every later concept
used theformer onesin itsrepresentation. Then, final factswere
represented by the combination of a subject (ie, its definition)
anditsproperties. A combination of basic conceptswas utilized
to build combined and complex concepts. The complex concept
could be utilized as the subject to describe characteristics for a
subgroup of patients. Figure 4 shows the construction process
of OntoKBCF.

By way of example, if a group of patients with the Gly542X
variant needs to be represented, the following steps would be
used (see Figure 4):

“Gly” stands for glycine, a type of amino acid; this is a
basic concept.

- “X”isthenonsense codon, which terminates the translation;
thisis a basic concept.

«  "“Gly542" isdefined asan amino acid location in the human
CFTR amino acid chain; thisis a combined concept.

«  “Gly542X” is defined as an amino acid substitution in
human CFTR amino acid chain; thisisacombined concept.

« “Patient_CF_with_Gly542X” isdefined asagroup of cystic
fibrosis patients with the amino acid change; this is a
complex concept.

- Final facts about the group of cystic fibrosis patients with
the Gly542X variant are represented by the combination of

http://medinform.jmir.org/2018/4/e52/
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both thelogical definition of “Patient_ CF_with_Gly542X”
and its properties.

Most of the hierarchies of basic conceptsin the knowledge base
prototype follow UMLS and GO. In addition, relationships or
classeswere added or adjusted if there were no obvious choices.
For example, in OntoK BCF, “sex_group” was used to connect
“population_group” and “female,” and the concept “ CFTR gene”
in UMLS was adapted to “Human CFTR gene”; considering
theclinical usage potential, we distinguished the human origins
of the CFTR gene.

Inter section and Combination Representation
Principles

We used the intersection among basic concepts to represent
combined and complex concepts in OntoK BCF. For example,
“female adolescent cystic fibrosis patient” is represented as a
complex concept in OntoKBCF. Figure 5 shows the
intersectional representation principlein OntoK BCF for female
(ie, the purplecircle), adolescent (ie, therosecircle), and cystic
fibrosis patients (ie, the black circle) as a group, which
represents all possible properties of thisgroup. Figure 6 shows
the exact representation (ie, final facts are represented as the
combination of a definition of a complex concept and al its
properties on theright lower corner of thefigure) that we created
within Protégé-OWL. The description in Figure 6 is a subset of
the intersection in Figure 5. The entire set of properties for the
subject (intersection of 3 bigger ellipses), compared with the
filled ellipse (in blue) represented in OntoK BCF, refers to all
the possible properties related to an adolescent (in rose) female
(in purple) CF patient (in black). The reasons that we did not
represent all possible properties are listed in the section
Top-to-Bottom Content Analysisin OntoK BCF.
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Figure 5. Representation of adolescent female cystic fibrosis (CF) patient in ontology-based knowledge base prototype on cystic fibrosis.
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Figure 6. The representation of an adolescent female cystic fibrosis patient group in ontology-based knowledge base prototype on cystic fibrosis via
Protégé-Web Ontology Language. (Protégé Source: Standford University).
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. reference (eg, reuse, mapping, and communication). Other
Qntolqu-Based Kr'10WIec'Ige.Base Prototypeon Cystic construction principles include the following: (1) to represent
Fibrosis Construction Principles

more types (eg, nucleotide deletion, insertion, transition, and
Our philosophy is to use the existing concepts as much as transversion) of factswithin the samelevel; (2) to represent 2-5
possible and to create new onesonly if it isabsolutely necessary.  examples within the same type, for example, for the
If aconcept isfrom UMLS, then the unique concept identifier ~ single-nucleotidetransition of CFTR, we represented 5 examples
from UMLS is kept in the Annotations section for future in OntoKBCF instead of representing all existing facts
http://medinform.jmir.org/2018/4/e52/
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exhaustively; (3) to have the same representation listed in all
possible hierarchies in OntoKBCF; for example, AA2183
_minus G is listed under Del_A, Nucleotide deletion in
human_CFTR gene, A transition G, and Nucleotide
transition_in_human_CFTR_gene; and (4) to represent only
the facts within the scope of OntoKBCF. The purpose of our
work is to demonstrate the feasibility of the construction of a
knowledge base by utilizing Semantic Web technology and
demonstrating that the facts from the knowledge base can be
utilized via an EHR interface dynamically. Therefore,
representing the exhaustive list of variations of the same gene
isnot apriority. In addition, as most of the mutation types have
been covered in the current OntoK BCF, we believe it to be
extendable. To include an exhaustive list of the variations of
the CFTR gene should be straightforward when following our
construction principles and approaches.

Naming Conventionsin Ontology-Based K nowledge
Base Prototype on Cystic Fibrosis

To create the potential for broader usage, some of the classes
were specifically named for human beingsin OntoK BCF, such
as “Human_CFTR_gene” and “Human_CFTR_gene exon”;
this differentiates them from any additional classes that may
concern other organisms.

The Nomenclature for the Description of Segquence Variations
[30] isfollowed in OntoK BCF. In addition, the following basic
name rules are used in OntoK BCF: (1) for amino acid changes
(ie, protein level), a 3-letter abbreviation name was used; (2)
for coding DNA (cDNA)-level nucleotide changes, a 1-letter
name (such as“A,” “T,” “C,” and “G") was used. These design
decisions are present in OntoK BCF as follows: (1) a mutation
name, which strictly followsthe nomenclature recommendation
[30,31], has been kept in the “Annotation” section and (2) there
were only cDNA- and protein-level descriptions of the CFTR
mutation name, which did not include the RNA-level
description. The reason is that cDNA is used to code protein,
and RNA is more of a middle layer with regards to protein
synthesis. Amino acids can be named in 1 or 3 letters. There
are both amino acids and nucleotidesin OntoK BCF, and 1-letter
abbreviation names of amino acids can be confused with
nucleotides. For example, A can be Alanine (an amino acid; the
3-letter abbreviation is Ala) or Adenine. Thus, we use 3-letter
abbreviation names for amino acids and 1-letter names for
nucleotides.

As there are 22 types of amino acids, there are many more
possibilities for amino acid changes compared with nucleotide
mutations; only the amino acid changesthat fell within the scope
of OntoKBCF were included. In contrast, because there are 8
types of nucleotides, which consist of DNA and RNA, with a
smaller number of possible mutations, the complete set of
possible nucleotide mutations in cONA for deletion, insertion,
transversion, and transition were included in OntoKBCF. The
symbols “+” or “~" indicate the nucleotide position at the
beginning of the intron (+) or the end of the intron (-); this
would be represented as “plus’ and “minus’ in OntoK BCF for
nucleotide substitutions. Amino acid substitutions are handled
similarly.

http://medinform.jmir.org/2018/4/e52/
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In OntoK BCF, the final expression of nucleotide mutations can
be distinguished from amino acid changes as follows: (1) their
labels contained “minus’ or “plus,” or “Ins’ or “Del” (such as
“AA2183 minus’ or “G621 plus 1", and “Del394" or
“Ins3905”); or (2) a 3-letter abbreviation name was used for
amino acidsto avoid confusion. For example, Gly was utilized
as the abbreviation for glycine, not G, which can be confused
with the nuclectide “G.” “Minus’ and “plus’ were used to
represent the nucleotide position. “Ins” is used for nucleotide
insertion, and “Del” is used for nucleotide deletion. In theory,
not all nucleotide mutations have to be labeled with one of these
4 values; however, no such example has been found in the
construction of OntoKBCF. This strategy avoids the potential
limitations of the special charactersthat one can usein aname.

Other Considerationsin Ontology-Based K nowledge
Base Prototype on Cystic Fibrosis

For properties in the OWL representation, only existential
restriction “someValuesFrom” was used as the property
restriction (appearing as “some” in the text); it would be
inappropriate to use allValuesFrom (appearing as “only” in the
text,) because it cannot be guaranteed that their value classes
are fully specified and mutually exclusive and exhaustive. It is
sufficient to use existential restriction in most representations
to leave space for future effortsto compl ete the description. For
example, for acystic fibrosis patient with Gly542X, the subject
had the mutation property “some Gly542X” because it is
possible that Gly542X is not the only mutation for this type of
patient.

According to Horridge et al [32], the “Domain” and “Range”
conditions in the “ Property” tab of the Protégé-OWL interface
are not used as a constraint. These properties are outside of the
scope of this project, and consequently, the “Domain” and
“Range” widgets were left blank for al properties.

Results

Ontology-Based K nowledge Base Prototype on Cystic
Fibrosis Content Summary

Table 2 summarizes the metrics of OntoKBCF. Description
logic expressivity was ALCHIF (attribute language; complex
concept negation; role hierarchy; inverse properties; functional
properties).

In OntoKBCF, the most fine-grain level of biologica
information starts at nucleobase, which is the most important
component for the elementary units (nucleotides) of RNA and
DNA. In contrast, for health information in OntoKBCF, the
most fine-grain level starts from relatively atomic concepts,
such as diarrhea, nausea, or coughing.

Currently, OntoK BCF includes answersto only questions about
“what” (eg, what is Gly542X? What is the hierarchy of cystic
fibrosis?), not about “how” (eg, disease mechanismsand disease
pathways) or “why” (eg, reasons and explanations) [8]. Thisis
a pragmatic approach to make this study manageable and
feasible. We focus on “what” questions initially. We do
recognize the importance of “how” and “why” questions in
clinical usage, especially in explanation of pathophysiological

JMIR Med Inform 2018 | val. 6 | iss. 4 |€52 | p.155
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

mechanisms and disease pathways. However, we leave these
questions for future development. Textbox 1 lists the main
categoriesof content in OntoK BCF. In the Multimedia A ppendix
1, we also include a screenshot of all the object propertiesin
OntoK BCF.

OntoKBCF has been shared via BioPortal [9]. We used a
reasoner, HermiT 1.3.8.413 within Protégé-5.1.0, to check the
consistency of OntoK BCF.

Ontology-Based K nowledge Base Prototype on Cystic
FibrosisApplication Functionsin an Electronic Health
Record

OntoKBCF has been demonstrated to be able to supply

personalized, nonduplicate molecular genetic information and
health information according to a patient's characteristics

Jing et a

successfully, dynamically, and automatically via an EHR
prototype [14,15]. The connection between OntoK BCF and the
EHR prototype can be made through a combination of automatic
and manua means. OntoK BCF includes a section for the EHR
main structure, which is utilized to map the domain knowledge
in OntoK BCF to the EHR structure and to make the connection
automatic.

OntoK BCF can providereference facts (eg, hierarchies of basic
concepts, combined concepts, and final facts) and remindersto
EHR users. When a user applies the final facts via EHR
interfaces, all the basic concepts and combined concepts utilized
for building acomplex concept can be accessed. Figure 7 shows
aconceptual architecture about how OntoK BCF can be utilized
within an EHR user interface.

Table 2. Metrics of ontology-based knowledge base prototype on cystic fibrosis content summary [9].

Name Count (n)
Axiom 1375
Logical axiom 665
Declaration axiom 445
Class 408
Individual 0
Object property 35
SubClassOf 498
EquivalentClasses 113
DigjointClasses 37
Maximum depth 9
Maximum number of children 20
Average number of children 3
Classes with asingle child 69
AnnotationAssertion 265

Textbox 1. Main categories of content in ontol ogy-based knowledge base prototype on cystic fibrosis.

Biological information (genotype-related)
«  Nucleotide mutation

.  Amino acid change

«  Genemutation location

«  Gene or protein mutation dissection

Health information (phenotype-related)

«  Demographic data (eg, age, sex, and ethnicity)
«  Symptoms

. Diagnostic tests or diagnosis

o Treatment facts

Electronic health record data representation structure

http://medinform.jmir.org/2018/4/e52/
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Figure 7. The conceptual architecture between ontology-based knowledge base prototype on cystic fibrosis (OntoK BCF) and an electronic health

record interface.

Rules

Discussion

Significance of Ontology-Based K nowledge Base
Prototype on Cystic Fibrosis

OntoK BCF meets our design objectives and has been integrated
successfully with an EHR prototype[15]. This paper illustrates
the construction principles, representation approaches, and
challenges in constructing OntoKBCF in Protégé-OWL. We
believe that the methods we reported to construct OntoK BCF
will provide a useful reference for Semantic Web content
developers, particularly in constructing knowledge bases on
human monogenetic diseases for clinical usage. The basic and
combined concepts and similar facts in both biological and
health fields represented in OntoK BCF can be found in other
diseases. OWL statements make OntoKBCF sharable and
computer processable. The possibility of automated reasoning
assures the consistency of the underlying ontology. The
organization, structure, and use of existing, controlled
vocabularies and terminologies as much as possible within
OntoKBCF improve its potential for compatibility and
reusability.

Patient Group Representation Challenge Example

In OntoKBCF, different groups of cystic fibrosis patients are
represented separately. For example, there are cystic fibrosis
patients in different age groups or with different genetic
variations. Figure 8 showsthe main categories of cystic fibrosis
patient groups included in OntoK BCF.

Currently, for each cystic fibrosis patient group, we represent
only the available facts from the selected resources and within
the scope of OntoK BCF. We defined patient groups logically,
rather than representing them comprehensively. Some cystic
fibrosis patient groups, such as an adolescent cystic fibrosis
patient group (Figure 9), arefairly straightforward, while some
are fairly complicated because of available facts. Figure 6

http://medinform.jmir.org/2018/4/e52/
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demonstrates a partial representation of the adolescent female
cystic fibrosis patient group.

For the complicated groups in OntoK BCF, the representation
is far from comprehensive or exhaustive. We fed that if we
were to set comprehensive representation as a goal, the task
would be endless, as there are many properties related to the
patient groups. The properties can include, among other things,
clinica manifestations, treatment plans, nursing care plans,
patient self-care plans and patient education. The detailed
categories, aswell asthe actual representation for each property,
would result in an exhaustive list. Our pragmatic solution to
this scalability problem is to focus on practical applications,
stay within the defined scope, and make it possible to expand
in the future.

Ambiguous Concepts and Uncertain and Negative
Statement Representation Challenge

There are some common expressions in clinical medicine, for
example, “sometimes,” “especially,” “very common,” and “very
rarely” that are challenging to represent in a computable and
formal manner as their interrelationships are vague. These
expressions are very important for human experts (such as
physicians) to absorb or to apply the information. For example,
for older children with cystic fibrosis, one important symptom
is “nasal polys, especidly if recurrent” [21]. However, we
cannot represent this type of fact in a computable form.
Likewise, Tao et al [33] recognized that representing uncertain
expressions is a challenge in creating a temporal-related
ontology.

In addition to uncertain concepts, negative descriptions cannot
be represented precisely, either. Considering the limited
reasoning support, less than ideal reasoning efficiency, and the
complexity in modeling concepts, currently, for demonstration
purposes, we included only the definite and positive resultsin
OntoK BCF. We do realize that although thisis necessary, it is
alimitation of OntoK BCF as it does not reflect the real world
comprehensively.
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Figure 8. Main cystic fibrosis patient groups in ontology-based knowledge base prototype on cystic fibrosis via Protégé-Web Ontology Language.
(Protégé Source: Standford University).
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Figure 10. A cystic fibrosis patient group with the Gly551Asp variation and aged at least 6 years represented in ontology-based knowledge base

Jing et a

prototype on cystic fibrosis via Protégé-Web Ontology Language. (Protégé Source: Standford University).

\ owl:Thing
» EHR_CCR
v KBCF
Activity

Asserted ¥

>
» Conceptual_entity
» Phenomenon_or_process
4 Physical_object

»> Anatomical_structure

¥ Human_being

¥ Patient_CF
v Patient_CF_with_age_group

v

»

Adolescent_CF
Adolescent_female_CF
Adolescent_male_CF

Adult_CF

Aged_80_and_over_CF

Child_CF

Child_preschool _CF

Elderly_CF

Infant_CF

Infant_newborn_CF

Middle_aged_CF

¥ Patient_CF_with_amino_acid_change

Patient_CF_with_Arg553X
Patient_CF_with_Asn1303Lys
Patient_CF_with_Delta_Phe508
Patient_CF_with_Gly542X
Patient_CF_with_Gly551Asp

[® Patient_CF_with_Gly551Asp_six_years_and_older |

Patient_CF_with_Trp1282X

-

Class Annotations | Class Usage

Patient_CF_with_Gly551Asp
and (occur_in_age_group only

(Adolescent_age_group or Adult_age_group or Aged_80_and_over_age_group or Child_age_group or
Elderly_age_group or Middle_aged_age_group))

treat_by some Kalydeco

has_manifestation some Pancreatic_insufficiency
has_ethinic_origin some English_population
Patient_CF_with_amino_acid_change

and (has_mutational_property some Gly551Asp)
Human_being

and (has_diagnosis some Cystic_fibrosis)

Complex Facts Representation Challenges

One of the complex facts represented in OntoK BCF is shown
in Figure 10. Thisis arepresentation of acystic fibrosis patient
group whose patients have a mutation from Gly to Asp at 552
positions and are at least 6 years old. The current properties
include diagnosis, treatment (ie, medication) information, age
groups, ethnic origin, clinical manifestation, and exact amino
acid change. Thisexample has positive and definite statements,
which arerepresented in the current OntoK BCF. However, how
to represent more complicated facts, such as detailed molecular
mechanismsor pathway information, with higher than first-order
logic and how to process those descriptions aso would be
challenging.

Broader Challengesin the Construction of
Ontology-Based K nowledge Base Prototype on Cystic
Fibrosis

The challenges of introducing information technologies and
computer science applicationsto medicine have been recognized
for along time [34]. Knowledge representation in medicine is
one of the many areas that face issues. It is difficult to say that
the challengeisin knowledge representation, per se, or that the
challenges are in the broader area of medicine, logic, or even
mathematics.

Regarding OntoKBCF, we sought to determine how many
properties are sufficient or ideal to describe a cystic fibrosis
patient group. From a pragmatic point of view, setting up the
scope of the project is necessary to make the project managesble.
Otherwise, the representation would become an endless task,
asthere are many possible propertiesrelated to agroup of cystic
fibrosis patients, as Davis et a [35] described. If we assume
that we constructed OntoK BCF and others constructed similar
knowledge bases about cystic fibrosis, then other
management-related challenges would emerge, for example,
(1) how to validate classes from different sources; (2) how to
match the same classes from different sources; (3) how to
integrate the properties for the same class that originates from
different sources; (4) how to integrate different ontol ogies about
the sametopic; and (5) how to authorize and achieve consensus

http://medinform.jmir.org/2018/4/e52/

for the combined classes or ontol ogies conveniently. Currently,
BioPortal [36] is an effective way to collect submitted
biomedical ontologies; it can be utilized to check existing
ontologies before building any new ontologies. Ontobee [37]
provides afiner search on ontology terms, which goes further
than index-based searches on ontologies, by providing an
accessible unique resource identifier (URI) for ontology terms.
These examples provide great potential in reusing and mapping
ontology terms; however, many of the abovementioned
challenges are till not solved. In addition to using URI,
including the coded concepts, such as unique identifiers in
UMLS or the clinical terminology systematized nomenclature
of medicine-clinical terms, may improve the reusability of the
knowledge base in general.

One critical challenge in building OntoKBCF is a lack of
sufficient clinical actionable knowledge that is related to
molecular genetic information. Thisis one of the main reasons
that we constructed OntoK BCF as a prototype rather than as a
product knowledge base.

Other challenges that we faced during the construction of
OntoK BCF included the following: (1) how to communicate
the construction principles and design considerations in a
consistent, explicit, and sharable manner; (2) whether we can
make the construction process automatic; and (3) how to update
the domain content automatically. Solving these challenges may
help usbuild larger-scale ontologiesand help in their integration
automatically.

Other Related Work

Our work was originaly conceived in 2004 and mostly
completed by 2009. At the time, there were no available
resourcesthat could meet all of thefollowing criteria: consistent
molecular genetic information and a clinical actionable,
machine-processable format that was shareable, reusable, and
customizable. We, thus, had to create our own resource to meet
all therequirements. Biobanks might be agood sourceto provide
such information. Nevertheless, the UK Biobank [38] started
to recruit participants only in 2006, and the USA Biobank, as
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a part of the Precision Medicine Initiative, was founded only
in 2016 [39].

We used an ontology-based knowledge base to provide
customi zable molecular genetics and health informationto EHR
settings successfully. The ontology-based knowledge base
provides potential in reusing and sharing, as well as the
consistency of information. The creation of knowledge resources
with fine granularity (not only disease names) has been
recognized repeatedly [40,41] asthe main challengein bringing
new information (eg, molecular genetics information) to an
EHR. Although there are many existing databases for both
genotypes and phenotypes of human beings, not al of them are
organized in a machine-processable format. Therefore, the
detailed construction principles and approachesfor OntoK BCF
reported in this paper can provide a reference to peers in the
field.

One recent example of knowledge base was reported by
Samwald et a [42,43] who built a resource description
framework or OWL knowledge base to provide support for
clinical pharmacogenetics. Their work shares some similarities
with OntoK BCF. For example, it provides consistent genomics
information in clinical settingsin amachine-processableformat.
Both projects use reasoners to maintain consistency. The two
projects, however, have different focused application domain
areas, Samwald et al’s work focuses on pharmacogenomics
information, and OntoK BCF uses cystic fibrosisto demonstrate
possible broader applications. In addition, Samwald et a’swork
includes a query and answer part that supersedes OntoK BCF.
Meanwhile, OntoKBCF demonstrates its usage via an EHR
prototype; such demonstration was not included in Samwald et
al’s[42,43] publications. Thereisno detail ed description of the
knowledge base construction in Samwald et a’s project. Thus,
it is difficult to compare the representation and construction
principles and approaches of the two projects in depth.

In recent years, the broad importance of Semantic Web
technol ogies has been recognized. There are many more studies
that have used ontol ogy-based knowledge basesto assist clinical
tasks within an EHR. For example, Robles-Bykbaev et a [40]
reported the use of aformal knowledge base model to assist in
the generation of decision making and recommendations for
communication disorders. They stated that their knowledge base
is used to support data analysis and inference processes,
however, the paper does not include the details of the
organization and structure of the knowledge base. The Clinical
Narrative Temporal Relation Ontology (CNTRO) [33,44] isa
temporal-related ontology in the OWL. CNTRO is used for
inference purposes in processing clinical narratives. The use
cases[45] show promising resultsin processing short and simple
adverse event narratives. The OWL query application [46] for
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CNTRO and the harmonization of CNTRO with other existing
time ontol ogies may improve CNTRO [44] further and provide
broader applications in analyzing clinical narratives. Another
example is the research of Wang et a [41] and Hu et a [47].
They utilized an ontology-based clinical pathways knowledge
base to generate personalized clinical pathways for clinicians
by incorporating patients data. The clinical pathways
knowledge baseisindependent of an EHR, and it can be shared
by other systems. All these examples used ontology-based
knowledge bases and integrated them with an EHR. There are
other ontology examplesthat are utilized in settings other than
in EHR, such as in mobile devices [48] or to facilitate social
media data mining [49] for health purposes. While these recent
studies demonstrate the general application of semantic
technologies in health care, they do not consider the important
clinical usage of relevant molecular genetic information.

Limitations of Ontology-Based K nowledge Base
Prototype on Cystic Fibrosis

OntoKBCF is a knowledge base prototype rather than a
knowledge base, which may include substantial instances for
each class. OntoKBCF, however, includes content from
nucleotides to clinical phenotypes across different granularity
levels. If we can image a pyramid that moves from gene to
protein to cell to tissue to organ up to human beings [50], we
can see that the current OntoKBCF is not thorough at any
horizontal level; however, it includes al vertical levels of
knowledge. The expansion of each level should not be too
challenging, as each horizontal level has some classes
represented in OntoK BCF.

There has been no formal evaluation of OntoK BCF. However,
we do have two limited levels of validation of the work: (1)
automated reasoning assures the consistency of underlying
ontology and (2) successful demonstration that OntoK BCF can
deliver customizable molecular information and health
information dynamically viaan EHR prototype. Asaknowledge
base model, these levels of validation provide evidence that the
origina design objectives of OntoK BCF were met successfully.

Conclusion

We have presented the robust construction principles,
approaches, design decisions, and challenges in constructing
OntoKBCF. OntoKBCF is constructed in OWL and can be
utilized as a knowledge resource to provide information on
molecular genetics and other health topics dynamically to an
EHR. The construction principles and approaches can be
referenced for other topic areas, and based on its current
structure, OntoK BCF could be expanded in a straightforward
manner to afull knowledge base.
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Abstract

Background: Inthe United States, health care is fragmented in numerous distinct health care systemsincluding private, public,
and federal organizations like private physician groups and academic medical centers. Many patients have their complete medical
data scattered across these several health care systems, with no particular system having complete data on any of them. Several
major data analysis tasks such as predictive modeling using historical data are considered impractical on incomplete data.
Objective: Our objective wasto find away to enable these analysistasks for ahealth care system with incomplete data on many
of its patients.

Methods. Thisstudy presents, to the best of our knowledge, the first method to use a geographic constraint to identify areasonably
large subset of patients who tend to receive most of their care from a given health care system. A data analysis task needing
relatively complete data can be conducted on this subset of patients. We demonstrated our method using data from the University
of Washington Medicine (UWM) and PreManage data covering the use of all hospitals in Washington State. We compared 10
candidate constraints to optimize the solution.

Results: For UWM, the best constraint isthat the patient hasa UWM primary care physician and lives within 5 miles of at least
one UWM hospital. About 16.01% (55,707/348,054) of UWM patients satisfied this constraint. Around 69.38% (10,501/15,135)
of their inpatient stays and emergency department visits occurred within UWM in the following 6 months, more than double the
corresponding percentage for all UWM patients.

Conclusions: Our method can identify areasonably large subset of patients who tend to receive most of their care from UWM.
This enables several major analysis tasks on incompl ete medical data that were previously deemed infeasible.

(JMIR Med Inform 2018;6(4):€12241) doi:10.2196/12241
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Introduction

In the United States, health care is fragmented in numerous
distinct health care systemsincluding private, public, and federal
organizations like private physician groups and academic
medical centers. Fregquently, a given health care system has
incomplete medical data on many of its patients, as these
patients complete data are recorded across multiple health care
systems [1,2]. Finnell et a [2] showed that during a 3-year
period in Indiana, 40.7% of emergency department visits came
from patientswho also had emergency department visits at other
health care systems. Bourgeois et a [1] showed that during a
5-year period in Massachusetts, 56.5% of adult hospital
encounters (inpatient stays and emergency department visits)
came from patients who also had encounters at other hospitals.
Incomplete dataare particularly problematic in academic health
care systems such as the University of Washington Medicine
(UWM), where many patients are referred from other health
care systems. As shown in the Results section, less than
one-third of the hospital encountersfor all UWM patients occur
within UWM. Currently, several major data analysistasks such
as predictive modeling using historical data are deemed
impractical on incomplete data. This limits the applications
based on these analysistasks. For example, predictive modeling
iswidely used for identifying future high-cost patients [3] for
care management [4] to prevent high costs and health status
degradation [5-7]. Typical modelsfor projecting apatient’s cost
assume complete historical data [8-10] and are not used by a
health care system with incomplete data on its patients. As a
result, many future high-cost patients are not identified and
enrolled in care management, contributing to undesirable
outcomes.

This study presents, to the best of our knowledge, the first
method to use a geographic constraint to identify a reasonably
large subset of patients who tend to receive most of their care
from a specific health care system. Thisisto enable these data
analysistasks on incomplete medical data. Although the health
care system has incompl ete data on many of its patients, it has
more complete data on this subset of patients. For adataanalysis
task requiring relatively complete medical data, we can conduct
the task for this subset of patients, with the understanding that
the analysis results apply to only this subset of patients rather
than all patients of the health care system. This could be an
improvement compared with the current practice of not
conducting thetask at all, in cases when conducting the task on
all patientsisimpractical. Our previouswork [11] sketched the
method’'s main goal but did not complete the method, do a
computer coding implementation, or evaluate the method's
performance. Thisstudy aimsto fill these gaps and demonstrate
our method using data at UWM.

Methods

Patient Population

The patient cohort included all adult patients (aged =18 years)
who had encounters at UWM facilities (hospitals and clinics)
with information stored in UWM'’s enterprise data warehouse
during the 1-year period of April 1, 2016, to March 31, 2017.

http://medinform.jmir.org/2018/4/€12241/
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In this paper, an encounter can be of any type, unless it is
explicitly specified asahospital encounter or an outpatient visit.
UWM isthelargest academic health care system in Washington
State and has both hospitals and clinics for adults.

Dataset

We used administrative data in UWM'’s enterprise data
warehouse during the 2-year period of April 1, 2015, to March
31, 2017. The dataset included encounter and primary care
physician (PCP) information of our patient cohort. We also used
PreManage datathat UWM has on al of its patients during the
6-month period of April 1, 2017, to September 30, 2017.
PreManage is Collective Medical Technologies Inc's
commercia product offering encounter and diagnosis data on
hospital encounters (inpatient stays and emergency department
visits) at many US hospitals [12]. PreManage data cover all
hospitals in Washington State. Starting April 1, 2017, UWM
has been receiving relatively complete PreManage data on its
patients. In this paper, we chose April 1, 2017, astheindex date
separating the prior and subsequent periodsfor the analysistask.

Our Constraint-Based Patient | dentification M ethod

Our goal is to use a constraint to identify a reasonably large
subset of patients who tend to receive most of their care from
UWM. We considered 3 UWM hospitals whose administrative
and clinical data are stored in the UWM'’s enterprise data
warehouse: Harborview Medica Center, University of
Washington Medical Center, and Northwest Hospital. All the
3 hospitals are in Seattle, Washington. We considered the
following candidate constraints that all include the component
of living within r miles of at least one of the 3 UWM hospitals,
with r being a parameter whose optimal value was to be
determined in the study:

1. Distance only: The patient lives within r miles of at least
one of the 3 UWM hospitals. Intuitively, with everything
else being equal, the closer a patient lives to UWM
hospitals, the larger portion of the patient’s care tends to
be received from UWM. In addition, the smaller ther, the
smaler the number of UWM patients satisfying the
constraint.

2. PCP: The patient hasa UWM PCP and liveswithin r miles
of at least one of the 3 UWM hospitals. UWM PCPs tend
to make referrals within UWM. Hence, intuitively,
compared with others, patients with a UWM PCP may
receive alarger portion of their care from UWM.

3. 22 encounters in the past year: The patient had =2
encountersat UWM facilitiesin the past year (April 1, 2016,
to March 31, 2017) and lives within r miles of at |east one
of the 3 UWM hospitas. Intuitively, patients with more
previous encounters at UWM facilitiesmay receive alarger
portion of their care from UWM in the future.

4. =2 encounters in the past 2 years: The patient had =2
encounters at UWM facilities in the past 2 years (April 1,
2015, to March 31, 2017) and liveswithin r milesof at |east
one of the 3 UWM hospitals.

5. 21 hospital encounter in the past year: The patient had =1
hospital encounter in 1 of the 3 UWM hospitalsin the past
year and liveswithin r miles of at least one of the 3 UWM
hospitals.
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6. =2 hospital encountersin the past year: The patient had =2
hospital encounters acrossthe 3 UWM hospitalsin the past
year and lives within r miles of at least 1 of the 3 UWM
hospitals.

7. 22 hospital encountersin the past 2 years: The patient had
>2 hospital encounters across the 3 UWM hospitalsin the
past 2 years and lives within r miles of at least one of the
3 UWM hospitals.

8. =1 outpatient visit in the past year: The patient had >1
outpatient visit to UWM in the past year and lives within
r miles of at least one of the 3 UWM hospitals.

9. =2 outpatient visits in the past year: The patient had =2
outpatient visits to UWM in the past year and lives within
r miles of at least one of the 3 UWM hospitals.

10. >2 outpatient visitsin the past 2 years: The patient had >2
outpatient visitsto UWM in the past 2 yearsand liveswithin
r miles of at least one of the 3 UWM hospitals.

In each candidate constraint, distanceisno longer afactor when
r=+oo,

Data Analysis

Using the distVincentyEllipsoid function in R’'s geosphere
package version 1.5-5 [13], we computed the ellipsoid great
circle distance between a patient’s home and a UWM hospital
based on the longitude and latitude coordinates of the patient’s
5-digit home address zip code and the hospital’s address. This
distance serves as arough proxy of the travel distance between
the patient’s home and hospital, is easy to compute, and is
sufficient for our patient identification purpose, as shown inthe
Results section. For other researchers wanting to adopt our
constraint-based patient identification method for their studies,
using zip codes instead of exact patient home addresses can
facilitate data acquisition because alimited dataset is easier to
obtain than an identified one.

We compared performance across the 10 candidate constraints
for identifying patientslikely to receive most of their care from
UWM. We used administrative datain UWM'’s enterprise data
warehouse to check whether a patient satisfied a specific
congtraint. For each candidate constraint, we computed the
percentage of UWM patients satisfying it. For all patients
satisfying the constraint, we used PreM anage data to compute
the percentage of their hospital encounters that occurred within
UWM in the following 6 months (April 1, 2017, to September
30, 2017). As hospital encounters are usually much more
expensive than other encounters, this percentage reflects the
portion of these patients care received from UWM. In
computing this percentage, every patient satisfying the constraint
wasincluded, regardless of whether the patient had =1 hospital
encounter in the following 6 months. When selecting the final
constraint to be used, we struck abal ance between the following
2 criteria

Criterion 1. The percentage of UWM patients
satisfying the constraint should be aslarge aspossible.

http://medinform.jmir.org/2018/4/€12241/
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Asmultiple data analysis tasks will be conducted on
these patients, this will maximize the usefulness of
the applications based on these tasks.

Criterion 2: For the patients satisfying the constraint,
the percentage of their hospital encounters that
occurred within UWM should be aslarge aspossible.
This is to maximize the degree of completeness of
themedical datathat UWM has on these patients. For
the dataanalysistasksthat will be conducted on these
patients, thisdegreeimpactsthe biasesin the analysis
results.

Asmentioned in the Discussion section, the selected constraint
hasaspecia property, increasing our confidence that the patients
identified by the constraint also tend to incur most of their
outpatient visits within UWM.

To show how the constraint-based method works for individual
UWM hospitals, for all patients satisfying the selected constraint
and each of the 3 UWM hospitals, we used PreManage datato
compute the percentage of these patients' hospital encounters
that occurred at the UWM hospital in the following 6 months.

Ethics Approval

Theinstitutional review board of UWM reviewed and approved
this study and waived the need for informed consent for all
patients.

Results

Table 1 shows the demographic characteristics of our patient
cohort.

Figures 1 and 2 show the percentage of UWM patients satisfying
each of the 10 candidate constraints. The percentage increases
with r, initially quickly when r is small and then more slowly
as r becomes larger. Recall that r is the maximum allowed
distance in miles between the patient’s home and the closest
UWM hospital. ASUWM mainly servesthe Seattle metropolitan
area, 88.92% (309,483/348,054) of UWM patients live within
60 miles of at |east one of the 3 UWM hospitals. About 44.76%
(138,530/309,483) of these patients live within 5 miles.

For each of the 10 candidate constraints and all the patients
satisfying it, Figures 3 and 4 show the percentage of their
hospital encountersthat occurred within UWM in thefollowing
6 months. With afew exceptionswhenr issmall, asr increases,
the percentage decreases, initially quickly when r is small and
then more slowly as r becomes larger. This is consistent with
our intuition that with everything else being equal, patients
living further from UWM hospitals are less likely to use them.
Regardless of how small r is, this percentage never approaches
100%, partly because UWM patients could also use several
non-UWM hospitals that are within 1 mile of certain UWM
hospitals. Aswe want this percentage to be aslarge as possible,
we should chooser to be<5 or <10, depending on the constraint.
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Table 1. Demographic characteristics of adult patientswho had encounters at the University of Washington Medicine (UWM) facilitieswith information
stored in UWM’s enterprise data warehouse during April 1, 2016, to March 31, 2017 (N=348,054).

Demographic characteristics n (%)
Agein years
1810 <30 64,311 (18.48)
30to <65 209,033 (60.06)
265 74,710 (21.47)
Gender
Male 154,511 (44.39)
Female 193,506 (55.60)
Unknown or not reported 37(0.01)
Race
American Indian or Alaska native 5107 (1.47)
Asian 33,595 (9.65)
Black or African American 25,224 (7.25)
Multiple races 2772 (0.80)
Native Hawaiian or other Pacific islander 2500 (0.72)
White 232,354 (66.76)
Unknown or not reported 46,502 (13.36)
Ethnicity
Hispanic 21,436 (6.16)
Non-Hispanic 270,043 (77.59)
Unknown or not reported 56,575 (16.25)
Insurance
Private 167,640 (48.16)
Public 154,008 (44.25)
Self-paid or charity 26,406 (7.59)

http://medinform.jmir.org/2018/4/€12241/

RenderX

JMIR Med Inform 2018 | vol. 6 | iss. 4 |€12241 | p.167
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Luoeta

Figure 1. The percentage of University of Washington Medicine (UWM) patients satisfying each of the 10 candidate constraints. PCP: primary care
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Figure 2. The percentage of University of Washington Medicine (UWM) patients satisfying each of the 10 candidate constraints, when r is <10. PCP:

primary care physician.
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Figure 3. The percentage of hospital encounters that occurred within the University of Washington Medicine (UWM) in the following 6 months for
each of the 10 candidate constraints and all patients satisfying it. PCP: primary care physician.
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Figure 4. The percentage of hospital encounters that occurred within the University of Washington Medicine (UWM) in the following 6 months for
each of the 10 candidate constraints and all patients satisfying it, when r is <10. PCP: primary care physician.
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In selecting the final constraint to be used, we struck a balance
between Criterial and 2 listed at the end of the M ethods section.
The PCP constraint significantly outperforms 6 other constraints
on Criterion 1. When r is <6, the PCP constraint outperforms
all the other constraints under Criterion 2. Also, when r=+o
and distance is no longer a factor, no constraint outperforms
the PCP constraint with r <6 under Criterion 2. Figure 5 shows
the percentage of UWM patients satisfying the PCP constraint
as well as the percentage of these patients' hospital encounters
that occurred within UWM in the following 6 months. When
the PCP constraint was used with r=5, 16.01% (55,707/348,054)
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of UWM patients satisfied the constraint. For these patients,
69.38% (10,501/15,135) of their hospital encounters occurred
within UWM in the following 6 months. In comparison, for al
UWM patients, 31.80% (39,171/123,162) of their hospita
encounters occurred within UWM in the following 6 months.

For each of the 3 UWM hospitals and all patients satisfying the
PCP constraint, Figure 6 shows the percentage of their hospital
encountersthat occurred at the UWM hospital in the following
6 months. The percentage varies across the 3 UWM hospitals.
Asr increases, the percentage decreases at similar rates across
the 3 UWM hospitals.
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Figure 5. The percentage of University of Washington Medicine (UWM) patients satisfying the PCP constraint and the percentage of these patients’
hospital encounters that occurred within UWM in the following 6 months. PCP: primary care physician.
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Figure6. For each of the 3 University of Washington Medicine (UWM) hospitals and all patients satisfying the PCP constraint, the percentage of their
hospital encountersthat occurred at the UWM hospital in the following 6 months. PCP: primary care physician.
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Discussion in care management can help prevent high costs and improve

Principal Findings

By striking a balance between Criteria 1 and 2, we chose the
PCP constraint with r=>5 as the final one to be used. Using our
constraint-based method to identify the right subset of patients,
we more than doubled the percentage of patient hospital
encounters that occurred within UWM in the following 6
months:  from 31.80% (39,171/123,162) to 69.38%
(10,501/15,135). Moreover, as each identified patient has a
UWM PCP, we are confident that the identified patientsincurred
most of their outpatient visits within UWM in the following 6
months, even if we do not have data to verify this.

Potential Use of Our Results

Our results show that for patients living within 5 miles of at
least one of the 3 UWM hospitals, UWM provides most of their
care and has reasonably complete medical data on them. For a
data analysis task requiring relatively complete data, such as
predictive modeling using historical data, we can conduct the
task on this subset of patients and obtain useful results, even if
conducting the task on all UWM patients is impractical. For
example, we can build a predictive model to identify future
high-cost patients among this subset [3]. Enrolling such patients
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outcomes [5-7].

Our results show that patients living further from the 3 UWM
hospitals tend to receive a smaller portion of their care from
UWM. This suggests UWM to consider using different
preventiveinterventionsfor patientsliving at differing distances
fromthe UWM hospitals, for example, for care management to
achieve better results. For patientswho will receive only asmall
portion of their care from UWM, it isdifficult for UWM to use
expensive preventive interventions in a cost-effective manner.

This study used PreManage data covering adult patientsin all
age groups. It cannot be done using Medicare claims data that
mainly cover patients aged =65 years and patients with certain
disabilities and diseases. Similar to many other health care
systems, UWM does not have complete claims data covering
all its patients’ health care use both within and outside of UWM.
We could use claims datato do asimilar study for another health
care system if it has complete claims data covering al its
patients' health care use both within and outside of that system.

This study used PreManage datato validate the PCP constraint’s
effectiveness for UWM. However, the PCP constraint does not
depend on PreManage data's availability and can be used by
another health care system even if it cannot access PreManage
data. In this case, one way to estimate the PCP constraint’s
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effectivenessisto survey some of its patients about their health
care use both within and outside of the system.

This paper focuses on identifying patientslikely to receive most
of their care from a specific health care system. If multiple
health care systems exchange data, we could use a similar
method to identify patients likely to receive most of their care
from these health care systems combined. This could enable
several data analysistasks across these health care systems.

Limitations

This study has several limitations that can serve as interesting
areas for future work:

« Sofar, UWM has accumulated PreManage data only over
alimited period. After UWM accumulates more PreManage
data, we should redo our analysis, check the percentage of
patient hospital encounters that occur within UWM in the
next 2 to 3 years, and see whether any of our conclusions
will change.

« This study demonstrates our constraint-based patient
identification method at asingle health care system, UWM,
which provides both inpatient and outpatient care mainly
for an urban area. To understand how our method
generalizes, we should repeat our analysis on several other
health care systems, some mainly serving urban areas and
othersoffering many servicesin rura areas, and see whether
the optimal constraint will change. For ahealth care system
offering many servicesin rural areas, we would expect the
optimal value of r to be >5, as patients are more scattered
inrural areasthan in urban areas.

Luoet al

«  For ahealth care system with incomplete medical data on
many of its patients, we can use our method to identify a
subset of patients on whom the health care system hasmore
complete data and estimate the data’ s incompleteness level
on this subset of patients. For a data anaysis task, using
incomplete datato do the analysis on this subset of patients
would produce biased results, which could still be better
than no result if the degree of bias is acceptable. Yet, the
exact relationship between data incompleteness level and
degree of bias in the analysis results is unknown. In
particular, we have no idea of the threshold for the data’'s
incompletenesslevel, beyond which theanalysis conclusion
could become invalid. To addressthisissue, we can take a
reasonably compl ete dataset from another health care system
such as Kaiser Permanente, remove different portions of
the dataset, and check the resulting impact on the analysis
results. This will help us understand whether our method
is good enough for enabling the data analysis task in the
current health care system.

Conclusions

To the best of our knowledge, for a health care system with
incomplete medical data on many of its patients, we provided
the first method to use a geographic constraint to identify a
reasonably large subset of patients who tend to receive most of
their care from the system. Our results show that our method
performsreasonably well at UWM. Our method opensthe door
for conducting several major analysis tasks on incomplete
medical data, which were previously deemed impractical to
undertake.
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Abstract

Background: Since the introduction of digital health technologiesin National Health Service (NHS), health professionals are
starting to use email, text, and other digital methods to consult with their patients in atimely manner. There islack of evidence
regarding the economic impact of digital consulting in the United Kingdom (UK) NHS.

Objective: This study aimed to estimate the direct costs associated with digital consulting as an adjunct to routine care at 18
clinics serving young people aged 16-24 years with long-term conditions.

Methods: This study uses both quantitative and qualitative approaches. Semistructured interviews were conducted with 173
clinical team members on the impacts of digital consulting. A structured questionnaire was developed and used for 115 health
professionals across 12 health conditions at 18 sites in the United Kingdom to collect data on time and other resources used for
digital consulting. A follow-up semistructured interview was conducted with a single senior clinician at each site to clarify the
mechani sms through which digital consulting use might lead to outcomes rel evant to economic evaluation. We used the two-part
model to see the association between the time spent on digital consulting and the job role of staff, type of clinic, and the average
length of the working hours using digital consulting.

Results: When estimated using the two-part model, consultants spent less time on digital consulting compared with nurses
(95.48 minutes; P<.001), physiotherapists (55.3 minutes, P<.001), and psychologists (31.67 minutes; P<.001). Part-time staff
spent less time using digital consulting than full-time staff despite insignificant result (P=.15). Time spent on digital consulting
differed across sites, and no clear pattern in using digital consulting was found. Health professionals qualitatively identified the
following 4 potential economic impacts for the NHS: decreasing adverse events, improving patient well-being, decreasing wait
lists, and staff workload. We did not find evidence to suggest that the clinical condition was associated with digital consulting
use.

Conclusions: Nurses and physiotherapists were the greatest users of digital consulting. Teams appear to use an efficient triage
system with the most expensive members digitally consulting less than lower-paid team members. Staff report showed concerns
regarding time spent digitally consulting, which implies that direct costs increase. There remain considerable gaps in evidence
related to cost-effectiveness of digital consulting, but this study has highlighted important cost-related outcomes for assessment
in future cost-effectiveness trials of digital consulting.
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Introduction

Improving efficiency in the National Health Service (NHS),
particularly regarding managing long-term conditions, isamajor
policy goa in the United Kingdom (UK). NHS aims to secure
the greatest improvement in the health of the people living in
England under 3 themes: equity, efficiency, and responsiveness
[1]. Efficiency is sometimes misinterpreted as involving cost
savingsand reduced budgets, but it actually refersto maximizing
thevalue generated by whatever resources are availableto NHS
in terms of the quantity and quality of health care it provides
[2]. The use of digital communication for consultation, such as
email, text, and mobile, has been proposed as a way of
enhancing NHS efficiency [3]. Care home residents in West
Yorkshire, for example, were offered a service that connects
them with clinicians using a video link [4]. By consulting
digitaly, it is possible to ensure equitable access to NHS care
for people living in geographically isolated areas [5]. Under
this current trend, the use of digital consulting is expected to
increase in the United Kingdom over the next few years. A
particular area of interest for applying digital consulting isthe
management of individual s with long-term chronic conditions.
Such individuals account for 80% of consultations, and 10% of
patientswith long-term conditions account for 55% of inpatient
days[6]. The cost of inpatient days for patients with long-term
conditions are expected to be a significant cost burden for NHS.
In addition to this, managing long-term conditionsis expensive
for NHS with treatment costs accounting for approximately
69% of al health care costsin Englandin 2008 [7]. Given these
facts, the potential gains from improving the efficiency of care
for people with long-term conditions are enormous [8].

Digital communication has been assumed to be a route for
delivering quality care at lower cost. However, this is not
necessarily reflective of experience with health investment in
information technology to date. The Watcher report warns
against such assumptions, particularly over short-term horizons,
and argues that financial savings may take 10 years to be
realized [9]. This applies to patient-health professional digital
consulting because the costs of implementing it are unknown.
It is not inevitable that using email and text as examples of
digital consulting will reduce the workload of clinics. It was
argued that growth in email communication with patients has
increased the workload of clinicians because they need to
respond to more patients [10].

Intermsof theimpact of digital clinical communication on both
patients and service providers, the evidence is somehow
conflicting. One cancer trial study reported that a higher level
of usefor aWeb-based health support system is associated with
improved outcomes, such asmood and quality of life[11]. Email
consultation can improve continuity of care and thus is likely
to improve the quality of care and that of life [12]. Other
potential benefits of digital communications include
improvement in health care management and an improved
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patient-doctor relationship [13]. The smartphone is likely to
make behavioral health therapy more interactive for patients,
improving the delivery of evidence-based medicine [14]. A
systematic review found that the clinical outcomes such asthe
HbA . level for diabetic patients and forced expiratory volume
for asthmatic patients were improved when asynchronous
communication such as short message service (SMS) text
message was used [15]. Other studies[16,17] suggest that there
is no difference between digital and usual care. Bradford et al
[16] reported that there was no difference in the quality of life
scores between caregivers in control and intervention groups
who used ahometelehealth service for pediatric palliative care.
It was also reported that offering treatment using Web-based
consultations for child dermatitis was not effective compared
with traditional treatment, such asvisiting general practitioners
[17]. These examples show that there is no clear agreement in
the effectiveness of consulting based on digital communication.

Although digital consulting between clinician and patient is of
generd interest in NHS, few studies have considered cost. Much
of the research hasfocused only on the “effectiveness’ of digital
communication [18-20]. This may be because the direct costs
of services of using text, mobile, or internet communication
appear low [21,22]. Moreover, two Systematic reviews on
networked communications found that telemedicine cost is
cheaper than travel costs [23,24]. Nevertheless, the impact of
digital consulting on staff workload is unknown. It is possible
that digital consulting will reduce the time involved in each
consultation, but an alternative possibility is that it increases
the volume of communication and hence increases staff
workload without adding significant value to patient care. This
information is important as time spent on digital consulting, if
substantial, could have a significant impact on NHS.

The purpose of this study was to explore the economic impact
of digital clinica consulting that occursusing email, text, mobile
phone, and Web portals with young people having long-term
conditions as part of the LY NC study [25,26]. The LY NC study
explored how health care delivery and receipt are impacted by
theuse of digital consulting for patients and health professionals.
To study the health economic impacts, we used amixed-methods
approach to addressthe following questions: What arethemain
drivers of the time spent on digital communication? What are
the health benefits of digital communication as perceived by
patients? Are there any benefits of digital communication
beyond health?

Methods

The LYNC study focused on young people with long-term
health conditions because they are more likely to disengage
from health services and be associated with additional cost for
NHS. The Long-term conditions Young people Networked
Communication (LY NC) study attempted to look into whether
their engagement can beimproved using digital consulting. The
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researchers working in the LYNC study both qualitatively and
quantitatively interviewed clinical staff to understand how digital
consulting is used to communicate with young people. The
duration of this study was approximately 3.5 years. TheLYNC
study was an observational mixed-methods study that aimed to
identify the effects, impacts, costs, patient safety, and ethical
implications of digital consulting using email, text, social media,
and personnel health records between health care professionals
and young peopleliving with 1 of 13 different physical or mental
long-term health conditions [25].

We considered mabile phone calls differently from other phone
callsbecausethey could beinitiated by young people when they
needed, wherever they were located. The use of mobile phones
for callswasimportant to some young people becauseit is often
difficult to connect with a clinician through standard telephone
systems within the UK NHS systems. The rationale for
considering mobile phone calls as digital relatesto the portability
of mobile phones, which changes the relationship between the
young person and the communi cation such that they have control
and flexibility over the communication that took place.

Mobile phones were also valued as a communication route by
clinical teams because they often found it difficult to reach
young people on landlines, given that they were not often there
during clinicians' working hours and may not answer the
landline or respond to the messages | eft.

The study involved a total of 173 clinical team members,
including clinicians, psychologists, psychiatrists, dieticians, and
nurses, 165 young people living with long-term conditions, 13
parents, and 16 information governance specialists from 20
clinicsacrossthe UK NHS between November 2014 and March
2016. Clinics were €ligible for inclusion if they provided
specialist care for young people (age 16-24 years) with
long-term conditions and if the clinical team had an interest in
using digital consulting as part of the services provided to
patients. Ethical approval for the LYNC study (14/WM/0066)
was obtained from the National Research Ethics Service
Committee West Midlands—The Black Country.

A health economic questionnaire (Multimedia Appendix 1) was
designed with the purpose of collecting information from clinical
staff members with respect to their use of digital consulting in
the clinic. This questionnaire was developed following, and
drawing on insights from, the initial 115 semistructured
interviews conducted for the main LYNC study. The LYNC
participant was asked to complete the questionnaire during the
interview wherever possible, although in some cases, it was
completed postinterview and returned by email. This
guestionnaire elicited information about the time spent using
digital consulting to communicate with young patients, type of
communication being used (eg, email, mobile phone calls, text,
or other), staff grade, and the number of hoursthe staff member
worked per week. Clinical staff memberswere asked to recollect
their approximate time spent using digital consulting with
patients per week in timeintervals (eg, 15-30 minutes and 45-60
minutes). They were also asked about the equipment they used
to communicate via digital consulting (eg, laptop, desktop,
tablet, or mobile phone).
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Kimet al

Thetime spent digitally consulting, asreported by clinical staff,
was costed using the midpoint salary for their grade based on
the NHS Agenda for Change 2014/2015 salary scales [27]. In
the UK NHS system, “grade” isequivalent to “band” [28]. Grade
covers al NHS staff other than doctors, dentists, and senior
managers, and the 9 pay bands have multiple pay points [27].
Therefore, we used “grade” to estimate staff salary per hour.

Equipment costs were estimated using price lists provided by
the University of Warwick. These costs were annualized
assuming a 3.5% discount rate based on methods guidance from
National Ingtitute for Health and Care Excellence [29]. For
clinical sites with questionnaire completion rates over 50%,
estimates of clinic list size were requested to allow estimation
of cost per patient. A health service perspective was adopted
for the costing analysis in this study. In fact, the LYNC study
collected health economic datafrom various siteswith long-term
conditionsrather than focusing on only one disease site. Hence,
the costing analysis in this study covers a wide range of costs.
Among them, we could not get sufficient data from 4
sites—Dermatology, Mental health 3, Sickle cell, and Diabetes
2. This is because sites were counted only if their overall
completion rate was over 50%. If less than 50% of the
guestionnaires were completed at a site, we did not attempt to
calculate clinic-level costs.

A regression analysis was carried out to estimate the main
drivers for the time spent on digital consulting activity. A
two-part model [30] was employed to analyze the data collected
from the clinical staff to identify any factors associated with
the time spent on digital consulting. This model was chosen to
reflect the fact that the time spent on using digital consulting is
rightly skewed and contains many zeros [30]. The logit model
was used for thefirst part, whereasthe generalized linear model
with the Poisson family was used for the second part after
conducting the modified links test [31]. Log link was used in
this regression. All regression analyses were carried out using
Stata 14 (Statacorp, College Station, TX, US).

Mechanisms through which digital consulting may affect
outcomes relevant to economic evaluation, for patients and
services, was derived through the initial semistructured
interviews of clinical staff. One health economist (SWK) read
all interview transcriptionsfrom staff to identify statementsthat
reflected aconsequence of digital consulting use that might lead
to effects pertinent to economic evaluation. Relevant quotes
were extracted to populate a thematic analysis of the purpose
and content of digital consulting between clinical staff and
patients; specific examplesof how it wasbeing used; the results
of using digital consulting; the counterfactual showing what
would have occurred if digital consulting was not available in
this situation; and the incremental consequences in terms of
costs and benefitsto patients (whether health related). To ensure
that extraction was consistent and appropriate, a sample of the
transcripts from each site was independently reviewed by two
other health economists (MD and JM) who then provided
feedback to the primary health economic reviewer. Further
information on the clinical implications of digital consulting
useidentified in thetranscriptswas provided by clinical experts
in the LY NC study team.
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It was rarely possible to determine all relevant information for
the economic thematic analysis from the initial interviews.
Therefore, once gapsin any of the domains had been identified,
follow-up interviews were conducted by one health economist
(MD) with clinical leads at each of the sites to expand on the
information initially identified. Theseinterviewswere structured
based on a bespoke interview guide devel oped for each site by
the health economics team based on identified gaps in the
thematic analysis.

Kimet al

Results

Quantitative Findings

A total of 115 staff (66.5%; 115/173) supplied health economic
questionnaire data from 18 clinical sites. Table 1 provides a
descriptive summary of these responses, broken down by
channel, site, and role.

Email (mean=30 minutes; interquartile range [|QR]=0-45) and
mobile (mean=20 minutes; |QR=0-30) were preferred methods
for digital consulting. Staff reported that they use social media
less (mean=3 minutes; |QR=0) than other channels.

Table 1. Breakdown of digital consulting use by channel, site, and staff role (minutes per day).

Breakdown of use N Mean Interquartile range
Channel
Email 115 30 0-45
Text 115 17 0-15
Social media 115 3 0-0
Mobile 115 20 0-30
Site
Rheumatology 8 73 23-105
Mental health 2 6 8 0-15
Mental health 1 8 184 98-225
Renal 6 7 0-10
Dermatology 2 28 25-30
Diabetes 1 6 53 45-60
Sickle cell 6 133 45-180
Mental health 3 4 21 13-30
Liver 7 104 15-120
Inflammatory bowel disease 2 4 105 0-210
Cysticfibrosis 1 11 56 0-120
Diabetes 2 2 8 0-15
Cystic fibrosis 2 3 90 0-150
Sexual health 10 107 0-165
HIV 9 26 0-45
Cancer 2 11 97 21-150
Inflammatory bowel disease 1 7 64 0-120
Cancer 1 5 86 10-165
Role
Physiotherapist 4 120 83-158
Psychologist 11 34 0-30
Dietician 8 14 0-15
Nurse 31 120 30-180
Consultant 31 28 0-45
Other 30 105 5-165
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The time spent on using digital consulting was highest at the
Mental health 1 site (mean=184 minutes, IQR=98-225) and
lowest at the Renal site (mean=7 minutes; IQR=0-10). Staff in
the Mental health 2 site (mean=8; IQR=0-15) and Diabetes 2
site (mean=8; IQR=0-15) also spent less time on digital
consulting than staff in other sites.

Nurses (mean=120 minutes) and physiotherapists (mean=120
minutes, | QR=83-158) used digital consulting for approximately
2 hours; however, dieticians (mean=14 minutes; 1QR=0-15)
and psychologists (mean=34 minutes; 1QR=0-30) used less.
Psychologists reported that they use digital consulting less
(mean=34 minutes; | QR=0-30) than nurses or physiotherapists.

Thetype of digital consulting used for clinical communication
isillustrated in Figure 1. With respect to text, 34.8% (40/115)
of the staff reported that they use atext, and 15% (6/40) of them
mentioned that the time for using text as part of communicating
with patients accounted for over 60 minutes per day. On the
other hand, social media had rarely been used, that is, 9.6%
(11/115) of oaff replied that they use social media to
communicate with patients. This result suggests that the use of
digital consulting is mainly concentrated on email, SMS text
messages and mabile phone than social media. One clinic
(Rheumatology) did not use digital consulting at all, and a

Kimet al

second clinic (Renal) reported just 7 minutes of use per day.
The heaviest user consulted digitally with patientsfor morethan
2 hours per day.

A clinic-level costing analysis was carried out to estimate the
direct burden of digital consulting to the clinic, and the result
is presented in the main clinical paper of the LYNC project
[25]. The total cost was highest at one of the two Child and
Adolescent Mental Health Services (£9560) and lowest at the
Renal site (£161) except for the Rheumatology site (£0). The
interviewed staff in the Rheumatology site reported that they
never use digital consulting to communicate with patients. The
total cost of using digital consulting per staff member ranges
from £27 (Renal) to £1195 (Mental health 1) per month. The
average cost per patient was particularly high at the Cystic
fibrosis sites. The average cost per patient was £130 and £73
at the Cystic fibrosis 2 site and Cysdtic fibrosis 1 site,
respectively. The next highest cost per patient was £16 per
month (Renal clinic). The data suggest substantial variation in
digital consulting use and therefore accountsfor sites managing
patients with the same condition. For instance, 2 Mental health
sites showed a significant difference in the total cost between
sites (£9560 vs £230); likewise, the total cost was different at
the Cystic fibrosis (£5706 vs £1559) and Cancer (£3017 vs
£6357) sites.

Figure 1. Breakdown of time spent by staff in digital consulting with young people (minutes per day) by channel.
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Table 2. Factors associated with time spent on using digital consulting: Two-part model analysis (N=81).

Job rolé? Coefficients from the two-part model (SE) P value
Psychologist 31.67 (9.88) <001
Physiotherapist 55.3 (14.66) <001
Dietician 6.54 (6.39) 31
Nurse 95.48 (9.85) <001
Other 67.49 (10.20) <001
Full time 38.49 (26.44) 15
Site”
Mental health 1 43.36 (24.16) 07
Renal -1.96 (8.25) 81
Dermatology -1.02 (2.51) .68
Diabetes 1 11.18 (6.63) .09
Sickle cell 37.91 (21.13) 07
Mental health 3 28.77 (9.14) <001
Liver 100.97 (10.77) <001
Inflammatory bowel disease 2 74.89 (33.89) .03
Cystic fibrosis 1 16.15 (10.67) 13
Diabetes 2 18.84 (14.34) 19
Cystic fibrosis 2 18.89 (24.34) 44
Sexual health 65.91 (24.07) 01
HIV 10.38 (9.95) .30
Cancer 2 74.86 (9.56) <001
Inflammatory bowel disease 1 74.92 (13.19) <001
Cancer 1 80.98 (14.85) <001

®Reference case: consultant.
bReference case: Mental hedlth 2 site.

Regression analysis (Table 2) showed that consultants used
digital consulting less compared with other groups. All other
groups spent more time using digital consulting (P<.001)
compared with dieticians (P=.31) using a reference case of
“Consultant.” Nurses, physiotherapists, and psychologists used
digital consulting more than consultants by 95.48, 55.3, and
31.67 minutes, respectively. Full-time staff spent more time
using digital consulting than part-time staff, but the result was
not statistically significant (P=.15). Time spent using digital
consulting varied across sites, and no clear tendency in using
digital consulting was found. Overall, these results show that
being a consultant was asignificant (negative) predictor of time
spent on digital consulting.

Qualitative Findings

The qualitative component of the LYNC study [25] provided
evidence of mechanisms through which digital communication
could generate health benefits. The standard qudlitative
interviews, based on initial findings on health benefits of digital
consultation to young people, identified some mechanisms
through which these benefits could be interpreted as being
cost-beneficial to the health care system, clinics, and individual

http://medinform.jmir.org/2018/4/e48/

patients. We also anticipated these potential economic benefits
of digital consulting to signpost anumber of important outcomes
for health economic assessment in future cost-effectiveness
trials.

Potential Routesto Economic & Clinical Impact

Prevention of Adverse Events

Staff and young people reported several examples of how the
use of digital consulting enabled servicesto identify crisesearly
by providing a channel for communication between
appointments:

It saved my life basically. And it's made life more
bearable for me not to do anything [self-harm],
so...It's made me open up more to my therapist and
stuff, and people on the team. | need to know that
they're there and | can speak to them if | need it.
Mental health 3 (outreach team) site. [ Young person
01]

This allowed for timelier management of adverse events such
as self-harm associated with mental health, which could lead
to improved health outcomes thus potentially preventing the
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health care provider from spending more costs on patients
management.

I mproved Well-Being

Young peopl e reported psychol ogical benefitsfrom using digital
consulting beyond its direct impact on their health. The use of
digital consulting can reduce the stress of accessing clinical
staff given that a SM S text message can be |eft at any time day
or night, which was considered beneficial by some young
people. For other young people, the use of digital consulting
improved their access to social and emotional support or social
services, which they thought contributed to reduced anxiety.
The convenience of using email to contact a busy clinician is
articulated by this young person:

So there' s been emailing with the like dietician to see
if it's okay to sort of start back on that. Within the
week definitely, like it will never be more than like a
couple of daysto wait for a reply. [Diabetes 1 Young
person 13]
In addition to getting a quick reply is the importance of being
able to ask questions between standard appointments, “...then
I’m not, like, waiting six months to ask whatever questions |
have. [Arthritis Young person 13]"

In other words, asynchronicity eased communication between
health professionals and patients, which led to young people
being ableto undertake timely self-care activitieswhich resulted
in improved their well-being.

Time and Cost Savings for Users

Service users reported that digital consulting saved time and
reduced their costs, for example, by reducing their visitsto an
accident and emergency department “1 would probably still
come over to A&E as | have done many years before if | did
not have their mobile phones numbers. [Sickle cell Young
person 08]” or through reducing the number of clinical visits,
which was particularly important for those traveling long
distances:

Yeah, it would mean that | don’t have to come into
clinic all thetime. Save parking, savetraffic, all that
sort of thing. [Liver Young person 18]

These statements provide specific examples of how digital
consulting can be time- and cost-saving for young people.

Benefits of Using Digital Consulting for the Clinics

Improving Efficiency

It was identified that the use of digital consulting can improve
efficiencies from the NHS perspective. Interviewees from a
number of sites mentioned that digital consulting is commonly
used to book an appointment, and interviewees from afew sites
mentioned that the use of digital consulting can reduce missed
appointments. The ability to replace some clinic visits, as
described above, has benefits for services as well as users. A
senior clinician at a diabetes clinic estimated that digital
consulting saved approximately 8-12 visits per service user per
year across aclinic of 686 patients.
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Effect on Workload

Although many of the staff interviewed reported that using
digital consulting increased their workload, this was not
necessarily viewed negatively because they aso felt that it
improved patient care. Several sites reported that users were
more likely to contact the service via digital consulting where
they previously would have waited until the next clinic
appointment. Digital communications can help young people
who would otherwise belost to the service. Some young people
do not like synchronous communication but were willing to
communicate asynchronously using digital technology.

Clinical saff saw the vaue of offering aternative
communication pathways for some patients. It was seen as an
important two-way communication mechanism to remind young
persons that they had not been forgotten and that it is okay for
them to communicate in any way they felt comfortable with.

Soit'sjust a little, hi, you know, you're on our mind
even though you're not on the ward, kind of thing, to
keep that continuation of care going. They like that.
[Cancer 2 Support worker 05]

Thiswas primarily aconsequence of digital consulting enabling
ease of access and therefore generating user expectationsaround
staff availability and timeliness of response.

Discussion

To the best of our knowledge, this study is the first study to
employ both qualitative and quantitative approachesto evaluate
the benefits and costs of digital consulting in the UK NHS.
Using this hybrid approach, it could capture the perceived
benefits of using digital consulting for both clinicsand patients.
Thefindings of thisstudy provideinsightsinto the likely impact
of digital consulting use across various long-term conditionsin
the UK NHS for young patients.

Thisstudy found significant variation in thetime spent on digital
consulting. Nursing staff were the greatest users of digital
communication with the highest costs associated with their
working time. It was also found that staff time is likely to be
thekey driver of theimmediate cost impact of digital consulting.
Staff time spent on digital consulting varied widely among
health care workers with consultants spending less time on
digital consulting to communicate with patients compared with
other clinical staff members.

There are limitations that need to be noted in this study. First,
thetime spent on digital consulting isbased on the self-reported
guestionnaires. In other words, this is based on self-estimation
of the time spent by the clinical team members rather than the
actual measurement of time spent at each site. As aresult, the
analysis result may be associated with measurement bias for
the time spent on digital consulting. We suspect that clinical
staff could have underestimated the actual time spent on digital
consulting because they may not recall al their activities
involving digital consulting methods. To overcome this issue,
we would recommend the use of diaries or time logs for their
daily activities; however, thisisinherently challenging and was
beyond the scope of the LY NC study.
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Second, the study design did not permit a forma economic
evaluation of any specific mode of digital consulting. The
requirements of a formal economic evaluation are well
established and include the need for clearly defined, mutually
exclusive interventions with robust incremental estimates of
cost and outcome data [32]. Given the design of the LYNC
study, it was simply not possible to conduct a conventional
economic analysis of this sort. As a result, although we were
ableto qualitatively establish the key mechanismsthrough which
costs and benefitsresult from digital consulting, we were unable
to measure the net impact of digital consulting. Specifically,
we were unable to quantify the incremental impact of digital
consulting use on clinic costs, adverse event rates, long-term
disease progression, or “did not attend” rates. These limitations
result from the breadth of the study and the fact that it was
cross-sectional in nature. Nevertheless, we attempted to
supplement these limitations by employing a qualitative
approach. The qualitative approach identified staff reports
showing that digital consulting increased workload. Also, it was
found that digital consulting could lead to benefits and cost
savings through qualitative mechanisms.

The qualitative evidence shows that young people value
improved access to clinical dstaff afforded by digital
communications and that health professional s viewed themselves
to have kept better contact with young people in genera and
that it was of particular value to reach out to those who found
engagement through traditional modes of communication more
difficult. Thisismainly because digital consulting enablesyoung
people to engage in ongoing care with health service providers
between appoi ntments, which could lead to improved outcomes
for young people and prevent any potential side effects such as
self-harm [25]. Mental health patients can control their desire
to hurt themselves by contacting clinical staff intimewith digital
consulting when they feel the urge to inflict self-harm. Digital
consulting was also able to offer detailed and personalized
information so that young people could receive more responsive
care. This suggests that evaluations of digital consulting need
to carefully identify and measure its impact on both ongoing
management of chronic conditions and the incidence of side
effects.

These findings imply that specific digital consulting
interventions have the potential to be highly cost-effective.
Long-term benefits of using digital consulting may well
outweigh the cost of using digital consulting per patient if it is

Kimet al

possible to prevent complications and it is not unreasonable to
hypothesize that digital consulting may be a cost-effective
intervention for promoting patient activation [33] with
self-management and reducing complications or secondary
comorbidities.

However, two important points should be considered for digital
consulting interventions to be cost-effective. First, it should be
noted that costs and cost savings occur in different budgets,
therefore, costs to the clinic, such as staff workload, may
increase, whereas cost savings accrue elsewhere in NHS.
Evaluations and service implementations need to carefully assess
theimpact of digital consultation on staff workload and consider
how this impact can be managed and potentially minimized.
Second, there are important benefits to digital consulting that
go beyond health and into well-being, such asasense of control
over the condition [34]. Young people generally struggle in
managing their chronic conditions, facing health and lifestyle
impacts beyond their control [35]. For instance, our qualitative
analysis revealed that the ease of accessto clinical staff, which
cannot be directly captured by hedth-related quality of life
outcomes such as quality adjusted life years, can be improved
by constant contacting viadigital consulting with clinical staff.
Moreover, young peoplefind digital consulting less burdensome
than face-to-face consultation or direct phone calling to the
clinic and therefore contact clinical staff digitally.
Self-determination theory suggests that individuals require
competence, autonomy, and meaningful relationships to
underpin the development of intrinsic motivation [36].
Self-determination may be supported through digital consulting,
and this may be the mechanism through which it impacts
well-being and quality of life [37]. Consequently, evaluations
need to carefully consider whether psychological outcomesthat
cannot be captured by quality adjusted life years are an
important part of the benefits created by digital consultations
and how such outcomes might be measured and valued.

In conclusion, this study identified mechanisms through which
digital consulting can lead to improved efficiencies for both
clinicsand patients. Qualitatively, digital consulting has positive
potential economic impactsfor NHS, such aspreventing adverse
events and improving efficiency and patient well-being despite
increased staff workload. This study may be regarded as a
preliminary study to inform the design of future economic
evaluations and service implementation plansin this area.
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Abstract

Background: Health care maldistribution is along-term problem in China. Telemedicine is an efficient way to deliver medical
resources to remote areas; however, there are few studies on the effectiveness and challengesin providing health care from rural
to urban areasin China

Objective: The objective was to describe the effectiveness and challenges of telemedicine for providing health care from
Guangzhou to rural areas in Guangdong Province.

Methods: We designed surveys and conducted them immediately after the consultation and 2-4 weeks later. Data were collected
from June 2015 to May 2016 including patients' demographic features, patient satisfaction, medicine effect, patient compliance,
acceptability of prescription expenses, patients’ desire to revisit the department, the top 10 diseases, and self-reported difficulties
in telemedicine experience. The monthly average prescription expense was described using aline chart. The monthly consultation
and prescription, as well as monthly prescriptions of Western medicines and herbs, were described using a bar chart.

Results: Women comprised mgjority (45,386/67,740, 67.00%) of participants and men comprised the minority (22,354/67,740,
33.00%). Thetop 3 diseases were upper respiratory diseases (12,371/36,311, 34.07%), laryngopharyngitis (4938/36,311, 13.60%),
and menstrual disorders (4669/36,311, 12.86%). The monthly prescription for Western medicine was much more than that for
Chinese herbs. The annual average medicine expense per prescription was 62.9 ¥. The participants’ perception of expense was
acceptable (8775/12,450, 70.48%), mostly acceptable (2497/12,450, 20.01%), accepted but somewhat expensive (980/12,450,
7.9%), and unacceptabl e because of high cost (198/12,450, 1.6%). The surveys on patient satisfaction demonstrated very satisfied
(55,687/67,740, 82.21%), satisfied (5891/67,740, 8.70%), basic satisfaction (3561/67,740, 5.26%), dissatisfaction (1454/67,740,
2.15%), and no comment (1147/67,740, 1.69%). Participants reported their treatment outcome as follows. full recovery
(5008/12,450, 40.22%), recovering (4873/12,450, 39.14%), no effect (2153/12,450, 17.29%), or worsening (416/12,450, 3.3%).
Approximately 89.01% (20,240/22,740) of participantswill revisit the department, whereas 10.99% (2500/22,740) will not. Most
patients complied with the doctors’ advice completely (5430/10,290, 52.77%), whereas the rest reported partial compliance
(3684/10,290, 35.80%) or no complianceat al (1176/10,290, 11.43%). The participantsreported poor computer skills (4980/22,740,
21.90%), transportation inconvenience (4670/22,740, 20.50%), unstable internet connection (3820/22,740, 16.80%), language

http://medinform.jmir.org/2018/4/e51/ JMIR Med Inform 2018 | val. 6 | iss. 4 |51 | p.187
(page number not for citation purposes)


mailto:562783227@qq.com
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Heet d
barriers (3708/22,740, 16.30%), medication and medical hardware shortage (2459/22,740, 10.82%), tiring commute (2068/22,740,
9.08%), family care burdens (679/22,740, 3.0%), and other unclassified difficulties (356/22,740, 1.6%) as difficulties in using
telemedicine.

Conclusions: Telemedicine has awide disease spectrum, similar to ordinary medicine in China. It saves costs, has high patient
satisfaction and price acceptability, and can relieve disease and syndromes. However, certain problems need to be resolved.
Telemedicine could be a feasible approach to address the health care maldistribution in rural China. This study may provide

useful information for policy making and guidance for further telemedicine practice in China and other devel oping countries.

(JMIR Med Inform 2018;6(4):€51) doi:10.2196/medinform.9495

KEYWORDS

telemedicine; health care delivery; prescription; cost; patient satisfaction; patient compliance

Introduction

Methods

China is regarded as a traditionally agricultural society
comprised of urban and rural areas with populations of 6.6
billion and 6.7 billion, respectively [1]. The maldistribution of
health care resources between rura and urban areas has been
an obvious problem to date despite the launch of medical
reforms by the government [2-4]. It has been reported that the
nationwide hospital bed ratio in the urban population was
0.087% compared with 0.018% in the rura population. The
ratio of medical professionalsin the urban population was0.1%
compared with 0.016% in the rural population [5], indicating
that substantially more peoplelivein rural areas but have fewer
medical resources. Poor accessto medical care was so common
that peasants have had to spend a whole day registering and
another several hours waiting to see a doctor. Some were even
ignorant about their disease until they became serioudly ill.

Under these circumstances, the Chinese government proposed
the development of telemedicine service as an approach to
optimize and redistribute medical resources in remote places
[6]. The World Health Organization definition of telemedicine
is the delivery of hedlth care services, wherein distance is a
critical factor, by all health care professionalsusing information
and communication technologies for the exchange of valid
information for the diagnosis, treatment, and prevention of
diseases and injuries, research and evaluation, and for the
continuing education of health care providers, al in theinterest
of advancing the health of individuals and their communities
[7]. Previous research has confirmed the advantages of
telemedicine, such as saving traveling time and reducing medical
expenses [8,9], increasing patient satisfaction [9,10],
effectiveness comparable to hospital face-to-face consultation
[11], and improved management of chronic diseases such as
diabetes and hypertension [8,12]. However, the effectiveness
of telemedicine for the distribution of medical resourcesin rural
China remains unclear. Guangdong Province is at the frontier
of economic reform in China, and the Pearl River Deltaregion
is more affluent than other rural areas.

Inthisstudy, we present the practice of telemedicinein atertiary
hospital in Guangdong Province that provides high-quality
medical servicestorural areas. We will describe the application,
effectiveness, and difficulties of telemedicine practice for
providing health care resources from Guangzhou to rural areas
of Guangdong Province.

http://medinform.jmir.org/2018/4/e51/

Study Design and Participants

The study enrolled participants who requested telemedicine
consultation and medication at rural sanitary stations connected
to the Department of Guangdong Online Hospital, Guangdong
Second Provincial General Hospital, from June 2015 to May
2016. Each participant wasinformed of what telemedicine was
and of the nature of the research and voluntarily signed aconsent
form before consultation. The participants consulted the remote
medicine appliance system and registered with their
demographic dataincluding name, sex, age, telephone number,
identity card number, historical medical record, and allergic
history. Thetriage staff at the Department of Guangdong Online
Hospital referred them to arelevant doctor after assessing and
recording their vital signs at the rural sanitary stations. A
diagnosis was provided by the doctor, and medical care was
ddivered to the sanitary station. The doctors prescribed medicine
to the participants (medication prescription group), gave
professional advice (medical advice group), or suggested that
they have a face-to-face consultation with the doctors at a
downtown hospital (face-to-face consultation group) depending
on the participants’ diseases or syndromes. Prescribed medicines
included Western medicines (Western medicine prescription
group) and Chinese herbs (herb prescription group). For
instance, a patient with a cough consulted with the Online
Hospital at a sanitary station. The doctor diagnosed him with
chronic bronchitis through inquiry, history medical record, and
checking of hisvital signs. The doctor prescribed medicine if
he were confident of the diagnosis and considered the medicine
necessary. The doctor gave professional suggestions such as
the patient quit smoking and avoid allergens if he thought it
was unnecessary for the patient to take medicine. However, if
the doctor was unsure about the diagnosis or thought that the
professional advice or medicine prescribed would not alleviate
cough, he advised the patient to have aface-to-face consultation
with adoctor at adowntown hospital. The communication was
mainly conducted in Mandarin and Cantonese; some illiterate
patients were assisted by staff at the rural sanitary stations.
Satisfaction surveys were conducted immediately after the
consultation, and telephone surveys on patient satisfaction,
self-reported therapeutic effects, patients’ desire to revisit the
Department of Guangdong Online Hospital, patients' compliance
with doctors' advice, and self-reported difficulties with their
telemedicine experience were conducted 2 to 4 weeks after the
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consultation (Figure 1). Two staff membersfrom the department
underwent advanced training to conduct telephone surveys. A
full ethics review of the research protocol was conducted by
the Institutional Review Board at the Guangdong Second
Provincial General Hospital.

This study was launched by the Department of Guangdong
Online Hospital, Guangdong Second Provincial General Hospital
[13] thefirst telemedicineinstitution authorized by the Chinese
government. The Department of Guangdong Online Hospital
consisting of 24 clinics worked simultaneously with doctors
frominternal medicine, pediatrics, traditional Chinese medicine,

Heet a

dermatol ogy, rehabilitation, and gynecol ogy departments at the
hospital. A medical technology company supported the
Web-based consultation platform services including visua
telephone, Web-based prescription services, €l ectronic anatomic
diagrams, triage, blood pressure and blood glucose
measurement, Web-based auscultation, and geographic maps
of the patients' locations. The telemedicine network covered
approximately 300 rural sanitary stations in the rural areas of
Maoming, Jieyang, Zhaoqing, Huizhou, Shantou, Zhanjiang,
Zhongshan, Jiangmen, Meizhou, Yunfu, Heyuan, Yangjiang,
Shaoguan, Chaozhou, and Shanwel (Figure 2 and Table 1).

Figure 1. Flowchart for telemedicine consultation with Department of Guangdong Online Hopsital, Guangdong Second Provincial General Hospital.
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Figure 2. Guangdong administrative map.
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Table 1. Distance to Guangzhou and population of rural regions.
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Rura regions Distance to Guangzhou (km) Population, n
Mao ming 340.5 5,817,753
Jieyang 430.4 5,877,025
Zhao ging 97.1 3,018,085
Hui zhou 144.2 4,597,002
Shan tou 439.3 5,391,028
Zhan jiang 416.4 6,993,304
Zhong shan 834 3,120,884
Jiang men 91.3 4,448,871
Mei zhou 390 4,240,139
Yun fu 143.8 2,360,128
Heyuan 199.6 2,953,019
Yang jiang 223.6 2,421,812
Shao guan 2224 2,826,612
Chao zhou 498 2,669,844
Shan wel 274.2 2,935,717

Textbox 1. Participants’ (medication prescription group) attitudes toward telemedicine.

Name: Sex: Age:

Identity number: Telephone number:

Residence place: Public clinic:

Please check the option that fits for you.

1. What kind of medicine did you obtain from the doctors?

Western medicine ( ); Chinese herbs ()

2. What was the curative effect of the drug prescribed by the doctor?
Cured (); got better (); no use (); got worse ()

3. What is your acceptance of the medical expense?

4. Do you think telemedicine is useful ?

Very useful (); somewhat useful (); not very useful (); nouse ()
5. Will you visit the online hospital again?

Yes(); no()

6. What difficulties you have had in your telemedicine experience?

Completely acceptable (); mostly acceptable (); acceptable but somewhat expensive ( ); unacceptable due to high cost ()

Survey Instruments

The survey instruments used in this study consisted of 3
evaluation charts. The charts were formulated according to the
following 3 categories of service received by participants:
medication prescriptions (Textbox 1), medical advice (Textbox
2), and referral to adoctor at adowntown hospital (Textbox 3).

http://medinform.jmir.org/2018/4/e51/

Each participant was interviewed and evaluated voluntarily
according to the medical service received.

The questionnaires contained the basic information of the
participants. Each chart contained 5 to 6 questions focusing on
opinions and attitudes about telemedicine, including
effectiveness of treatment, willingnessto revisit, acceptance of
medical expenses, and difficulties with the telemedicine
experience.
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Textbox 2. Participants’ (medical advice group) attitudes toward telemedicine.

Name: Sex: Age:

Identity number: Telephone number:

Residence place: Public clinic:

Please check the option that fits for you.

1. Did you follow the doctor’s advice completely?
Completely (); partially (); just listened to the advice ()
2. What are your opinions on the usefulness of the doctor’s advice?
Very useful (); useful (); no use (); got worse ()

3. Do you think that telemedicine is useful ?

Very useful (); useful (); not too useful (); nouse()

4. Will you visit online hospital again?

Yes();no()

5. What difficulties have you had in your telemedicine experience?

Textbox 3. Participants’ (face-to-face consultation group) compliance with Web-based physician advice.

Name: Sex: Age:
Identity number: Telephone number:
Residence place: Public clinic:

Please tick the option that fit for you.

Yes();no ()

2. What was the doctors' diagnosis?

3. What therapy did you receive at the downtown hospital ?

Medicine (); surgery (); rehabilitation (); psychiatry (); others ()

4. What was the outcome of the telemedicine?

Cured (); got better ( ); no curative effect (); got worse ()

5. Do you think that telemedicine is useful ?

Very useful (); useful (); no use (); got worse ()

6. Would you visit the Department of Guangdong Online Hospital again?
Yes();no ()

1. Did you follow the doctor’s advice to have a face-to-face consultation in a downtown hospital ?

Statistical Analysis

Five quantitative and qualitative variables were categorized and
calculated according to data collected from the 15 rural regions
shown in Figure 1. The demographic characteristic and top 10
diseases and syndrome were collected from annual surveys,
whereas patient satisfaction, prescription amount (the number
of times patients received prescription orders), consultation
amount (the number of timesthey received consultationswithout
prescriptions), and the average prescription expense were
analyzed monthly. The questionnaire items about medication
effectiveness, acceptance of prescription expense, attitudes
toward remote medicine, and difficulties with the telemedicine
experience were also investigated. The surveyswere conducted
by telephone. Data including patients' demographic features,
patient satisfaction, medicine effect, patients' compliance with
doctors’ advices, patients’ acceptance of prescription expense,

http://medinform.jmir.org/2018/4/e51/

patients' desireto revisit the Department of Guangdong Online
Hospital, the top 10 diseases and self-reported difficulties in
telemedicine experience that were described in terms of
frequency and percentages (n, %). The monthly average
prescription expense was described using aline chart. Monthly
consultation and prescription amount, as well as monthly
prescriptions of Western medicine and herbs, were described
using a bar chart. The age distribution of the consultation
population was described using a pie chart. Statistical analysis
was performed with SPSS Version 22.0 statistic software
package.
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Results

Demographic Characteristics of Telemedicine
Consultation

From June 2015 to May 2016, approximately 67,740 participants
had consultations at the Department of Guangdong Online
Hospital, Guangdong Second Provincial General Hospital.
Approximately 22,740 of these participants were interviewed
voluntarily. The number of participants in the medical
prescription group was much greater than that in the medical
and face-to-face consultation groups. Women comprised
majority (45,386/67,740, 67.00%) of the participants and men
comprised the minority (22,354/67,740, 33.00%, Table 2).

Table 2. Demographic characteristics of telemedicine users (N=67,740).
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Participants between 20 and 30 years old were more inclined
to use telemedicine (24,269/67,740, 35.83%) compared with
the others (Table 3).

Diseases, Consultations, Prescriptions, and Medicine
Expenses

Disease Spectrum

Thetop 10 diseasesincluded respiratory ailments, gynecological
conditions, sleep disorders, and pain syndrome. The top 3
diseases and syndromes of telemedicine consultation in rural
areaswere upper respiratory ailments (12,371/36,311, 34.07%),
laryngopharyngitis (4938/36,311, 13.60%), and menstrual
disorder (4669/36,311, 12.86%), as seen in Table 4.

Demographic characteristics Medical prescription group  Medical advice group Face-to-face consultation group Total
(n=35,021) (n=21,887) (n=10,832)

Male, n (%) 10,059 (28.72) 8271 (37.79) 4024 (37.15) 22,354 (33.00)

Female, n (%) 24,962 (71.28) 13,616 (62.21) 6808 (62.85) 45,386 (67.00)

Age, mean (SD) 34.05 (15.45) 35.75 (20.40) 36.81 (14.72) 34.76 (17.06)
Table 3. Agedistribution of consultation population (N=67,740).

Age (years) n (%)

<10 2618 (3.86)

11-20 3657 (5.40)

21-30 24,269 (35.83)

31-40 14,060 (20.76)

41-50 10,808 (15.95)

51-60 7816 (11.54)

61-70 3069 (4.53)

>70 1443 (2.13)
Table 4. Top 10 diseases and syndromes in telemedicine consultationsin rural regions (N=36,311).

Ranking Disease or syndromes n (%)

1 Upper respiratory infection 12,371 (34.07)

2 Laryngopharyngitis 4938 (13.60)

3 menstrual disorder 4669 (12.86)

4 Cough 3728 (10.27)

5 sleep disorder 3132 (8.63)

6 Gastritis 1969 (5.42)

7 Dyspepsia 1812 (4.99)

8 Colpitis 1400 (3.86)

9 Dysmenorrheal 1258 (3.45)

10 Osphyalgia 1034 (2.85)
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Figure 3. Monthly consultations and prescriptions.
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The prescription amount (35,021) was lower than the total
consultation amount (67,740) from June 2015 to May 2016,
and the prescription amount was lower than the consultation
amount every month (Figure 3). The tota number of
prescriptions for Western medicines (31,360) was much more
than the number of prescriptionsfor Chinese herbs (3661) from
June 2015 to May 2016, and the number of monthly
prescriptionsfor Western medi cines was much greater than that
for Chinese herbs (Figure 4).

Monthly Average Medicine Expense Per Prescription

The monthly average medicine expense per prescription was
lowest in June 2015 (54.84 ¥) and highest in May 2016 (77.29
¥) but did not change substantially withinayear (Figure5). The
annual average medicine expense per prescription was 62.9 ¥.

Results of Telephone Surveys

Patient Satisfaction

The surveys on patient satisfaction demonstrated that most
patients were very satisfied (55,687/67,740, 82.20%), whereas
few were satisfied (5891/67,740, 8.70%), basically satisfied
(3561/67,740, 5.26%), dissatisfied (1454/67,740, 2.15%), or
had no comment (1147/67,740, 1.69%). The percentages of
those who were very satisfied, satisfied, and basic satisfied in
the face-to-face consultation group (10,527/10,832, 97.10%)
was higher than those in the medical prescription group
(33,622/35,021, 96.00%) and the medical advice group
(20,990/21,887, 95.90%), as seen in Table 5.

Medical Expense Acceptance

Most participants perceived the telemedicine expense to be
acceptable (8775/12,450, 70.50%) or mostly acceptable
(2497/12,450, 20.01%) with fewer perceiving it to be acceptable
but somewhat expensive (980/12,450, 7.9%) or unacceptably
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expensive (198/12,450, 1.6%). The percentages of those who
found their expenses completely acceptable, mostly acceptable,
or acceptable but somewhat expensive in the Western medicine
prescription group (11,103/11,271, 98.5%) were higher than in
the herbal prescription group (1149/1179, 97.46%), as seenin
Table 6.

Self-Reported Therapeutic Effects

A majority of participants reported positive trestment outcomes
(full  recovery: 5008/12,450, 40.22% and recovering:
4873/12,450, 39.14%); fewer reported no effect (2153/12,450,
17.29%) or worsening conditions (416/12,450, 3.3%). The
percentages of full recovery and recovery in the Western
medicine prescription group (8952/11,271, 79.43%) were the
same as those in the herbal prescription group (929/1179,
78.80%), as seen in Table 7.

Patient Compliance

Patients' compliance with doctors advice included complete
compliance (5430/10,290, 52.77%), partiad compliance
(3684/10,290, 35.80%) with doctor advice and no compliance
a al (1176/10,290, 11.43%). Approximately half reported
complete compliance in both the medical advice group and the
face-to-face consultation group. Nearly half complied with the
doctors' advice partially and just listened to the advice without
action in the medical advice group (3235/6907, 46.84%) and
the face-to-face consultation group (1625/3383, 48.03%), as
seenin Table 8.

Patients' Desire to Revisit the Online Hospital

Approximately 89.00% (20,240/22,740) of the participantswere
willing to revisit the Online Hospital, whereas 10.99%
(2500/22,740) would not. Most of the participantsin the medical
prescription group (11,078/12,450, 88.98%) would revisit it, as
would those in the medical advice group (6182/6907, 89.50%)
and face-to-face consultation group (2982/3383, 88.10%),
however, the rest would not revisit it, as seen in Table 9.
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Figure 4. Monthly prescriptions for Western medicine and herbs.
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Figure5. Monthly average prescription expenditures.

Table5. Patient satisfaction ratesin the 3 groups (N=67,740).
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Peatient satisfaction Medical prescription group  Medical advice group Face-to-face consultation group Total, n (%)
(n=35,021), n (%) (n=21,887), n (%) (n=10,832), n (%)

Very satisfied 28,718 (82.00) 17,838 (81.50) 9131 (84.30) 55,687 (82.21)

Satisfied 3152 (9.00) 1860 (8.50) 879 (8.11) 5891 (8.70)

Basic satisfied 1752 (5.00) 1292 (5.90) 517 (4.77) 3561 (5.26)

Unsatisfied 701 (2.0) 547 (2.5) 206 (1.90) 1454 (2.14)

No comment 698 (2.0) 350 (1.6) 99 (0.91) 1147 (1.69)
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Table 6. Annual expense acceptance (N=12,450).
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Expense acceptance Western medicine prescription group Herb prescription group (n=1179), n (%)  Total, n (%)
(n=11,271), n (%)

Completely acceptable 7956 (70.59) 819 (69.47) 8775 (70.48)

Mostly acceptable 2262 (20.07) 235 (19.93) 2497 (20.02)

Acceptable but somewhat expensive 885 (7.85) 95 (8.06) 980 (7.9)

Unacceptable due to the high cost 168 (1.49) 30 (2.54) 198 (1.6)

Table 7. Self-reported therapeutic effects (N=12,450).

Treatment outcome Western medicine prescription group (n=11,271), n (%) Herb prescription group (n=1179), n (%)  Total, n (%)
Full recovery 4528 (40.17) 480 (40.71) 5008 (40.22)
Recovery 4424 (39.25) 449 (38.08) 4873 (39.19)
No effect 1933 (17.15) 220 (18.66) 2153 (17.29)
Worsening 386 (3.42) 30(2.54) 416 (3.3

Table 8. Patient compliance with doctors’ advice (N=10,290).

Patient compliance Medical advice group (n=6907), n (%)

Face-to-face consultation group (n=3383), n (%) Total, n (%)

Completely 3672 (53.16)
Partially 2442 (35.36)
Just listen to the advice 793 (11.48)

1758 (51.97) 5430 (52.77)
1242 (36.71) 3684 (35.80)
383 (11.32) 1176 (11.43)

Table 9. Patients' desire to revisit the Department of Guangdong Online Hospital (N=22,740).

Whether to revisit Medical prescription group

(n=12,450), n (%)

Face-to-face consultation
group (n=3385), n (%)

Medical advice group
(n=6905), n (%)

Total, n (%)

Yes, | will revisit the online hospital 11,078 (88.98) 6180 (89.50) 2982 (88.) 20,240 (89.01)
No, | will not revisit the online hospital 1372 (11.02) 725 (10.50) 403 (11.90) 2500 (10.99)
Table 10. Self-reported difficulties with the telemedicine experience (N=22,740).
Difficulties in telemedicine experience n (%)
Language barrier 3708 (16.30)
Tiring commute 2068 (9.08)
Transportation inconvenience 4670 (20.50)
Medication shortages 1282 (5.64)
Unstable internet connection 3820 (16.80)
Poor computer skills 4980 (21.90)
Family care burden 679 (3.0)
Medical hardware shortage 1177 (5.18)
Others unclassified difficulties 356 (1.6)

Self-Reported Difficulties With Telemedicine Experience

Thetop 3 self-reported difficulties by the participantsincluded
poor computer skills (4980/22,740, 21.90%), transportation
inconvenience (4670/22,740, 20.50%), and an unstableinternet
connection (3820/22,740, 16.80%), whereas they aso
complained about medical hardware and medicine shortages,
language barriers, and tiring commute (Table 10).

http://medinform.jmir.org/2018/4/e51/
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Discussion

Principal Findings

Data obtained in previous studies indicated that telemedicine
could significantly improve patient satisfaction, save costs and
time compared with conventional means, and increase access
to health care resources for rural patients [9,14]. The results of
our study were almost consistent with the findings of previous
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research but presented more problem-oriented and detailed
results. In this study, we found that telemedicine has a wide
disease spectrum, similar to ordinary medicinein China. It saves
costs, has high patient satisfaction and price acceptability, and
can relieve disease and syndromes. However, challenges such
aspoor computer skills, transportation inconvenience, language
barriers, unstable internet connection, and medication and
hardware shortage at sanitary stations need to be resolved.

Demographic Characteristics of Telemedicine
Consultation

We noted some demographic characteristics concerning the
inclination to use telemedicine. Participants between 20 and 40
years old accounted for more than half of the consultation, and
women were moreinclined than men to use theinternet to obtain
medical services, which was not reported previously. These
findings indicated that people in this age spectrum have more
open attitudes toward new ways of receiving health care. They
have better computer skills and language abilities than seniors
and the young, which might be the reasons for the inclination.
The rural migrant workers account for most of the migrant
population in China. The percentages of rural female and male
migrant workers were 47% and 53%, respectively [15]. This
means that more female farmers stay at home compared with
men. Women were the main users of telemedicine becausetheir
spouses were working in the cities which is a characteristic
pattern in China.

Telemedicine Practicein Rural Areas

Disease Spectrum

Our research found that thetop 3 diseases and syndromestreated
by telemedicine were mainly upper respiratory diseases,
Laryngopharyngitis and menstrual disorder, a pattern
comparable with that reported in the health medical yearbook
of China in 2009 [16]. This finding could guide disease
prevention strategies in the rura regions of Guangdong
Province.

Consultation and Prescription

Monthly consultation and prescription showed an abnormal
distribution. The consultation services included prescriptions
and advices. Some of the participants obtained prescriptions,
whereas the others received professional advice from doctors.
The number of prescriptionswas|ower than the number of visits
every month. Both Western medicine and herbs were prescribed
with theformer prescribed much more than thelatter, expanding
therange of telemedicine treatment reported previously [17-19].
Traditional Chinese medicine (TCM) has had deep and wide
grassroots following in rural China [20] and still plays an
important role there. Statistics indicate that the number of
consultations at rural sanitary stations for TCM service was
51,707,000 in 2012 [21]. Chinese herbs were undoubtedly
popular in telemedicine practice in rural areas. The TCM
services were delivered from a tertiary hospital to sanitary
stationsviatelemedicine. This study, therefore, provided agood
exampl e of acombined treatment using both Western medicine
and herbs for dealing with health problems by telemedicinein
rural regions.

http://medinform.jmir.org/2018/4/e51/
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Prescription Expenses

We calculated that the annual average prescription price was
62.9 ¥, which was much lower than the average outpatient
prescription expenditure of 291.3 ¥ in tertiary public hospitals
and 189.5 ¥ in secondary public hospitals according to the latest
data from January 2016 to October 2016 from the website of
the National Health and Family Planning Commission of the
Peopl€e's Republic of China[22]. Therefore, the resultsindicated
that telemedicine could save costs compared with conventional
medicine and serve as a feasible solution to solve the problem
of health care costs.

Effectiveness and Challenges

Effectiveness

Telemedicine had a high patient satisfaction rate. A survey of
patient satisfaction was conducted immediately after the
consultations. Approximately vast majority (55,687/67,740,
82.21%) of the participants were very satisfied with their
telemedicine experience, whereas minority (1454/67,740,
2.14%) was not satisfied. The results of this research were
comparable with those of a previous study that found a good
patient satisfaction rate with telemedicinein rural regions[10].
A survey on patient satisfaction with conventional medicine
among peasants by the statistics center of the National Health
and Family Planning Commission demonstrated that a high
proportion of peasants were satisfied (80%), whereas a small
fraction was unsatisfied (1.5%), which was lower than the
patient satisfaction ratein telemedicine practice[23]. Thisstudy
indicated that the tel emedi cine prescription expense was highly
acceptable by rural patients with a rate of acceptance
(11,272/12,450, 90.50%) that was higher than that for
conventional medicine in rural areas (40%) [23]. The
consultation was free, and patients only had to pay for
medi cation, which was different from face-to-face consultations
in hospitals in China. Our survey results implied that a large
proportion of participants believed that telemedicine could save
costs. Because the annual average prescription expense was
much lower than the outpatient prescription expense assessed
by the Nationa Bureau of Statistics of China [22], we
determined that telemedicine could save costs, which was
consistent with Thaker’sfindings[24], but diverged from those
of Upatising [25]. Our study indicated that telemedicine could
help alleviate or even cure diseases or syndromes, thus
improving treatment outcomes, which were consistent with the
findings of Tso [26] and Muller [27]. We also found that
approximately 89% of the participants would like to revisit the
Department of Guangdong Online Hospital. The number of
participants who reported complete adherence to physician’'s
advice was almost equal to that of those reporting partial
compliance and no compliance, which was consistent with
Bateman’s research [28]. The findings of our study indicated
that telemedicine was popular but did not have a good
compliance. Therefore, more research and efforts are needed
to improve patient compliance.

Challenges

We adso assessed the difficulties associated with the
telemedicine experience. Opinions from 22,740 participantson
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the problems they encountered and included poor patient
computer skills, transportation problems, an unstable internet
connection, and language communication barriers. The
percentage of the peasantswho wereilliterate and had less than
amiddle school education was 91.7% [15]; therefore, acquisition
of computer skills and Mandarin or Cantonese would
undoubtedly be hardship for them, especially for the seniors.
The older participants tended to consider poor computer skills
and poor oral expression and understanding of Mandarin, which
were quite different from their local dialects, as the biggest
barriers in their telemedicine experiences; as a result, in most
cases, they needed assistance from the sanitary station. The
participants also complained of the inconvenience of traveling
several miles without public transportation to the downtown
hospitals. Some complained of an unstable internet connection
with intermittent visual and auditory signals hindering smooth
communication with doctors. Some complained of exhaustive
journeys from their home to sanitary station without public
transportation. The participants, especially women, mentioned
that no one could take care of their children, parents, farmland,
and livestock if they traveled downtown for telemedicine
services. Some complained that the sanitary stations lacked the
medicines prescribed by the doctors, requiring them to seek
substitute medications or return home empty handed. Some also
complained that the pharmacies lacked the usual medical
devices, such as a hematomanometer and glucose meter. This
research was the first study to our knowledge to investigate the
difficulties with telemedicine experience for people in rural
regionsin Ching; it could thus provide useful guidancefor future
telemedicine practicein rural aress.

Background on Telemedicine Practicein Rural China

The maldistribution of medicine and hygiene resources between
rural and urban regions has been evident despite several stages
of medical reforms initiated in 1985. The rural population
accounted for a large portion of the population but had fewer
medical resources of both medical institutions and staffs than
people in cities. The statistics reveal that the total number of
people diagnosed and treated in medical and hygieneingtitutions
in China was 64.2 billion, an increase of 2%, and the number
of people in hospitals was 26.3 hillion, an increase of 5%, but
in grass-root medical institutes, the number was 35.6 hillion, a
decrease of 1% compared with the same period in 2016 [29].
This implies that a large number of rural people would seek
health care from urban hospitals but not in their places of
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residential areas. Asaresult, the Chinese government launched
official documentsrequiring and advocating telemedicineasan
important approach for solving medical resource inequality
between urban and rural regionsand facilitate the ability of rural
people to obtain medical services in their areas through local
medicine and hygiene administration departments to resolve
difficulties in access to better and sufficient medical services
for rural residents [6]. The Department of Guangdong Online
Hospital, Guangdong Second Provincial General Hospital, the
first remote medical ingtitution authorized by the National
Health and Family Planning Commission, has endeavored to
deliver health careto rural regionsthrough telemedicine practice
on which our research was based, indicating that adding
telemedicine to rural sanitary stations was a feasible way to
solve difficulties in access to high-quality medical servicesin
tertiary hospitals for rural residents.

Limitations

The results of this study could guide further promotion and
advocacy of telemedicinefor delivering better medical services
fromlarger citiesto remoteand rural regionsin Chinaand other
developing countries. However, some limitations are worth
noting. Some of the participants could not be contacted for
follow-up telephone interviews because of wrong telephone
numbers or their refusal to answer questions.

Conclusions and Future Directions

Telemedicine has a wide disease spectrum similar to that
addressed by ordinary medicine in China. It could save costs,
provide high patient satisfaction, popularity and price
acceptance, and help cure or relieve diseases and syndromes.
However, problems remain that must be resolved, including
poor computer skills, transportation inconvenience, language
communication barriers, unstable internet connection, and
medicine and hardware shortage at sanitary stations.
Telemedicine could serve as a feasible approach to addressing
the maldistribution of health care resourcesin rural China. The
results could guide further promotion and advocacy of
telemedicine practice in rura regions of China and other
devel oping countries. Future research should focus on providing
a smooth and stable telemedicine network, resolving
transportation inconvenience, improving patient compliance
and helping the elderly obtain telemedicine services in rural
regions.
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Abstract

Background: Use of computed tomography pulmonary angiography (CTPA) in the assessment of pulmonary embolism (PE)
has markedly increased over the past two decades. While this technology has improved the accuracy of radiological testing for
PE, CTPA aso carries the risk of substantial iatrogenic harm. Each CTPA carries a 14% risk of contrast-induced nephropathy
and a lifetime malignancy risk that can be as high as 2.76%. The appropriate use of CTPA can be estimated by monitoring the
CTPA vyield, the percentage of tests positive for PE. This is the first study to propose and validate a computerized method for
measuring the CTPA yield in the emergency department (ED).

Objective: The objective of our study was to assess the validity of anovel computerized method of calculating the CTPA yield
inthe ED.

Methods: Theélectronic health record databases at two tertiary care academic hospitalswere queried for CTPA orderscompleted
in the ED over 1-month periods. These visits were linked with an inpatient admission with a discharge diagnosis of PE based on
the International Classification of Diseases codes. The computerized the CTPA yield was calculated as the number of CTPA
orders with an associated inpatient discharge diagnosis of PE divided by the total number of orders for completed CTPA. This
computerized method was then validated by 2 independent reviewers performing amanual chart review, which included reading
the free-text radiology reports for each CTPA.

Results: A total of 349 CTPA orders were completed during the 1-month periods at the two institutions. Of them, acute PE was
diagnosed on CTPA in 28 studies, with a CTPA yield of 7.7%. The computerized method correctly identified 27 of 28 scans
positive for PE. The one discordant scan was tied to a patient who was discharged directly from the ED and, as a result, never
received an inpatient discharge diagnosis.

Conclusions: Thisisthe first successful validation study of a computerized method for calculating the CTPA yield in the ED.
This method for data extraction allows for an accurate determination of the CTPA yield and is more efficient than manual chart
review. With this ability, health care systems can monitor the appropriate use of CTPA and the effect of interventions to reduce
overuse and decrease preventabl e iatrogenic harm.

(JMIR Med Inform 2018;6(4):e44) doi:10.2196/medinform.9957
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Introduction

The ability of computed tomography (CT) to diagnose
pulmonary embolism (PE) was demonstrated in 1980 [1]. The
introduction of multidetector row CT pulmonary angiography
(CTPA) revolutionized the diagnostic approach to PE in 1998
[2]. The availability and use of this new technology rapidly
increased in the following years, and by 2001, CT overtook the
ventilation/perfusion lung (V/Q) scan as the most common
method for diagnosing PE [3].

In 2006, results from the landmark prospective investigation of
pulmonary embolism diagnosis (PIOPED) Il trial established
CTPA as the first-choice diagnostic imaging modality, with a
sensitivity of >90% for patients with high clinical suspicion of
PE and a specificity of 96% [4,5]. Over the next 5 years, there
was a4-fold increase in CTPA use and a 33% decreasein V/Q
scanning [6]. However, CTPA isassociated with anearly 7-fold
higher radiation burden than V/Q scanning [6], with attributable
lifetime malignancy risk of up to 2.76% in young female patients
[7]. Moreover, in arecent prospective study, it was found that
up to 14% of patients who underwent CTPA developed
contrast-induced nephropathy [8].

Increased rates of CTPA use and improved understanding of
the associated adverse effects have prompted researchers to
measure the CTPA yield [9-11]. The CTPA yield is ameasure
of the appropriateness of use, defined as the percentage of tests
completed to evaluate for PE that are positive for PE. The
majority of these studies have used manual chart abstraction to
caculate the CTPA yield [9-11]. Furthermore, a form of
artificial intelligence, natural language processing, has been
shown to reliably calculate the CTPA yield in a few recent
studies [12-14].

These methods have demonstrated reliability but are time
consuming or require technology not available at most health
care ingtitutions. To date, a simple, standardized method of
electronically calculating the CTPA yield has not been
described. The objective of thisstudy isto propose and validate
a computerized method for calculating the CTPA yield in the
emergency department (ED).

Methods

Procedure

We performed a multicenter observational study to validate a
computerized method of calculating CTPA yield. The study
was conducted at two tertiary care hospitals, the North Shore
University Hospital and the Long Island Jewish Medical Center
in New York, in April and November, 2016, respectively. The
two hospitals are supported by the Sunrise Clinical Manager
electronic health record (EHR), a subsidiary of Allscripts
Healthcare Solutions (Chicago, Illinois, United States). This

http://medinform.jmir.org/2018/4/e44/
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study was approved by the Northwell Health's Institutional
Review Board.

The EHR databases at the two institutions are the replicated
copiesof the Sunrise Clinical Manager application. The database
isreplicated near real time with a<2-hour latency. Of note, this
process is monitored by dedicated database administrators and
analytics support team membersto ensurefidelity. The databases
were queried for CTPA orders completed in the ED over a
1-month period for each hospital. Patients' visitswere extracted
from the EHR if they had a “completed” CTPA order during
their ED course. However, patients with “cancelled” or
“discontinued” CTPA orders were not included. Furthermore,
patients with CTPAs ordered on the same day as CT
angiography of the abdomen and pelviswere excluded, asthese
were under the protocol to rule out aortic dissection and not PE
(Figure 1).

CTPA orders from the ED were then linked to inpatient visits.
PE diagnosis was measured on the basis of an inpatient
discharge diagnosis of the International Classification of
Diseases, Clinical Modification codes, versions 9 and 10
(ICD-9-CM and ICD-10-CM), provided by the Centers for
Medicare and Medicaid Services and the National Center for
Health Statistics. We included both primary and secondary
diagnoses in the analysis. Furthermore, the full range of PE
diagnosis codes was used: 415.0, 415.11, 415.12, 415.13, and
415.19 for ICD-9-CM; and 126.0, 126.01, 126.02, 126.09, 126.9,
126.90, 126.92, and 126.99 for ICD-10-CM.

The CTPA yield was caculated as the number of ED CTPA
orderslinked to an inpatient discharge diagnosis of PE divided
by the total number of CTPAs completed in the ED that month.
Thiscalculated yield wasthen validated by performing amanual
chart review. Inthe manual chart review, the free-text radiology
read of each completed ED CTPA order wasreviewed to classify
the CTPA as positive or negative for PE. In addition, both the
ED provider note and inpatient discharge note were reviewed
to ensure that the CTPA was done to evaluate for PE and the
diagnosis was not revised during the inpatient visit.

The computerized cal culated yield for each month and ingtitution
was compared with the yield generated from manua chart
reviews by 2 independent reviewers. Thereviewersweretrained
internal medicine physicians with experience in reading
radiology reports. Of note, the reviewers were blinded to each
other but not to the computerized results and had full accessto
discharge documentation and the entire medical chart.

Data Analysis

We used McNemar’stest to determine whether the CTPA yields
were different between the computerized calculated yield and
the manual chart reviews. The kappa coefficient and the
corresponding 95% Cl were calculated to measure the agreement
between the computerized cal culated yield and the manual chart
reviews.

JMIR Med Inform 2018 | val. 6 | iss. 4 |e44 | p.203
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

Richardson et al

Figure 1. Algorithm of the computerized method for measuring computed tomography pulmonary angiography (CTPA) yield. ED: emergency
department; CTA: computed tomography angiography; PE: pulmonary embolism.
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Results

In total, 375 CTPAs were completed during the allotted period
for review. Of them, 6.9% (26/375) orders were completed on
the same day as a CT angiography of the abdomen and pelvis
and were, thus, excluded. Furthermore, manual chart reviews
confirmed that each of these 26 omitted CTPA orders and none
of the remaining 349 were ordered with the intention to rule out
an aortic dissection. There were no cases where a chart review
of the ED provider note and inpatient discharge note changed
the interpretation of the CTPA results. In addition, the
independent reviewers reported the same results, with no
disagreement.

At the North Shore University Hospita site, of 203 CTPA orders
completed for the evaluation of PE, 18 orders were found to
have an associated inpatient discharge diagnosis of PE. The
calculated yield was 8.9% (18/203). Manua chart reviews

http://medinform.jmir.org/2018/4/e44/
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revealed 19 positive scans for a true CTPA yield of 9.4%
(19/203). Notably, one discordant scan was found in a patient
directly discharged from the ED, and as a result, the patient
never received an inpatient discharge diagnosis.

Atthe Long Island Jewish Medical Center site, 146 CTPA orders
were completed and 9 werefound to have an associated inpatient
dischargediagnosisof PE. The calculated CTPA yield was 6.2%
(9/146). The manual chart reviews produced identical results,
confirming 9 positive CTPA scans.

Overall, the computerized method captured 27 of 28 scans
positive for PE, with an accuracy of 96.4% (27/28; Figure 2).
Theoverall CTPA yield for both institutionswas 7.7% (27/349).
In this study, the P=.32, indicating that the proportions were
not significantly different between the two groups. Furthermore,
the kappa coefficient was .98, with 95% CI (0.94-1.00) also
indicating an agreement between the two groups.
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Figure 2. True computed tomography pulmonary angiography (CTPA) yield vs calculated CTPA Yield by computerized method. LIIMC: Long Island

Jewish Medical Center; NSUH: North Shore University Hospital.
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Discussion

Principal Findings

To the best of our knowledge, thisisthe first study to propose
and validate a simple, standardized method of electronicaly
calculating the CTPA yield. Thismethod haswide applicability
to address increasing concerns about both overtesting and
overdiagnosis of PE. The increase in the incidence of PE
accompanying the increased use of CTPA [15] has been
associated with a decrease in the PE case mortality [16,17].
Physicians are testing more for PE and seem to be finding and
treating clinically insignificant PEs. The ability of heath care
systemsto computerize the monitoring of the CTPA yield alows
them to address overtesting and overdiagnosis using systems
interventions.

In addition, clinical decision support tools, built to estimate the
pretest probability of PE and discourage the CTPA use in
low-risk patients, have been shown to improve the CTPA yield.
These tools reduce testing by 25%, without any missed PES
[9,18,19]. However, these studies are limited by the time
required for manual chart reviews. Studies of interventions
designed to reduce unnecessary CTPA use decrease exposure
to both contrast and radiation and avoid costly “incidentalomas.”
Furthermore, incidental findings requiring clinical or
radiological follow-up were found in 24% of patients without
PE [16].

In this study, we describe a validated method to measure the
CTPA vyield that alows the data collection process to be
computerized and does not require artificia intelligence. We
utilized both ICD-9 and 1CD-10 codes to fully encompass PE
coding at the time of discharge. This method can be applied to
alow for the comparison of the CTPA yield in different health
care systems and different types of acute care facilities.
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Improved data collection will alow for more targeted
interventions, with an ultimate goal of increased CTPA yields
and decreased CTPA utilization.

Limitations

The one discordant scan in our study points to alimitation that
will likely become morerelevant in future studies. One positive
CTPA was missed by our computerized method because the
patient was discharged directly from the ED, meaning there was
no linkableinpatient visit or potential discharge |CD code. With
a push toward cost-conscious care and away from inpatient
medicine, there will likely be more patients with acute PE
diagnosed in the ED who are treated as outpatients. While the
safety of this practice was unclear and controversial just afew
years ago [20,21], it has recently become more common with
the increased use of direct-acting oral anticoagulants [22,23]
and safety research inthefield [24,25]. Thisis particularly true
in large health care systems with tertiary EDs that can safely
assess patients risk with bedside echocardiography and
lower-extremity ultrasound [26]. Future studieswill link CTPA
scans to both inpatient and ED visits to improve the accuracy.

In addition, future studies may specify the type of PE and
consider the discovery of asubsegmental PE asanegative study.
This was not addressed in this study as currently, these are not
treated differently and | CD codes do not distinguish thesetypes
of PEs. Notably, although this was not observed in our study,
this method will likely count studies conducted in patientswith
chronic PE as positive. Finally, this study was conducted at two
hospitals under one health care system, Northwell Health.
Hence, future directions include studying this method at other
institutions to ensure its accuracy.

Conclusions

This is the first successful validation study of a simple
computerized method for calculating the CTPA yieldinthe ED.
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This method for data extraction allows for an accurate and thisability, health care systems can monitor the appropriate use
efficient determination of the CTPA yield and represents a of CTPA and the effect of interventions to reduce overuse and
significant improvement from the manual chart review. With  decrease preventable iatrogenic harm.
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Abstract

Background: Bronchiolitis is the leading cause of hospitalization in children under 2 years of age. Each year in the United
States, bronchialitis results in 287,000 emergency department visits, 32%-40% of which end in hospitalization. Frequently,
emergency department disposition decisions (to discharge or hospitalize) are made subjectively because of the lack of evidence
and objective criteriafor bronchiolitis management, leading to significant practice variation, wasted health care use, and suboptimal
outcomes. At present, no operationa definition of appropriate hospital admission for emergency department patients with
bronchialitis exists. Yet, such a definition is essential for assessing care quality and building a predictive model to guide and
standardize disposition decisions. Our prior work provided aframework of such adefinition using 2 concepts, one on safe versus
unsafe discharge and another on necessary versus unnecessary hospitalization.

Objective: Thegoal of this study was to determine the 2 threshold values used in the 2 concepts, with 1 value per concept.

Methods: Using Intermountain Healthcare data from 2005-2014, we examined distributions of severa relevant attributes of
emergency department visits by children under 2 years of age for bronchiolitis. Via a data-driven approach, we determined the
2 threshold values.

Results:  We completed the first operational definition of appropriate hospital admission for emergency department patients
with bronchiolitis. Appropriate hospital admissions include actual admissions with exposure to major medical interventions for
more than 6 hours, as well as actual emergency department discharges, followed by an emergency department return within 12
hoursending in admission for bronchiolitis. Based on the definition, 0.96% (221/23,125) of the emergency department discharges
were deemed unsafe. Moreover, 14.36% (432/3008) of the hospital admissions from the emergency department were deemed
unnecessary.

Conclusions: Our operational definition can define the prediction target for building a predictive model to guide and improve
emergency department disposition decisions for bronchiolitisin the future.

(IMIR Med Inform 2018;6(4):€10498) doi:10.2196/10498
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Introduction

Bronchialitisistheinflammation of the bronchioles, the smallest
air passages in the lungs, mainly seen in children under 2 years
of age in response to vira respiratory infection. More than
one-third of the children are diagnosed with bronchiolitisbefore
2 years of age [1]. Bronchidlitis is the leading cause of
hospitalization in children under 2 years of age, and it is
responsible for 16% of hospitalizationsin this age group [2-5].
Each year in the United States, bronchiolitis incurs about
287,000 emergency department (ED) visits [6], 128,000
hospitalizations[2], and US $1.73 billion of total inpatient cost
(2009) [2].

Around 32%-40% of the ED visits for bronchiolitis end in
hospitalization [7-9]. As acknowledged in the current clinical
guidelines for bronchiolitis [10,11], ED disposition decisions
(to discharge or hospitalize) are often made subjectively because
of the lack of evidence and objective criteria for bronchiolitis
management [4,12]. This causes large practice variation
[3,12-23], wasted health care use, increased iatrogenic risk, and
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suboptimal outcomes due to unnecessary admissionsand unsafe
discharges [15,21,24]. About 10% of the infants with
bronchiolitis experience adverse events during hospitalization
[25]. At present, no operational definition of appropriate hospital
admission for ED patients with bronchiolitis exists [26]. Yet,
such an operational definitionisessential for ng ED care
quality and building a predictive model to guide and standardize
disposition decisions [26].

Our prior work [26] has provided a framework of such an
operational definition using 2 concepts: one on safe versus
unsafe discharge and another on necessary versus unnecessary
hospitalization (Figure 1). Each concept uses a threshold value
to be determined. Appropriate admissionsinclude both necessary
admissions (actual admissions that are necessary) and unsafe
discharges. Appropriate ED discharges include both safe
discharges and unnecessary admissions. This study aims to
determine the 2 threshold values in a data-driven way, to
completethefirst operational definition of appropriate hospital
admission for ED patients with bronchiolitis, and to report the
corresponding percentages of unnecessary admissions and
unsafe discharges.

Figure 1. Definition framework of appropriate admission. ?: threshold value.

Unsafe discharges: actual emergency department discharges followed by an
emergency department return within *“?”" hours ending in admission for bronchiolitis.

Unnecessary admissions: actual admissions with exposure to one or more major
medical interventions listed as follows for “<?” hours: supplemental oxygen,
intravenous fluids, nasopharyngeal suctioning, cardiovascular support, invasive
positive pressure ventilation (mechanical ventilation), noninvasive positive pressure
ventilation, chest physiotherapy, inhaled therapy (bronchodilator and mucolytics),
and nutritional support (enteral feeding and total parenteral nutrition).

Appropriate _ | Necessary +
admissions ~ | admissions
Appropriate
emergency = |Safe discharges |+
department
discharges

Methods

Study Design and Ethics Approval

In this study, we performed secondary analysis of retrospective
data. The Institutional Review Boards of the University of
Washington Medicine, University of Utah, and Intermountain
Healthcare reviewed and approved this study and waived the
need for informed consent for all patients.

Patient Population

Our patient cohort included children under 2 years of age who
had ED encounters at 22 Intermountain Healthcare hospitals
for bronchiolitisin 2005-2014. Intermountain Healthcareisthe
largest hedlth care system in Utah, with 185 clinics and 22
hospitals providing ~85% of pediatric care available in Utah
[27]. We used an approach similar to that used by Flaherman
et al [28-30] to identify asmany ED encountersfor bronchiolitis
aspossible.

Several International Classification of Diseases, 9" Revision,
Clinical Modification (ICD-9-CM) discharge diagnosis codes,
rather than only the discharge diagnosis code of bronchialitis,
can be possibly assigned to an ED encounter for bronchiolitis.
Using methods used in prior studies [28-30], we included
patients with an ED or hospital ICD-9-CM primary discharge
diagnosisof bronchiolitis or bronchitis (466.x), viral pneumonia

http://medinform.jmir.org/2018/4/€10498/
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(480.x), adenovira infection (079.0), rhinovirus infection
(079.3), respiratory infection due to influenza (487.0, 487.1),
respiratory syncytial virus (079.6), HIN1 influenza (488.1,
488.11, 488.12), influenza due to identified avian influenza
virus (488, 488.0, 488.01, 488.02), or influenza due to novel
influenza A (488.81, 488.82).

We aso included all patients with any of the above as a
nonprimary diagnosis, as long as the ICD-9-CM primary
diagnosis was any of the following: apnea (786.03), shortness
of breath (786.05), tachypnea (786.06), wheezing (786.07),
other respiratory abnormalities (786.09), cough (786.2), fever
(780.60, 780.61), acute nasopharyngitis (460), acute upper
respiratory infections (465.x), other specified viral infection
(079.89), urinary tract infection (599.0), pneumoniaunspecified
organism (486), unspecified vira infection (079.99), volume
depletion (276.5x), or respiratory failure (518.81, 518.82).

Dataset

We extracted a clinical and administrative data set from
Intermountain Healthcare' s enterprise datawarehouse. The data
set included ED visit and hospitalization information of our
patient cohort.

Data Analysis

To determine the threshold value used for defining unsafe
discharges (Figure 1), we examined the length distribution of
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the interval between an ED discharge and a return ED visit
within 2 weeks ending in hospitalization for bronchiolitis
[31,32]. In children under 2 years of age, bronchialitis lasting
longer than 2 weeks tends to result from new infection with a
differing virus strain instead of persistent infection by the same
virus strain [33].

To determine the threshold value used for defining unnecessary
admissions (Figure 1), we examined the patients who were
hospitalized for <12 hours and discharged with no readmission
for bronchiolitiswithin 2 weeks. These patients tended to have
been admitted unnecessarily. We used their median duration of
using major medical interventions as a conservative threshold
for using major medical interventions in al admissions. As
shown in Figure 1, major medical interventions include
supplemental oxygen, intravenous fluids, nasopharyngeal
suctioning, cardiovascular support, invasive positive pressure
ventilation (mechanical ventilation), noninvasive positive
pressure ventilation, chest physiotherapy, inhaled therapy
(bronchodilator and mucolytics), and nutritional support (enteral
feeding and total parenteral nutrition) [26]. Every hospital

Table 1. Demographic and clinical characteristics of our patient cohort.

Luoet al

admission with exposure to major medical interventions for no
longer than the threshold was deemed unnecessary. During
2005-2012, Intermountain Healthcare iteratively modified its
internal guidelinesfor bronchiolitis management in the ED and
hospital several times, with an associated change in the
distribution of the duration of using major medical interventions.
After the beginning of 2013, significant changes in internal
guidelines did not occur. Duration of using major medical
i nterventions became stabilized. To compute the threshold value,
we used 2013-2014 data with a stable distribution of duration
of using major medical interventions. Both durations of
hospitalization and using major medical interventionsincluded
only time in the hospital after the patient |eft the ED.

Results

Table 1 shows the demographic and clinical characteristics of
our patient cohort: children under 2 years of age who had ED
encountersfor bronchiolitis. About 38.20% (14,292/37,417) of
the ED visits for bronchiolitis ended in hospitalization.

Characteristic Emergency department Emergency department Emergency department visitsending
visits discharges in hospitalization
(n=37,417) (n=23,125) (n=14,292)

Age, n (%)

<2 months 4769 (12.75) 1646 (7.12) 3123 (21.85)

2 to <12 months 22,101 (59.07) 14,569 (63.00) 7532 (52.70)

12-24 months 10,547 (28.19) 6910 (29.88) 3637 (25.45)
Gender, n (%)

Male 21,536 (57.56) 13,399 (57.94) 8137 (56.93)

Female 15,881 (42.44) 9733 (42.06) 6155 (43.07)
Race, n (%)

American Indian or Alaska native 458 (1.22) 295 (1.28) 163 (1.14)

Asian 395 (1.06) 222 (0.96) 173 (1.21)

Black or African American 1017 (2.72) 664 (2.87) 353 (2.47)

Native Hawaiian or other Pacific islander 2209 (5.90) 1243 (5.38) 966 (6.76)

White 28,510 (76.20) 17,660 (76.37) 10,850 (75.92)

Unknown or not reported 4828 (12.90) 3041 (13.15) 1787 (12.50)
Ethnicity, n (%)

Hispanic 9011 (24.08) 5975 (25.84) 3036 (21.24)

Non-Hispanic 18,823 (50.31) 11,278 (48.77) 7545 (52.79)

Unknown or not reported 9583 (25.61) 5872 (25.39) 3711 (25.97)
Insurance, n (%)

Private 22,162 (59.23) 13,052 (56.44) 9110 (63.74)

Public 13,448 (35.94) 8729 (37.75) 4719 (33.02)

Self-paid or charity 1807 (4.82) 1344 (5.81) 463 (3.24)
Asthma, n (%) 2246 (6.00) 883 (3.82) 1363 (9.54)
Chronic complex condition [34], n (%) 2040 (5.45) 365 (1.58) 1675 (11.72)
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Figures 2 and 3 show cumulative length distributions in hours
of the interval between an ED discharge and areturn ED visit
within 2 weeks ending in hospitalization for bronchialitis. Figure
4 shows probability density function of the interval length. The
probability density function wasrelatively large until theinterval
length reached the cumulative distribution curve's inflection
point at about 10 to 12 hours and became smaller afterward.
The cumulative distribution curve seemed to have 2 inflection
points, suggesting 3 underlying distributions. As indicated by
the dotted curve in Figure 4, the 3 distributions are postulated
to represent an early ED return after an inappropriate ED
discharge, natural disease progression in a subgroup of
appropriate ED discharges, and an even later ED return due to
a new vira infection after an appropriate ED discharge,
respectively. When selecting the threshold value for defining
unsafe discharges (Figure 1), we wanted our choice to capture
the mgjority of unsafe discharges while avoiding contamination
with ED returns not due to unsafe discharges. To help makethe
choice, we used the probability density function that hasalocal
minimum at the interval length of 10 to 12 hours. We chose 12
hours, which fulfilled our selection criteria. Accordingly, 0.96%
(221/23,125) of the ED discharges were followed by an ED
return within 12 hours resulting in hospital admission for
bronchiolitis and were deemed unsafe ED discharges.

Luoet al

In 2013-2014, no major medical intervention was applied in
6.45% (194/3008) of the cases of hospitalization from the ED
for bronchialitis. In another 7.91% (238/3008) of the cases, 1
or more major medical interventions were applied, but the
duration of using them was <6 hours. Among the patients
hospitalized in 2013-2014, 8.31% (250/3008) were hospitalized
for <12 hours and discharged with no readmission for
bronchiolitis within 2 weeks. Figure 5 shows the distribution
of duration of using major medical interventions in these
patients. Median duration of using major medical interventions
was 6 hours, which we used as the threshold value for defining
unnecessary admissions (Figure 1). Accordingly, 14.36%
(432/3008) of the hospital admissionsfrom the ED in 2013-2014
incurred exposure to major medical interventions for no longer
than this threshold and were deemed unnecessary.

By filling in the 2 threshold valuesin our definition framework
(Figure 1) [26], we completed the first operational definition
of appropriate hospital admission for ED patients with
bronchialitis. Appropriate hospital admissions include actual
admissions with exposure to major medical interventions for
more than 6 hours, aswell as actual ED dischargesfollowed by
ED return within 12 hoursending in admission for bronchialitis.
Putting unsafe ED discharges and unnecessary admissions
together, 6.08% of the ED disposition decisionsfor bronchiolitis
were deemed inappropriate.

Figure2. Cumulative length distribution of interval between emergency department discharge and return visit within 2 weeks ending in hospitalization

for bronchialitis.
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Figure 3. Cumulative length distribution of interval between emergency department discharge and return visit within 2 weeks ending in hospitalization

for bronchiolitis, when the interval length is <20 hours.
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Figure 4. Probability density function of interval between emergency department discharge and return visit within 2 weeks ending in hospitalization
for bronchioalitis, when the interval length is <120 hours.
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Figureb5. Distribution of duration of using major medical interventions among patients who were hospitalized for <12 hoursin 2013-2014 and discharged

with no readmission for bronchiolitis within 2 weeks.
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Discussion

Principal Findings

We completed the first operationa definition of appropriate
hospital admission for ED patients with bronchiolitis. The
definition uses 2 concepts, one on safe versus unsafe discharge
and another on necessary versus unnecessary hospitalization.
Based on the definition, we found that many ED disposition
decisions for bronchiolitis were deemed inappropriate. Our
findings highlight opportunities for improving ED disposition
decisions and the need to build a model to predict appropriate
admission. Themodel could becomethefoundation of adecision
support tool to help make appropriate ED disposition decisions
for bronchialitis, improve bronchialitis outcomes, and cut health
care costs[26]. Although the moddl could be built without using
the ED physician’s initial, tentative disposition decision as an
input variable, the model would likely be more accurate if this
variable is included. In either case, physicians can use the

http://medinform.jmir.org/2018/4/€10498/

RenderX

model’s output to give a second thought on their initia , tentative
disposition decision.

Comparison With Prior Work

Some aspects of our findings are similar to those in previous
studies. In our data set, about 38.20% (14,292/37,417) of the
ED visits for bronchiolitis ended in hospitalization. This
percentageis closeto the corresponding percentages (32%-40%)
reported in the literature [7-9]. For 30 EDs in 15 US states,
Norwood et al [35] have presented the length distribution of
interval between an ED discharge and areturn ED or clinic visit
within 2 weeks for bronchiolitis. That distribution is similar to
the one we have shown in Figure 2, which presents the length
distribution of interval between an ED discharge and a return
ED visit within 2 weeks ending in hospitalization for
bronchioalitis.

Some of our findings are different from those in previous
studies. In our dataset, 14.36% (432/3008) of the hospital
admissions from the ED in 2013-2014 were deemed
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unnecessary. This percentageis smaller than the corresponding
percentages (20%-29%) suggested in the literature [36,37].
Intermountain Healthcare has multiple collaborative partnerships
among its EDs and hospitals to ensure that pediatric specialty
careis co-ordinated and not focused just in atertiary pediatric
hospital. Several quality improvement projectsfor bronchiolitis
management were completed during 2005-2012, impacting the
ED and hospital care of children in multiple hospitals within
Intermountain Healthcare. The average quality of ED disposition
decisions for bronchiolitis made at Intermountain Healthcare
could be higher than that of ED disposition decisions for
bronchiolitis made a some other hedth care systems,
particularly if those health care systems employ few
pediatricians in their EDs.

Limitations

This study has several limitations. One limitation is that the
study used datafrom asingle health care system, Intermountain
Healthcare, and our results may not be generalized to other
health care systems. Notably, most Intermountain Healthcare
hospitals are at a high elevation (more than 4000 feet above sea
level). Thismay result inincreased incidence of hypoxia. About
46% of the patients hospitalized with bronchiolitis at
Intermountain Healthcare are discharged on home oxygen for
outpatient management. Protocolsarein placeto facilitate brief
hospitalizationsif oxygenisthe only intervention a patient needs
in the hospital [30]. In the future, it would be desirable to use
data from other health care systems to validate our operational
definition of appropriate hospital admission for ED patients
with bronchialitis. As indicated by similarities between our
findings and those in previous studies, we do not expect such
validation to significantly change our results. Intermountain
Healthcare is a large hedlth care system with EDs at 22
heterogeneous hospitals spread over a large geographic area,
ranging from community metropolitan and rural hospitals
attended by general practitioners and family doctors with
constrained pediatric resources to tertiary care children's and

Luoet al

genera hospitalsin urban areas attended by subspecialists[26].
Each hospital has a different patient population, geographic
location, staff composition, scope of services, and cultural
background. This variation provides a realistic situation for
finding factors generalizabl e to other hospital s acrossthe United
States.

Another limitation of thisstudy isthat Intermountain Healthcare
does not have complete clinical and administrative data on all
of its patients although it is an integrated health care system.
Within 2 weeks of a visit to an Intermountain Healthcare ED
for bronchiolitis, a patient could use a non-lIntermountain
Healthcare hospital for bronchiolitisagain. If thisoccurred, our
data set would miss the information on health care use that
occurred at anon-Intermountain Heal thcare hospital. Including
data from non-Intermountain Healthcare hospitals may lead to
different results. Nevertheless, we do not expect thisto greatly
change the accuracy of our results. Intermountain Healthcare
provides ~85% of the pediatric care availablein Utah [27]. Thus,
our dataset is reasonably, although not 100%, completein terms
of capturing bronchiolitis patients' use of hospitals at Utah.

A third limitation is that this study does not consider factors,
such as preference of the patient’s parents, patient transportation
availability, and time of day, while defining appropriate hospital
admission. Many of these factors are often undocumented in
patient records. For some hospital admissionsfrom the ED that
were deemed unnecessary based on our operational definition
of appropriate hospital admission, the original admission
decisions could be made due to these factors.

Conclusions

We provided the first operational definition of appropriate
hospital admission for ED patients with bronchiolitis. Our
operational definition can define the prediction target for
building a predictive model in the future with the goal of
standardizing and improving ED disposition decisions for
bronchioalitis.

Acknowledgments

GL, BLS, MDJ, FLN, and SH were partially supported by the National Heart, Lung, and Blood Institute of the National Institutes
of Health under Award Number R21HL 128875. The funders had no role in study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Authors Contributions

GL wasmainly responsiblefor the paper. GL conceptualized and designed the study, performed literature review and dataanalysis,
and wrote the paper. BLS, MDJ, and FLN provided feedback on various medical issues, contributed to conceptualizing the
presentation, and revised the paper. SH took part in retrieving the Intermountain Healthcare data set and interpreting its detected
peculiarities. All authors approved the final manuscript as submitted and agree to be accountable for all aspects of the work.

Conflictsof Interest
None declared.

References

1.  Zorc JJ, Hall CB. Bronchiolitis: recent evidence on diagnosis and management. Pediatrics 2010 Feb;125(2):342-349. [doi:

10.1542/peds.2009-2092] [Medline: 20100768]

http://medinform.jmir.org/2018/4/€10498/

JMIR Med Inform 2018 | vol. 6 | iss. 4 |€10498 | p.215
(page number not for citation purposes)


http://dx.doi.org/10.1542/peds.2009-2092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20100768&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Luoeta

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Hasegawa K, TsugawaY, Brown DFM, Mansbach JM, Camargo CA. Trendsin bronchiolitis hospitalizationsin the United
States, 2000-2009. Pediatrics 2013 Jul;132(1):28-36 [ FREE Full text] [doi: 10.1542/peds.2012-3877] [Medline: 23733801]
Mansbach JM, Emond JA, Camargo CA. Bronchiolitisin US emergency departments 1992 to 2000: epidemiology and
practice variation. Pediatr Emerg Care 2005 Apr;21(4):242-247. [Medline: 15824683]

Parker MJ, Allen U, Stephens D, Lalani A, Schuh S. Predictors of major intervention in infants with bronchiolitis. Pediatr
Pulmonol 2009 Apr;44(4):358-363. [doi: 10.1002/ppul.21010] [Medline: 19283838]

Shay DK, Holman RC, Newman RD, Liu LL, Stout JW, Anderson LJ. Bronchiolitis-associated hospitalizations among US
children, 1980-1996. JAMA 1999 Oct 20;282(15):1440-1446. [Medline: 10535434]

Hasegawa K, Tsugawa Y, Brown DFM, Mansbach JM, Camargo CA. Temporal trends in emergency department visits for
bronchialitisin the United States, 2006 to 2010. Pediatr Infect Dis J 2014 Jan;33(1):11-18 [FREE Full text] [doi:
10.1097/INF.0b013e3182a85f324] [Medline: 23934206]

Marlais M, Evans J, Abrahamson E. Clinical predictors of admission in infants with acute bronchiolitis. Arch Dis Child
2011 Jul;96(7):648-652. [doi: 10.1136/adc.2010.201079] [Medline: 21339199]

Laham FR, Trott AA, Bennett BL, Kozinetz CA, Jewell AM, Garofalo RP, et al. LDH concentration in nasal-wash fluid
as abiochemical predictor of bronchiolitis severity. Pediatrics 2010 Feb;125(2):e225-e233 [FREE Full text] [doi:
10.1542/peds.2009-0411] [Medline: 20100751]

Corneli HM, Zorc JJ, Holubkov R, Bregstein JS, Brown KM, Mahajan P, Bronchiolitis Study Group for the Pediatric
Emergency Care Applied Research Network. Bronchioalitis: clinical characteristics associated with hospitalization and
length of stay. Pediatr Emerg Care 2012 Feb;28(2):99-103. [doi: 10.1097/PEC.0b013e3182440b9b] [Medline: 22270499]
Scottish IGN. Bronchiolitisin children. A national clinical guideline. URL : https://www.guidelinecentral.com/summaries/
bronchialitis-in-children-a-national -clinical-guideline/ [accessed 2015-09-21] [WebCite Cache ID 6bhQvWHZzA]
Bronchiolitis Guideline Team, Cincinnati Children's Hospital Medical Center. Evidence-based care guideline for management
of first time episode bronchialitisin infantslessthan 1 year of age. URL : http://www.guideline.gov/content.aspx?21d=34411
[accessed 2015-09-20] [WebCite Cache ID 6bhOyjITC]

Brand PL, Vaessen-Verberne AA. Differencesin management of bronchiolitis between hospitalsin The Netherlands. Dutch
Paediatric Respiratory Society. Eur J Pediatr 2000 May;159(5):343-347. [Medline: 10834519]

Ducharme FM. Management of acute bronchiolitis. BMJ 2011 Apr 06;342:d1658. [Medline: 21471173]

Behrendt CE, Decker MD, Burch DJ, Watson PH. International variation in the management of infants hospitalized with
respiratory syncytial virus. International RSV Study Group. Eur J Pediatr 1998 Mar;157(3):215-220. [Medline: 9537488]
Chamberlain M, Patel KM, Pollack MM. Association of emergency department care factors with admission and discharge
decisionsfor pediatric patients. J Pediatr 2006 Nov;149(5):644-649. [doi: 10.1016/j.jpeds.2006.05.047] [Medline: 17095336]
Johnson DW, Adair C, Brant R, Holmwood J, Mitchell |. Differences in admission rates of children with bronchiolitis by
pediatric and general emergency departments. Pediatrics 2002 Oct;110(4):e49. [Medline: 12359822]

Mallory MD, Shay DK, Garrett J, Bordley WC. Bronchiolitis management preferences and the influence of pul se oximetry
and respiratory rate on the decision to admit. Pediatrics 2003 Jan;111(1):e45-e51. [Medline: 12509594]

Fint AC, Johnson DW, Wiebe N, Bulloch B, Pusic M, Joubert G, et al. Practice variation among pediatric emergency
departments in the treatment of bronchiolitis. Acad Emerg Med 2004 Apr;11(4):353-360 [FREE Full text] [Medline:
15064208]

Vogel AM, Lennon DR, Harding JE, Pinnock RE, Graham DA, Grimwood K, et a. Variationsin bronchiolitis management
between five New Zealand hospitals: can we do better? J Paediatr Child Health 2003;39(1):40-45. [Medline: 12542811]
Willson DF, Horn SD, Hendley JO, Smout R, Gassaway J. Effect of practice variation on resource utilization in infants
hospitalized for viral lower respiratory illness. Pediatrics 2001 Oct;108(4):851-855. [Medline: 11581435]

Willson DF, Jiao JH, Hendley JO, Donowitz L. Invasive monitoring in infants with respiratory syncytial virusinfection. J
Pediatr 1996 Mar;128(3):357-362. [Medline: 8774504]

Wang EE, Law BJ, Boucher FD, Stephens D, Robinson JL, Dobson S, et al. Pediatric I nvestigators Collaborative Network
on Infectionsin Canada (PICNIC) study of admission and management variation in patients hospitalized with respiratory
syncytia viral lower respiratory tract infection. J Pediatr 1996 Sep;129(3):390-395. [Medline: 8804328]

Christakis DA, Cowan CA, Garrison MM, Molteni R, Marcuse E, Zerr DM. Variation in inpatient diagnostic testing and
management of bronchiolitis. Pediatrics 2005 Apr;115(4):878-884. [doi: 10.1542/peds.2004-1299] [Medline: 15805359]
Mansbach JM, Clark S, Christopher NC, LoVecchio F, Kunz S, Acholonu U, et a. Prospective multicenter study of
bronchialitis: predicting safe discharges from the emergency department. Pediatrics 2008 Apr;121(4):680-688. [doi:
10.1542/peds.2007-1418] [Medline: 18381531]

McBride SC, Chiang VW, Goldmann DA, Landrigan CP. Preventable adverse eventsin infants hospitalized with bronchialitis.
Pediatrics 2005 Sep;116(3):603-608. [doi: 10.1542/peds.2004-2387] [Medline: 16140699]

Luo G, Stone BL, Johnson MD, Nkoy FL. Predicting Appropriate Admission of Bronchiolitis Patients in the Emergency
Department: Rationale and Methods. IMIR Res Protoc 2016 Mar 07;5(1):e41 [FREE Full text] [doi: 10.2196/resprot.5155]
[Medline: 26952700]

http://medinform.jmir.org/2018/4/€10498/ JMIR Med Inform 2018 | vol. 6 | iss. 4 |€10498 | p.216

(page number not for citation purposes)


http://europepmc.org/abstract/MED/23733801
http://dx.doi.org/10.1542/peds.2012-3877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23733801&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15824683&dopt=Abstract
http://dx.doi.org/10.1002/ppul.21010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19283838&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10535434&dopt=Abstract
http://europepmc.org/abstract/MED/23934206
http://dx.doi.org/10.1097/INF.0b013e3182a5f324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23934206&dopt=Abstract
http://dx.doi.org/10.1136/adc.2010.201079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21339199&dopt=Abstract
http://europepmc.org/abstract/MED/20100751
http://dx.doi.org/10.1542/peds.2009-0411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20100751&dopt=Abstract
http://dx.doi.org/10.1097/PEC.0b013e3182440b9b
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22270499&dopt=Abstract
https://www.guidelinecentral.com/summaries/bronchiolitis-in-children-a-national-clinical-guideline/
https://www.guidelinecentral.com/summaries/bronchiolitis-in-children-a-national-clinical-guideline/
http://www.webcitation.org/6bhQvWHzA
http://www.guideline.gov/content.aspx?id=34411
http://www.webcitation.org/6bhOyjITC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10834519&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21471173&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9537488&dopt=Abstract
http://dx.doi.org/10.1016/j.jpeds.2006.05.047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17095336&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12359822&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12509594&dopt=Abstract
https://onlinelibrary.wiley.com/resolve/openurl?genre=article&sid=nlm:pubmed&issn=1069-6563&date=2004&volume=11&issue=4&spage=353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15064208&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12542811&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11581435&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8774504&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8804328&dopt=Abstract
http://dx.doi.org/10.1542/peds.2004-1299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15805359&dopt=Abstract
http://dx.doi.org/10.1542/peds.2007-1418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18381531&dopt=Abstract
http://dx.doi.org/10.1542/peds.2004-2387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16140699&dopt=Abstract
http://www.researchprotocols.org/2016/1/e41/
http://dx.doi.org/10.2196/resprot.5155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26952700&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Luoeta

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

Byington CL, Reynolds CC, Korgenski K, Sheng X, Valentine KJ, Nelson RE, et a. Costs and infant outcomes after
implementation of a care process model for febrile infants. Pediatrics 2012 Jul;130(1):e16-e24 [FREE Full text] [doi:
10.1542/peds.2012-0127] [Medline: 22732178]

Flaherman VJ, Ragins Al, Li SX, Kipnis P, Masaquel A, Escobar GJ. Frequency, duration and predictors of bronchiolitis
episodes of care among infants >32 weeks gestation in alarge integrated healthcare system: a retrospective cohort study.
BMC Health Serv Res 2012 Jun 08;12:144 [FREE Full text] [doi: 10.1186/1472-6963-12-144] [Medline: 22682080]
Mittal V, Darnell C, Walsh B, Mehta A, Badawy M, Morse R, et al. Inpatient bronchiolitis guideline implementation and
resource utilization. Pediatrics 2014 Mar;133(3):e730-e737 [FREE Full text] [doi: 10.1542/peds.2013-2881] [Medline:
24534398]

Sandweiss DR, Mundorff MB, Hill T, Wolfe D, Greene T, Andrews S, et al. Decreasing hospital length of stay for
bronchioalitis by using an observation unit and home oxygen therapy. JAMA Pediatr 2013 May;167(5):422-428. [doi:
10.1001/jamapediatrics.2013.1435] [Medline: 23479000]

Halfon P, Eggli Y, van Melle G, Chevalier J, Wasserfallen JB, Burnand B. Measuring potentially avoidable hospital
readmissions. J Clin Epidemiol 2002 Jun;55(6):573-587. [Medline: 12063099]

Heggestad T, Lilleeng SE. Measuring readmissions: focus on thetimefactor. Int JQual Health Care 2003 Apr;15(2):147-154.
[Medline: 12705708]

Jartti T, Lee W, Pappas T, Evans M, Lemanske RF, Gern JE. Serial viral infections in infants with recurrent respiratory
illnesses. Eur Respir J2008 Aug;32(2):314-320 [ FREE Full text] [doi: 10.1183/09031936.00161907] [Medline: 18448489]
Feudtner C, Feinstein JA, Zhong W, Hall M, Dai D. Pediatric complex chronic conditions classification system version 2:
updated for ICD-10 and complex medical technology dependence and transplantation. BMC Pediatr 2014 Aug 08;14:199
[FREE Full text] [doi: 10.1186/1471-2431-14-199] [Medline: 25102958]

Norwood A, Mansbach JM, Clark S, Waseem M, Camargo CA. Prospective multicenter study of bronchiolitis: predictors
of an unscheduled visit after discharge from the emergency department. Acad Emerg Med 2010 Apr;17(4):376-382 [FREE
Full text] [doi: 10.1111/].1553-2712.2010.00699.x] [Medline: 20370776]

Shaw KN, Bell LM, Sherman NH. Outpatient assessment of infants with bronchiolitis. Am J Dis Child 1991
Feb;145(2):151-155. [Medline: 1994678]

Shafik MH, Seoudi TMM, Raway TS, Al Harbash NZ, Ahmad MMA, Al Mutairi HF. Appropriateness of pediatric
hospitalization in a general hospital in Kuwait. Med Princ Pract 2012;21(6):516-521 [FREE Full text] [doi:
10.1159/000339084] [Medline: 22678120]

Abbreviations

ED: emergency department
ICD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification

Edited by G Eysenbach; submitted 24.03.18; peer-reviewed by A lalynytchev; accepted 08.10.18; published 05.11.18.

Please cite as.

Luo G, Johnson MD, Nkoy FL, He S, Sone BL

Appropriateness of Hospital Admission for Emergency Department Patients with Bronchiolitis: Secondary Analysis
JMIR Med Inform 2018;6(4):€10498

URL: http://medinform.jmir.org/2018/4/€10498/

doi:10.2196/10498

PMID: 30401659

©Gang Luo, Michael D Johnson, Flory L Nkoy, Shan He, Bryan L Stone. Originally published in IMIR Medical Informatics
(http://medinform.jmir.org), 05.11.2018. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the origina work, first published in IMIR Medical Informatics, is properly cited. The complete
bibliographic information, alink to the original publication on http://medinform.jmir.org/, as well as this copyright and license
information must be included.

http://medinform.jmir.org/2018/4/€10498/ JMIR Med Inform 2018 | vol. 6 | iss. 4 |€10498 | p.217

RenderX

(page number not for citation purposes)


http://europepmc.org/abstract/MED/22732178
http://dx.doi.org/10.1542/peds.2012-0127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22732178&dopt=Abstract
https://bmchealthservres.biomedcentral.com/articles/10.1186/1472-6963-12-144
http://dx.doi.org/10.1186/1472-6963-12-144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22682080&dopt=Abstract
http://pediatrics.aappublications.org/cgi/pmidlookup?view=long&pmid=24534398
http://dx.doi.org/10.1542/peds.2013-2881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24534398&dopt=Abstract
http://dx.doi.org/10.1001/jamapediatrics.2013.1435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23479000&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12063099&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12705708&dopt=Abstract
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=18448489
http://dx.doi.org/10.1183/09031936.00161907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18448489&dopt=Abstract
https://bmcpediatr.biomedcentral.com/articles/10.1186/1471-2431-14-199
http://dx.doi.org/10.1186/1471-2431-14-199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25102958&dopt=Abstract
http://dx.doi.org/10.1111/j.1553-2712.2010.00699.x
http://dx.doi.org/10.1111/j.1553-2712.2010.00699.x
http://dx.doi.org/10.1111/j.1553-2712.2010.00699.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20370776&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1994678&dopt=Abstract
https://www.karger.com?DOI=10.1159/000339084
http://dx.doi.org/10.1159/000339084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22678120&dopt=Abstract
http://medinform.jmir.org/2018/4/e10498/
http://dx.doi.org/10.2196/10498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30401659&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Delvaux et al

Original Paper

Health Data for Research Through a Nationwide Privacy-Proof
System in Belgium: Design and Implementation

Nicolas Delvaux®, MD; Bert Aertgeerts’, MD, PhD; Johan CH van Bussel?, PhD; Geert Goderis', MD, PhD; Bert
Vaes', MD, PhD; Mieke Vermandere', MD, PhD

1Department of Public Health and Primary Care, KU Leuven, Leuven, Belgium
2Sciensano, Brussels, Belgium

Corresponding Author:

Nicolas Delvaux, MD

Department of Public Health and Primary Care
KU Leuven

Kapucijnenvoer 33

Blok J, PB 7001

Leuven, B-3000

Belgium

Phone: 32 16379885

Fax: 32 16337480

Email: nicolas.delvaux@kuleuven.be

Abstract

Background: Health data collected during routine care have important potential for reuse for other purposes, especialy as part
of alearning health system to advance the quality of care. Many sources of bias have been identified through the lifecycle of
health data that could compromise the scientific integrity of these data. New data protection legislation requiresresearch facilities
to improve safety measures and, thus, ensure privacy.

Objective: Thisstudy aimsto addressthe question on how health data can betransferred from various sources and using multiple
systems to a centralized platform, called Healthdata.be, while ensuring the accuracy, validity, safety, and privacy. In addition,
the study demonstrates how these processes can be used in various research designs relevant for learning health systems.

Methods: The Healthdata.be platform urges uniformity of the data registration at the primary source through the use of detailed
clinical models. Dataretrieval and transfer are organized through end-to-end encrypted electronic health channels, and data are
encoded using token keys. In addition, patient identifiers are pseudonymized so that health data from the same patient collected
across various sources can till be linked without compromising the deidentification.

Results: The Healthdata.be platform currently collects data for >150 clinical registries in Belgium. We demonstrated how the
data collection for the Belgian primary care morbidity register INTEGO is organized and how the Healthdata.be platform can be
used for a cluster randomized trial.

Conclusions: Caoallecting health datain various sources and linking these data to a single patient is a promising feature that can
potentially addressimportant concerns on the vaidity and quality of health data. Safe methods of datatransfer without compromising
privacy are capable of transporting these data from the primary data provider or clinician to aresearch facility. More research is
required to demonstrate that these methodsimprove the quality of datacollection, allowing researchersto rely on el ectronic health
records as a valid source for scientific data.

(IMIR Med Inform 2018;6(4):e€11428) doi:10.2196/11428
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Introduction

More than a decade ago, the Institute of Medicine introduced
the“learning health system” (LHS) in responseto the challenges
on how to generate and apply the best evidence to guide health
care choices [1]. An important aim of the LHS isto enable the
use of routinely collected health datafor knowledge generation
not only to ensure innovation in health care but also for the
quality, safety, and value. In the LHS cycle, the analysis of
routine health data creates new insights, which are then
introduced back to health care providers through quality
improvement tools such as clinical decision support, feedback,
or audit reports. Even though the gold standard for measuring
the effectivenessin health care has always been the randomized
clinical trial, increasing attention is being given to registries
and health data to contribute to evidence-based practice [2].
The use of health data recorded in the electronic health record
(EHR) for research could help bridge the gap between evidence
generated in controlled experiments and its application in daily
clinical practice[3].

Even though the type of datarecorded for research and the data
stored in EHRs are similar, the use of health data poses some
important problems. Concerns regarding the data quality and
validity, completeness of data capture, and lack of
interoperability have been identified as important barriers to
the use of EHRSs for clinical research [4]. Experiences from
European and American efforts in the use or reuse of health
data from EHRs have identified several important challenges
[5,6]. Sources of bias included health care system bias,
variations in EHR system functionalities and layout, and data
extraction tools. These concerns have prompted opinions that
the reuse of data for purposes other than that for which they
were originally collected may be inappropriate [7]. Moreover,
the European General Data Protection Regulation has further
restricted the reuse of health data for research purposes [8,9].
Recent recommendati ons and guidance have proposed solutions
to these concerns, but many challenges remain unanswered
[10,11].

Perhaps, one of the most important challenges to the use of
health data in clinical research is the persistent divide between
clinicians (data providers) and researchers (datascientists) [12].
The incapacity to communicate between engineers and
researchers, on the one hand, and clinicians, on the other hand,
has resulted in disconnect between the world of research in
medical informatics and the true problemsin health care. Inthe
evaluation and management of the health data for specific
research questions, it is important that researchers understand
the accuracy, comprehensiveness, retrievability, and specificity
of health data recorded during routine care. On the other hand,
clinicians need to be aware of the potentia of the health data
they record or manage and the implications that inconsi stent or
missing recordings may have on the reusability. Important
facilitators to bridging this divide are enabling semantic
interoperability, creating an environment of safe and reliable
data transfer, ensuring privacy and security, and incentivizing
valid and complete data capture [10]. In addition, experiences
in the use of diverse sources of health data have led to a better
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understanding of data provenance (understanding of the
authoritative source of a given data element of interest). For
instance, if the measure of interest is whether a patient took a
certain drug, then the best source for this outcome may not be
the clinician’s order entry data but instead the nursing
medication administration record. In this sense, data collection
tools that allow the aggregation of health data across sources
are important enablers of the LHS.

In Belgium, >150 clinical registries actively collect health data
from multiple sources such as primary care facilities,
laboratories, hospitals, and radiology centers. Moreover, there
are multiple information systems or EHRs available for each
of these sources. For example, for primary care practicesalone,
at least, 8 different EHRS are available. In 2012, the Scientific
Ingtitute of Public Health was charged with centralizing and
improving these clinical registries as part of the national
electronic health (eHealth) action planin anew platform named
Healthdata.be. The challenge for this task was to develop a
system that allows the integration of data from diverse sources
and collectsthem through multiple systemsby cliniciansduring
routine care, while ensuring the accuracy, validity, safety, and
privacy of the data. This study addresses the following
guestions:

« How can health data be transferred from various original
sources of entry to acentralized platform for reuse and what
efforts can be done to limit sources of bias?

« How can health data within the LHS be used for various
research designs?

This study will describe elements of the Healthdata.be project
designed for data extraction, data transfer, and data processing.
Subsequently, we will demonstrate how Healthdata.be was used
in the INTEGO primary care morbidity registry [13] and in a
cluster randomized trial in primary care[14].

Methods

Data Structure and Semantic I nteroper ability

Health data are at the core of both EHRs and clinical research
registries. However, to collect these data in a meaningful
manner, these must have the same structure, use interoperable
terminologies, and be documented using a detailed clinical
model (DCM) [15,16]. DCMs provide detailed specifications
of medical concepts in a given context and specify precisely
the terminology to be used in terms of technical standards,
reference models, and platforms [17,18]. They define all
structured elements and attributes of a concept, including their
relationships to the root concept, their data types, and the code
lists that can be used. Where possible, code lists include
internationally accepted coding such as logical observation
identifiers names and codes (LOINC), Systematized
Nomenclature of Medicine--Clinical Terms, International
Classification of Diseases, international classification for
primary care, etc. Figure 1 illustratesthe DCM for the concept
blood pressure, including all the associated data elements and
their code lists as designed by the Netherlands Federation of
University Medical Centres.
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Figurel. Thedetailed clinical model for the root concept blood pressure. CD: coded descriptor; PQ: physical quantity; TS: timestamp; ST: string (free)
text. Source: https://www.healthdata.be/doc/cbb/index.php5/Be.en.hd.BloodPressure.
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The content standardization of scientific data collections, using
a DCM, contributes to the enhanced data quality and correct
interpretation of datafor research [19]. In addition, a substantial
part of the information collected in the context of clinical
registries is the continuity of care concepts (eg, diagnoses,
medication, and laboratory test results), implying a certain
overlap in content between different registries. Aligning all
registries with DCMs, therefore, enables the harmonization
across projects, allowing for the maximal reuse of existing data.
Asthey are independent of technical aspects, such as message
format, system, and network, DCMs can be considered
technically neutral. Therefore, they can be used as a semantic
layer between communication standards on the side of the
primary source, and the parameters defined within different
registries on the other side. Given the technological complexity
and the variety of legacy systems, a stepwise approach for the
registry standardization is proposed. In the first phase, existing
registries are smply mapped to the DCMs. To maximize the
degree of semantic interoperability, the registry structure can
then be adjusted to comply with thelogic defined inthe DCMs.
Registry variables that do not align with the DCM logic can
still be completed using the manual interface. In the last phase,
registries will be fully DCM-based, allowing the data provider
to complete all registrations at the point of care.

Systems used by data providers are being urged to comply with
these DCMs, and these elements are being included in local
certification standards. When data providers or researchers are
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confronted with a concept for which no DCM exists, they can
apply for the development of one to enable the automated
provisioning of registries.

Data Extraction

When shaping the principles of LHSs, the Institute of Medicine
reiterated the need to reflect on the burden data collection can
be on health care professionals and the importance of limiting
this burden to the issues most important to patient care and
knowledge generation [20]. Healthdata.be has developed an
electronic datacapture (EDC) system called HD4DP (Healthdata
for data providers), which enables data extraction at the primary
source of clinicians. The logic defined in the DCMsisused in
an application programming interface that servesasan interface
between data providers' primary source systems and the EDC.
Supported input messages, based on health exchange standards,
are mapped to the DCMs, upon which structured and coded
information from primary source systems can be automatically
prefilled in the EDC; this reflects the principle that health data
should be recorded only once, and is expected to reduce the
administrative burden for health professionals markedly. When
data are entered through this data collection form (which can
be Web-based but also installed locally), a comma separated
value file is generated that can then be transferred on a
patient-by-patient basis. Furthermore, data can be transferred
in batch if the data provider’s system can generate this dataset
with the variables automatically prefilled; this method for data
captureisillustrated in Figure 2 in the box titled HD4DP.
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Figure 2. Data capture, data transfer, data encryption, and data reception through the Healthdata.be platform. HD4ADP: Healthdata for data providers;
HDA4RES: Healthdata for research. Source: https://healthdata.wiv-isp.be/en/services.
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Data Transfer, Safety, and Privacy

Thetransfer of sensitive health datais challenging with regards
to technicality, safety, and privacy. In Belgium, data transfer
between health care professionalsis organized through existing
eHealth channels by an end-to-end (E2E) encryption [21]. For
this data transfer, patient and provider identification is ensured
through their unique social security identification number
(SSIN), and data are encrypted with an algorithm that uses the
SSIN of the sender and the receiver. Thisimpliesthat only the
sender or receiver can decrypt the message using their el ectronic
identification card and pin code. The message is sent through
an app called the eHealthBox [22], which can only be accessed
using the same eectronic identification card and pin code.
Hence, this eHealthBox functions as a mailbox for encrypted
health data. Institutions such as Healthdata.be also have an
eHealthBox, which can be only accessed by individuals with
the necessary security clearances. The transfer of health data
from primary data providersto the Healthdata.be platform uses
these channels of encrypted data transfer.

An important feature in enabling the linkage of health data
extracted from different systems or settings is the ability to
identify datafrom the same patient. When health dataare being
sent from one health care provider to another in the context of
clinical care, the content of the message is encrypted, but the
identity of the patient remains known. However, for research
purposes, the content of the message is encrypted, but the
identity of the patient must be blinded; this poses an important
challenge when hedlth data for a single patient are collected
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across sources. To enable this linkage without unblinding the
coded data, an extra step is introduced in the data transfer.
Where masking of identifiersis required, the national eHealth
services act as a trusted third party and use an agorithm to
pseudonymize this data element [23]. The algorithm used will
aways code the same patient identifier in the same way,
ensuring that data from multiple sources from a single person
will aways be linkable but still coded. Healthdata.be is,
therefore, not responsiblefor the coding and pseudonymization
of sensitive data but uses existing eHealth services that have
been technically tested and validated for this purpose. A critical
moment in thischain of datatransfer isthe point wherethe data
are received by the eHealth service and decrypted, before the
identifier is coded. To ensure that a breach in this chain does
not result in theloss of sensitive data, the whole message, except
for the patient identifier, is encrypted the second time using an
eHealth token key encryption known only by Healthdata.be
[21]. Thisdouble encryption (eHeal th token key encryption and
E2E encryption) ensures safe and blinded data while allowing
for thelinkage of health datafrom multiple sourcesfromasingle
person. All these processes, including the encryption and coding,
happen automated and require no human input. Figure 3
illustrates each of the encryption, coding, transfer, and
decryption steps. Step 1: dataencryption (with exception of the
identifiers); Step 2: encryption of whole message for data
transfer through eHealth; Step 3: data transfer to trusted third
party; Step 4: pseudonymization by trusted third party; Step 5:
data encryption for transfer through eHealth; Step 6: data
transfer to Healthdata.be eHealth:electronic health; Step 7:
decryption of health data
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Figure 3. lllustration of the data encryption, coding and decryption steps; SSIN: socia security identification number; HD4DP: Healthdata for data
providers; HD4RES: Hedlthdata for researchers;, CSV: comma separated value; ETK: eHeath token key; E2E: end-to-end. Source:

https://healthdata.wiv-isp.be/en/services.
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Healthdata.be can process the data collection for very diverse
specialties or research facilities in health care. To ensure that
the requested data are in accordance with the research question
or aim of the project, a thorough screening of the project is
organized. Each project submits a research protocol, including
a list of specific data variables being collected. An internal
steering committee, an ethics committee associated with a
research center, and the National Privacy Commission’'s Sector
Committee for eHealth review this submission. Only when all
authorities have approved the project, can the data collection
commence.

Data Analysis

The Healthdata.be platform not only enables safe data transfer
but also provides a secure environment for data handling and
dataanalysisfor research purposes. Coded data are received by
the HD4RES (Healthdata for research) service, which shows
the data as sent by the data provider. The interface of the
HD4RES is amost identical to that of the HDADP, except that
identification details are coded. Upon arrival in the HD4RES,
the data are not yet stored in the datawarehouse (DWH) of
Healthdata.be. The DWH has 3 separate entities—the validation
environment, the analysis environment, and the reporting
environment—and uses SAS Enterprise Guide (SAS Institute
Inc) to visualize and process the data. It is first stored in a
validation table where data quality is controlled. Healthdata.be
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allows for semiautomated processes so that the validation of
continuous data capture can be operationalized. Once validated,
data are then promoted to the analysis environment of
Healthdata.be. Access to the HD4RES and the separate
environments of the DWH are secured through a 2-factor
authentication and can be restricted depending on the needs of
the researcher. Furthermore, data processing and reporting can
be operationalized to accommodate a continuous data flow in
ongoing registers.

Feedback

A pitfall to accepting datafrom various sourcesisthe possibility
of missing or erroneous data. Erroneous data can be prevented
by introducing restricted possibilities, ranges, or syntaxes for
the datatransferred through the HD4DP. For example, validation
rulesthat detect out-of-range data, missing data, or a phanumeric
results for a numeric value can already prevent the transfer of
these errors at the site of the data provider. However, it may
gtill be possible that an aberrant value is transferred to the
HD4RES that needs correction. To alow for this correction by
the data provider, a feedback loop has been designed. This
feedback loop uses the same channels and encryption methods
for data transfer and includes decoding of the SSIN by the
trusted third party of eHealth so that the primary data provider
can identify the person for whom a corrected data variable is
requested. Figure 4 presents this feedback 1oop.
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Figure4. Theillustration of the feedback loop in case of missing or erroneous data using the eHealth services. HDADP: Healthdata for data providers;
CSV: comma separated value; HD4RES: Healthdata for researchers. Source: https://healthdata.wiv-isp.be/en/services.
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Casefor INTEGO

INTEGO is a primary care morbidity registry, which was
founded over 20 years ago [13]. The INTEGO registry has
collected data from >100 genera practitioners (GPs) and
400,000 patients since its start. Participating GPs all used
Medidoc (Corilus, Adter, Belgium) for documenting their
clinical practice and were skilled in structured registration.
Eligibility for participation in the INTEGO network required
GPsto record on average, at least, one new diagnosis per patient
per year, <5% noncoded diagnoses, and these 2 previous
requirements should remain stablefor, at least, 3 years. In 2017,
further information technology development for Medidoc was
terminated, and all its userswere urged by the vendor to migrate
to a new EHR software, caled CareConnect (Corilus), a
cloud-based EHR. This transition marked the moment to
redesign the data collection for this registry, which had not
changed since its start. To comply with the new General Data
Protection Regulation legidation, the Healthdata.be platform
was identified as a partner for this task.

INTEGO does not require any data collection besidesthat being
collected for daily clinical practice. However, the quality of the
collected data is expected to be of high quality. The data
transferred to INTEGO not only include basic concepts, such
asdiagnoses or problems, procedures, prescriptions, |aboratory
tests, parameters, or vital signs and personal information, but
alsoincludeintricate attributes such aslongitudinal carefor the
same problem (problem-oriented medical registration), causal
relationships between diagnoses and prescriptions, or the
evolution of a health issue from a symptom into a diagnosis
over time. Although many aspects of this registry were already
described in existing DCMs, many of these attributes required
additional coding and mapping to maintain their meaningful ness.
The validity of the recorded data from the original INTEGO
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existing continuous morbidity registries and found to be
comparable [13,24]. There is little reason to assume that the
data quality would change with the migration to the
Healthdata.be platform, but continuousinternal validity controls
are ongoing.

The INTEGO procedures were approved by the KU Leuven
Ethics Committee (nr. ML1723) and by the National Privacy
Commission’s Sector Committee for eHealth (decision nr.
13.026 of March 19, 2013). The procedures to collect data by
Healthdata.be were approved by the Belgian Privacy
Commission on April 17, 2018.

To date, amost all GPs have migrated to CareConnect, and the
first data export is being prepared and tested. On the one hand,
a “core INTEGO” will be constructed, based on the original
eligibility criteria to participate in the INTEGO network, to
perform epidemiological research. On the other hand, an
“extended INTEGO” will be constructed, without eligibility
criteria to participate, to perform research on the quality of
registration, quality of care, and impact of audit and feedback.

Casefor theElectronic Laboratory Medicine Ordering
With Evidence-Based Order Setsin Primary Care
Trial

The Electronic Laboratory Medicine ordering with
evidence-based Order sets in primary care (ELMO) tria is a
practical cluster randomized tria investigating the effects of
decision support on the quantity and quality of laboratory test
ordering behavior by GPs [14]. Data are collected from 3
separate sources on around 11,500 patients. Data on |aboratory
testsare provided by 3 private |aboratories, each with a separate
internal coding system for laboratory tests. The Belgian
Terminology Center hasintroduced anational subset of LOINC
codes, which are increasingly in use [25]. For the tests being
investigated, mappings to LOINC codes were realized before
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the start of the tria to ensure interoperability. Data collection
includes laboratory tests (type of test, value for test, and units),
indications for laboratory test ordering, total cost of the test,
identification of the physician, and identification of patients.

In addition, we collected patient-specific datadirectly from the
GPs. GP investigators used several different EHR software for
theregistration of clinical practice. To ensure uniformity in the
data collection, we designed a clinica report form (CRF),
detailing the exact information we wished to extract from the
EHR and which data would need to be added manually. To
facilitate data extraction, we designed the CRF so that >60%
of data would be automatically extracted from the EHR,
meaning that these data already complied with one or more
existing DCM s as defined by Healthdata.be and in use by most
EHRs. The CRF was programmed and distributed to all EHRs
through an app named Healthdata for Primary Care (HD4PrC),
whichisatool that extractsthe requested datadirectly from the
EHR and popul atesthe CRF with these data. Only datarequests
that could not be mapped to a DCM needed to be added
manually. Examples of the requested patient-specific datawere
diagnoses or problems (including international classification
for primary care codes and date of diagnosis), procedures
performed or ordered, referrals to specialist care, pre- and
posttest probabilities of disease, and diagnostic error. These
data were then sent to the Healthdata.be platform through the
described eHealth channels.

Finally, for a subset of patients, data were obtained directly
from patients. A similar CRF was designed, which surveyed
patients on data similar to the data requested from investigating
GPs. Additional information on the socioeconomic status was
requested. To ensure uniformity and avoid technical issues, the
CRF was not sent directly to participating patients, but a
telephonic interview was conducted by aresearch assistant who
completed the CRF based on patients’ responses.

All these data were collected in separate SAS datasets on the
Healthdata.be platform, which was accessible through a secured
server. Access to various parts of the datasets was dependent
on therole of the investigator, where data managers had access
to the staging datasets, and statisticians had access to the
analytics datasets. The chief investigator had access to all
datasets and managed the authorizations of the entire team.

Discussion

Principal Findings

Hedlthdata.be has successfully connected a myriad of data
providerson acentralized platform through a secure and private
method of interoperable data transfer across settings and
systems. This was done by enabling interoperable data
collection, encrypted data transfer, and coded data collection
while dtill allowing to connect data from the same patient
collected from multiple sources through a system of
pseudonymization. Healthdata.be haslargely been ableto bridge
the disconnect between clinicians and researchers. In addition,
Healthdata.be has been ableto centralize >100 clinical registries
governed by various research facilities, most of which are
continuously collecting new data. A list of current registries
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being hosted on the Healthdata.be platform is available from
the website (www.healthdata.be). Alongside the centralization
of clinical registries, the platform can also be used in clinical
trials or studies using routinely collected data at the point of
care. Additional data, which are not defined through a DCM
and specific to the trial or study, can be added manually to the
data collection tool. These features make Healthdatabe an
important facilitator of the LHS and help drive quality
improvement in health care.

Facilitating access to reliable health data may be crucia to
LHSs, but several situations have illustrated that there may be
boundaries to this easier access. The Danish General Practice
Database [26] was long considered an outstanding exampl e of
aclinical registry but was suspended because of concerns on
privacy and security. Similarly, a large data-sharing database
linking GP records with hospital data by the British National
Health Service was terminated because of the lack of public
confidence [27]. It does not appear to be a coincidence that
public concerns on privacy coincide with patients' increasing
access to their own medical data [28]. In response to these
concerns, Healthdata.be requires that all clinical registries or
trials that wish to use its platform, receive approval from the
National Privacy Commission’s Sector Committee for eHealth.
Thisauthority scrutinizes each app on security and privacy and
determines whether the data collection is appropriate for the
project. Projects that have not obtained approval are not
operationalized within Healthdata.be.

Limitations

Animportant limitation to the Healthdata.be platform is rooted
in the decentralized data provision. Despite the efforts to
standardize data collection using DCMs, variability in data
collection at the point of careisinevitable. Even though DCMs
may clearly define a clinical concept, there may still be
variations in its use in documenting daily clinical practice. To
be fully interoperable, DCMs must also be integrated into a
conceptua model such as problem-oriented medical registration.
These conceptual models not only include interoperable
standards for individual concepts but a so the relations between
concepts. Moreover, even when a concept is well defined and
documented within the same conceptual model, interrater
differences persist; thisis a feature that is common to the way
the narrative of a patient is trandated into an EHR
documentation. Recording guidelinesare required, and training
on how to put theseinto practiceisimperative, but harmonizing
system designs and user interfaces may prove to be crucial.
Many of the robust registries, such as the British Genera
Practice Research Database [29] or the Dutch Sentinel General
Practice Network [30], import their datafrom aminimal number
of different systems to ensure validity. Many of the registries
using the Healthdata.be service are al'so based on data from a
single system, but it is also possible to use authentic sources
for several data elements to ensure that the most accurate data
are available. For instance, administrative data can be fetched
from social security services in rea time, ensuring that data,
such asthedate of birth, are correct. Similarly, likeinthe ELMO
study, it is possible to access multiple systems and collect data
where results are most likely to be accurate. In this sense, it
seems logical to collect data on laboratory tests from the
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laboratory information system rather than from the GP EHR.
However, no comparisons of the validity between registries
collecting their datafrom asingle source versus multiple sources
have been done.

Delvaux et al

Concerns on data quality and validity can be addressed by
collecting data from those sources where the data capture is
bound to be most complete and linking these datafrom multiple
sources through pseudonymization. Further researchisrequired

to assess whether these methods truly address concerns on the
data quality. To date, patients have only limited access and
cannot add or change health data in their own patient record.
When these features become more widespread, it would be
interesting to evaluate how this may influence the data quality
and validity.

Conclusions

Thereuse of health data collected as part of routineclinical care
can further research and improve health care. By ensuring
semantic interoperability, safe data transfer, and trustworthy
data handling, important sources of bias can be avoided.
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Abstract

Background: Thecurrent law on anonymization setsthe same standard acrossall situations, which posesaproblem for biomedical

research.

Objective: We propose amatrix for setting different standards, which is responsive to context and public expectations.

Methods: Thelaw and ethics applicable to anonymization were reviewed in a scoping study. Social science on public attitudes
and research on technical methods of anonymization were applied to formulate a matrix.

Results: The matrix adjusts anonymization standards according to the sensitivity of the data and the safety of the place, people,

and projects involved.

Conclusions: The matrix offers atool with context-specific standards for anonymization in data research.

(JMIR Med Inform 2018;6(4):e47) doi:10.2196/medinform.7096
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Introduction

The Promise of Big Data Research

The era of big data, which is rendered possible by high-power
computing and increasingly cheap data storage, offers
possibilities for research that have broad and lasting impact. In
the last decade, the cost of memory has dropped from dollars
per gigabyteto cents per gigabyte[1]. In 2013, the entire amount

of data storage globally was 4.4 zettabytes (10?'bytes), but in
Utah, the National Security Agency facility’s storage capacity
aloneis now estimated at over 1 yottabyte (10°*bytes). Traffic
on the internet has now surpassed 1 zettabyte per year [2]. The
use of data hasthe potential to transform many fieldswith health
care as a leading prospect [3,4]. Vast amounts of health care
data are already gathered, although not awaysin an electronic
form. The widespread adoption of smartphone apps and
wearableswill vastly increase the amount of wellnessand health
data produced. Big data and databank research qualitatively

http://medinform.jmir.org/2018/4/e47/

differs from most other forms of health care research. Health
data already collected for other purposesis often repurposed as
a secondary use. This involves considerable cost savings but
introduces the problem of lack of participant consent for
research. Such issuesare particularly acute with health care and
other sensitive data. The potential is enormous, but the benefits
are not fully exploited because of issues with consent, even
though the research involves minimal risk to participants in
most cases [5].

Consent, Privacy, and Inconsistent Standards

Minimal risks, however, do not justify a cavalier approach to
public consultation or consent requirements, as the failure of
United Kingdom (UK) Care.data project demonstrated [6,7].
Failure to consult or inform the public properly resulted in the
program being shelved despite having a firm statutory basisto
proceed (although the relevant legisl ation may be incompatible
with the General Data Protection Regulation (GDPR; see
MultimediaAppendix 1) [8]). Several commentators have stated
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that the “consent or anonymize” model does not work for big
data [5,9,10]. These issues have led to inconsistent decision
making by governance bodies, which have the potential to hinder
research in thisrapidly progressing area. This paper justifiesan
anonymization matrix to guide decision making by research
ethicsreview bodies. It draws on relevant normsin the European
Union (EU) but will be applicable in other milieux.

Different standards for data research governance in different
jurisdictions cause multinational projects certain issues, which
have been addressed in the literature. There is also strong
anecdotal evidence for inconsistency in approach among
research governance bodies within the same jurisdiction.
Reasons for such differences need exploration to ascertain
whether the consistency and quality of decision making could
be improved. Also pertinent is the consideration of public
attitudes to inform decision making by research governance
bodies.

Methods

Overview

A scoping study was performed using a recognized 5-step
methodol ogy to examinethe regulation of datasciencein North
America and the EU [11]. These jurisdictions were chosen
because of their cultural connections and ease of access to
literature because there were no resourcesto examineor trand ate
publicationsin languages other than English. The major relevant
statutes are GDPR (EU) and the Health Insurance Portability
and Accountability Act (HIPAA; USA; Multimedia Appendix
1). GDPR provides derogationsfor conduct of research without
consent, and these are much narrower in scope for health care
and other sensitive data. The EU definition of anonymization
is based on the possibility of reidentification using techniques
that are “likely reasonably” to be used and without using of
additional information (which may be easy to obtain). HIPAA
provides a framework for anonymization that is far more
prescriptive. The research question for the scoping study was
asfollows: what research on ethics of dataanonymization exists
to address public expectations of data management by
researchers?

Studieswereidentified using an el ectronic search using Google
Scholar, Westlaw, PubMed, and citation tracking and by manual
search. Titleswere selected after examination of abstracts. Data
were charted from the small number of relevant studies sel ected
with a narrative review generated from these papers. Results
were collated and summarized and are presented inthe analysis
that forms this paper's main text. This analysis and its
subsequent conclusions have informed the construction of the
proposed anonymization matrix.

Health Care Data Research: What Arethe | ssues?

Consent

Health data research presents particular ethical issues. Large
numbers of participants are exposed to minimal risks with a
large number of projects possible using the same resource.
Research tissue banks raise similar matters, and there is a
considerable crossover with databank research because tissue

http://medinform.jmir.org/2018/4/e47/
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banks usually have patient data in conjunction with tissue
samples; for example, the UK Biobank project has
approximately 500,000 participants and each participant, in
addition to providing blood, saliva, and urine samples, completes
an extensive lifestyle questionnaire [12]. Their imaging study
aims to enroll 100,000 participants [13]. These resources are
established for future research, the nature of which cannot be
predicted [14,15]. The biobank is the curator of the resource
rather than the body that performs research. A large number of
participants and potential projectswould make obtaining specific
consent in each case amassive administrative burden and would
inevitably reduce the amount of research performed within a
specific cost envel ope. Given participants’ altruism and minimal
risks, if appropriate governance mechanismswerein place, that
broad forms of consent are permissible is generally accepted
[16-21]. These take several forms:

«  Simple broad consent with the possibility of withdrawal at
alater date: this suffersthe disadvantage that the participant
may not be kept aware of further projects to be able to
exercise the right to withdraw consent

- Categorical consent: this is narrower—consenting to
research in particular areas, which would be compliant with
GDPR

- Consent to aform of governance: regulation of the resource
can be entrusted to a refl exive governance mechanism that
participants trust to make surrogate decisions informed by
input of both shareholders and stakeholders [14,22]

- Combinations of these options or some other variation
[23,24]

Alternatively, dynamic consent may be required. In this
situation, participants are provided with information about each
research project to decide whether to provide consent [25]. This
mandates specific informed consent for each project, but it has
been shown that participants can find this processtoo demanding
[22,26-28].

When research is performed using “found data,” the issue of
obtaining even broad consent is more problematic [29]. These
considerations mean that with appropriate approval, participants
informed consent may not be necessary, contrary to established
practicein biomedical research [10,30]. There are broad research
exemptionsfor data science, but derogationsto permit research
using sensitive data are narrower. GDPR statesthat research on
sensitive data must be “in the public interest” (Recital 53).

There is the potential for several bodies to be involved with
decison making on consent to use health care data for
research—research ethics committees or institutional review
boards, data access committees, data protection authorities, and
health service management boards. Some of these bodies have
local, national, and supranational arms, each of which may have
a different perspective and make different decisions based on
the samefacts. There are anecdotal reports of divergent opinions
on consent to data use between research ethics committees and
the Confidentiality Advisory Group of the UK’sHealth Research
Authority (Personal communication from John Fistein).
Although the Confidentiality Advisory Group’s main remit is
to advise the Health Research Authority and Secretary of Health
pursuant to the Health Service (Control of Patient Information)
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Regulations 2002 and s251 of the Health and Social Care Act
2012, its assessments include an implicit ethical evaluation of
whether confidential patient information can be processed.
Similar inconsistencies and tendencies toward risk aversion
have been described in relation to administrative data [5].

Potential harms that participants in data research might be
exposed were examined in a scoping study conducted at the
Mason Institute and Farr CIPHER for the Nuffield Council on
Bioethics Working Party on Biological and Health Data and by
the Wellcome Trust’s Expert Advisory Group on Data Access
[31]. Limited owing to time and resource constraints, their study
focused on the instances of financia damage and emotional
distress to individuals. There may be substantial harm to
organizations as well, including reputational damage and loss
of trust. Many incidents they identified were related to
maladministration, and this reinforces the need for secure
systems for data science.

Difficulties with consent illustrate that merely gaining consent
is not a panacea for all data research issues even when
practicable. The standard paradigm for data research is to
“consent or anonymize.” Therefore, if consent isnot practicable
for big data projects, the researcher might choose to anonymize
data. Thisis not necessarily straightforward and introduces a
host of other issues.

Anonymization

Anonymization is a means of preventing a breach of
confidentiality and preserving privacy. Anonymized data are
not protected under data protection law. Confidentiality and
privacy are related concepts: confidentiality is a duty owed,
often by a professional, to an individua in particular
circumstances; privacy is a right that a person enjoys. An
individual divulges many sensitive facts to professionals,
particularly in law and medicine [32], with the understanding
that the professional has a professional, legal, and ethical duty
to maintain theinformation and datain confidence or face hefty
sanctions for breaching these duties [33-35]. Duty of
confidentiality does not apply where data have been
anonymized. A duty of confidentiality is included in the
Hippocratic Oath [36] and the Geneva Declaration [37], but
there is an additional duty in the Geneva Declaration which is
to: “share my medical knowledge for the benefit of the patient
and the advancement of healthcare.”

This injunction could be interpreted as placing a duty on
physiciansto share datafor purposes of medical research when
conducted for the common good. In the UK, the Information
Commissioner’s Office (ICO) and the Caldicott Review have
commented on the problem of not using data[38,39]. Caldicott
made this an added seventh principle: “The duty to share
information can be as important as the duty to protect patient
confidentiality.” Although thisadded principleisin the context
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of particular dutiesto anindividual, rather than research per se,
it could be interpreted to include a duty to use data to improve
health care.

The distinction between privacy and confidentiadity is
acknowledged in data protection law in which particular
protections apply to those “who in the circumstances owe aduty
of confidentiality which is equivalent to that which would arise
if that person were a health professional” (UK Data Protection
Act 1998 (Multimedia Appendix 1); similar provisions apply
in other transpositions of the Data Protection Directive). Data
safe havens require researchers’ contractual duty to maintain
confidentiality and not to attempt reidentification [40,41]. Hefty
sanctions should be applied only to thoseintentionally breaching
guidelines; otherwise, a tendency will arise to restrict data
sharing unnecessarily [31]. This is one factor behind the
tendency of not sharing data when doing so is both legally and
ethically acceptable [5].

Anonymization is the procedure that removes data from the
remit of data protection law, which pertains only to personal
data. Data about or relating to a person are no longer personal
if these cannot be linked to the person. Anonymization requires
more than just removal of identifiers, the combination of 3
pieces of data could identify 87% of US residents—5-digit zip
code, birth date, and sex (note that this would not satisfy the
HIPAA Privacy Rules anonymization criteria for 2 of the 3
fields, see Multimedia Appendix 2) [42].

GDPR defines personal data as relating to “an identified or
identifiable natural person (‘data subject’),” as included in
Article 4.1. The definition of “an identifiable natural person”
covers identification by direct or indirect means and can range
from a name to social identity. The nature of personal datais
not further defined. Although some facts about an individual
are trivial, nonetheless, defining content of personal data that
would cover all individualsin all situations and be universally
acceptable is difficult. The UK Anonymisation Network
(UKAN), run by aconsortium of the University of Manchester,
University of Southampton, the Open Data Institute, and the
Office for National Statistics to establish best practice for
anonymization, has classified data, as shownin Table 1.

Defining personal data purely by content is problematic, perhaps
because some data tangentially refersto a person, for example,
avehicleregistration plate (which would be secondary personal
data under the UKAN schema), or because whether the data
identifies someone depends on many other factors. This issue
isillustrated vividly by the decision in Breyer v Germany on
whether a dynamic internet provider address is persona data
(Multimedia Appendix 1). UKAN states that anonymization
depends not only on data but also on the environment within
which that data are found [43].

Table 1. Four typesof datadepending on whether they are about people and whether they areidentifiable [43]. Source: Anonymisation Decision-Making

Framework.

About individuals

Nonidentifiable data | dentifiable data

Yes

No

Anonymized data Primary personal data

Apersona data Secondary personal data
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UKAN has divided anonymization into the following 4 types:
formal, guaranteed, statistical, and functional [43]. First, formal
anonymization meansthat direct identifiers have been removed.
Thisdoes not satisfy the EU legal standard. Second, guaranteed
or absolute anonymization, as the name suggests, provides
security against any possible reidentification but often at the
expense of theremoval of large amounts of data. Data protection
law does not require this but individual data controllers may
deem it necessary. Third, statistical anonymizationistiedtothe
concept of statistical disclosure control. It seeks to reduce the
chance of reidentification to below a given predetermined
statistical threshold. This threshold is crucial to whether
anonymization provides real protection; for example, with
differential privacy, the epsilon value selected by Apple has
been severely criticized for providing little protection of privacy
[44]. Finaly, functional anonymization examines the risk of
anonymization within a particular context, taking into account
motivations of an attacker, consequences of disclosure, and data
divergence among other criteria. Data protection legislation
does not consider these factors in legal standards for
anonymization.

Difficulties With Anonymization

In light of difficulties in defining and ensuring anonymity,
definitions of persona data across the globe are becoming
broader [45-48]. Proliferation of data collected by various data
controllers about data subjects and evolution of techniques to
reidentify data subjects has required reassessment of
anonymization. Now, unless data are substantially masked,
swapped, grouped, or deleted, an individual can often be
identified by someone sufficiently determined, with the right
technical skills, and with sufficient additional data [42,49].
Although methods have been developed to achieve tailored
levels of processing to maximize data's utility, while ensuring
anonymization to agiven level, none of these alter the fact that
making good use of dataand achieving rigorous anonymization
are currently incompatible. Statutes do not mandate guaranteed
anonymization. Instead, they set a standard of difficulty of
reidentification that must be achieved. This depends on factors
such as motivations and skills of an intruder and information
that might be combined with data. None of the legal standards
appear to vary according to data’'s circumstances or sensitivity,
although these factors feed into an assessment of good practice
[50,51] and could be incorporated into codes of conduct that
would be part of the regulatory milieu encouraged by GDPR
Article 40 (Comments made at the Privacy Engineering
Research and the GDPR Workshop, KU Leuven November 10,
2017 as observed by JR).

Sensitive personal data are defined in data protection legidation,
and health care data are one of those categories (s2, Data
Protection Act 1998, UK). There are additiona ethical and legal
protections for health care data, which may include specific
protections for particular categories, for example, sexually
transmitted infections (eg, National Health Service, Venered
Diseases, Regulations Sl 1974/29-UK, now repealed) and
genetic data (eg, Sl #687/2007—Data Protection Processing of
Genetic Data Regulations 2007, Ireland; outside the EU, there
is the Federa Act on Human Genetic Analysis 2004,
Switzerland). It has been demonstrated that public conception
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of senditive data categories may vary from that defined in
legidlation [52,53].

Anonymization introduces several problemsfor dataresearchers,
particularly in health care research. It reduces the quantity and
quality of usable data to a variable degree. Anonymization
makes it impossible to verify data or act on any results that
might have consegquences for participants, for example, when
imaging studies are performed. It will prevent linking of records,
either to form alongitudinal health record or to link datasets on
relevant issues such as socioeconomic indicators.
Pseudonymization makes several of these objectives possible;
however, in GDPR, pseudonymization is specifically excluded
from being categorized as anonymization.

Public Attitudes Toward Data Science

The basis of an ethical waiver for consent largely rests on the
presumption that the public would consent to having their data
used in this way, given the potentia for creating public good.
This necessitates an assessment of public attitudes. Different
projects and datasets may require different approaches for
preserving participants' privacy, while maximizing the benefit
of research performed. Another consideration is the public's
attitude toward data research, in particular, factors that affect
the public’'s expectation of how their data will be processed.
Thisisespecially important because the social license on which
data research with consent or anonymization relies rests on
public support.

The public’sattitudes toward use of datafor research have been
studied by the Scottish Health Informatics Programme (SHIP)
and the Ipsos MORI Socia Research Institute on behalf of
several UK organizations [23,54-58]. Use of deliberative
engagement methods has proven crucia because public attitudes
to data sharing are affected significantly by provision of
sufficient information on how data are used. During their
deliberative engagement exercise, SHIP found that initially,
members of the public expected consent to be asked for each
research project. However, with greater understanding of the
number of potential research projects with similarity of issues,
they considered broad consent to be as acceptable, if not
preferable. A similar result wasfound in astudy of the US public
[26]. In recent years, the Ipsos MORI Social Research Institute
has conducted studies on behalf of the Medical Research Council
(the use of personal health information in medical research,
2007) [23]; the Economic and Social Research Council
(Dialogue on Data) [58]; the Wellcome Trust (Commercial
access to health data, 2016) [56]; the Royal Statistical Society
(Public attitudes to the use and sharing of their data, 2014 [55]);
and the Government Data Science Partnership (Public dialogue
on the ethics of data science, 2016) [57]. Similar to SHIP, it
found that attitudes to data sharing varied considerably
depending on the purposes and likelihood of public benefit.

Nissenbaum coined the term “contextual integrity” to denote
the binding of data sharing practicesto particular contexts[59]:
The mere fact that data are in the public domain does not
congtitute license to disseminate them more widely. Solove also
dealt with this issue in his taxonomy of privacy [60]. As the
example of Nader v General Motors Corp demonstrates,
intrusive monitoring of activities performed in public can bean
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invasion of privacy; just because Nader was in a bank did not
permit anyone to know how much money he was withdrawing
(nor, indeed, that he was there to withdraw money at al;
Multimedia Appendix 1). Therefore, posting material on social
mediadoes not automatically maketheir usefor research ethical.
Anonymization may still be necessary and appropriate for
Facebook and Twitter posts because posters had not intended
their material to be disseminated to awider audience.

With research on attitudes toward sharing location data in
particular, Sadeh has a so found that privacy ishighly contextual
[62-64]. Willingness to share location data depends on several
factors including time of day, day of the week, social group
requesting data, and location. Sadeh found that the purpose for
which datawould be used was particularly important in decision
making. If location data are crucial to the central purpose, its
use is much more frequently acceptable than when it is
tangential or unrelated to the app’s central purpose. Similarly,
an individual who may be willing to share sensitive data, such
as in health care, might be unwilling to have socioeconomic
data linked with those medical records [65]. This points to a
demand for improved, granular consent requirements to reflect
the need for data from individuals.

Results

This proposal arises from an ethico-legal analysis completed
during our work on the Aegle project. It takesinto consideration
recent EU legislation, but the resulting matrix is applicable to
most jurisdictions.

Discussion

A Framework for Information Governance: A
Proposed Solution

Governanceisaninclusive form of regulation that encompasses
governmental laws and regulations. Information governance
frameworks require synthesis of data protection laws, guidance
from national data protection officers, and an appreciation of
expectations of the public they serve. Governance mechanisms
can and ought to be more flexible and responsive than
governmental laws and regulations. The main justification for
the proposed matrix isdl the evidence that supportsthe common
sense notion that people are willing to share different amounts
and types of datawith different people, in different settings, for
different purposes, at different times. Therefore, it isreasonable
to conclude that using the same anonymization standard for all
data protection and freedom of information purposes does not
reflect societal attitudes to data or provide a governance
framework that satisfies individuals' reasonable expectations.
A proportionate form of governance is preferable to protect
individualsasfully as practicablewhile maintaining the capacity
to generate useful insights from data [66,67]. The demands of
good governance are usualy greater than the legal standard,
and thisis particularly true for research in which standards are
left for the scientific community to decide (eg, GDPR alows
consent “in keeping with recognized ethical standards for
scientific research,” Recital 33) [8]. However, there is no
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suggestion that this assessment can be done without public
engagement.

The trust placed in medical practitioners and academic
researchers therefore entails the public’s possible acceptance
of alower standard of anonymization, given that data users have
a professional or contractual duty to respect confidentiality
[35,36]. Thereisapersuasive casefor having different standards
of anonymization for medical research conducted in safe havens
or at least by researchers under a duty (whether professional or
contractua) of confidentiality, including aduty of not attempting
reidentification, and for data released to the public whether
under a freedom of information request or not. The UK Data
Protection Act allows processing of medical dataunder Schedule
3, Para8.1b by “aperson who in the circumstances owes a duty
of confidentiality which is equivalent to that which would arise
if that person were a health professional.” The trustworthiness
and motives of those who examine data are highly relevant to
which precautions would be prudent. There is no control over
what techniques can be used and by whom once data are rel eased
to the public and are therefore “in the wild.”

Data protection authorities have commented on the dynamic
nature of personal data The UK ICO (2012) noted that
predictions about data available now or later cannot be made
with certainty (pagel8) [39]. The EU’s Article 29 Working
Party reached asimilar conclusion, recognizing that the changing
nature of data and its usage as well as growth in information
that could aid identification can giverise to new data protection
issues. This requires an appreciation that anonymization is not
a one-off exercise [68]. Data that at one point in time is
anonymized may subsequently beidentifiable and thus become
personal dataonce more. Based on these considerations and the
fact that once data has been released to the public, we conclude
that it cannot be recalled and operations performed cannot be
limited in any way; thereis justification for applying the most
stringent standards of anonymization to datafor public release.

This distinction was not considered by the UK ICO in their
decision FS50565190 against Queen Mary University of
London, relating to a trial of treatment for chronic fatigue
syndrome. Their decision held that the University could not
withhold data anonymized to the Information Commissioner’s
satisfaction, despite concerns about activiststrying to reidentify
participants. The |CO wanted a specific explanation as to how
reidentification would be achieved [69]. Section 22A of the
Freedom of Information Act now exemptsresearch studiesfrom
disclosure prior to publication of papers, but this only extends
the timeframe for disclosure rather than absolutely exempting
them. The University argued that participants had an expectation
that their data would be confidential and that, in a small
community, addition of information, for example, about hospital
appointments, might enable reidentification. Participants had
already withdrawn consent because of such fears, and this
required expensive, time-consuming reanalysis of theremaining
data

In summary, we argue that the evidence demonstrates that
neither consent nor anonymization to current legal standardsis
a solution to all data research issues. Limitations of
anonymization make the application of the same standard across

JMIR Med Inform 2018 | val. 6 | iss. 4 |e47 | p.232
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

the board problematic. Recognition of the current framework’s
inadequacy has led usto propose an anonymization matrix for
treatment of sensitive data, particularly health care data. Our
hypothesis is that the matrix will improve proportionate
information governance and can therefore improve the
trustworthiness and utility of data research. This hypothesis
requires testing with empirical research, which is beyond the
remit of this paper.

Proposal

An Anonymization Matrix

A tool for research ethics committees, institutional review
boards, and data access committeesfor ng data protection
aspects of a project and achieve consistent proportionate
information governanceis proposed. This P-R matrix (Table 2)
includes anumber of levels of anonymization adjusted according
to the best evidence about public attitudes to trustworthiness,
particularly recent research on public attitudes about data's use
for research. The matrix aso takes into account the
unpredictability of health care data's future identifiability,
holding that any datafor public release should be subject to the
highest standards of anonymization in accordance with the
precautionary principle. GDPR and ethical standards demand
that when research is not in the public interest, the standard
paradigm of “consent or anonymize” should apply.

Table 2. P-R anonymization matrix.

Rumbold & Pierscionek

Levels 1-3 of anonymization referenced in thetable are defined
in Multimedia Appendix 3. They are developments of the
HIPAA Privacy Rule (detailed in Multimedia Appendix 2) with
the addition of algorithm-based methods that can adjust
processing according to required levels of k-anonymity,
[-diversity, t-closeness, and differential privacy. Definitions of
particular categories and rationales are provided below. We
have also incorporated a UK adaptation for the obscuration of
postcodes in Multimedia Appendix 4.

Considering that particular contexts may make an individual
more vulnerable or the attempts to breach more skilled or more
determined is also appropriate. These specia circumstances
include data on celebrities or other persons about whom a
considerable amount of information is already in the public
domain and is widely known. Use of metrics to determine the
possibility of reidentification isappropriate, although the Level
3 standard combined with anonymization algorithmsto provide
k-anonymization may not be sufficient to allow for public
release. Synthetic data, or a dataset that has been subtly altered
fromtheoriginal, isagood substitute in many situations because
it can be demonstrated to provide results very similar to those
obtained from data on which it is based [ 70,71]. The content of
the columns and rows in Table 2 is explained further.

Context of data Datause authorized  Headlth caredatause  Very sensitive health care  Special circumstances
without consent® without consent data” use without consent  Without consent
Research in safe havens® Anonymizationnot  Level 1 Level 1 Level 2
required
Research to which duty of confidentiality applies  Anonymization not Level 1 Level 2 Level 3
required
Research to which no duty of confidentiality Level 1+ agorithmic Level 1+ agorithmic Level 2 + agorithmicma- Level 3

applies” manipulation®

Level 3 or synthetic

Information for public rel ease
data or no release

manipulation nipulation

Level 3 or synthetic
data

Level 3or syntheticdata  Level 3 or synthetic

dataor norelease

AW here authorization for data processing without consent has been provided by a specific statutory body, a body that provides appropriate safeguards,
or the equivalent for research ethics. These bodies have powers to authorize data use without anonymization; however, good practice requires data
minimization with justification for inclusion of all identifying data.

bVery sensitive data are not exhaustively defined in this paper because they depend heavily on particular sociocultural sensitivities; for example, alcoholic
liver disease would be a sensitive diagnosis in some cultures but not necessarily in al. Sexually transmitted infections are usually considered very
sensitive. Public consultation is needed on use of health care datain an ongoing process.

®Requirements for accreditation include that researchers are under contractual duties of confidentiality, including not to attempt reidentification [40].
91t should be noted that the UK government has signaled an intention to create a new crimina offense of reidentification [72]; other jurisdictions,
including New Zealand, Australia, and Canada, are also considering this[73,74]. Currently, reidentification would be merely abreach of data protection
law.

€Algorithmic manipulation means data masking, clustering, or deletion to satisfy demands of k-anonymity and other metrics such as I-diversity,
t-closeness, or differential privacy.

fAsnoted above, the UK Information Commissioner’s Office could compel release under the Freedom of Information Act 2000 of dataonly anonymized
to their standard (currently, the motivated intruder). This standard is arguably deficient for public release of health data [61], and we propose statutory
change to enable an appropriate level of privacy protection to be required.

instance means a professional or contractual duty of
confidentiality equivalent to those of health care professionals,
additional to a duty of not attempting reidentification.

Rationale for the Anonymization Matrix

Authorization means that data use has been permitted without
consent by astatutory body, research ethics committee, or other
empowered governance body. “Duty of confidentiality” in this
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Research in Safe Havens

Several requirements must be met for a data safe haven to be
accredited.

1) Authorization by the appropriate body coversthe use of data
for research without any anonymization, whether in a data safe
haven, when the researcher isbound by aduty of confidentiality
in the same way as medical professionals.

2) and 3) Anonymization isrequired to meet legal requirements
where authorization has not been granted. Because research is
being conducted in safe havens, there is no requirement for a
standard higher than Level 1.

4) Where there are special circumstances, it seems reasonable
to expect a higher standard of anonymization because
reidentification could occur spontaneously without any
deliberate attempt by the researcher.

Resear ch Where Duty of Confidentiality Applies

Duty of confidentiality provides protectionsfor participants but
not other safeguards provided in accredited data safe havens.
Hence, some additional anonymization may be necessary.

1. Where authorization is granted, there is no need for
anonymization.

2. Where no authorization has been granted, Level 1
anonymization will satisfy legal and ethical requirements.

3. Where data are particularly sensitive, risks related to
disclosure are correspondingly higher. Therefore, we
recommend Level 2 anonymization.

4. Where there are gpecia circumstances, Level 3
anonymization reduces risk of inadvertent reidentification.

Research in Which No Duty of Confidentiality Applies

If researchers are not under aduty of confidentiality, safeguards
to prevent reidentification should be stronger. Excessive
processing of data can be reduced by resorting to algorithmic
manipulation.

1. Although thereisno legal requirement when authorization
has been granted for any anonymization to be performed,
we argue that where there is no duty of confidentiality,
ethical bodies should require it. Additionally, algorithmic
manipulation should be required to ensure that
reidentification cannot occur.

2. Here anonymization is legally required. The safeguard of
additional algorithmic manipulation should be required by
ethical bodies.

3. Processing of more sensitive health care data warrants the
higher level of anonymization with agorithmic
manipulation.

4. Research ondatain specia circumstanceswhereresearchers
are not bound by aduty of confidentiality isworthy of the
highest levels of anonymization (where such research is
permitted at al).

Public Release

When information isrel eased to the public, anonymization must
be asrigorous as possible, owing to future development of new
techniques for reidentification and possible release of further
information. For this reason, we recommend that at |east Level
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3 anonymization be used. Synthetic data are preferable when
substitution is feasible.

1) and 4) Without consent or with special circumstances, there
isacasefor not releasing any datato the public. Synthetic data
pose no privacy risk.

2) and 3) Release of rigorously anonymized data are acceptable
although synthetic data are preferable.

These requirements would need periodic review. Because data
for public release cannot be modified to increase protection
from reidentification, standards for anonymization must be
robust enough to provide protection for at least the medium
term. The proposed matrix provides guidance for research ethics
review bodies to harmonize their ethical assessments with data
protection requirements, while providing the enhanced
protection expected for sensitive data.

Techniques of Anonymization

It has been said many times that “ought” implies “can” [75].
Anonymization is not an al or nothing process, but rather a
spectrum of processing that provides greater or lesser degrees
of difficulty in reidentifying an individual. Although finite risk
is associated with nearly all data science research, the publicis
willing to accept this if mitigated by appropriate data security
and safeguards [76,55]. A further solution to the problem of
reidentification is to restrict access to researchers who have
given assurances that they will not attempt reidentification.
Although potentially attractive and reassuring to the public, this
currently makes no difference to whether data are classified as
indirectly identifiable. However, such assurances would be good
evidence of the provision of appropriate saf eguards by the body
concerned.

Techniques involved in anonymization reduce utility of datato
a greater or lesser extent [51,77,78]. Academic literature has
much debated risks associated with anonymized data. Although
researchers have demonstrated that datasets can be reidentified
in defined circumstances, whether these scenarios reflect what
islikely in the real world is contentious [42,49,79].

The 2 approaches to anonymization are rule based and risk
based. Rule-based anonymization istypified by the first part of
the HIPAA Privacy Rule, which mandates obscuring particul ar
datafields. The HIPAA Privacy Ruleis easy to apply, but there
are problems with it. In some circumstances, it involves
unnecessary deletion of data; in others, it fails to provide
adequate protection from reidentification [80]. Ruling out
unusual datathat can uniquely identify anindividual isdifficult,
an example being the mayor of Ottawa [81]. Thereis also the
issue of where sufficient dataare availablein the public domain
about an individual for reidentification to be feasible [61].

Risk-based anonymization involves processing guided by the
calculation of the risk of disclosure and assessing which data
need to be obscured to achieve this [50]. It would include the
statistical expertise-based standard in the HIPAA Privacy Rule
and involves such techniques as k-anonymization, I-diversity,
t-closeness, and differential privacy [82-85]. These techniques
examine datafor patterns that would enable reidentification (if,
€g, one dataset has particular attributes) and selective data
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masking, clustering, or deletion to reduce the possibility of
drawing inferences from deidentified data. These techniques
reduce deterioration in data, but they do not eliminateit. If too
largeavaluefor epsilon is selected for differential privacy, then
privacy protection will be minimal [44]. An overstringent
rule-based approach to anonymization is problematic, and a
proportionate form of governance has distinct advantages
[15,86]. If researchers agree to not attempt reidentifying
participants and their duty is reinforced by the prospect of
sanctions, it provides reassurance and facilitates preservation
of intact data. Conversely, datafor public release may be subject
to any number of techniques and addition of datafrom avariety
of sources, both legal and illegal [61,87].

Advances that have enabled reidentification also enable other
inferences from existing data. This is, after all, the basis for
linkage research. One of the most famous examplesisthe Target
customer being sent offers on baby-related items when she had
not yet told her father of her pregnancy. The supermarket had
inferred the fact of her pregnancy from her purchasing habits
[88]. The participant cannot have given permission for the
production or storage of these new facts when consent has not
been specifically given for research purposes. Recently, ICO
fined charities for conducting “wealth screening” of potential
donors[89].

Conclusions

The literature on privacy and attitudes toward use of data for
research purposes provides support for application of different
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Abstract

Background: Electronic health records (EHRS) are important data resources for clinical studies and applications. Physicians
or clinicians describe patients' disorders or treatment procedures in EHRS using free text (unstructured) clinical notes. The
narrative information plays an important role in patient treatment and clinical research. However, it is challenging to make
machines understand the clinical narratives.

Objective: This study aimed to automatically identify Chinese clinical entities from free text in EHRs and make machines
semantically understand diagnoses, tests, body parts, symptoms, treatments, and so on.

Methods: The dataset we used for this study is the benchmark dataset with human annotated Chinese EHRs, released by the
China Conference on Knowledge Graph and Semantic Computing 2017 clinical named entity recognition challengetask. Overall,
2 machine learning models, the conditional random fields (CRF) method and bidirectional 1ong short-term memory (LSTM)-CRF,
were applied to recognize clinical entities from Chinese EHR data. To train the CRF—based model, we selected features such as
bag of Chinese characters, part-of-speech tags, character types, and the position of characters. For the bidirectiona
LSTM-CRF-based model, character embeddings and segmentation information were used as features. In addition, we also
employed a dictionary-based approach as the baseline for the purpose of performance evaluation. Precision, recall, and the
harmonic average of precision and recall (F1 score) were used to evaluate the performance of the methods.

Results: Experiments on the test set showed that our methods were able to automatically identify types of Chinese clinical
entities such as diagnosis, test, symptom, body part, and treatment simultaneously. With regard to overall performance, CRF and
bidirectional LSTM-CRF achieved a precision of 0.9203 and 0.9112, recall of 0.8709 and 0.8974, and F1 score of 0.8949 and
0.9043, respectively. The results also indicated that our methods performed well in recognizing each type of clinical entity, in
which the “symptom” type achieved the best F1 score of over 0.96. Moreover, as the number of features increased, the F1 score
of the CRF model increased from 0.8547 to 0.8949.

Conclusions: Inthisstudy, we employed two computational methodsto simultaneously identify types of Chineseclinical entities
from free text in EHRs. With training, these methods can effectively identify various types of clinical entities (eg, symptom and
treatment) with high accuracy. The deep learning model, bidirectional LSTM-CRF, can achieve better performance than the CRF
model with little feature engineering. This study contributed to trand ating human-readabl e health information into machine-readable
information.

(IMIR Med Inform 2018;6(4):e50) doi:10.2196/medinform.9965

KEYWORDS

clinical named entity recognition; machinelearning; treatment; diagnosis; physical examination; human body; syndrome; el ectronic
health records; bidirectional LSTM-CRF
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Introduction

Background

Electronic health records (EHRS) comprise individuals' health
information such as laboratory test results, diagnosis, and
medications. Thisinformation includes various datatypes, from
structured information such aslaboratory test results consisting
of test items and the corresponding values, to unstructured data
such as clinical narratives in discharge notes [1]. Benefiting
from the development of big data techniques, large-scale EHR
data mining has become widely used in data-driven medical
studies, clinical decision making, and health management.
However, plenty of key information on health careisburied in
the large amount of unstructured narratives, which makes it
difficult to be analyzed computationally. Therefore, clinical
named entity recognition (CNER), whichisused to identify the
boundary of clinical entities such as body parts and diagnoses
and then classify them into predefined categories, has been
extensively used to extract structured information automatically
from English and Chinese EHRs [2-4].

Early named entity recognition (NER) systems often use
rule-based approachesthat rely on various dictionary resources.
More recently, machine learning (ML)—based approaches have
been applied to NER, such as maximum entropy (ME),
conditional random fields (CRF), support vector machines
(SVM), structural support vector machines (SSVM), and
multiple deep learning methods [5-10]. Liu et a [11] employed
a CRF mode based on multiple features including
bag-of-characters (BOC), part-of-speech (POS), dictionary, and
word-clustering featuresto identify clinica entitiesfrom EHRs.
Experiments on 220 clinical tests with different feature
combinations showed that a CRF model based on the
combination of features including POS features, dictionary
features, as well as word clustering features achieved the best
performance with an F1 score of 0.8915. Liang et a [12]
proposed a novel cascade-type method, which integrated the
sentence category classifier from an SVM and the CRF-based
clinical entity recognition, to recognize drug names from 324
Chinese admission notes. Their approach achieved an F1 score
of 0.935 for the recognition of traditional Chinese medicine
drug names and 0.917 for Western medicine drug names. Lei
et a [2] systematically investigated the effects of different types
of features and different ML models (including CRF, SVM,
ME, and SSVM) for CNER on Chinese EHRs. Experimentson
their manually annotated corpus of 400 discharge summaries
and 400 admission notes showed that both the “word
segmentation” feature and the “section information” feature
improved the performance of CNER. In addition, among the
ML models, SSVM achieved the best performance with an F1
score of 0.9001 and 0.9352 on discharge summaries and
admission notes, respectively.

Traditional ML-based approaches such as CRF can achieve
good performance on the sequence-labeling tasks but usually
rely heavily on hand-engineered features and medical
knowledge. However, deep learning methods such as
Convolutional Neural Network (CNN) and Recurrent Neural
Networks (RNN) can achieve state-of -the-art performancewith
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little feature engineering. Wu et al [8] applied a deep neural
network, devel oped by Ronan Collobert [ 13], onthe CNER task
in Chinese clinical text with only word embeddings, achieving
an F1 scoreof 0.9280. Lampleet a [14] proposed abidirectional
long short-term memory (LSTM-CRF) model for NER, which
achieved an F1 score of 0.9094 on the CoNLL-2003 test set
with word embeddings from supervised and unsupervised
learning. Misawa et a [15] proposed a “character based”
CNN-bidirectional LSTM-CRF model to extract entities from
the Japanese Mainichi newspaper corpus. Intheir model, aCNN
model was first used to extract subword information from
Japanese characters, and then, the extracted subword information
concatenated with the word embedding was fed into a
bidirectional LSTM-CRF model to identify entities. Zhu et al
[16] developed an end-to-end deep learning model, named
GRAM-CNN, for CNER tasks, inwhich amodified CNN mode!
was first employed to extract local features around aword, and
then, a CRF layer was used to model 1abelsjointly based on the
output of GRAM-CNN. Their model achieved an F1 score of
87.26% on the Biocreative Il dataset. Hu et a [17] built a
vote-based hybrid system for the China Conference on
Knowledge Graph and Semantic Computing (CCKS) 2017
CNER challenge task, which received the first place with an F1
score of 0.9102. Their hybrid system integrated 4 individual
models, including (1) a rule-based model; (2) a CRF model;
and (3) 2 bidirectional LSTM models, a conventional
bidirectional LSTM model based on word embeddings and a
modified bidirectional LSTM model with a fully connected
layer added after the LSTM layer to concatenate some
hand-crafted features with the LSTM outputs. A total of 4
models were deployed independently for the CNER task with
corresponding F1 scores of 0.8682, 0.8969, 0.9017, and 0.8957,
respectively. Finaly, a vote-based approach was used to
combinetheir results: an entity is selected only when it hasbeen
predicted by at least two methods. However, the hybrid system
takes considerable time and effort for feature engineering, model
constructing, and parameter tuning.

Most of the previous studies on CNER primarily focus on
English clinical texts. Various ML models have shown
significant performance on CNER on English EHRs. Compared
with English CNER, Chinese CNER faces more obstacles and
still remains a challenge, which may due to the following
reasons: (1) few open access Chinese EHR corpora; (2) asmall
number of Chinese medical dictionariesand ontology libraries,
and (3) complicated properties of the Chinese language, such
asthelack of word boundaries, the complex composition forms,
and word forms remaining unchanged in all kinds of tense or
POS[18,19]. Until the recent 2 years, the number of studieson
Chinese CNER hasincreased rapidly, boosting the performance
of the models on Chinese CNER.

Objectives

In this study, weinvestigate 2 automatic methods, bidirectional
LSTM-CRF and the CRF model, in terms of simultaneously
identifying 5 types of clinical entities from Chinese EHR data.
Experiment results indicate that the 2 ML models showed
significant performance on each type of entity, demonstrating
their effectiveness in recognizing multiple types of clinical
entities for further data-driven medical research. Our
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bidirectional LSTM-CRF model can capture not only the past
and future input features through the bidirectional LSTM layer
but also the sentence-level tag information via the CRF layer.
Its performance is comparable with the Top 1 system (F1 score
0.9043vs0.9102) in the CCKS 2017 CNER challenge task and
better than that of each of the 4 individual models of the Top 1
hybrid system, which needs much effort for feature engineering
and model constructing. The bidirectional LSTM-CRF model
achieves state-of-the-art performance by utilizing only the
character and segmentation information, which significantly
alleviates the human work involved in feature engineering to a
large extent.

Methods

Datasets

A total of 2 datasets were used in this study, the first oneis an
annotated corpus, which isused for training and testing, whereas
the second one, regarded as the devel opment set, isan unlabeled
corpus for learning character embedding. All data are derived
from the progress notes and examination results of in-patients’
EHRs released by the CCKS 2017 CNER challenge task [20].
Thefirst dataset involves 400 patients’ EHR data, and for each
patient, it contains 4 data fields, including (1) genera items:
usually contain the patient’s demographics and the reasons for
admission; (2) medical history: consists of the patients' past
disease history and corresponding treatment, the reasons for
current admission, outpatient test results with diagnosis and
treatment, and the tests after hospitalization; (3) diagnosis and
treatment: mainly include the tests after hospitalization,
corresponding diagnosis, and detailed treatment and body
condition after treatment (if worse or new symptoms appear,
test once again; corresponding diagnosis and treatment will be
contained); and (4) discharge note: involves patients complaints
about their body condition, final tests before discharge, and the
doctor’'s summary of the patients’ body condition. Moreover,
for each field, 5 types of clinical entities—symptom, test,
diagnosis, treatment, and body part—were annotated. An
example of the original EHR text is shown in Textbox 1 and its
manually annotated gold standard provided by the CCKS
organizer isshownin Table 1, inwhich pos_b and pos_edenote
the start and end position of the entity in the text. In summary,
atotal of 10,142 symptoms, 12,689 tests, 1275 diagnoses, 1513
treatments, and 13,740 body parts were annotated in the first
dataset. The first dataset was further divided into 2 parts, 300
patients data as the training set and 100 patients' data as the
test set. The distribution of entities among the training and test
setsis shown in Table 2.

The second dataset includes 2605 patients’ unlabeled EHR data,
which was used for learning character embeddings. Character
embeddings were trained using individual Chinese characters.
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Dictionary-Based Clinical Named Entity Recognition

Traditionally, dictionary-based CNER approaches utilize
medical dictionary resources such as the Unified Medical
Language system, Medical Subject Headings, and RxNorm.
For Chinese clinical entity recognition, we constructed a new
dictionary onthe basisof the Chinese Unified Medical Language
System (CUMLYS) [21] and the training corpus. CUMLS is a
knowledge organi zation system with more than 30,000 medical
subject headings and 100,000 medical terms, which incorporate
more than 10 thesauruses, taxonomies, glossaries, and medical
corpora. In this study, we only choose 54 categories of medical
terms, which are related to the 5 types of entities in this study
and classify them into 5 predefined categories manually (in
terms of the clinical entity types) to build our dictionary.
Overadl, 6 categories of medica terms from CUMLS are
classified as “diagnosis,” 22 categories as “test,” 9 categories
as “body part,” 4 categories as “symptom,” and 13 categories
as “treatment.” Finaly, we construct the dictionary by
integrating all the clinical named entities, derived from the
annotated labels provided by the CCKS organizer, in the 300
training set with the selected part of the CUMLS. Thedictionary
we build contains not only the medical terms from medical
vocabulary but also thetermsfrom theclinical text, which makes
it more suitable for CNER tasks. Maximum forward matching
was adopted while extracting clinical entities based on our
dictionary.

Machine L earning Methodsfor Clinical Named Entity
Recognition

CNER isgenerally converted into asequence-labeling problem
or aclassification problem. Sequence-labeling problem means,
given a sequence of input tokens A=(ay,...,&,) and a predefined
set of labelsL, determine asequence of labelsB=(b;,...,b,) with
the largest joint probability for the sequence of input tokens
[22] (b, O L for 1 <i < n). Classification problem means for
each input token X, determine the label with the highest
probability of classification among the predefined set of 1abels
L. Asfor CNER, the labelsincorporate 2 concepts, the type of
theclinical entity and the position of the token within the entity.
Inthisstudy, we utilizethetypica “BlO” labels[23] to represent
the position of the tokens within the entities. In BIO labels, B
means the token isthe beginning of an entity, | meansthetoken
isinside an entity, and O meansthetoken is outside of an entity.
As there are 5 types of entities, we have overall 11 labels
including 5 B classes (B-symptom, B-test, B-diagnosis,
B-treatment, and B-body) and their corresponding | classes
(I-symptom, I-test, I-diagnosis, I-treatment, and 1-body) and O.
For instance, abody part entity “/(5" ismade up of 2 Chinese
characters “1(»" and “F8” that are annotated with label B-body
and I-body, respectively. In the following sections, weintroduce
the sequence-labeling algorithm CRF as well as the deep
learning models (bidirectional LSTM-CRF) for CNER.
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Textbox 1. An example of the original electronic health record text.
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to reduce airway hyperresponsiveness.)

1. BILAASILE, EFRI, BEME. 2. UZE, ZHRAEE. 3. B WIFEEL, EEFHMK. XAAERSE, TERH/MN
KiRE, BGEMAHISE R XREMK. LTFRLLMIRE, OETHRETURE. SURARMRE, PTRERRSESRE (1
Patient is a 4-year-old children, acute onset, short duration. 2. Main symptoms are cough and fever. 3. Examination: the throat is slightly congestive,
double tonsils are slightly swollen. Lung breath sounds thick, a small and medium-sized bubble sound can be heard. Combined with the chest x-ray,
diagnosed as: bronchopneumonia. Given cefoperazone combined with andrographolide for anti-infection, aerosolized inhal ed budesonide and sal butamol

Table 1. Anexample of the manually annotated golden standard.

Entity pos b? pos_eb Entity type
1% (cough) 21 22 Symptom
% # (fever) 24 25 Symptom
A (examination) 32 33 Test
TEER (throat) 35 36 Body part
Fe 1 (congestion) 38 39 Symptom
SURHkAE (double tonsils) 41 44 Body part
Bk (swollen) 46 47 Symptom
WA (Ilung) 49 50 Body part
IEIREF (breath sound) 51 53 Test
B9 (chest x-ray) 67 68 Test
I 5 & fifi ¢ (bronchopneumonia) 74 78 Diagnosis
S 7R AR (cefoperazone) 84 87 Treatment
23T (andrographolide) 89 91 Treatment
21 (budesonide) 102 105 Treatment
T RZEZ (salbutamol) 107 110 Treatment
SiE (airway) 113 114 Body part

%os b: start position.

bpos_e: end position.

Table 2. Distribution of entities among the training set and the test set.
Dataset Number of patients Body part Diagnosis Symptom Test Treatment Total
Training set 300 10,719 722 7831 9546 1048 29,866
Test set 100 3021 553 2311 3143 465 9493
All 400 13,740 1275 10,142 12,689 1513 39,359

Conditional Random Fields-Based Clinical Named
Entity Recognition

CREF is a probabilistic undirected graphical model, which was
first proposed by Lafferty in 2001 [24]. It overcomes the
shortcomings of the Hidden Markov Model and also solvesthe
label-bias problem of the Maximum Entropy Markov Model.
Asit takes into account the joint probability distribution of the
output sequence of labels, it has been widely used for sequence
labeling tasks such as POS tagging, Chinese word segmentation,
NER, and CNER. The CRF model decodes the
sequence-labeling problem by undirected Markov chain and the
Viterbi algorithm with the training criteriaz maximize the
likelihood estimation of conditional probability of the output
seguence of labels Y given the input sequence X. In this study,
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X is the random variable over the input Chinese characters
sequence and Y isthe random variable over the corresponding
label sequence.

Let P(Y|X) be alinear chain conditional random field. Under
the condition that the value of random variable X isx (eg, “ &
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in which Z(x) denotes the normalization factor, y; (eg,
I-symptom) is the label of x; (eg, “J&; pain” inthe “ BE L IE
[£ 7% patientswith left abdominal pressing pain”), and theny; ;
(B-symptom) isthe label of x;_; “JE (pressing)”. t, (dependson
the current label y; and former label y;_;) and 5 (depends on the
current label y;) denote the feature functions, and A, and
denote their corresponding weights. Once the corresponding
weights are learned, the labels of a new input sequence can be
predicted according to P(y[x). The prediction process can be
achieved in an efficient way using the Viterbi algorithm. Inthis
study, we use the CRF++ package [25], one of the most popul ar
implementations of CRF, for theimplementation of CRF model.
The features for training the CRF model are described in the
Feature Selection section.

Bidirectional Long Short-Term Memory-Conditional
Random Fields-Based Clinical Named Entity
Recognition

Recently, multiple deep neural architectures have been exploited
for NER tasks [26-28], among which RNN models usually
achieve the best performance, especially the bidirectional
LSTM-CRF model. In theory, RNNSs are capable of capturing
long-distance dependencies; in practice, they fail due to the
gradient vanishing or exploding problems. LSTMs are variants
of RNNs designed to cope with these gradient vanishing
problems by incorporating amemory cell [29]. Figure 1 shows
the structure of an LSTM unit at step t [7]. An LSTM unit
contains an input gate i, which controls the proportion of input
information to the memory cell; aforget gate f,, which controls
the proportion of the previousinformation to forget; amemory
cell ¢, which memorizesthe long-distance context information;
and an output gate o, which controlsthe proportion of the output
information for the next step. Theimplementation of theLSTM
unit is shown as follows:

iy = O(Wyi X + Wi hg + Wi ¢y + b))
fr = O(Wys X + Wi heq + Wes g + 1)
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= fpe Gy +ip e tanh(Wye X + Wie hyg + by)

0 = C)-(V\lxo X+ Who ht—l + Wco G+ bo)

h; = o « tanh(cy,
where o denotes the element-wise sigmoid function; ¢ denotes
the element-wise product; and b, b, b,, and b, denote the bias
vectors. W denotesthe weight matrix, x; denotesthe input vector
corresponding to the current Chinese character, and h; denotes

the output vector of the LSTM, which represents the context
information of the current Chinese characters.

For many sequence-labeling tasks, it isbeneficial to have access
to both past (left) and future (right) contexts. However, the
LSTM’s hidden state h, takes information only from past.
Bidirectional LSTM model presents each sequenceforward and
backward to 2 separate hidden states to capture past and future
information, respectively. Then, the 2 hidden states are
concatenated to further form the final output. Bidirectional
L STM-CRF model, which takes advantage of both bidirectional
LSTM and CRF, can simultaneously utilize the past and future
input features through the forward and the backward LSTM
layer and the sentence level tag information viathe CRF layer.
The architecture of the bidirectional LSTM-CRF is shown in
Figure 2, which consists of an input layer, 2 LSTM layers, and
aCRF layer.

When predicting the tags of Chinese characters, first, given a
sentence S=(c;,...,C,)), €ach character ¢, (1<t<n) is represented
by vector x; (the concatenation of the character embeddings and

the segmentation information) generated in the input layer.
Second, the forward and the backward LSTM layer take the
sequence of character representations X=(Xy,...,X,,) asinput and

generate the representation of the left (h=h,...,h,) and right
(h=h;1,....,h,,) context for each character, respectively. Third,
the sequence of overall context representationsis h=(hy,...,h),
whereh;, isthe concatenation of h;; and h,. Finally, the sequence

of overall context representationsistaken asinput for the CRF
layer to predict the output label sequence L=(l,...,l)-

JMIR Med Inform 2018 | val. 6 | iss. 4 |50 | p.245
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

Zhang et a

Figure 1. A long short-term memory unit. it: input gate; ft: forget gate; ct: memory cell; ot: output gate; ht: output vector of the LSTM.

Xt ht-1

Xt ht-l

ht-l

Figure 2. Architecture of the bidirectional long short-term memory-conditional random fields. LSTM: long short-term memory; CRF: conditional

random fields; B-dis: B-diagnosis; |-dis: I-diagnosis.
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Feature Selection

For training the CRF model, we select 4 types of features, BOC,
POS tags, character types (CT), as well as the position of the
character in the sentence (POCIS). NLPIR Chinese word
segmentation system Institute of Computing Technology,
Chinese Lexical Analysis System (ICTCLAS)-2016 [30] is

http://medinform.jmir.org/2018/4/e50/

utilized for word segmentation. While using ICTCLAS-2016
for segmentation, POS tags are generated simultaneoudly. As
we use character-level information instead of word-level
information, the POS tag of the Chinese character is just the
POS tag of the corresponding word, which contains that
character. In addition, we manually classify all the characters
inthe EHR dataset into 5 CT (including W: common character;
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D: numbers; L: letters, S: ending punctuation; and P:
symmetrical punctuation). To validate the effectiveness of the
bidirectional LSTM-CRF model in identifying clinical entities
with much less feature engineering than the CRF model,
different combinations of features are fed into the CRF mode!.

For training the bidirectional LSTM-CRF model, we employ
the character embeddings and segmentation information as our
features. Character embeddings are learned through Google's
word2vec [31] on the 2605 patients' unlabeled dataset. The
segmentation information is generated by the Jieba segmentation
system [32].

Experiment

Experimental Setup

We conducted an experimental study to compare ML-based
CNER with the dictionary-based approach. First, we divide the
first dataset into 2 parts, the first part, which contains 300
patients EHR data, for training, and the second part, which
involves 100 patients' EHR data, for testing.

In the CRF model, the content window size is set to 5 for
extracting character features, including the 2 preceding
characters, the current character, and the 2 following characters.
Different combinations of features have been tried to train the
CRF model, including (1) BOC; (2) BOC+POS tags, (3)
BOC+POS tags+CT; and (4) BOC+POS tags+CT+POCIS. In
addition, we applied 10-fold cross validation for tuning model
parameters. In 10-fold cross validation, the training set was
randomly divided into 10 parts; each time, we used 1 part as
the test set and the remaining 9 parts as the training set for the
experiment. Finally, we used the average F1 score of the 10
experiments to estimate the accuracy of the model and tune the
parameters.

As for the deep learning model, we fix the learning rate at
0.0004, the dropout at 0.5, and the character embedding
dimension at 100. The number of hidden unitsin bidirectional
LSTM-CRF is set to 100, and the optimizer is set to Adam.

Asfor dictionary-based CNER, whichisregarded asthe basdline
approach, maximum forward matching based on our dictionary
is adopted for extracting clinical entities.

Evaluation Criteria

The evaluation for this CNER challenge task is implemented
through the algorithm provided by CCKS 2017 organizers,
which reportsthe Precision (P), Recall (R), and F1 scorefor all
clinical entities using exact matching methods[33]. According
to the algorithm, we define O=(0,,...,0,,) as the output set of

the system and G=(G;,...,G,)) as the manually annotated set (in
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terms of the golden standard) provided by the task organizer.
Theno, Oandg, G aresdtrictly equivalent only when:

0;.mention = g;.mention

0;.pos_b =g;.pos b

0,.pos_e = g;.pos_e

0;.category = g;.category
Here, mention represents the content of the entity, pos b and
pos_e separately denote the start and end position of the entity
inthe EHR text, and category represents the entity type. On the
basi s of the above equivalence relation, strict evaluation metrics
are implemented as follows:

P=ISn G|/ |9

R=ISn G|/ |G|

F1=2PR/(P+R)

Results

To validate the effectiveness of the ML models on
simultaneously identifying varioustypes of clinical entitiesfrom
Chinese EHRs, we carried out comparative experiments on the
basis of CCKS CNER corpus.

Asshownin Table 3, the best overall performance was achieved
by the bidirectional LSTM-CRF model with an F1 score of
0.9043, followed by the CRF model swith F1 scoresfrom 0.8547
to 0.8949, and finally the dictionary-based model with an F1
score of 0.5924. ML models achieved significantly better
performance than the dictionary-based approach. In addition,
with the number of featuresincreasing, performance of the CRF
model continued to improve, increasing F1 score from 0.8547
to 0.8949. However, even the best CRF model with all 4 types
of featureswas slightly worse than the bidirectional LSTM-CRF
model.

Besides the overall performance, Table 4 showed the detailed
performance of the ML models as well as the dictionary-based
model on each type of clinica entity. The bidirectional
L STM-CRF model achieved the highest recallsin all the 5 types
of clinical entities, whereas the CRF model always achieved
the highest precisions in each type of entity except for
“treatment” type. Among the 5 types of entities, the* symptom”
type of entities had the best performance with an F1 score over
0.96 in ML modéls, followed by the “test” type of entitieswith
an F1 scorearound 0.94, whereasthe “ treatment” type of entities
always received the worst performance with an F1 score less
than 0.75. Furthermore, Figure 3 more intuitively shows the
comparison of the detailed performance between the M L -based
models and the dictionary-based approach.
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Table 3. Overall performance of the bidirectional long short-term memory-conditional random fields model, conditional random fiel ds—based models
with different feature combinations, and the dictionary-based model.

Model Precision Recall F1 score
Dictionary-based model 0.5215 0.6855 0.5924
CRF? model+BOCP 0.8792 0.8316 0.8547
CRF model+BOC+POS’ tags 0.9065 0.8529 0.8789
CRF model +BOC+POS tags+CT¢ 0.9144 0.8658 0.8895
CRF model+BOC+POS tags+CT+POCIS® 0.9203 0.8709 0.8949
Bidirectional LSTM-CRF model 09112 0.8974 0.9043

8CRF: conditional random fields.

bBoc: bag-of-characters.

°POS: part-of-speech.

dCT: character types.

®POCIS: position of the character in the sentence.

fLSTM-CRF: long short-term memory-conditional random fields.

Table 4. Detailed performance of the bidirectional long short-term memory-conditional random fields—based, conditional random fields—based, and
dictionary-based clinical named entity recognition approaches.

Entity type Bidirectional LSTM-CRF? CRF_all_features Dictionary-based approach
Precision Recall F1 score Precision Recall F1 score Precision Recall F1 score

Body part 0.8873 0.8444 0.8653 0.8909 0.8186 0.8532 0.6081 0.6452 0.6261
Diagnosis 0.8086 0.7486  0.7775 0.8148 0.6763 0.7391 0.3545 0.6058 0.4473
Symptom 0.9584 0.9675 0.9630 0.9715 0.9580 0.9647 0.7591 0.7594 0.7592
Test 0.9314 0.9510  0.9411 0.9459 0.9233 0.9345 0.7093 0.6949 0.7020
Treatment 0.7833 0.7075 0.7435 0.7581 0.6538 0.7021 0.2240 0.6108 0.3278
Total 0.9112 0.8974  0.9043 0.9203 0.8709 0.8949 0.5215 0.6855 0.5924

8_STM-CRF: long short-term memory-conditional random fields.
BCRF: conditional random fields.
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Figure 3. Comparison of F1 scores between dictionary-based approach and machine learning—based approaches among 5 entity types; LSTM-CRF:
long short-term memory-conditional random fields; CRF: conditional random fields.
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Discussion

Principal Findings

Essentially, recognizing varioustypesof clinical entitiesallows
extraction of the structured information of patients, which can
be further exploited for data-driven medical research, clinica
decision making, and health management. Compared with
previous studies in CNER, ML-based methods can
simultaneously extract 5 types of entities. Moreover, the
proposed bidirectional LSTM-CRF model achieves a
performance that is comparable with the Top 1 system, which
is an ensemble model incorporating 4 ML models including a
rule-based model, a CRF model, and 2 RNN models, in the
CNER challenge only using character embeddings, and the
segmentation information, therefore, reduces considerable efforts
for feature engineering and model constructing.

Dictionary-Based Clinical Named Entity Recognition
Versus Machine L earning—Based Clinical Named
Entity Recognition

Experiments on the CCKS 2017 CNER challenge corpus show
that ML-based models (bidirectiona LSTM-CRF and CRF)
achieve remarkably better performance than the dictionary-based
method. Different from the maximum forward matching of the
dictionary-based CNER, ML methods can sufficiently exploit
the context information (eg, bag of Chinese characters and
context representation information derived from LSTM),
syntactic information (eg, POStags), and structureinformation
(eg, the position of the Chinese character in the sentence), which
makes their performance significantly better. Furthermore, the
performance of ML modelsiscomparablewith the Top 1 system
in the CNER challenge with an overall F1 score of 0.9102,
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validating the effectiveness of the 2 ML-based methods in
simultaneously recognizing multiple types of clinical entities
for further data-driven medical studies.

Bidirectional Long Short-Term Memory-Conditional
Random Fields Versus Conditional Random Fields

The bidirectional LSTM-CRF model achieves the best overall
performance (see Table 3) but only utilizes the character
embeddings and the segmentation information. Compared with
the traditional CRF model, bidirectional LSTM-CRF not only
takes advantage of CRF but also receives the benefits of
bidirectional LSTM, which can generate long-distance context
representations from the past and future input features. For
example, given an input sequence of Chinese characters“4 ¢,
BE: AREEE234U/L, AR EEE21.7U/L. HEHES.78
mmol/L (biochemical tests: alanine aminotransferase 23.4 U/L,
aspartate aminotransferase 21.7 U/L...glucose 5.78 mmol/L),”
when predicting the labels of “EZ#E (glucose),” LSTM can
capture the long-distance context information “4 (8%
(biochemical tests)” and take it into labels prediction, which
may make the prediction of the labels of “EZ#E (glucose)”
be “B-test, |-test, |-test” rather than “ B-treatment, |-treatment,
[-treatment.”

Furthermore, by comparing the results of CRF models and the
bidirectional LSTM-CRF model in Table 3, wefind that, given
the same features, bidirectional LSTM-CRF model performs
obviously better than the CRF model. Even with more features,
the CRF model is still dightly worse than the bidirectional
LSTM-CRF model. The bidirectional LSTM-CRF model has
a remarkable advantage in taking little effort for feature
engineering to get higher efficiency and more robust
performance in different types of entity recognition. However,
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the CRF model can also perform well in CNER but requires
elaborate feature engineering and, thus, lacks efficiency,
scalability, and generality. In brief, similar to NER in other
domains, deep learning modelssuch asbidirectional LSTM-CRF
show great potential on CNER in the medical domain,
outperforming the traditional state-of-the-art method CRF,
which involves massive feature engineering.

Differences Among the Performance of Five Types of
Entities

Despitetheimpressive overall performance, the ML modelsdo
not show superiority over al the 5 types of clinical entities. As
shownin Figure 3, among the 5 types of entities, the“ symptom”
type of entities achieve the best performance, followed by the
“test” and “body part,” whereasthe performance of “ diagnosis’
and “treatment” is approximately 10% lower than that of the
other 3 types. This may be dueto 2 reasons: (1) the number of
“diagnosis’ typeentitiesand “treatment” type entitiesisa most
10 times less than the other type of entities, as shown in Table
1, and fewer training sampleslimited the recognition effect and
(2) aclinical entity may be annotated as different entity types
in different contexts. For example, “3kJ&” (headache) is
annotated as the “symptom” type in the context of “ & {E %k
8. SkF65E" (paroxysmal headache and dizzinessfor 6 years)
but annotated to the “diagnosis’ typein the context of “ [8] B 14
SJ@2fE” (intermittent headache for 2 weeks). Incorporating
medical domain information into the ML-based models and
making alarger training set may help solve the problem.

Error Analysis

An error analysis on our 2 ML-based models shows that plenty
of errors often occur when predicting tags on long entitieswith
composite structures. For example, “ & L 37 % B 14 B 48 58
(hypertension Lacunar Cerebral Infarction), which isannotated
as a “diagnosis’ type entity in the golden standard, is
automatically annotated as 2 entities “ S IMJ/E” (hypertension)
and “PEFRMEBNHESL” (lacunar infarction) in our ML models.
Especially, we find that, in the EHR text, a“body part” type of
entity is often followed by a*“symptom” or a*“diagnosis’ type
of entity, which makesit difficult to identify the border between
the 2 entities. For instance, in EHR text “B& &7 (femoral
fracture),” the “body part” type of entity “B&& (femur)” is
followed by a “symptom” type of entity “&i#f (fracture).”
Incorporating domain knowledge and medical dictionaries as
well as combining the active |earning methodswith current ML
models and increasing the scale of datasets might be the right
path.

Furthermore, taking CRF model based on all features (BOC,
POS tags, CT, and POCIS) as an example, we conduct an
in-depth error analysis on its result to explore the effectiveness
and limitations of the ML modelson Chinese CNER either from
a statistical view or from the clinical view. Table 5 shows the
distribution of different types of errors as well as some
examples, in which “GT-P’ denotes the entities that were not
identified by CRF; “P-GT” represents the entities recognized
by CRF but are not in the ground truth; and “INTERSECT”
denotes that for each entity, there is intersection between the
ground truth and the entity predicted by CRF, for example,
when extracting entitieson EHR text “ B & G g IT% & (the
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patient has a history of fatty liver),” the entity recognized by
CRF is “RT (liver),” having intersecting part “BT (liver)” with
the ground truth “ B B AT (fatty liver).” Overall, there are 1386
errors, 143 (10.32%) errors with type “GT-B” 604 (43.58%)
errors with type “P-GT,” and 639 (46.10%) errors with type
“INTERSECT.

Asfor “GT-P’ type of errors, only 1.51% (143/9493) entities
of thetest set are missed by the CRF model, which demonstrate
its effectiveness in Chinese CNER. After further analysis on
type “GT-P’ errors from a medical view, we find that some
entities missed by CRF model, which may be because the ground
truth is not accurate, contain some punctuations that are not
related to the entities. For example, the ground truth “Bdr,
(swollen,)” should be* B (swollen)” rather than “ Bt (swollen)”
with punctuation “,”. Moreover, some entities such as “ %J#R
(symmetry)” do not belong to each type of clinical entity from
the clinical view and should not appear in the ground truth.
These entities are not recognized by the CRF model, which is
not a problem of the model but a problem of ground truth. With
more accurate ground truth, our results can be better. Moreover,
some errors such as the “ Symptoms and signs’ type of new
entities “SEFNFERG” (activity disorder), “Br A& (hearing
loss), and “ThBEFERS” (dysfunction) were not recognized by
CRF, which may be because they never appear in the training
set. Without sufficient training examples, it is challenging to
effectively identify clinical entities, especialy the unknown
ones, for supervised ML models. Some studies [34-36] have
attempted to apply unsupervised ML methods to recognize
entities from clinical text on the basis of lexical resources,
syntactic knowledge, and corpus statistics. It is worth making
further efforts in Chinese clinical entity recognition using the
unsupervised methods when lacking training data.

In addition, through the analysison “P-GT” type of errors, we
find that most of the entitiesin these types of errorsareclinically
meaningful, such as “2BY¥EFK T (type 2 diabetes)” and “ /&[>
J% (coronary disease).” These entities recognized by the CRF
model should bethe ground truth rather than errors. The reason
behind this may be due to missing annotations while manually
building the ground truth. Thus, these type of “errors’ should
be the advantage of our models, which could maintain high
efficiency and accuracy during CNER, rather than errors.
Moreover, some entities such as “ fZFg 4 %+ (lacunar clog)”
are new entities that never appeared in the ground truth. These
entities are meaningful to clinicians and should be recognized.
This provesthat our model has the ability to identify afew new
clinical entities from Chinese EHR. However, some entities
recognized by our models, such as“tt & (proportion),” do not
make any sense.

Finally, the deep analysis of “INTERSECT” type of errors
shows that most of the errors are due to the different
granularities between our results and the ground truth. For
example, theground truth for clinical text “ B&F X FiZW A
7k B (the patient was diagnosed with cerebral edema last
year)” is “7Kff (edema)” and our result is “f¥ 7K B (cerebral
edema).” This is a limitation of ML models that cannot
accurately identify entities at the appropriate granularity.
However, plenty of entities appear to be annotated at different
granularities in different EHR documents when building the
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ground truth. For example, text “ Xi#E%t (cerebral infarction)”
is sometimes annotated as“ i (brain)” and sometimes annotated
as“ X #E%E (cerebral infarction)” and text “ 75 1M Fx f B B 14 B
FEFE (right thalamic lacunar infarction)” is sometimes annotated
as “HMER (right thalamic)” and “BEBRMEAKAESE (right
lacunar infarction),” whereas it is sometimes annotated as “ i
FEE (cerebral infarction).” The ambiguity of the granularities
in the ground truth will make the ML models more difficult to
extract clinical entities on appropriate granularities. Specific
annotation rules on annotation granularities as well as
high-quality datasets could be constructed to further improve
the performance of ML models on Chinese CNER.

Future Directions

In the future, we will not only develop new ML methods to
enhance the accuracy of CNER but will also try to collect and

Zhang et a

standardize the recognized entities into the standard medical
lexicons. Considering that different types of entities have
different distributions in different fields of EHR, for instance,
“treatment” type of entities often concentrates on the“ diagnosis
and treatment” field and rarely appears in the “general items’
field, separately building ML-based models on each type of
field data rather than on al EHR data may be a worthwhile
study. As the amount of Chinese EHR data is limited,
incorporating the active learning methodswith ML models may
be apossible future direction. Furthermore, when such structural
patient information is used for data-driven medical studies, the
time order of the clinical entities aswell as their modifications
are usually required. Therefore, afuture direction isto identify
more details of the clinical entities.

Table5. Distribution of different types of errorsin the results of the conditional random fields model based on al the 4 types of features (N=1386).

GT-PA(N=143) P-GT® (N=604)

INTERSECT® (GT vs P, N=639)

FREB- (urinary protein- 2BU¥EFRT® (type 2 diabetes)

F 0 o B B B 14 B #B 5T versus 75 U B B + BB f4EZE  (right thal amiclacunar

) infarction vs right thalamic+lacunar infarction)

{Kmm#E C(hypoglycemia)  7E:(% (coronary disease)

FFFR (symmetry) B9 (chest)
thy)
BEFL  (pupil) SRR B E  (lacunar clog)
% (coronary dis- BERRAT (fatty liver)
ease)
Bh,  (swollen,) tEE  (proportion)

B versus 21 BR52¢  (stomach and intestine vs acute gastroenteritis)

FEFR R S5 versus FEFRTE + B9%  (diabetic nephropathy vs diabetes+nephropa-

AT R vesus ATEZF (right lower back vslower right posterior teeth)
7K B versus fidizk B (edemavs brain edema)

SURFESHARRIR versus RURZREHT®  (ambroxol injection to remove phlegm

vs ambroxol injection)

SH4fE (gastricmucosa)  FafE  (cornea)

FZBk. #hPE versus 7Bk + FifE  (skin. mucous membrane vs skin+mucous

BERART versus BT (fatty liver vsliver)
JEEEHb T 254 versus BB (nitrendipine drug vs nitrendipine)

membrane)
L (chill) f%Z4E (encephalatrophy)
F 5 (faintness) 118 (pesk value)
BBk (skin) SEEHRERS  (activity disorder)

B versus ixt#3E  (brain vs cerebral infarction)

8GT-P: Entities that were not identified by CRF.
bP.GT: Entities recognized by CRF but are not in the ground truth.

CINTERSECT: For each entity, there is an intersection between the ground truth and the entity predicted by CRF.

Conclusions

CNER isone of the basic works of data-driven medical research.
However, previous studies usually focused on recognizing a
single type of clinical entity. In this study, we implemented 2
ML methods, including the bidirectional LSTM-CRF and the
CRF models, for simultaneously recognizing 5 types of clinical
entities from the Chinese EHR corpus provided by the CNER
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Abstract

Background: Informed consent is a complex process to help patients engage in care processes and reach the best treatment
decisions. There are many limitations to the conventional consent process that is based on oral discussion of information related
to treatment procedures by the health care provider. A conclusive body of research supports the effectiveness of multimedia
patient decision aids (PtDAS) in the consent process in terms of patient satisfaction, increased knowledge about the procedure,
reduced anxiety level, and higher engagement in the decision making. Little information is available about the effectiveness of
multimedia PtDAs in the consent process of invasive therapeutic procedures such as the peripherally inserted central venous
catheter (PICC).

Objective: The objective of this study was to examine the effectiveness of a multimedia PtDA in supplementing the consent
process of the PICC for patientsin 10 acute and intensive care unitsin terms of knowledge recall, knowledge retention, satisfaction
with the consent process, and satisfaction with the PICC multimedia PtDA.

Methods: This pre-post quasi-experimental study included 130 patients for whom a PICC was ordered. Patientsin the control
group (n=65) received the conventional consent process for the PICC, while those in the intervention group (n=65) received the
multimedia PtDA to support the consent process of a PICC. All patients were surveyed for knowledge recall and retention about
the procedure and satisfaction with the consent process. Patientsin theintervention group were also surveyed for their satisfaction
with the multimedia PtDA.

Results: Compared with the control group, patientsin the intervention group scored around 2 points higher on knowledge recall
(t125=4.9, P<.001) and knowledge retention (t;,6=4.8, P<.001). All patients in the intervention group were highly satisfied with
the multimedia PtDA, with a mean score of >4.5 out of 5 on all items. Items with the highest mean scores were related to the
effect of the multimedia PtDA on knowledge retention (mean 4.9 [SD 0.2]), patient readiness to learn (mean 4.8 [SD 0.5]),
complete understanding of the procedure-related complications (mean 4.8 [SD 0.4]), and patient role in maintaining the safety
of the PICC (mean 4.8 [SD 0.5]). Patientsin the two groups were highly satisfied with the consent process. However, 15% (10/65)
patientsin the control group reported that the following information was omitted from the discussion: patient and provider roles
in the safety of the PICC, other treatment options, and common side effects. Furthermore, 2 patients commented that they were
not ready to engage in the discussion.

Conclusions: The multimedia PtDA is an effective standardized, structured, self-paced learning tool to supplement the consent
process of the PICC and improve patient satisfaction with the process, knowledge recall, and knowledge retention.
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Introduction

Informed consent isacomplex processthat aimsto discusswith
patients complete, clear, and easy-to-understand information
about amedical procedure, itstreatment indications, associated
risks and benefits, and other treatment aternatives using a
two-way communi cation with ateach-back mechanism. Signing
the consent form by the patient does not always indicate the
process was informed and does not cover the health care team
members from liability or protect them against lawsuits. There
are numerous challenges related to informed consent, and they
may be patient related (ie, special situations such as pain and
discomfort, health literacy issues), clinician related (ie, concerns
of providing extra information), workflow related (ie, time
pressure and workload), organizational culturerelated (ie, lack
of understanding theimplications of theinformed consent, lack
of clear policies and procedures), or resources related (ie, lack
of appropriate patient educational tools and decision aids to
supplement the consent process).

The consent processistraditionally based on oral discussion of
information related to treatment procedures by the health care
provider. The effectiveness of this method is questionable given
its unstructured and unstandardized nature and the differences
in patients information needs [1,2]. To improve the
conventional consent process, multimedia patient decision aids
(PtDAs) have been heavily utilized as supplemental educational

tools. A conclusive body of research supports the effectiveness
of multimedia PtDAs in the consent process for patients
undergoing surgeriesin terms of higher patient satisfaction with
the consent process, increased knowledge about surgeries,
reduced anxiety level, and higher patient engagement in the
decision-making process [3-10]. On the other hand, little
information is available about the effectiveness of multimedia
PtDASsin the consent process of invasive therapeutic procedures
such asthe peripherally inserted central venous catheter (PICC)
[11]. Unlike elective surgeries and other medical procedures,
when a PICC is ordered, it is often required for patients

condition with little to no other treatment options. The consent
process in this case should focus on discussing the procedure
with the patient regarding its indications and associated risks,
understanding the patient’s cultural values that may affect
patient acceptance of the procedure, and highlighting the patient
role in the safety of the PICC. In this study, we aimed to
examine the effectiveness of amultimedia PtDA to supplement
the consent process of the PICC for patients in acute care units
(ACUs) and intensive care units (ICUs).

PICC is a very common invasive procedure for prolonged
administration of medications, parenteral fluids, and blood
products. On the other hand, this procedure is a major source
for central line-associated bloodstream infections (CLABSIS)
[12], central catheter-associated thrombosis [13-15], and other
major life-threatening complications, including death. Therefore,

http://medinform.jmir.org/2018/4/€11056/

patients should play an integral role in maintaining the safety
of a PICC and minimizing its complications when competent.

In aprevious study, we described the process of developing and
“apha’ testing a multimedia PtDA for the PICC following a
multidisciplinary, patient-centered, and systematic process[16].
The process was based on the Agency for Healthcare Research
and Quality’s (AHRQ) Guidefor Making Informed Consent an
Informed Choice [17], the AHRQ's Health Literacy Universal
Precautions Toolkit Guide [18], and the AHRQ's Patient
Education Materials Assessment Tool Guide for Audio/Video
Materials [19]. The PtDA was evaluated using the PtDAS
quality criteriadevel oped by the International Collaboration for
PtDA Standards [20]. The PtDA multimedia program was
delivered via the Interactive Patient Care solution GetWell
Inpatient, which allows competent patients and family members
to review the program as many times as they want from the
patient room and when they are ready to do so. The PtDA
included information about the purpose of engaging patients
and family members in care processes, a disclaimer, and
PICC-related content that includes a definition of the PICC,
indications, possible insertion sites, other treatment options,
risks and complications associated with a PICC, steps of the
procedure (before, during, and after aPICC), patient and health
care team roles in the care and safety of a PICC during
hospitalization, expected time period for having the catheter,
safety issues when a patient leaves the hospital with a PICC,
and a conclusion. This study describes a “beta’ testing of the
PICC multimedia PtDA to enhance our understanding of the
effectiveness of thistool in practice.

Methods

Design, Setting, and Sample

This pre-post quasi-experimental study was conducted in a
university teaching hospital in the Southwest of the United
States after obtaining the institutional review board approval.
The study included 130 patients from al inpatient units where
aPICCwasordered. Theseinclude5 ACUs (2 medical-surgical
and 3 surgical), 1 hematology and oncology unit, and 4 ICUs
(3 surgical and 1 medical). The preintervention phase included
a convenient sample of 65 patients who received the
conventional consent process for the PICC, and the post phase
included 65 patients who received the multimedia PtDA to
support the consent process of aPICC. Only competent patients
(ie, those with absence of dementia) were included. Patients
were excluded if they had a PICC before this hospitalization,
were health care professionals, or had a current diagnosis of
depression or anxiety disorders. The sample sizewas determined
on the basis of adesirableimprovement in knowledge retention
(one of the study outcomes as described below) about the PICC
by at least 50%, equal number of patients in the 2 groups, an
alpha level of .05, and a beta level of .80. Given these
conditions, the enrollment of at least 65 patients in each group
should be achieved.
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Description of the Consent Process

The PICC consent process startswith the provider who discusses
the need for a PICC with the patient and places an order in the
electronic medical record (EMR). In the conventional process,
anursefrom the vascular accessteam visitsthe patient to discuss
the procedure details and obtain the consent form. After the
discussion and answering the patient’s questions, the patient
signsaWeb-based iMedConsent form for aPICC using aniPad.
A certified interpreter is consulted for non-English-speaking
patients.

After the creation of the multimedia PtDA for the PICC, the
PtDA was integrated into the EMR and delivered to patients
using GetWell Inpatient [16]. GetWell Inpatient is a patient
education and entertainment system that is integrated into the
EMR and used to distribute and track the use of educational
videos and multimedia programs in addition to other purposes
related to engaging patients in care processes [16]. The use of
the PICC multimedia PtDA to supplement the PICC consent
process resulted in workflow redesign, as described previously
[16]. One of the major changes was related to the new
coordination between bedside nurses from the ACUs and ICUs
and nurses from the vascular accessteam. Bedside nursesfrom
the ACUs and ICUs were tasked to make sure that the patient
watched the PICC multimedia PtDA within a reasonable
timeframe after placing the PICC order in the EMR and before
the vascular access team visits the patient for the teach-back
and answering questions. The multimedia PtDA was devel oped
in English and Spanish languages [16]. The version watched
by the patient was based on his or her preferred language.

As part of standardizing the process during the alphatesting of
the product [16], wetrained all 6 nursesfrom the vascular access
team and all bedside nurses from the ACUs and ICUs on the
new workflow and observed 12 consent processes (2 per nurse
from the vascular access team) to ensure adherence to the new
workflow. In addition, 2 ICU nurse educators observed the 12
consent processes to ensure that nurses follow a standardized
consent process. As mentioned before, helping a patient watch
the program was assigned to bedside nurses. Based on the
observations' results, al eligible patients watched the PtDA to
learn about the procedure before signing the consent form, and
family members also watched the program when they were
available with patients. The only issue reveded by the
observations was lack of clarity about who was supposed to
ensurethat the patient watched the video (bedside nursesversus
vascular accessteam). Thus, further training was provided, and
rolesand responsibilitiesin the new workflow were emphasized.

M easurement and I nstrumentation

The main study outcomes were knowledge recall, knowledge
retention, and patient satisfaction with the consent process.
These are the same outcomes examined in the apha testing
process of the PICC multimedia PtDA [16]. The alphatesting
study provided a detailed description of the instruments used
to measure these outcomes and instruments’ validation processes
[16]. In this study, we also assessed patient satisfaction with
the multimedia PtDA for the intervention group.

http://medinform.jmir.org/2018/4/€11056/

Sowan €t al

In summary, Patient Knowledge Recall about the PICC
Procedure Survey included 19 multiple choice and true or false
guestions and was devel oped on the basis of recent PICC clinical
practice guidelines [16] and patients' information needs about
the procedure indications, benefits, contraindications, insertion
site, complications with their probabilities (less common,
common, and rarerisk factors), and patient and health careteam
roles in the care and safety of a PICC [16]. The same survey
was used to measure knowledge retention.

Patient Satisfaction with the PICC Informed Consent Process
Survey was created on the basis of the AHRQ's Guide for
Informed Consent; it included 10 items with a 5-point
Likert-type scale of agreement [16]. The survey also asked
patients about their overall satisfaction with the informed
consent process using a 5-point Likert-type scale that ranged
from 5 (very satisfied) to 1 (very unsatisfied). For the 2 study
groups, the survey measured patient satisfaction with the
information provided by the vascular access team. For the
intervention group, this discussion took place after watching
the multimedia PtDA for the PICC.

Patient Satisfaction with the Multimedia PtDA for the PICC
Survey was created on the basis of the AHRQ's Patient
Education Materials Assessment Tool Guide for Audio and
Video Materials and the Criteria for Effective Patient and
Consumer Education Materials [19,21] and included 14 items
of a 5-point Likert-type scale of agreement. The survey was
followed by aquestion that measured overall patient satisfaction
with the PtDA (a 5-point scale) and 3 other questions that
measured the number of times the patient watched the PtDA,
whether the patient thinks he or she will watch the program
again later, and additional comments. In al surveys, we used
the term “video” instead of “multimedia PtDA” to promote
patients understanding of the items because the term
“multimedia’ is not frequently used by the public.

Study Procedure

Four nurse educators from the ACUs and 1CUs administered
the surveys. During the study period and at the beginning of
every working shift, the vascular accessteam provided the nurse
educators with alist of all PICC orders. The list included the
patient name, medical record number, room number, and the
unit. After obtaining the consent form, the vascular accessteam
called the nurse educators informing them about the time they
obtai ned the consent form. The nurse educators approached the
patients on the list who completed signing the consent form,
discussed the study purpose, and emphasized voluntarily
participation and patients' rights to withdraw from the study at
any point. Owing to atotal of 4 surveysin thisstudy to measure
the main study outcomes, the nurse educators administered 2
surveys at atime for each patient to improve the response rate
and decrease the burden on our patients. For example,
Knowledge Recall about the PICC Procedure and Patient
Satisfaction with the Multimedia Program surveys were
administered 4-8 hours after obtaining the consent form, while
Knowledge Retention and Patient Satisfaction with PICC
Informed Consent Process surveys were administered 24-36
hours after obtaining the consent form. Overall, 6-7 surveys
were collected from each of the 10 inpatient unitswhereaPICC
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was ordered to reach the desired sample size for each study
phase. In addition, the medical record number was used to
connect patients’ responses on all surveys. Furthermore, we
collected thefollowing patient demographic datafrom the EMR
and patientswhen theinformation was not availableinthe EMR:
gender, age, race, education level, preferred language, time of
admission, date of admission, and the unit.

The surveys were administered in the English language to all
patients, except for 2 patients who indicated Spanish as their
preferred language. For these 2 patients, a certified interpreter
translated the survey questions.

Results

Patient Characteristics

All patients provided complete responsesto all questionnaires,
except for 2 patients in the postintervention phase who were
excluded from the analysis. We observed no differences in
patient characteristics between the control and intervention
groups based on chi-square statistic (P>.99; Table 1). Patient

Table 1. Peatient characteristics (N=128).

Sowan €t al

age ranged from 24 to 94 years in the control group and 23 to
77 years in the intervention group, and they had similar mean
age (mean 51.7 [SD 17.1] vsmean 51.9[SD 14.3]; P=.90). The
majority of patients werewhite and Hispanic individuals (Table
1). Other races included black (4 in the control group and 4 in
the intervention group), American or Alaskan Native (1 in the
intervention group), and Asian (1 in the control group). All
patients watched the English version of the PICC multimedia
PtDA, except for 2 patients who watched the Spanish version
(Table 1).

Knowledge Recall and K nowledge Retention

Patients' scores on knowledge recall and knowledge retention
ranged from 6 to 18 in the preintervention phaseand 9to 19in
the postintervention phase (out of 19 points). Although
knowledge retention was higher than recall at the group level,
in general, the 2 study groups scored above average on both
surveys (Figure 1). In comparison to the control group, the
intervention group scored around 2 points higher on knowledge
recall (t;,5=4.9, P<.001) and knowledge retention (t;,,=4.8,

P<.001; Figure 1).

Characteristic Control group (n=65) Intervention group (n=63) P value
Agein years, n (%) 41
<30 11 (17) 5(8)
30-50 22 (34) 22(35)
51-65 18(28) 23(37)
>65 14 (22) 13(21)
Male, n (%) 28 (43) 34 (54) .20
Race, n (%) .92
Hispanic 30 (46) 25 (40)
White non-Hispanic 30 (46) 33(52)
Others 5(8) 5(8)
Level of education?, n (%) 07
Iliterate 12 1(2
Primary education to less than high school 4 (6) 7(11)
High school 38 (58) 40 (63)
College or bachelor 21 (32) 11(17)
Graduate 12 4 (6)
Language of consent®, n (%) N/AC
Spanish 12 1(2)
English 64 (98) 62 (98)

#The 3 groups used to perform the chi-square test were high school, college or bachelor, and others. The “others’ included all other groups under the

level of education because of the small sample size under those categories.

bThe chi-sgquare test was not performed because of the obvious lack of significance between the categories related to similar frequencies under each

category and the small cell size under Spanish.
°N/A: not applicable.
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Figure 1. Mean difference of correctly answered questionsin knowledge recall and retention surveys (19 questions) for the control (n=65 patients) and

intervention (n=63 patients) groups.

P<.001
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B Knowledge Retention

Patient Satisfaction With the Multimedia Program

Table 2 presents the mean agreement (patients who reported
agree or strongly agree) of patient satisfaction with the
multimedia PtDA for the PICC procedure for patients in the
intervention group. All patients were highly satisfied with the
multimedia PtDA with a mean score of >4.5 out of 5 on all
items. Items with the highest mean scores were related to the
effect of the multimedia PtDA on knowledge retention, patient
readiness to learn, and complete understanding of procedure
complications and patient role in maintaining the safety of the
PICC. Of all patients, 17% (11/63) watched the PtDA program
twice, 83% (52/63) watched it once, and 57% (36/63) mentioned
that they would like to watch it again. The overall mean patient
satisfaction with the multimedia PtDA was 4.6 (SD 0.6).

Patient Satisfaction With the Informed Consent
Process

Table 3 presents the mean agreement (patients who reported
agree or strongly agree) of patient satisfaction with theinformed
consent process for the control and intervention groups at the

http://medinform.jmir.org/2018/4/€11056/
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item level. Patients in the control group rated their satisfaction
with the discussion between them and the nurse from the
vascular access team. Patients in the intervention group rated
their satisfaction with the discussion between them and the nurse
from the vascular access team after they watched the PtDA
program. Patientsin the 2 groups were highly satisfied with the
process with a reported mean of 4.5-5 out of 5 points on each
item. No significant differences at the item level were found
between the 2 groups (P>.99).

Inthisstudy, 15% (10/65) patientsin the control group reported
that the following were omitted from the discussion: patient
role in the safety of the PICC (5 patients), provider rolein the
safety of the PICC (4 patients), other treatment options (4
patients), and common side effects (6 patients). Furthermore,
2 patients commented that they were not ready to engagein the
discussion.

Overall, patient satisfaction with the process was high for both
the groups (mean 4.8 [SD 0.6] versus mean 4.8 [SD 0.5] for the
control and intervention groups, respectively, P>.99).
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Table 2. Satisfaction with the multimedia decision aid program for the peripherally inserted central venous catheter (PICC) for the intervention group
(n=63 patients).

Item Mean (SD)
1. The video better helped me remember the information about this procedure 4.9(0.2)
2. The video alows me to listen to information when | am ready to do so 4.8 (0.5)

3. After watching the video, | completely understand the common complications of this procedure and know when to report them 4.8 (0.4)
4. After watching the video, | understand my role as a patient in maintaining the safety of the PICC line 4.8 (0.5)

5. The information in the video was comprehensive to include the following: 4.7 (0.6)
« Reasonsfor PICC

o  Stepsof the procedure

«  Common side effects

«  Other treatment options

«  Définition of PICC

« Patient rolein care and safety of PICC

«  Provider rolein care and safety of PICC

6. There was almost no disruption during watching the video 4.7 (0.8)
7. Visud aids (eg, showing the PICC line) in the video were helpful 4.7 (0.6)
8. The video was very beneficia to learn about the procedure 4.7 (0.6)
9. The video allows meto listen to information as many times as | need 4.7 (0.7)
10. Theinformation in the video was clear 4.6 (0.7)
11. The information in the video was easy to understand 4.6 (0.8)
12. Speed of presenting the information in the video was reasonable 4.6 (0.8
13. I highly recommend this video to supplement the consent process for PICC 4.6 (0.8)
14. | feel the video decreased my level of anxiety 4.6 (1.0)

Table 3. Patient satisfaction with the informed consent process (N=128).

Item Mean (SD)
Control group Intervention group
(n=65) (n=63)

1. Provider attitude during the discussion was positive 5(0) 49(0.1)
2. Speed of information provided was reasonable 4.9 (0.4) 4.9(0.1)
3. Disruption during the discussion was minimal 4.8(0.5) 4.8 (0.6)
4. | completely understand the common complications of this procedure and know when to report them 4.8(0.5) 4.9 (0.4)
5. The information provided by the nurse was clear 4.7 (0.3) 4.9(0.3)
6. The information provided was easy to understand 4.7 (0.9) 4.8 (0.4)
7. Timing of the discussion was convenient 4.7 (0.6) 4.9(0.4)
8. | understand my role as a patient in maintaining the safety of the peripherally inserted central catheter (PICC) 4.6 (1) 4.9 (0.4)
9. The nurse answered all of my questions sufficiently 4.6 (0.7) 4.9(0.3)
10. The information provided was comprehensive to include the following: 45(0.8) N/A2
«  Déefinition of the PICC
« Reasonsfor the PICC
o  Stepsof the procedure
«  Common side effects
«  Other treatment options
« Patient rolein care and safety of the PICC
«  Provider rolein care and safety of the PICC

8N/A: not applicable.
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Discussion

Principal Findings

This study examined the effectiveness of a multimedia PtDA
to supplement the consent process of a PICC for patientsin the
ACUsand ICUson knowledgerecall, knowledge retention, and
patient satisfaction with the informed consent process and
satisfaction with the PtDA. Patient-centered care and shared
decision-making model s are based on empowering patientswith
sufficient, clear, and easy-to-understand information about
treatment procedures. Complex care environments are one of
the barriers to effective informed consent process even for
nonurgent procedures such as a PICC due to time pressure,
workload, complexity of medical conditions, specia patients
circumstances, and diverse patients' needs. Research studies
support the limitations of the conventional informed consent
processwhere providers do not all ocate sufficient timeto discuss
procedures’ details or provide a meaningful dialogue [1,2].
Failureto apply these elementsin aconsent processwould result
in signing a piece of paper for record keeping rather than
informing and engaging patientsin care processes. Furthermore,
well-designed multimedia PtDAs are effective tools to
supplement the consent process of medical procedures in
complex care environments.

Inthis study, patientsin the control and intervention groups had
a higher level of knowledge retention about the procedure in
comparison with knowledge recall; this can be related to the
fact that when nurse educators collected the data from patients,
although they recorded patients answers (whether right or
wrong), they corrected the patients misunderstanding about
the procedure indications, complications, side effects, and
patient and provider roles in safety of the procedure when
patients provided wrong answers. Nevertheless, patientsin the
intervention group significantly achieved a higher level of
knowledge recall and knowledge retention, supporting the
effectiveness of thistool in supplementing the consent process.
In addition, patients in both the groups reported high levels of
satisfaction with the informed consent process. Patient
satisfaction with the multimedia PtDA for patients in the
intervention group was overwhelmingly positive.

Some patients in the control group indicated that the consent
process missed discussing different aspects of the procedure
such aspatient and provider rolesin the safety of the procedure,
common side effects and complications, and other treatment
options. In a previous study, patients reported missing
information in the consent processwhen, in fact, thisinformation
was discussed by the health care team [16]. This supports the
need for a self-paced resource, such as a multimedia PtDA,
accessible to patients when needed to review the information
discussed with them.

Our multimedia PtDA for the PICC provided complete
information about the procedure. |n addition, the PtDA focused
on the patient role in the safety of the procedure, an areathat is
often ignored in consent processes. All surveys also included
items that reflect patient role in the safety of the procedure.
Although our patientsin the 2 groups scored high on theseitems,
one of our patients in the intervention group stopped a nurse
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from touching his PICC line and asked her to wash her hands
based on what he saw in the video.

Hand hygiene is the number one strategy to prevent CLABSIs.
CLABSIs are ranked the most common and the most costly
hospital-acquired infections (account for US $46,000 per event
[22]), and they result in thousands of deaths each year [23].
CLABSIs are “never event” that should never happen if
appropriate preventable measures are in place such as hand
hygiene and empowering patientsto understand and immediately
report side effects and complications. In the future, it would be
interesting to examine the effect of the multimedia PtDA on
CLABSI incidence rate.

The multimedia program was meant to be a self-paced learning
tool that takes into consideration patient readinessto engagein
care processes. Some of our patients in the control group
mentioned that they were not ready for the discussion. Readiness
to learn was ranked the second highest item by the intervention
group in the patient satisfaction with the multimedia program
survey. Many patients in the intervention group watched the
video for more than once and indicated their interest to watch
it again. The availability of such resource to the patients is
necessary to reinforce knowledge and engagement in care
processes.

Limitations

This study has the following 2 limitations. First, although the
ratios of our Hispanic and white patients were similar to the
patient populations we see at the hospital level, amost al of
our Hispanic patients who participated in this study indicated
English as their preferred language for the discussion and the
PtDA. Infuture research, we need to focus on engaging alarger
sample of Hispanic population who would use the Spanish
version of the program to test whether the Spanish version has
the same positive effect as the English version. Second, the
nurse educators who served as data collectors were instructed
to correct the wrong responses provided by patients in the
knowledge recall and retention questionnaires after recording
the original patient responses. Although thisreflectsethical and
professional practice principlesto maintain safety, it could have
biased our knowledge retention scores. Nevertheless, the
effectiveness of the PtDA was supported by other results such
as (1) the significantly higher knowledge recall scores for the
intervention group than for the control group; (2) the high
agreement scores assigned to the “readinessto learn,” “complete
understanding of procedure complications,” and “complete
understanding of the patient role in maintaining the safety of
the PICC" items by the intervention group in the patient
satisfaction with the multimedia program survey; and (3) the
availability of the PtDA as a self-paced learning tool supported
by watching the video for more than two times by some patients.

Conclusions

This study reveals that the multimedia PtDA is an effective
standardized, structured, and self-paced learning tool to
supplement the consent process of the PICC and improve patient
sati sfaction with the process, knowledge recall, and knowledge
retention.
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Abstract

Background: Thereiswide recognition that the lack of health datainteroperability has significant impacts. Traditionally, health
data standards are complex and test-driven methods played important roles in achieving interoperability. The Health Level Seven
International (HL7) standard Fast Healthcare Interoperability Resources (FHIR) may be a technical solution that aligns with
policy, but systems need to be validated and tested.

Objective: Our objective is to explore the question of whether or not the regular use of validation and testing tools improves
server compliance with the HL7 FHIR specification.

Methods: We used two independent validation and testing tools, Crucible and Touchstone, and analyzed the usage and result
data to determine their impact on server compliance with the HL7 FHIR specification.

Results: Theuse of validation and testing tools such as Crucible and Touchstone are strongly correl ated with increased compliance
and “practice makes perfect.” Frequent and thorough testing has clear implications for health data interoperability. Additional
data analysis reveal s trends over time with respect to vendors, use cases, and FHIR versions.

Conclusions: Validation and testing tools can aid in the transition to an interoperable health care infrastructure. Devel opers that
use testing and validation tools tend to produce more compliant FHIR implementations. When it comes to health data
interoperability, “practice makes perfect.”

(JMIR Med Inform 2018;6(4):€10870) doi:10.2196/10870
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exchange data with providers in other organizations or
unaffiliated hospitals [1]. Limited health data interoperability
has significant impacts. As part of providing care for their
patients, the typical primary care physician (PCP) coordinates
care with 229 other physicians across 117 organizations [2].
Limited interoperability makesthe already complicated problem
of care coordination even more challenging. Currently, 40% of
PCPs report that when they refer a patient to a specialist, they
do not efficiently receive the outcomes of the visit, including
caseswherethe patient's plan of care or active medications have

Introduction

Lack of Health I nteroper ability

Despite the relatively rapid nationwide adoption of electronic
health records (EHRS), the industry’s ability to successfully
exchange computable health data has not kept pace. A recent
study found that lessthan 35% of providersreport dataexchange
with other providers within the same organization or affiliated
hospitals. The exchange of data across organizations is even
more limited, with less than 14% of providers reporting they
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changed [3]. Thelack of interoperability leadsto gapsin critical
information at the point of care. This puts undue burden on
patients who currently must fill those gaps in data and when
those gaps remain unfilled, they can lead to significant safety
issues. An inpatient study found that 18% of medical errors
leading to adverse drug events could be traced back to missing
data in the patient's medical record [4]. Finally, limited health
care data interoperability has an immense cost. For example,
West Health Institute, an independent, nonprofit medical
research organization, estimates that the lack of medical device
interoperability alone leads to over US $30 billion in wasteful
spending each year. Beyond medical devices, the broader
problem of limited health care data interoperability further
contributesto an estimated US $700 billion in wasteful spending
annually in health care [5].

Improving I nteroper ability

As indicated by the JASON report [6], the implications and
benefits from a truly open digital health care architecture are
wideranging, from enabling individual patientsto obtain, share,
and authorize who can view their data, to population health
analytics and research. Currently, data and exchange standards
in hedth care do not adequately ensure out-of-the-box
interoperability, chiefly due to the complexity and lack of
identical interpretations of the published standardsby health IT
software developers. Rigorous testing and validation will help
move the US health care system in the direction of open,
accessible, patient-centric care.

To date, the health care community has produced and tolerated
data standards that are complex, difficult to understand, and
technically challenging to consistently implement and test.
Whilewell meaning, such standardization efforts have advanced
interoperability only so far and, at the same time, stifled
innovation due to high custom development and maintenance
costs. Inone such situation, MITRE has previously demonstrated
inthe domain of clinical quality measurement that atest-driven
approach can successfully establish a framework for
interoperability using national health care standards [7].
Similarly, AEGIS.net has successfully supported health
information networks that focus on nationwide scale and
standards adoption with its Developers Integration Lab
cloud-based Test-Driven-Development (TDD) Test Platform
[8].

Health L evel Seven International Fast Healthcare
I nteroperability Resources

The Health Level Seven International (HL7) Fast Healthcare
Interoperability Resources (FHIR) standard [9] offers a better
and moreinnovation-friendly path forward. The FHIR standard
is designed to be easily and quickly implemented while also,
over time, supporting a broad set of health care use cases. It is
also arapidly evolving standard that consists of data formats
for health care resources and an application programming
interface (API) for the exchange of this information between
client applications and servers. This APl uses Representational
State Transfer web services, a modern technology pattern that
powers most of today’s Internet.
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Although the Office of the National Coordinator for Health
Information Technology’s (ONC) 2015 Edition Health IT
Certification Criteriaincludesan API certification criterion—45
United States Code of Federal Regulations 170.315(g)(8) and
(9)(9)—that is well suited for FHIR implementation, no
government regulationsrequire health I T devel opersto conform
to any published version of the FHIR standard [10]. To facilitate
this without regulation, a group of commercial heath IT
developers established the Argonaut Project. Argonauts have
committed to promote health interoperability by using FHIR
within the industry by defining implementation guides and
profiles for read-only data access and document retrieval [11].

Policy Context

In 2015, the ONC published the document, Connecting Health
and Carefor the Nation: A Shared Nationwide Interoperability
Roadmap (the Roadmap) [12]. At a high level, the Roadmap
expressed that interoperability needed to focus on three overall
themes: (1) a supportive payment and regulatory environment,
(2) policy and technical components, and (3) outcomes that
could be measured and could impact individualsand providers.
Section G of the Roadmap laid out the need for anindustry-wide
testing and certification infrastructure, stating that a “diverse
and complementary set of testing and certification programs
will need to bein place to achieve nationwide interoperability.”
Further, with respect to testing, the Roadmap indicated that “the
health IT ecosystem will need to invest in more efficient ways
to test health IT that isimplemented and used among a diverse
set of stakeholders.”

The 21st Century Cures Act (the Cures Act), Public Law
114-255 [13], was signed into law in late 2016. The Cures Act
includes policies that impact everything from medical devices
to precision medicine. In the context of health IT, it includes
the most substantial update to the ONC's authority since the
Health Information Technology for Economic and Clinical
Health Act was passed in 2009. Specificaly, the Cures Act
includes a statutory definition for interoperability; it establishes
a new federa advisory committee, the Health IT Advisory
Committee, it requires the Nationa Coordinator to amend the
ONC Hedth IT Certification Program to adopt conditions of
certification that are applicable to health IT developers, and it
defines information blocking and the penalties associated with
doing so.

Importantly, and relevant to this paper, the Cures Act includes
two provisions within the conditions of certification related to
APIs. First, it charges ONC to requirethat health I T devel opers
publish APIsthat can enable health information to be accessed,
exchanged, and used “without special effort.” Second, it charges
ONC with requiring that health I T devel opers successfully test
the rea-world use of their certified technology for
interoperability in the type of setting in which the technology
is marketed. Taken together, these two statutory requirements
signal agrowing need for theindustry to coalesce and invest in
API-testing capacity.

Objectives

To meet the requirements expressed within the Cures Act, health
I'T devel opers need substantive toolsto validate and test system
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conformity to the FHIR specification. Furthermore, the
consistent implementation of FHIR will help enable an open
and innovation-friendly ecosystem that can make data exchange
more efficient and reduce interface costs. Both Crucible and
Touchstone projects represent production-ready testing platforms
for the FHIR specification, which can immediately be leveraged
by industry to support their needs for FHIR-based testing
[14,15].

Other available testing tools include Sprinkler, an open-source
project developed by Firely, that tested FHIR servers with a
web-based application [16]. Sprinkler has been retired and has
not been publicly updated in four years. Another FHIR test tool
available to the community is the Sync for Science Test Suite,
which provides similar FHIR testing capahilities, but is geared
specifically for the Sync for Science program [17].

The objective of this research was to examine whether or not
the use of validation and test tools, specifically Crucible and
Touchstone, had any impact on vendor compliance with the
FHIR specification and, by extension, interoperability.

Methods

Overview

Two independent projects—MITRE's Crucible project and
AEGIS.net’'s Touchstone project—provide the capability to
rigorously test servers against the FHIR specification. Such
testing assures health I T devel opers and app devel opersthat the
standards have been consistently implemented and deployed.
This kind of testing is essential to enable interoperable health
IT solutions that can be used to deliver safer and more efficient
health care.

MITRE Crucible Project

Crucible is a set of open-source testing tools for HL7
International FHIR developed by MITRE through an internally
funded research program. It is provided as a free and public
serviceto the FHIR devel opment community to promote correct
FHIR implementations. Its capabilities include the testing of
servers for conformance to the FHIR standard, scoring patient
recordsfor completeness, and generating synthetic patient data
suitable for testing [14].

The Crucible tool has been used by FHIR developers in the
health care information technology industry since 2015.
Developers can test their FHIR implementations through the
Crucible website [14] by entering a URL at which their server
can be accessed viathe FHIR API.

There are three ways that Crucible can be used to test server
compliance:

1. Server compliance tests may be manually run through the
public instance of Crucible.

2. Server compliancetests of known servers are automated to
run every 3 days through the public instance of Crucible.

3. Server compliance tests may be run on private instances of
Crucible behind a private firewall.

In our analysis, this paper examines test results from manual
and automated tests run through the public instance. Only
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manually run tests are considered as an indicator of system
usage. Tests run on private instances of Crucible are not
included, as that datais not available to the researchers.

AEGIS.net, Inc Touchstone Project

Touchstone is an open-access platform which combines nearly
20 yearsof automated |ab-based testing initiatives, most recently
the cloud-based Test-as-a-Service Developers Integration Lab
developed by AEGISnet through internal research and
development. By leveraging the experience gained and lessons
learned supporting ONC onboarding participant organizations
to the early stages of Nationwide Health Information Network
and later hosting the Sequoia Project formal testing program
for eHealth Exchange, AEGIS.net has advanced this test
platform to address FHIR [15].

Touchstone has successfully been used by developers and
quality assurance expertsin health care information technol ogy
since 2015. Users can privately test their FHIR implementations
by navigating to the Touchstone Project site [15] and create an
account to support testing FHIR Implementations. Publication
of any Touchstone test results only occurs with a developer’'s
prior approval.

In order to test for conformance and interoperability, Touchstone
combines the following features in an open-access platform:

1. Testing both client applications and server implementations,
while supporting peer-to-peer, multi-actor scenarios (ie,
care coordination and workflow) in a unified testing
approach.

2. Testingisbased entirely onthe FHIR Test Script Resource,
allowing for crowdsourcing future test case devel opment.

3. Multi-version FHIR support, which facilitates testing
backwards compatibility and future-proofing systems and
productsto ensure a continuously interoperabl e ecosystem.

To gauge FHIR implementation conformance, this paper
examinestest resultsfrom manual and API-automated testsrun
through the public cloud instance of Touchstone. Only
vendor-initiated tests against the cloud version of Touchstone
are considered as an indicator of system usage. Tests run on
private instances of Touchstone are not included asthat datais
not available to the researchers.

Testing Period

The FHIR specification was originally proposed asanew health
care data and exchange standard in August 2011. The first
officia release as a Draft Standard for Trial Use (DSTU) was
published on September 30, 2014. Subsequent official releases
of the FHIR specification have occurred on a 1.5-2-year
balloting cycle. The FHIR specification has rapidly evolved
over a short number of years; until initial stabilization of the
specification occurred with the release of the DSTU, the
introduction of publicly avail abletesting toolswas not feasible.
To that point, the Crucible and Touchstone platforms only
became available starting in 2015 when the test execution results
data used in this statistical analysis began to be collected. For
this study, data from Crucible ranged from December 1, 2015,
to May 31, 2017, and data from Touchstone ranged from
September 27, 2015, to September 3, 2017.
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Data Collection

Data was collected for this study through the usage of the
Crucible and Touchstone projects. During the study period,
software developers executed tests using both projects either
autonomously or as part of aFHIR Connectathon. Both projects
automatically collected usage dataon the teststhat they execute.
Thisincluded thefollowing: which FHIR server was under test,
the version of FHIR being tested, which tests were being
executed and how those tests map to the FHIR specification,
the results of each test (eg, pass, fail, skip), as well as
step-by-step interactions between the testing system and the
target FHIR server (eg, every HTTP request including headers
and body and every HTTP response including headers and
body), and detailed introspection and checks of those results.

Results

We wanted to know whether or not there was a relationship
between testing and compliance. Therefore, we explored whether
a statistically significant correlation could be found between
the frequency with which vendors execute tests and their
conformance with the FHIR specification. For this regression,
servers were grouped together by vendor and as many vendors
tested FHIR implementations using multiple servers. The
number of manual tests executed was used as a measure of an
organization’s usage level. The number of distinct test suites
supported (ie, tests successfully passed) across al the servers
was used to measure vendor performance. Thismetricisagood

Figure 1. Predicting suites passed by tests executed.
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approximation of the number of features a vendor has
implemented successfully and completely.

The number of tests executed were log-normalized to reflect
decreasing marginal returns. Thisis because the most complex
test suitestend to beimplemented by developerslast and require
more implementation hours and testing. Regressing log tests
executed against the number of supported suites gives a
statistically significant (P<.005, n=115) positive correlation
between Crucible usage and vendor performance. In other
words, using linear regression to predict vendor performance
(ie, number of test suites passed), it was found that the number
of tests executed (beta=.80, P<.005) was asignificant predictor.
The model fit was R-squared=.262.

A smilar analysis for Touchstone shows a statistically
significant (P<.005, n=70) positive correlation between
Touchstone usage and vendor performance. In other words,
using linear regression to predict vendor performance (ie,
number of unique tests passed), it was found that the number
of testsexecuted (beta=0.11, P<.005) were significant predictors.
The model fit was R-squared=.883.

These simple regressions—plotted in Figure 1 in alinear scale
and Figure 2 with a log scale—indicate that committed FHIR
developers are gaining value from Crucible and Touchstone
through repeated use of testing services and incremental
improvements of their implementations. In other words, the
classic adage “practice makes perfect” unsurprisingly proves
true. Test-driven development (practice) leads to improved
specification adherence (perfection).
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Figure 2. Predicting suites passed by tests executed (log scale).
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Discussion

Principal Findings

The results of our data analysis indicate that as the frequency
of testing or number of tests increases, the performance of a
server against thosetestsincreases. This should not be surprising
as software developers will address issues and fix defects in
order to pass the tests, so long as they are discovering these
issues and defects by repeated testing. Assuming the tests
accurately and adequately cover the depth and breadth of the
FHIR specification, then FHIR servers developed and tested
using these testsin atest-driven manner should more accurately
adhere to the FHIR specification. If compatibility with FHIR
equates to health data interoperability, then it seems that fair
and neutral testing is critical to achieving that goal. Of course,
health data interoperability is vastly more complex than FHIR
alone; other factors include, but are not limited to, clinical
terminologies, security and trust frameworks, clinical workflow
compatibility, and financial incentives. But the correct
implementation of software that adheres to the FHIR
specification isagood first step to exchanging data.

TestsOver Time

As shown in Figure 3, Crucible has seen use since its launch,
with aperiod of high usage during February 2016, corresponding
withincreased Argonaut testing and spikesin usage during HL7
Connectathons. Over its lifetime, Crucible has averaged just
over 42 test executions per week with testing volume trending
upward over time. Touchstone has a so seen significant growth
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in use since its inception as FHIR has grown in popularity and
importance.

Tracking Vendors Over Time

Using regular automated testing on known FHIR servers,
Crucible can track the progress of a server over time. Because
vendors often use temporary server URLsfor testing purposes,
to track the weekly progress of an individual vendor, we can
aggregate the results of al known servers for that vendor and
use the best results to track their progressimplementing FHIR.
Crucible's tracking of one anonymized vendor's Standard for
Trial Use version 3 (STU3) serversis shown below in Figure
4. They show a slow improvement before adrastic increase in
performance in February 2017.

Similarly, looking specifically at the top active anonymized
users of Touchstone—Vendor A (188 uses), who started testing
with Touchstonein February 2017, Vendor B (378 uses), Vendor
C (321 uses), and Vendor D (207 uses)—there is evidence of
both high use of Touchstone and improvement in their FHIR
implementations. These implementations used Touchstone
consistently during the study period, with their results
progressively improving (ie, passing less than 20 testsinitially
to passing over 1000 tests). Touchstone's TDD testing
capabilities allowed these devel opers to implement their FHIR
servers faster by finding errors and confirming the correctness
of their implementations, including managing version upgrades.

It isimportant to note that Vendor A accomplished in 6 weeks
what many organizations accomplish in 12-24 weeks, by
leveraging TDD—and testing on adaily basis—and integrating
continuous testing into their development lifecycle.
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Figure 3. Test runs per week.
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Testsby Use Case

During the study period there were 3253 identified user-initiated
test executions on Crucible, of which 1970 included only a
single test suite. Four of the top 10 test suites executed were
Argonaut suites. The other commonly executed suites include
the most general tests: reading, searching, history retrieval, and
formatting, as well as the transaction and batch test. The FHIR
patient-resource test was the most-used resource test sinceit is
one of the most important and central resources in the FHIR
specification.

Within Touchstone, there were 529,847 tests run during the
study period. A total of 99,848 (18.8%) of the tests executed
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were specifically testing the FHIR Patient Resource, while
55,163 (10.4%) tested the terminol ogy functionality. Touchstone
also includes tests for HL7 Connectathon tracks, which
comprised 125,720 (23.7%) of thetestsrun by volume, although
many of these tests were most likely run outside of
Connectathons.

The top tests executed on Crucible and Touchstone are listed
in Table 1.

Testsby Version

FHIR isan evolving standard that has seen three major rel eases
in the last 4 years and a dozen minor releases in the same time
frame [9]. Thetopic of FHIR versioning has similarly evolved
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as various vendors begin to build and deploy production
services. Only recently, after the study period, did HL7 add
versioning information to the FHIR specification, at a maturity
level of not applicable (N/A) and status of informative, meaning
it is merely information and not rules to be followed [18,19].
Currently, and during the study period, both Touchstone and
Crucible examined the FHIR Server Capability Statement to
determine the declared version of FHIR supported.

Crucible supports testing the last two major versions of FHIR,
while Touchstone supportstesting all point releasessince FHIR
1.0. Figures 5 and 6 show the community shift from testing one
version of FHIR to the next. Examining tests tagged with
specific FHIR versions, we can see growth in testing usage
throughout thelifetime of Touchstone. Thedip in testing volume
of FHIR 3.0.0isindicative of the swift transitionto FHIR 3.0.1.

Community Engagement

Beyond providing the tools themselves, the Crucible and
Touchstone teams have maintained considerable involvement

Table 1. Top tests executed by users.

Walonoski et al

with the FHIR development community by attending
Connectathons sponsored by HL 7, assisting the Argonaut group
by providing tailor-made tests for their use cases, and in the
case of Crucible, reaching out to the open-source community
for involvement in the development of the software.

Connectathons

The Crucible development team has attended each
HL 7-sponsored FHIR Connectathon since Connectathon 8 in
January 2015 through Connectathon 17 in January 2018. The
AEGIS.net team has attended each HL7-sponsored FHIR
Connectathon since Connectathon 4 in September 2013 and
introduced Touchstone at Connectathon 10 in October 2015.
Both Crucible and Touchstone develop and support a suite of
testsfor each Connectathon, specific to that event’stracks. The
Touchstone team regularly runs a “ Developers Introduction to
FHIR” session parallél to each Connectathon introducing FHIR
and TDD.

Rank Crucible Touchstone

Test ID Number of executions Test ID Number of executions
1 Argonaut Sprint 1 858 Patient Resource Test 132,328
2 Read Test 664 ValueSet Resource Test 59,162
3 Argonaut Sprint 3 549 Practitioner Resource Test 26,282
4 Argonaut Sprint 4 539 Organization Resource Test 22,124
5 History001 476 Location Resource Test 12,243
6 Search001 475 Observation Resource Test 11,592
7 Format001 460 Device Resource Test 10,698
8 Argonaut Sprint 5 451 Allergylntolerance Resource Test 10,621
9 Transaction and Batch Test 447 Appointment Resource Test 10,232
10 Patient Resource Test 445 Condition Resource Test 9588

Figure 5. Touchstone usage by Fast Healthcare Interoperability Resources (FHIR) version.
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Figure 6. Touchstone Fast Healthcare I nteroperability Resources (FHIR) by version over time. DSTU2: Draft Standard for Trial Use version 2; STUS:

Standard for Trial Use version 3.
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Table 2. Anonymized performance of Argonaut members at the completion of each Argonaut Sprint.
Vendor Sprint Resprint Sprint Argonaut Connectathon tests
1 2 3 1 2 3 4 5 6 7
E Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
F Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
G Pass Fail Pass Pass Pass Pass Pass Pass Pass Pass Fail
| Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Fail
M Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
N Pass Fail Pass Fail Fail Fail Pass Pass Pass Pass Pass
(e} Pass Fail Pass Pass Pass Pass Pass Pass Pass Pass Fail
P Pass Fail Pass Pass Pass Pass Pass Pass Pass Pass Fail
Q Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
R Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
S Fail Fail Fail Fail Fail Fail Fail Fail Fail Fail Fail
T Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
U Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
\% Fail Fail Fail Fail Fail Fail Fail Fail Fail Fail Fail
test their FHIR implementations. Crucible's test suite results
Argonaut

The Argonaut Project is a private sector initiative with the
mission of advancing industry adoption of modern open
interoperability standards. Its stated purpose is to “develop a
first-generation FHIR-based APl and Core Data Services
specification to enable expanded information sharing for
electronic health records and other health information
technology using existing Internet standards and architectural
patterns and styles’ [11].

With Touchstone's and Crucible’'s missions to advance the
adoption of the FHIR API, both teams collaborated with
Argonaut vendorsto devel op a series of test suitesto help them
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show amost all Argonaut members failed these test suites
initially. However, as shown in Table 2, many of the members
now support most of the test suites. This could be attributed to
the high volume of testing that was performed on the Argonaut
suites during the initial Argonauts implementation sprints.

Caveats

Electronic health records have structured and unstructured data.
FHIR supports both of these data types:. structured data using
Resources and unstructured data using Binary and
DocumentReference[20,21]. Neither Crucible nor Touchstone
test for clinical correctness; they focus purely on technical
correctness. Achieving health data interoperability may also
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require a higher level of interoperability (eg, semantic) beyond
technical exchange.

Conclusions
Crucible and Touchstone have proven to be valuable tools for

Walonoski et al

support future Cures Act requirements. Our research showsthat
developersthat use testing and validation tool s tend to produce
more compliant FHIR implementations. The test data collected
by MITRE and AEGIS.net during the study period shows that
when it comes to health data interoperability, “practice makes

the FHIR developer community. These tools can aid in the
transition to an interoperable health care infrastructure by
providing open reference implementationsfor FHIR testing and

perfect.” Thisgivesus hopethat afuture with ubiquitous health
care information interoperability is possible.
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