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Abstract

Background: Chronic obstructive pulmonary disease (COPD) is aleading cause of death throughout the world. Telemedicine
has been utilized for many diseases and its prevalence is increasing in the United States. Telemonitoring of patients with COPD
has the potential to help patients manage disease and predict exacerbations.

Objective: The objective of this review isto evaluate the effectiveness of telemonitoring to manage COPD. Researchers want
to determine how telemonitoring has been used to observe COPD and we are hoping thiswill lead to more research in telemonitoring
of this disease.

Methods: This review was conducted in accordance with the Assessment for Multiple Systematic Reviews (AMSTAR) and
reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). Authors
performed asystematic review of the PubMed and Cumulative Index to Nursing and Allied Health Literature (CINAHL ) databases
to obtain relevant articles. Articleswere then accepted or rejected by group consensus. Each article was read and authorsidentified
barriers and facilitators to effectiveness of telemonitoring of COPD.

Results:  Results indicate that conflicting information exists for the effectiveness of telemonitoring of patients with COPD.
Primarily, 13 out of 29 (45%) articles stated that patient outcomes were improved overall with telemonitoring, while 11 of 29
(38%) indicated no improvement. Authors identified the following facilitators: reduced need for in-person visits, better disease
management, and bolstered patient-provider relationship. Important barriers included low-quality data, increased workload for
providers, and cost.

Conclusions: The high variahility between the articles and the ways they provided telemonitoring services created conflicting

results from the literature review. Future research should emphasi ze standardization of telemonitoring services and predictability
of exacerbations.

(IMIR Med Inform 2019;7(1):€11496) doi:10.2196/11496
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Introduction

Rationale

The most recent estimate of the world prevalence for chronic
obstructive pulmonary disease (COPD) is 64 million, with 3
million deaths from the disease in 2015 aone [1]. The World
Health Organization (WHO) estimates that COPD will be the
third-leading cause of death in the world by 2030 and that 90%
of its victims live in middle-to-low-income countries [1]. It is
primarily caused by cigarette smoke—primary or
secondary—and exacerbated by long-term asthma [1]. The
United States addressed theincreasein prevalence by pendizing
reimbursement for public health beneficiaries if a hospital
readmitted the patient for the condition within 30 days[2].

The United States also passed the Health Information
Technology for Economic and Clinical Health (HITECH) Act
in 2009, which incentivized the adoption of health information
technology up until 2015 and penalized the lack of adoption
thereafter [3]. The HITECH Act served as a catalyst for the
diffusion of telemedicine in the United States, which is
important because the United Stateslagged behind other western
nations in the use and acceptance of telemedicine. There are
many facets to telemedicine, but we will start with a general
definition.

The WHO defines telemedicine as follows [4]:

The delivery of health care services, where distance
is a critical factor, by all health care professionals
using information and communication technologies
for the exchange of valid information for diagnosis,
treatment and prevention of disease and injuries,
research and evaluation, and for the continuing
education of health care providers, all intheinterests
of advancing the health of individuals and their
communities.

We choose this definition for our review and, also following
the WHO's example, we do not distinguish between
telemedicine and telehealth.

US national attention on telemedicine services for rura and
other low-access popul ations has steadily increased in the past
decade. As the United States continues to determine how best
to fund these services and how to legislate accreditation across
state borders and specialties, much research is being conducted
on the efficacy of various telemedicine services [5]. While the
bulk of US research attends to clinical interventions provided
for mental health and chronic diseases, chronic diseases also
require regular monitoring of health parameters.

Telemedicine, in its modern form, developed through rapid
advancement in communication technology and innovation on
the part of health care professionals [6]. Naturally, physicians
treating chronic diseases, such as COPD, required methods to
track patient health factors and tel emonitoring was the solution.
Telemonitoring is defined as the distance monitoring of
components of apatient’s health as part of alarger chronic care
model [7]. These methods, when applied to patientswith COPD,
can utilize caregiver review of data to assess disease state and

http://medinform.jmir.org/2019/1/€11496/
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health status[8]. Telemonitoring of COPD even hasthe potential
to predict exacerbations before onset [9].

Objective

The objective of thisreview isto evaluate the effectiveness of
telemonitoring to manage the chronic disease of COPD. We
want to look at how telemonitoring has been used to observe
COPD and we are hoping this will lead to more research in
telemonitoring of this disease. We used techniques from the
Assessment for Multiple Systematic Reviews (AMSTAR) and
reported our findingsin accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Anayses (PRISMA)
[10,11].

Methods

Stakeholder I nvolvement in the Review

Neither patients, service users, caregivers, nor lay people were
used in the design or execution of thisreview. The development
of outcome measures was not informed by patients’ priorities,
experience, or preferences. Neither patients, caregivers, nor lay
people were involved in the recruitment to and conduct of this
review. Since there were no study participants as part of this
review, dissemination of resultsto participants was unnecessary.
The development of the research question and outcome measure
was not informed by patients priorities, experience, or
preferences. Because there were no study participants, ethics
approval and consent to participate were not necessary.

Protocol, Registration, and I nformation Sour ces

This systematic literature review followed standard retrieval
methods to obtain peer-reviewed articles: multiple-reviewer
technique set by the AMSTAR standard to evaluate them and
the PRISMA standard to report the analysis conducted on the
articles in the review [12,13]. Authors queried the following
databases. PubMed and the Cumulative Index to Nursing and
Allied Health Literature (CINAHL), which is managed by
EBSCO. Authors used the search terms telemonitoring and
COPD and all associated Medical Subject Headings (MeSH)
terms; Chronic Obstructive Pulmonary Disease, COAD, Chronic
Obstructive Airway Disease, Chronic Obstructive Lung Disease,
Airflow Obstruction, Chronic or Airflow Obstructions, Chronic
or Chronic Airflow Obstruction, and Chronic Airflow
Obstruction. This review was not registered.

Study Selection and Data Collection Process

Databases were searched for articles published during the time
frame of February 1, 2011, through February 1, 2017. Originally,
we planned to limit our search to a 5-year span for analysis
because of the rapid advancement of technology, but this did
not yield a suitable number of articles to analyze. As aresult,
we expanded our search to a 6-year span. Boolean operators
were used during searches to obtain the desired search
parameters.

The initia search in PubMed, telemonitoring AND COPD,
returned 88 articles. Restricting the articles further by date
eliminated 12 articles; limiting by academic journals and
English-only articles eliminated 21 more articles. The initial
search in CINAHL generated atotal of 38 articles. Restricting
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the publication date range minimized this number to atotal of
35 articles and removing any articles that were not from
academic journals and not written in English resulted in 16
remaining articles.

Data Items and Eligibility Criteria

Authors created a literature matrix detailing the title, author,
year, journal, and other pertinent information of the 61 articles
in preparation for final screening. To eliminate the possibility
for bias, two authorsread each abstract and came to aconsensus
regarding whether the article was germane to the topic.
Reviewers agreed that for an article to be accepted for analysis,
it had to be published in the last 6 years in a peer-reviewed
journa and it had to provide substantive data on the use of
telemonitoring to manage COPD. Once all abstracts had been
screened for suitability, the authors used a consensus meeting
to make final determination on whether to eliminate articles
that were not germane to the specific topic and remove any
duplicate articles. Through this process, the authors noticed a
common reference that had not been caught in their query of
the databases. The final number of articles gathered from
PubMed and CINAHL totaled 21 and 8, respectively, bringing
the final combined total to 29 articles for analysis in the
literature review. A kappa statistic was calculated to determine
interrater reliability (.91), which is indicative of strong
agreement [14,15].

Figure 1. Literature search and selection process.

Kruse et a

Authors read each article closely and made independent notes
of common themes related to each review’s objective. These
were shared at a second consensus meeting; through a brief
discussion of content and findings, detailed notes were
highlighted about barriers and facilitators to the adoption of
telemonitoring for the management of COPD. Frequency of
occurrence of each of the barriers and facilitators were captured
in affinity matrices for further analysis. Data and calculations
are available upon request.

Results

Study Selection and Study Char acteristics

From the original 136 articles resulting from theinitial search,
97 were screened out due to date of publication, nature of
publication, and whether the topic was germane to our research
(ie, possibly indexed improperly). The list of germane studies
was narrowed down to 29. Theliterature search processislisted
in Figure 1.

Results of Individual Studies

Theresultswere mixed regarding the efficacy of telemonitoring
to reduce complications associated with COPD. Any clear
positive relationship with the use of telemonitoring to manage
COPD was obscured. A list of al 29 studies[8,9,16-42] and a
summary of each topic islisted in Table 1.
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Table 1. Summary of articles analyzed and applicable observations.

Authors and reference

Summary of topic

Jensen MH et d [§]

Sanchez-Morillo D et a [9]

Alrgjab Set a [16]

AntoniadesNC et a [17]
Burton C et a [18]

Celler BG and Sparks RS [19]
Chatwin M et a [20]
DavisCet a [21]

Elwyn G et a [22]

Fairbrother P et a [23]

Fairbrother P et al [34]
Fernandez-Granero MA et a [25]

Fernandez-Granero MA et a [26]
Goldstein RS and O'Hoski S[27]
Ho TW et al [28]

Jordan R et a [29]
Kim Jet al [30]
KimJetal [31]

Martin-Lesende | et a [32]

McDowell JE et &l [33]

McKinstry B [34]
Pedone C et al [35]

Pedone C and Lélli D [36]
Pinnock H et al [37]

Reddel HK et al [38]

Stoddart A et al [39]

Venter A et a [40]

Vianello A et a [41]

Zanaboni P et a [42]

Clinical impact of home telemonitoring on patients with COPD?

Pilot study detecting COPD exacerbations early using daily telemonitoring of symptoms and k-means clus-
tering

A home telemonitoring program reduced exacerbation and health care utilization ratesin COPD patients
with frequent worsening of symptoms

Pilot study of remote telemonitoring in COPD

Changesin telemonitored physiological variablesand symptoms prior to exacerbations of chronic obstructive
pulmonary disease

Home telemonitoring of vital signs—technical challenges and future directions
Randomized crossover trial of telemonitoring in chronic respiratory patients (TeleCRAFT trial)

Feasibility and acute care utilization outcomes of a post-acute transitional telemonitoring program for under-
served chronic disease patients

Detecting deterioration in patients with chronic disease using telemonitoring: navigating the “trough of dis-
illusionment”

Exploring telemonitoring and self-management by patients with chronic obstructive pulmonary disease: a
qualitative study embedded in a randomized controlled trial

Continuity, but at what cost? The impact of telemonitoring COPD on continuities of care: a qualitative study

Automatic prediction of chronic obstructive pulmonary disease exacerbations through home telemonitoring
of symptoms

Computerized analysis of telemonitored respiratory sounds for predicting acute exacerbations of COPD
Telemedicinein COPD: time to pause

Effectiveness of telemonitoring in patients with chronic obstructive pulmonary diseasein Taiwan: arandomized
controlled trial

Telemonitoring for patients with COPD
Acceptability of the consumer-centric uHealth servicesfor patientswith chronic obstructive pulmonary disease

Effects of consumer-centered uHealth service for the knowledge, skill, and attitude of the patients with
chronic obstructive pulmonary disease

Impact of telemonitoring home care patients with heart failure or chronic lung disease from primary care on
health care resource use (ie, the TELBIL study randomized controlled trial)

A randomized clinical trial of the effectiveness of home-based health care with telemonitoring in patients
with COPD

The use of remote monitoring technologies in managing chronic obstructive pulmonary disease

Efficacy of multiparametric telemonitoring on respiratory outcomesin elderly peoplewith COPD: arandomized
controlled trial

Systematic review of telemonitoring in COPD: an update

Effectiveness of telemonitoring integrated into existing clinical serviceson hospital admission for exacerbation
of chronic obstructive pulmonary disease: researcher-blind, multicenter, controlled trial

Self-management support and other alternatives to reduce the burden of asthma and chronic obstructive
pulmonary disease

Telemonitoring for chronic obstructive pulmonary disease: a cost and cost-utility analysis of arandomized
controlled trial

Results of atelehealth-enabled chronic care management service to support peoplewith long-term conditions
at home

Home telemonitoring for patients with acute exacerbation of chronic obstructive pulmonary disease: aran-
domized controlled trial

Long-term telerehabilitation of COPD patientsin their homes: interim results from a pilot study in Northern
Norway

8COPD: chronic obstructive pulmonary disease.
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Table 2. Facilitators to the adoption of telemedicine to manage chronic obstructive pulmonary disease (COPD).

Facilitators Articles Occurrence (N=56), n (%)
Improved patient outcomes or satisfaction [8,9,16,17,24,29-31,36,38,40] 13(23)
Reduced need for in-person visits [8,9,16,17,22,30,32,35,36] 9(16)
Better disease management [8,17,22,28,30,31,34,40] 8(14)
Bolstered patient-provider relationship [20,21,23,24,30] 5(9)
High-quality data [16,19,25,28] 4(7)
Patient empowerment [8,17,21,23] 4(7)
Ease of use [17,25,32] 3(5)
Predictability of exacerbations [9,19,25] 3(5)
Provision of additional services [30,32,41] 3(5)
Patient engagement [16,17] 2(4)
Access to patient data [16] 1(2
Communication [22] 1(2

Table 3. Barriersto the adoption of telemedicine to manage chronic obstructive pulmonary disease (COPD).

Barriers Articles Occurrence (N=57), n (%)
Reduced patient outcomes or no improvement  [16-18,20,28,31,38-42] 11 (19)
Low-quality or limited data [8,16-18,22-25,28] 9 (16)
Increased workload for providers [20,19,24,30,32,35,37] 7(12)
Cost [29-31,34,39] 5(9)
Heterogeneity of care [6,8,21,34,42] 5(9)
Lack of service standardization [18,21,22,24,28] 5(9)
Exacerbations are highly variable [9,16,18,34] 4(7)
Uncomfortable with technology [22,31,33] 3(5)
L ess patient autonomy [9,20,21] 3(5)
Time-consuming [22,24] 2(4
Staff shortages or overworked staff [8] 1(2
User perception or perceived lack of usefulness [23] 1(2
User or patient resistance [24] 12
Our second consensus meeting helped us identify the 12  improved patient outcomes or satisfaction

facilitators and 13 barriers to the acceptance and feasibility of
telemonitoring to manage COPD, which are summarized in
Tables 2 and 3, respectively.

Facilitators and barriers are sorted by frequency of occurrence.
We do not suggest that frequency equates to importance; we
highlight only the probability that each theme occurred in the
literature.

Synthesis of Results and Risk of Bias Across Studies

Throughout this review, the value of telemonitoring to manage
COPD symptoms has been intensively evaluated. Authors
identified key facilitators and barriersrelated to the effectiveness
of telemonitoring. The prevalence of factors can be reviewed
in Tables 2 and 3. Conflicting data were found detailing the
efficacy of telemonitoring services for managing COPD. Some
articles cited improvements in patient outcomes, satisfaction,
anxiety and depression, and hospitalization ratesin thefacilitator

http://medinform.jmir.org/2019/1/€11496/
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[8,9,16,17,24,29-31,33,34,36,38,40], while others stated that
no significant improvement occurred under the barrier reduced
patient outcomes or no improvement [16-18,20,28,31,38-42].

Articles discuss various causes for improvement of the COPD
disease state or perceptions of the disease state. A total of 31%
(9/29) of articles stated that tel emonitoring reduced the number
of in-patient visits required for patients engaged in
telemonitoring care, including primary carevisitsand emergency
department visits[8,9,16,17,22,30,32,35,36]. Pinnock [37] and
Venter [40] found that enhanced access to care was especialy
useful in rural areas where access to care may be greatly
restricted. Asadominant facilitator for telemonitoring of COPD,
the review suggests that telemonitoring interventions have the
potential to achieve the main goal of telemedicine services.

A common reason for patient improvements included that
providing telemonitoring services to traditional COPD
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management added underlying serviceslinesto patient resources
[32,34,41]. As more service options were added, including
videoconferencing and phone support, articles noted reductions
in admissions related to exacerbations. McKinstry [34] found
that more successful programs were associated with service
lines that were unavailable to regular COPD management
programs. Constant accessto arespiratory nurse should logically
increase patient education and outcomes. Regardless of the
number of added service lines provided through telemonitoring
of COPD, patients were regularly satisfied with the
telemonitoring services provided. Other facilitators, such as
higher-quality patient data and ease of use, provide better
self-management for patients and more information to
caregivers.

Conversely, numerous articles in this review also mentioned
the inability for COPD telemonitoring to provide added value
for patients [16-18,20,28,31,38-42]. Some of these articles
referenced that sample selection did not alow for clear
improvements; authors, in some instances, selected patients
with excellent self-management practices [36]. Authors also
reported that as tel emonitoring services expanded, clinician and
nurse workloads increased [20,23,24,32,34,37,39]. As staffing
is one of the most expensive parts of providing health care,
increasing the amount of work required to care for patients can
potentially increase costs.

Cost adso factored into some of the studies examined
[33-35,38,39]. Results ranged from  incremental
cost-effectivenessratios of £203,900 to descriptions of increased
cost of care [33]. With 17% (5/29) of studies referencing no
improvement or reduced patient outcomes, the literature suggests
that caregivers hesitate before providing telemonitoring care
that isnot cost-effective. Other barriersto consider are usability
of devices, perceived lower autonomy of patients, and time
required to obtain symptom data.

A total of 3 articles out of 29 (10%) explained prediction
methodsto determinethe onset of exacerbations[9,19,25]. One
article by Sanchez-Morillo et a [9] predicted 93.9% of
exacerbations within 4.5 days of necessary medical
interventions; they showed that improved patient outcomes and
reduced in-patient visits can be achieved even with high
variability of exacerbations. This article illustrates the variety
of telemonitoring interventions available and an ideal method
of protecting patient health through telehealth services.

Discussion

Principal Findings

A total of 12 facilitators [8,9,16,17,22,24-32,38,40] and 13
barriers [8,9,16-25,28,31-42] were identified in the literature
and atotal of 113 occurrences were detected. While frequency

Authors Contributions

Kruse et a

does not impute importance, it does identify those issues most
salient to those authors during the 6 years within which studies
were published. Multiple factors were identified as both
facilitators and barriers, but not by the same authors. Theresults
of this review do not conflict with findings of other reviews,
but they do imply several issues for consideration in health
policy. Cost continues to play a reduced role in the use of
telemedicine, which is a positive trend [33-35,38,39]. Policy
makers should continue current incentives, but realize this may
affect fewer organizations as the cost of implementation has
already been absorbed. Lack of standardization is a barrier of
concern and thisissueis being addressed through organi zations
making and developing standards [18,21,22,24,28]. The most
concerning and most frequently mentioned barrier was reduced
patient outcomes or no improvement [16-18,20,28,31,38-42].
Technology is already expensive and it is often more complex
than traditional care; decision makers seldom choose to pursue
an intervention with technology unless there are improved
patient outcomes that offset the cost of the technology itself.
Policy makers need to carefully endorse those
technology-infused interventions that yield positive patient
outcomes and recommend that developers work on the rest of
the barriers until the threshold for improvement is crossed.

Limitations

Authors noted some minor limitations. The high variability
between articles, patient samples, telemonitoring methods, and
treatments may explain why 24% (7/29) of the articles found
improved patient outcomes and 21% (6/29) found no
improvement in outcomes. With such differences between
studied effects, external validity of the literature may be
compromised. Further, because researchers were responsible
for determining which articles were included in the study,
readers should be aware of selection bias. However, biaseswere
controlled by utilizing multiple reviewers for each article who
discussed inclusion or exclusion of articles, as discussed in the
Methods section.

Conclusions

Authors determined that many conflicting barriers and
facilitators exist to the adoption of telemonitoring for patients
with COPD. Due to the high variability of patients monitored,
servicelines, types of technology, and severity of disease state,
some studies do not relate well to others. Future research should
emphasize the importance of standardizing the telemonitoring
of COPD techniques and the ability of technology to predict
exacerbations. Predictability of exacerbations, even with the
large range of pre-exacerbation symptoms, will reducein-person
visits and provide patients with useful warnings about their
conditions. Through continued evaluation of COPD efficacy,
research may find a cost-effective and useful standard for
monitoring COPD through telehealth interventions.
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Abstract

Background: Digital transformation in health care is being driven by the need to improve quality, reduce costs, and enhance
the patient experience of health careddlivery. It doesthisthrough both the direct intervention of technology to create new diagnostic
and treatment opportunities and al so through the improved use of information to create more engaging and efficient care processes.

Objective:  In a modern digital hospital, improved clinical and business processes are often driven through enhancing the
information flows that support them. To understand an organization’s ability to transform their information flows requires a clear
understanding of the capabilities of an organization’sinformation technology infrastructure. To date, hospital facilities have been
challenged by the absence of uniform ways of describing thisinfrastructure that would enable them to benchmark where they are
and create a vision of where they would like to be. While there is an industry assessment measure for electronic medical record
(EMR) adoption using the Healthcare Information and Management Systems Society Analytics EMR Adoption Model, thereis
no equivalent for assessing the infrastructure and associated technology capabilities for digital hospitals. Our aim isto fill this
gap, as hospital administrators and clinicians need to know how and why to invest in information infrastructure to support health
information technology that benefits patient safety and care.

M ethods: Based on an operational framework for the Capability Maturity Model, devised specifically for health care, we applied
information use characteristics to define eight information systems maturity levels and associated technology infrastructure
capabilities. These levels are mapped to user experiences to create a linkage between technology infrastructure and experience
outcomes. Subsequently, specific technology capabilities are deconstructed to identify the technology features required to mest
each maturity level.

Results:  The resulting assessment framework clearly defines 164 individual capabilities across the five technology domains
and eight maturity levels for hospital infrastructure. These level-dependent capabilities characterize the ability of the hospital’s
information infrastructure to support the business of digital hospitalsincluding clinical and administrative requirements. Further,
it allows the addition of a scoring calculation for each capability, domain, and the overall infrastructure, and it identifies critical
requirements to meet each of the maturity levels.

Conclusions: Thisnew Infrastructure Maturity Assessment framework will allow digital hospitalsto assess the maturity of their
infrastructure in terms of their digital transformation aligning to business outcomes and supporting the desired level of clinical
and operational competency. It providesthe ability to establish aninternational benchmark of hospital infrastructure performance,
whileidentifying weaknessesin current infrastructure capability. Further, it provides abusiness case justification through increased
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functionality and a roadmap for subsequent digital transformation while moving from one maturity level to the next. As such,
this framework will encourage and guide information-driven, digital transformation in health care.

(JMIR Med Inform 2019;7(1):€12465) doi:10.2196/12465
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Introduction

Background

Digital transformation in health careisbeing driven by the need
to improve quality and reduce costs in hedth care delivery,
whiletaking advantage of the benefitsthat advancesin emerging
technology can provide to patient care, the patient experience,
workforce performance, and value and efficiency in health care
delivery [1,2]. The recognition that digital transformation is
important to health care is reflected in increasing discussions
on what the digital health care futurelooks like and how we are
moving to virtualized care venues, smart monitoring, and new
trials using the Internet of things and cloud services [2,3].
Severd studies have indicated that specific clinical initiatives
require the improved support of health information technology
infrastructure [4,5]. However, it isnot thedigital transformation
itself that isthe goal, but the capabilities and advancesthat this
transformation can realize. While the fee-for-service health care
funding model has been predominant in many countries,
particularly outside of public hospitals, there is a shift to
value-based health care funding with payment based on patient
health outcomes. Hence, this shift necessitates assessment of
the infrastructure to support new technologies and how the
infrastructure aligns to clinical and administrative business
value. Indeed, digital transformation will be critical to the
survival of health care organizations [6].

To take advantage of technol ogiesthat canimproveinformation
flow in the digital hospital environment and enhance processes
to create a positive impact on both clinical and operational
outcomes, an assessment of the capabilities of the existing
environment isrequired. Only through this process can we create
amap for improvement and possibilities. Currently, thereisno
language to describe hospital technology infrastructure and no
accepted standard methodol ogy to assessthe state of the network
and infrastructure in a hospital to support structured
improvement aligned to business processes. Whilethereissuch
an industry assessment measure for electronic medical record
(EMR) adoption using the Hedthcare Information and
Management Systems Society (HIMSS) Analytics EMR
Adoption Model (EMRAM) [7], there is no equivalent for
assessing the infrastructure and associated technology
capabilities for digital hospitals. An infrastructure assessment
framework isimportant to fill thisgap as hospital administrators
and clinicians need to know how and why to invest to support
information infrastructure for the future. Such aframework will
encourage and guide information-driven, digital transformation
in hedlth care.

This paper defines what information infrastructure a digital
hospital requires to mature and use technology to enable

http://medinform.jmir.org/2019/1/€12465/

effective information flow and support the clinical and patient
experience, now and in the future. The articulation and
development processleading to theinfrastructure maturity model
and the information characteristics required to achieve the
maturity objectives are given in the following section. This
includes the mapping of systems capabilities to meet clinical
process and patient experience, followed by a description of
how we used a health care—specific capability mapping tool to
devise a practical and industry best-practice assessment and
scoring tool. The results demonstrate how this capability
assessment mapping can be used to assess the maturity of a
digital hospital to meet and improve its capabilities and how
such atool can be used for future planning of digital hospital
technology requirements aligned to business and clinical
outcomes.

Defining Information Maturity in Health Care

This section describes the reasoning behind, and formulation
of, the maturity levels used to define infrastructure maturity, as
well as the dimensions of information needed to place
“information” in a position of enabling and supporting health
care processes and decision making. It details the technology
and technology services required to achieve those information
dimensions and how those capabilities are aggregated into a set
of naturally evolving levels. This description includes the
research process of deconstruction of the associated technology
requirements into a framework to determine the maturity of
digital hospital infrastructure.

Information Dimensionsto Enable and Support the
Health Care Process

“Enabling information” means information that intrinsically
possesses qualitiesto ensure it contributes effectively to health
care delivery and decision making. This refers to both
administrative and clinical data. The characteristics of enabling
information in health care are analogous with data quality and
comprise similar elements. Indeed, “information quality plays
an important role as a mediator between clinical information
technology and health care quality” [8]. Further, in different
contexts, data quality may mean different things. For instance,
administrative data are used both within the hospital
environment for planning and funding, and also by the managing
jurisdictions for services planning and policy making. Routine
hospital data used outside the organization require
standardization and homogeni zation for comparison within and
across jurisdictions [9]. Further, data of lower quality can
significantly influence business processes as well as clinical
care[10]. A range of characteristics defineinformation features
and qualities that support patient care and its associated
workflow processes [11]; this is a multidimensional concept
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[8]. Russ et a [11] categorize such data quality characteristics
into four domains: trustworthy and reliable, effectively
displayed, adaptable to work demand, and ubiquitous. Each of
these domains further defines the data characteristics that
support that domain. For instance, the trustworthy and reliable
domain consists of the data characteristics compl ete, consistent,
correct, current, and secure. These characteristics are closely
aligned to data quality characteristics.

In the context of health care, there are numerous definitions of
what core quality characteristics should consist of, including
accuracy, completeness, currency, and consistency, yet the
associated characteristics of reliability, availability, usability,
relevancy, and secureness are also important, in addition to
trust, usefulness, and redundancy [10,12-16]. All these
characteristics are accepted quality metrics throughout the
literature. This paper does not, however, present adiscourse on
the ontology of data quality characteristics but instead accepts
the premise that such characteristics exist and form the basis
for extrapolation of the use of data with such embedded
characteristics. These embedded characteristics provide the
foundation for enabling information in health care.

There is an overlap between many of the data qualities.
Therefore, each quality cannot be considered in isolation as a
discrete concept because qualities come together in the context
of use rather than through definitional articulation. There are
numerous qualities that can describe data and information;
however, in the health care environment these are not orthogonal
or mutually exclusive. The selection of the following six
higher-level characteristics used in this research reflects the
usability of such characteristics when applied to health care:

1. Completeness: the information contains all the context
required for decision making

2. Relevancy: the information required for the task at hand

3. Usability: information delivered on/in an appropriate
device/format

4. Availability: information is available where it is required
and exists in accessible systems

5. Reliability: information is sufficiently complete, error free,
and consistent in distributed settings

Table 1. Dataquality dependencies adapted from [14].

Williams et al

6. Security: the information process is protected against
extraction or tampering

These six characteristics give an insight at ahigh level into the
importance of information in clinical application and are
consistent with research into the use of patient information in
electronic form [11] and how this influences operational and
clinical workflow and service delivery. Further, each of the six
dimensions have multipleinterdependencies (see Table 1). Table
1lisbased on thework of del Pilar and Garcia-Ugalde [14] with
correlation from Russet a [11] and Lee et al quality assessment
characteristics[17].

A systematic review by Leeet a [17] identified accuracy asan
intrinsic information quality across al studies analyzed. Using
accuracy as one characteristic to explain  these
interdependencies, accuracy appears as acomponent of several
dimensions but not one of the primary data quality dimensions
in Table 1, because while accurate information is needed, on
its own it does not enable hedth care delivery. However,
accuracy is a primary element of the dimension of relevancy.
Relevance refers to the information being appropriate for the
task at hand, and information cannot be appropriate without
being suitably accurate.

The interdependence of dimensions, such as accuracy and
completeness (another intrinsic el ement that appliesto multiple
dimensions), demonstrates that attempting to definitively
separate the dimensions is problematic and not productive. It
should be noted that the dimension of “security” is a special
case that supports all other dimensions.

The data quality dimensions (ie, characteristics of usable
information) described in Table 1 are applied in this research
to structure a scale of information maturity levels in an
organization. They provide aloose set of guiding principleson
how a hospital improves its use of information as it digitally
matures. The characteristics are linked to the hospitals
supporting information technology and technology services
through the Capability Maturity Modeling (CMM) process
described in the following section.

Data quality dimension

Interdependencies

Compl eteness
Relevancy

Usability

Availability

Reliability

Security

«  Coverage, density, relevancy, and sufficiency
o Current, timely, correct, and sufficient

«  Usefulness consisting of relevance accuracy and completeness
« Easytouseand organized

« Accessible, compatible, interpretable, and locatable

Unbiased

Reputation traceability including data source and provenance

Data producer with previous experience and correction of mistakes
Credibility inclusive of accuracy and completeness

Consistency

«  Supportsall other dimensions
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Capability Maturity Model

In the 1980s, CMM was devised as atool to assessinterna and
external improvement processes[18], enabling atransformation
from chaotic and ad hoc process implementation to definitive
and disciplined process execution. CMM has an established
background in software engineering, as well as applicationsto
user-centered design [19], education [20], and information
systems planning [21], for example.

The CMM methodology is based on ongoing improvement of
capability and is constructed using:

« Maturity levels. These provide a structured template for
persistent improvement. They promote the ability to assess
new practice implication and success.

« Key processareasand their associated goals. A key process
areaisaset of related activities that can achieve the stated
goal for that key process area.

«  Common features. These are categories of key processareas
and reflect the effectiveness and repeatability of that key
processarea. The CMM common features are commitment
to performing, ability to perform, activities performed,
measurement and analysis, and verifying implementation.

« Key practices. The implementation and persistent
achievement in a key process area are defined by the
procedures, practices, and communications implemented
called key practices [22].

The adaptation of this CMM methodology into an operational
framework (Figure 1) that can assess security technology,
process, and human contribution in a medical environment in
asimple and strai ghtforward manner was devel oped by Williams
[22].

This adaptation enables us to assess capability, competency,
and maturity as a development of function, through the
construction of amatrix of capability against competency that
defines the maturity level reached (Table 2). The operational
CMM framework (Figure 1) has been successfully applied to
practical cybersecurity assessment of primary health care in
Australia [23]. Table 2 is an example of this application in
Australian primary health care, using back-up activities to
articulate the key practice of back-up within the key process
area of business continuity. As demonstrated in Table 2, the
levels (1-5) define increasing competency in specific,
deconstructed back-up activities.

A comprehensive discussion on the development of this
framework can be found in Williams[22]. The framework was
adapted to the context of this research as it relates to digital
hospital infrastructure (described in the Methods section).

Enabling I nformation Mapping Using Capability
Maturity Modeling

The HIMSS EMRAM maturity model, which measures the
degree to which hospitals have replaced paper-based processes
with technology, omits the ability to understand the supporting
information and communication infrastructure required to

http://medinform.jmir.org/2019/1/€12465/
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achieve each level of maturity. The HIMSS EMRAM maturity
levels were used as the starting point from which to devise the
capabilities required to support digital technologies to deliver
optimal operational experience and business value. Using the
principles of CMM, an eight-level (rather than the traditional
five-level CMM) information systems Infrastructure Maturity
Model (IMM) was developed (Figure 2). This was devel oped
using Cisco Systems Australia’'s extensive experience in
designing and building hospital infrastructure, by articulating
thedefinition of infrastructure capability to support key domains,
clinical services, and the application stack required to meet
models such as HIMSS EMRAM. This was further enhanced
through aseries of observational ethnographic studiesof hospital
emergency departmentsthat investigated how hospitalslink the
use of information with information technology and services
that support a hospital’s information-driven processes. These
studies looked at the way technology is integrated into the
clinical process, from simple to complex, with reference to the
HIMSS EMRAM structure and level of sophistication required
at each layer [24].

The IMM provides a framework for determining the
preparedness of a hospital facility to support existing and
planned process rollouts of digital infrastructure by classifying
the way hospitals manage their digital infrastructure and by
reflecting the sophistication of the information processes used
within the organization. Each of the maturity levels is
characterized in terms of the experiences they generate for key
stakeholders (Table 3). The expected stakehol der experience at
each of the maturity levelsincorporates the patient experience,
clinical process and quality, and associated productivity
outcomes at a business level. This was tested, refined, and
socialized with hospital Chief Information Officers through
Cisco contacts to ascertain its relevancy and applicability.

Subsequently, the technology features and services (systems
capability) for each maturity level were identified from the
stakeholder experiences. These features demonstrate how
technology can facilitate increased sophistication in health care
delivery and the expected experience, reflecting the integration
of technology and services (Table 4).

Summary

To demonstrate the business value of the IMM, Figure 3 shows
how the initia five levels increase information access. Once
thefivelevelshave been achieved, the val ue can be seen through
process and business improvement.

It isimportant to make the distinction between access value and
process value. Improving the ability to access information
enables the potentia to create new and improved processes.
However, these processes may not be realized because the
supporting infrastructure that enables the application of this
information may not exist. Articulation of the IMM into the
Infrastructure Maturity Assessment (IMA) definesthe outcomes
a hospital could aspire to (ie, Levels 6-8) from enabling full
utilization of the information accessed in Levels 1-5.

JMIR Med Inform 2019 | vol. 7 | iss. 1 |€12465 | p.16
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS Williams et &

Figure 1. Representation of Capability Maturity Model as an operational framework.
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Table 2. Extract of operational Capability Maturity Modeling (CMM) matrix for back-up capability [22].

Back-up capability Level 1 Initial Level 2 Repeatable Level 3 Defined Level 4 Managed Level 5 Optimized

(activities)

Back-up frequency Noneor manud initiaz Manual initiationad ~ Manual initiation dai- Automatic initiation  Automaticinitiation. Contin-
tionon ad hoc basis,  hoc, weekly, or every |y daily uous/real time with checks
or unknown few days in place

Back-up type Noneor partial (data Partial (dataand set-  Full —all data Full —all dataand Full systems back-up or
only) or incremental  up files) programs imaging, including operating

system

Back-up encryption ~ None None Encrypted Encrypted with pass-  All back-ups encrypted and

word password-protected. Appro-
priate password protection
control

Back-up reliability None or back-up not  Back-up checked for  Back-up periodically Back-up periodically Back-up reliability tested

checked, or unknown completion checked for reliability checked for reliability with automatic notification.
and outcome tracked ~ Every back-up outcome
tracked
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Figure 2. Information systems Infrastructure Maturity Model.
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Table 3. Extract of stakeholder experience for the eight levels of data use maturity.
Maturity level for datause  Stakeholder experience description
Level 8: Orchestrated Theclinical and patient experiences can be molded not only to the role of the person but to their location, who isaround

them, and the requirements of the individual clinician or patient. The patient can be dynamically guided to where their
next appointment is, advised if the appointment is running late, and prompted just before the doctor is ready to see
them. They can be delivered educational material at the most appropriate time as well as advice on support services
they may need as they exit the hospital. These types of services can come to their bedside termina if they are a patient
or to their persona phoneif they are an inpatient. The same types of customized services can be delivered to clinica
and operational staff in the hospital, enabling them to better manage their tasks and access the most important information
or people they require for the task at hand.

Level 7: Contextualized The clinical information is now customized to specific roles. Thereis ahigh level of data interoperability between
clinical systems, and clinicians can get a single pane view of the patient. Task management and a erts are available and
implemented according to operational and model of care requirements. Task management and alerts are closed loop,
that is, there are escal ation paths when tasks and alerts are not appropriately processed. Tasks and alertsare sent directly
to the required individual’s mobile device rather than to their desktop. Patients can access information at their bedside
terminal, which is customized to theindividual patient’s needs. Thisincludes building services such as catering, lighting,
temperature, and other support services. Patient and staff needs can be centrally monitored and support delivered as
required either from the nursing station or a centralized service delivery hub.

Level 2: Tactical The hospital is starting to use information technology for clinical purposes. They have several clinical applications that
arenot linked (typically patient administration system [PAS], pharmacy, pathology, and radiology), and the network
has sufficient speed to support these applications where they are required. There is arecognition of the importance of
their PAS, and there are robust disaster recovery processes in place. The clinical applications are not always available
totheclinical staff. Ordering results and general reporting are viapaper and forms. The PAS system providesthe central
information resource. The information from the PASis limited to a restricted number of operational and clinical staff.
The requirements of the biometric devicesin the facility have driven the deployment of data grade wirelesswhereitis
clinicaly required. The voice communications processis seen as an increasingly important element of clinical collabo-
ration, and there is basic Internet Protocol telephony with afull featured console.

Level 1. Administrative Hospitals do not use information technology for clinical use in any significant fashion. They do use information tech-
nologies for operational and financial purposes. These hospitals are paper-based in their clinical processes. They use
fax, mail, and desk phones for communication and collaboration. Ordering and reporting are via forms. Information
retrieval is via paper patient notes and internal paper courier services.
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Table 4. Technology features and servicesin the Infrastructure Maturity Model (IMM).

Maturity level Datause

Technology services

Level 8 Orchestrated .

Ability to link and coordinate processes in a centralized and automated fashion

« Agileinfrastructure, adaptable to the changing needs of the facility

Level 7 Contextualized

Level 6 Integrated

Level 5 Externalized .

Clinical processes customized to role and context

Closed loop alerts and tasks

Patient, staff, physical devices, and other resource location identification
Analytics and dynamic resource management

Clinical processes on mobile devices
Combined info views for staff and patients
Bring your own device for staff and patients
Building Management Systems integration
Location services for key staff

Ability to virtualize the major clinical and operational hospital servicesfor delivery

independent of location

Level 4 Mobile

Level 3 Fixed

Level 2 Tactical .

Clinical data available on mobile devices
Widely used mobile voice communications
Video services where needed

High level of collaboration services
Intelligent patient services

Duress services widely available

L ocations services for equipment

Broad digital clinical data availability
Ordering and reporting largely paper
Results online, clinical data repository
Integrated and distributed telephony services
High performance personal computers

Department level apps to selected staff

«  Ordering/reporting/accessing are paper-based
«  Centralized high-quality telephony services

Level 1 Administrative .

Limited clinical applications

o  Paper-based systems
« Anaogue voice communications

The characterization of ahospital’sinfrastructure maturity using
such a framework enables (1) identification of weaknesses in
Information and Communications Technology (ICT)
infrastructure capability, (2) definition of a business case
justification of ICT investment, (3) provision of aroadmap for
digital transformation in health care, and (4) measurement of
international  benchmarking of hospital infrastructure
performance.

http://medinform.jmir.org/2019/1/€12465/

The usefulness of such astructurefor characterizing health care
ICT comes from the ability to link maturity levels and
experience statements with the technology and services that
need to bein place to deliver them. Thisresearch addresses the
gap in the articulation of this technology infrastructure and
servicesinto practical and measurable capabilities.
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Figure 3. Value outcomes of infrastructure maturity.
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Methods

In order to trand ate the requirementsinto assessabl e capabilities,
we used the Williams Operational CMM Framework (Figure
1), by contextualizing it for this research (Figure 4). The
adaptation consisted of extending the number of maturity levels
from 5 to 8, numbering the boxes and paths to reflect process
steps below, and adding scoring components (6 Criticality and
7 Weighting). We also added text for correlated infrastructure
terminology: Key Process Areas became (box 2) Key Process
Areas (technology domains), Goals became (box 3) Goals
(subdomains), Key Practices became (box 4) Key Practices
(capabilities), and Activities became (box 5) Activities
(assessable outcomes).

Using this framework (Figure 4), the process steps to create an
operationa infrastructure maturity assessment tool were as
follows:

« Step 1 Maturity Levels: Define maturity levels, which
means identifying and defining maturity levels appropriate
to the target context (as described in Table 3).

«  Step 2 Key Process Areas (Technology Domains): | dentify
key process areas (technology domains) meansidentifying
the technology domains needed to support the outcomes
for each of the maturity levels (from Step 1).

« Step 3 Goas (Subdomain Functions): Generate goals
(subdomain function) comprises deconstructing each
domain (from Step 2) into distinct, although not necessarily
discrete functions, of that domain, called subdomains.

http://medinform.jmir.org/2019/1/€12465/

RenderX
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«  Step 4 Key Practices (Capabilities): Devise key practices
(capahilities) involves deconstructing each subdomain (from
Step 3) into capabilities expected to meet each goal
(subdomain function).

+ Step 5 Activities (Measurable Outcomes): Articulate
activities (measurable outcomes) means articulating
measurable outcomesfor each key practice capability (from
Step 4) for each maturity level. The outcomes of this step
also specify improvement from one maturity level to the
next. Thisis represented as a capability matrix.

To facilitate a numeric scoring calculation of assessed
infrastructure maturity, additional steps for assessment were
devised.

«  Step 6 Critical/Noncritical Capabilities: |dentify thecritical
and noncritical capabilitiesfor each key practice (from Step
4).

«  Step 7 Assign Weightings: Assign weightings of importance
to the goal subdomain (from Step 3) for each capability
(from Step 4).

The research team consisted of the researcher, two Cisco
infrastructure engineers and a health care technology expert, all
with extensive experience in heath care and the hospital
environment in Australiaand the United States. The construction
of the framework was purposely constructed as nonproprietary
and thereforeindustry generalizable. All capabilitiesresearched
and found to be Cisco specific were omitted from the
capabilities. These capabilities may be explored for future
revisions of the framework and for driving future technical
innovation.
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Figure 4. Contextualized operational Capability Maturity Model for infrastructure maturity assessment.
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Results

Step 1. Maturity Levels

Eight maturity levelswereidentified and defined as appropriate
to the digital hospital context. This definition and underlying
reasoning for the eight levels of infrastructure maturity are
explained in Table 3.

Step 2: Key Process Areas (Technology Domains)

In defining the technology landscape to articulate the key
process areas (technology domains), existing categories of
outcome-based functionality were apparent. To manage the
large scale of a hospital landscape, it was logical to group the
technology and services into existing categories of
outcomes-based functionality. These categories reflect five
technology domains. (1) Transport, (2) Collaboration, (3)
Security, (4) Mobility, and (5) Data Center.

Step 3: Goals (Subdomain Functions)

The subdomains are the division of each domain into distinct,
although not necessarily discrete (for that domain), functions
of that domain. The methodology, by definition, looks at the

http://medinform.jmir.org/2019/1/€12465/

ddlivery of servicesthrough infrastructure and thereforeincludes
some services as infrastructure.

To illustrate the results of this methodology, the subdomain,
“Transport” is used as an example. In the Transport domain,
six specific functions (subdomains) of transport ininfrastructure
were identified: (1) Campus Connectivity, (2) Secure Remote
Access, (3) Traffic Optimization—Quality of Service (Q0S), (4)
Disruption Tolerance and High Availability, (5) Management,
and (6) Extensibility.

Step 4: Key Practices (Capabilities)

The technology subdomains are further subdivided into key
practices called capabilities. Each capability is described by a
set of related information systems outcomes. The technology
and technology services required to deliver those outcomes are
then sequenced from Levels 1-8 of the IMA framework. Table
5 is an extract from the Transport domain using the Campus
Connectivity subdomain and three of the capabilities from this
subdomain together with the measures of capability (activities)
at each maturity level. Levels 1 and 8 are presented as examples,
together with the abbreviated descriptor of each capahility.
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Table5. Extract of Transport domain, Campus Connectivity subdomain, with capability descriptors and measurable outcomes.

Capability Descriptor (abbreviated) Level 12 Level 8

Cabling standard ANSI/TIA-1179-A “Healthcare Facility Telecommunica- Category 6A cabling is Category 6A cabling >91%
tions Infrastructure” specifiesrecognized cablingandca  <30%
bling category recommendations for health care facilities.

Virtualization The concept of virtualization applies tags to network No layer 2/3 virtualization  Access controlled, policy-based

packets that create the appearance and functionality of
network traffic that is physically on asingle network but

actsasif it is split between separate networks.

Access port design and

policy ments of the end devices and the access of the applications
and services by that end device.
SDN integration The SDN controller should support integration using appli-

cation programming interfaces (APIs). Representational
State Transfer (REST) APIs enable automation, integration,

A well-defined access port policy is based on the require-

implemented micro segmentation of campus
infrastructure based on virtual

extensible local area network

Software defined automation ac-
cess port configuration per soft-
ware defined networking (SDN)
policy

Demonstration of SDN contextu-

al workflow using API integra-
tion

No access port policy

No SDN

and innovation. All controller functionality should be ex-

posed through these REST APIs.

_evels 2-7 (no entries) define increasing maturity assessment criteria

Step 5: Activities (M easur able Outcomes)

The activities (Table 5) express measurable outcomes
(technology/technology services) for each capability at each
maturity level, thus creating a capability matrix. In doing so,
this matrix also specifies improvement from one maturity level
to the next, which may be through increasing functionality,
quality, or provision of atechnology/service. The placement of
each measurable outcome to a maturity level is based on best
practice, in-depth knowledge, and experience by the Cisco
design and implementation engineers and the external
contributor to the project with expertise in health care
technologies, networking, and CMM in the health care
environment.

Step 6: Critical / Noncritical Capabilities

As demonstrated throughout this paper, a digital hospital’s
infrastructure is complex with many facets. To provide acollated
assessment of the maturity to meet the business goal's, ameasure
of essential and nonessential capability is required. Once these
capability measures were defined, the critical and noncritical
capabilitieswereidentified for each capability within adomain
and subdomain. These decisions were based on the importance
of a specific capability to meet the business outcomes at that
maturity level and the risk to the associated service delivery in
not achieving this capability at thislevel. Thecritical capabilities
are defined as essential criteria and a requirement that hospital
facilitiesmust meet to be placed at thislevel, regardless of other
components reached at that level. If a capability is noncritical,
then it is desirable but not essential for the maturity level.

Step 7: Assign Weightings

Weightings are also assigned to each capability reflecting the
importance of the capability within the subdomain. Thisisin
addition to the critical and noncritical status of the capability
because the criticality measure is a binary measure, and where
there is more than one critical and noncritical capability, their
importance to the subdomain is not necessarily equal. This
allows for the more granular calculation of weighting

http://medinform.jmir.org/2019/1/€12465/

specifically related to the maturity levels and the expectations
in a hospital environment of what that maturity level would
allow the organization to undertake both clinicaly and
administratively.

Summary

The collective set of matrices created using this methodol ogy
make up the IMA framework. Across the framework, there are
a total of five domains, 34 subdomains, and 164 individual
capabilities defined (see Multimedia Appendix 1).

Discussion

Principal Considerations

This research resulted in the identification of five key process
area technology domains (Transport, Collaboration, Security,
Mobility, and Data Center) each comprising multiple distinct
subdomains. The 34 subdomains define functionality spread
across the five technology domains. The articulation of this
functionality into 164 measurable capabilities was achieved
through the definition of each capability at each of the eight
maturity levels.

We anticipate that the framework would be used to guide
organizations as they go through major digital transformations.
These transformations can be driven by the implementation of
major clinical systems (such as EMRS), the refurbishment of
brownfield facilities, or the building of new hospitals or area
health services.

The assessment of capabilitiesis an uncomplicated exercise to
match current practice to the best-fit maturity level, athough
technical knowledge of the implemented infrastructure
environment isrequired. Each domain/subdomain identifiesthe
capabilities that need to be in place. The measurable outcomes
specify in detail how this is undertaken, reflecting the
competency and maturity levels.

The challengesin defining and deconstructing each domain and
its capability included acommon understanding of terminology
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from atechnical perspective and expansion of thisfor abroader
technology informed audience. In developing a capabilities
matrix, particularly one with the necessary eight levels, the
challenge is that some capabilities may not change across each
individual level. Therefore, assigning alevel for that capability
and subsequently calculating its weighting can be problematic.
Where this occurs in the assessment, the highest level that
capability can be assigned is alocated. This does not impact
the weighting calculation for the level attained because the
highest level isfundamentally determined by whether the critical
capabilities for the domain or subdomain are met.

The process of using theIMA framework consistsof (1) anaysis
of the hospital’s information systems infrastructure across the
five technology domains, (2) classification matched to the
eight-level maturity model against the relevant operational
outcomes, (3) a roadmap and tailored objectives for each
technology area outlining efforts needed to improve capability,
(4) comparison and benchmarking of a digital hospital’s
information infrastructure capabilities, and (5) recommendations
for achieving business and IT goals to meet business and
experience outcomes.

Infrastructure Maturity Assessment Outputs

Thefollowing examples demonstrate typical outputs of the IMA
framework and how they could be used by C-Suite executives
(Chief Executive Officer, Chief Information Officer, Chief
Marketing Officer, Chief Medical Informatics Officer) as a
reference point for decision making oninfrastructure investment.

The IMA output demonstrates the ability of the framework to
create a benchmark for measuring the capabilities of a given
hospital or health service. Further breaking theresult downinto
technology subdomains and capabilities provides a detailed
fingerprint of the ICT capabilities and how they relate to the
requirements and aspirations of the health care provider.

Figure5 providesapicture of the current state of maturity across
25 de-identified Australian hospitals and demonstrates that most
hospitalsare operating at Level 3 (Fixed) infrastructure maturity.
This level of capability creates significant limitations in the
ability of the hospital facility to take advantage of technologies
aimed at improving information flow and process operations
within the hospital facility through achieving Level 4 (Mobile).

Level 3 describesan organization with limitationsin itswirel ess,
transport, and collaboration capability, restricting the ability to
reliably access, share, and act on clinical information throughout
the facility. These limitations diminish the value of the
information applications that the organization has invested in
by restricting the availability of information to when the clinical
staff have access to personal computer endpoints. Ultimately,
this limits the ability to drive clinical and operational process
automation that can be gained from making data mobile.

http://medinform.jmir.org/2019/1/€12465/
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As an example, Figure 6 demonstrates a maturity assessment
result for the Transport domain of one hospital, showing the
individual result for each of the subdomains in the Transport
domain.

The potential improvement liesin incrementally improving each
subdomain infrastructure capability (asdefinedin Table 5), thus
increasing the value proposition to the next level. Analysis of
each subdomain score alows reflection on the current
infrastructure capability with the typicaly experienced
limitations highlighted as follows using the Transport example:

- The impact of the subdomain assessment scores needs
careful consideration when assessing the value proposition
of infrastructureinvestment. For instance, the high Campus
Connectivity scoreindicates a Transport infrastructure that
is approaching high performance capability. However, the
lower scoresin the associated subdomainsindicate potential
network unreliability, suboptimal management of data
priority, and network failure. This defines an infrastructure
that is unableto fully leverage its capabilities.

«  While the challenges in Campus Connectivity faced by
many hospital facilities arelessreflected in this assessment
result, challenges commonly include aged infrastructure
particularly at the Access layer (5+ years), legacy campus
designs that are inflexible, separate physical networks for
medical devices and building management systems, alack
of properly defined segmentation policies and design, a
lack of network visibility for contextua behavioral
analytics, and a lack of API integration capability. These
challenges collectively result in a deficiency to support
advanced functionality, modularity, and scalability, which
isakey requirement to support data use at higher maturity
levels.

« The chalenges in Traffic Optimization—QoS (a maturity
Level 2 in Figure 6) are primarily a result of fragmented
QoS designs, the problematic processes to design and
implement new campus and wide area network QoS
configurations, and no clear roadmap to define an
End-to-End contextual Quality of Experience. A lower
Traffic Optimization score is often the result of an isolated
QoS approach that does not cope well with new services
and the associated traffic prioritization requirements.

«  Similarly, in the Disruption Tolerant Networking & High
Availability subdomain (scoring Level 1 in Figure 6), low
scores are often a result of potentia for single points of
failure in the Core/ Distribution and Access layers of the
infrastructure, where devicesarelocally configured, arising
fromalack of comprehensive designsbased on Application
and Infrastructure interaction.

These challenges provide asnapshot of how the IMA framework
can describe the current architecture, identify the misalignment
between existing capability and desired capability, and inform
subsequent infrastructure planning.
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Figure5. Example of the overall maturity assessment measure across 25 hospitalsin Australia.
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Figure 6. Example of Transport domain assessment output. QoS: quality of service.
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Framework Extensions

One application of the IMA framework is that it could be
mapped to the HIMSS EMRAM, as both frameworks provide
a roadmap to support broader process changes in hospitals.
Arguably the IMA framework levels could correspond to the
application stack requirements to meet the EMRAM model.
This would provide a new health care industry benchmark of
the maturity of the clinical application deployment and use
within hospitals that can be supported by a given level of ICT
infrastructure maturity. Localization may berequiredin applying

this framework to countries outside Australia.
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Conclusion

Digital hospitals need to take advantage of the technologiesthat
can improve information flow and use to meet quality clinical
and administrative outcomes. The necessity for the technology
infrastructure to support these outcomes is clear. Yet such
infrastructureis complex and continually evolving initsdesign
and deployment particularly when this involves many
stakeholders' demands and expectations. The resultant
assessment of such infrastructure to meet business outcomes
and realize value to health care organization through its
capability is equally complex.
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The use of the Williams CMM Operational Framework allows
such capability to be deconstructed into manageabl e constituent
elements and assessed individually. Through this process, it
also identifies specific incremental improvement for each
capability. The resulting IMA framework allows hospital
management and technicians to clearly see how incremental
improvementsin their infrastructure can be achieved to support
clinical and operation goals. Such a method assists hospitalsto
define an improvement pathway and maturity in delivering their
organizational objectives.

The IMA characterizes the technology services required to
support a hospital’s information-driven processes. Thus, it
provides a tool for determining the preparedness of a hospital
facility to support existing or planned processrollouts. The IMA
classifies the way hospitals manage their digital infrastructure
into an eight-level model that reflects the sophistication of the
information processes used within the facility. Each of these
levelsischaracterized in terms of the experiencesthey generate
for the key stakeholders and the technology services required
to support those experiences.

Williams et al

Importantly, the IMA framework articulates how hospitals can
generate more value from their infrastructure as it defines the
levelsat which thecritical “ enabling information” characteristics
for an organization are primarily delivered. It describes the
stages of information use and resultant clinical/patient
experience within a hospital and the ICT infrastructure
requirementsto reliably achieve thoselevel s of experience. The
framework is designed to stage the infrastructure devel opment
pathway so that clear benefits can be attributed to the
incremental investment that is required to progress from one
stage to the next. Consequently, robust business cases can be
made for that investment. Ultimately, the purpose of the
framework is to map a pathway where Chief Information
Officers can see a logical sequence of infrastructure
devel opment that they need to take their hospital facility through
to reach their desired level of clinica and operationa
competency.

The development of a generalizable Infrastructure Maturity
Assessment tool contributes to and supportsthe digital hospital
industry, providing an international benchmarking standard.
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Abstract

Background: Patient safety literature has long reported the need for early recognition of deteriorating patients. Early warning
scores (EWSs) are commonly implemented as “track and trigger,” or rapid response systems for monitoring and early recognition
of acute patient deterioration. This study presents a human factors evaluation of a hospital-wide transformation in practice,
engendered by the deployment of an innovative electronic observations (eObs) and handover system. This technology enables
real-time information processing at the patient’s bedside, improves visibility of patient data, and streamlines communication
within clinical teams.

Objective: The aim of this study was to identify improvement and deterioration in workplace efficiency and quality of care
resulting from the large-scal e imposition of new technology.

Methods: A total of 85 hours of direct structured observations of clinical staff were carried out before and after deployment.
We conducted 40 interviews with arange of clinicians. A longitudinal analysis of critical care audit and electronically recorded
patient saf ety incident reportswas conducted. The study was undertaken in alarge secondary-carefacility in the United Kingdom.

Results: Roll-out of eObswas associated with approximately 10% reduction in total unplanned admissions to critical care units
from eObs-equipped wards. Over time, staff appropriated the technology as a tool for communication, workload management,
and improving awareness of team capacity. A negative factor was perceived as lack of engagement with the system by senior
clinicians. Doctors spent less time in the office (68.7% to 25.6%). More time was spent at the nurses’ station (6.6% to 41.7%).
Patient contact time was more than doubled (2.9% to 7.3%).

Conclusions: Sincedeployment, clinicians have moretimefor patient care because of reduced time spent inputting and accessing
data. The formation of aspecialist clinical team to lead the roll-out was universally lauded as the reason for success. Staff valued
the technology as a tool for managing workload and identified improved situational awareness as a key benefit. For future
technology deployments, the staff requested more training preroll-out, in addition to engagement and support from senior clinicians.

(IMIR Med Inform 2019;7(1):e11678) doi:10.2196/11678

KEYWORDS

health information technology; early warning score; mobile health; staff workload; clinical deterioration; patient safety; mixed
methods
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Introduction

Background

Patient safety literature has long reported the need for early
recognition of deteriorating patients, with health strategy stating
it as ahealth care priority [1-4]. Early warning scores (EWSs)
are commonly implemented as “track and trigger,” or rapid
response systems for monitoring and early recognition of acute
patient deterioration.

We have presented an evaluation of a hospital-wide
transformation from paper-based patient observationsto mobile
handheld device—enabled electronic observations (eObs) and
electronic handover (eHandover) data collectionin alarge UK
teaching hospital. Over 5500 mobile devices were deployed to
over 6000 staff across 80 wards. The innovative technology
allows real-time, automatic information processing at the
patient’s bedside, with the aim of improving the efficacy of
EWSs in practice and provide greater visibility of key patient
data

This study evaluated the deployment using objective measures
and subjective evaluation of changes in clinical practice in
addition to the overview of benefitsredlization based on analysis
of hospital data sets.

Independent human factors researchers eval uated the technol ogy
implementation through pre- and postdepl oyment observations
and staff interviews. Data extracted from the eObs and
eHandover software and other supporting information
technology (IT) systems provide evidence of theimpact of this
intervention on admissionsto critical care and other benefitsto
the organization.

The combination of these datasets provides valuable insight
into how a health information technology (HIT) intervention
has affected care provision and patient safety in a large UK
teaching hospital.

Background to Paper-Based Early Warning Scores
and the M oveto Electronic Observations

EWS systems deliver a standardized approach to observation
frequency and response based around an aggregated scoring
system which characterizes a patients' physiological acuity.
This process involves physiological observations being carried
out at the patient’s bedside and a score being cal cul ated (afferent
limb). If this score meets the defined criteria, representing a
significant abnormality, the observations are communicated
and acted upon by appropriate clinical team members (efferent
limb) [5]. For the system to be effective, both the afferent and
efferent limbs need to be efficient, reliable, and timely. The
system enables a proactive approach to assessment and
recognition of the deteriorating patient, leading to reductions

http://medinform.jmir.org/2019/1/€11678/
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incritical care admissions, mortality, and serious adverse events
[6.7].

Historically, EWS processes have been implemented via
paper-based charts; however, there is widespread
acknowledgement of avariety of contextual reasonswhich lead
to poor adherenceto thispractice[8,9]. To tackle poor adherence
and associated organizational issues, Nottingham University
Hospitals (NUH) Nationa Heath Service (NHS) Trust
commissioned and facilitated the development of an electronic
system (Nervecentre Software LtdTM), moving to mobile device
access for all clinical staff.

Figure 1 shows the relative complexity of the paper-based
system, demonstrating the risk of increased workload and
reliance on active communication required of staff inaminimum
of 8 decision points during EWS procedures. In comparison,
the eObs system has fewer task stages and fewer interpersonal
interactions, with automatic system actions replacing the manual
score calculation tasks and decision points. To improve
adherence, the eObs system a so provides a reminder function
for the next observation set. The higher number of tasks within
the paper-based process increases the risk of potential errors at
each stage of processing and communication of information as
evidenced by Prytherchy et al [10]. This finding is well
established in the literature on errors [11] and specifically the
types of errors that occur in paper-based EWSs [12]. Thereis
an increased risk of communication delay, as staff have to
prioritize escalation of patient deterioration over other competing
tasks. In contrast, the functions of the new electronic system
streamline the process and reduce the number of opportunities
for degradation of information.

Theimplementation of the eObstechnology in 2015 was distinct
from the EWS patient management policy which has been
established on paper across NUH since 2008. By aligning
precisely to the existing policy, araised EWS is automatically
and immediately escalated to senior clinical staff or the critical
care outreach team (CCOT) through mobile instant messaging.
The data recorded in the eObs module include al the
physiological parameters previoudy calculated in the
paper-based observation charts [13]. The system also alows
for “special circumstances models’ to be implemented where
patient needs differ from standard EWS algorithms (eg, End of
Life or known chronically abnormal physiology).

Equally, handover documents have historically been
handwritten, nonstandardized, and at risk of being out-of-date,
or incorrect, putting patient information and safety at risk [14].
The eHandover solution created a mobile platform to record
key patient data in a standardized format, allowing different
staff groups to access information where and when they need
it. This functionality in eObs and eHandover provides
opportunity for consistency, simplicity, and a reduction in the
potential for perceptual error.
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Figure 1. Visua comparison of clinical observation process using paper-based charts (left-hand flow diagram) and the electronic observations system
(right-hand flow diagram). eObs: electronic observations, EWS: early warning score; CCO: critical care outreach.
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Study Context

The study was carried out at a large teaching hospital trust in
the United Kingdom, which provides secondary care services
for approximately 2.5 million residents and facilitates
approximately 1900 beds. Over a period of 9 months, personal
mobile devices (iPhones and iPads) and training were provided
to over 6000 nurses, doctors, health care assistants, and alied
health professionals. The deployment was undertaken by a
specidist Clinical Information and Communication Technology
(CICT) team. Thisinvolved senior and practicing clinical nurses
being developed into gpecidist Information and
Communications Technology (ICT) advocates to lead the
technology roll-out. Their dua role enabled them to support
staff clinically while the general workforce were introduced to
and becoming familiar with the eObs system.

Thisteam coordinated the roll-out across 70 adult and children’s
wards at 2 hospital sites.

http://medinform.jmir.org/2019/1/€11678/
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Methods

Study Design

The study collected pre- and postdeployment data concerning
ward-based work viadirect observation of staff beforeand after
the deployment. Interviews and focus groups collected
qualitative staff insights into the impact of maobile handheld
devices and eObs on nursing and medical practice. Additional
data sets were collected from existing hospital systemsto give
insight into the wider implications of eObs.

Ethical approval was obtained from an appropriate local ethics
committee as a service evaluation project.

Structured Observations

Recruitment of clinical staff was done viaflyersand facilitated
introductions by the CICT team. Direct structured observations
of clinicianswere carried out pre- and postdepl oyment to record
staff activities and location within the ward. A total of 23
predeployment and 64 postdeployment (n=87) observation
sessions were obtained over 85 hours. Observation sessions
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lasted between 15 and 120 min. Observers “shadowed” staff,
using a bespoke tablet computer app to record activities and
locationsfrom exhaustive and exclusivelists. Researcherswere
not in attendance at the patient’s bedside but observed from a
distance, and participants were informed that the observation
could be halted at any time.

Observation onswere divided into 30-second time bins. If
an activity was observed in a 30-second bin, it was recorded as
1 observation even if multiple instances of the activity occurred
(Figure 2). This method makes the observation of multitasking
or rapid task switching possible and provides a measure of the
relative distribution of different activities during the observation
period.

Predeployment datawere collected on ashort stay acute medical
admissionsward (n=11) and a health care of older person ward
(n=13). Postdeployment data were collected on acute medical
admissions wards (n=37), medical wards (n=12), and surgical
wards (n=15).

Registered nurses were observed for a total of 17 hours
predeployment (n=16) and 23.3 hours postdeployment (n=18).
Doctors were observed for 10 hours predeployment (n=7) and
35.1 hours postdeployment (n=47). The participating doctors
ranged in experience from consultant to Foundation Grade 1
(F1) doctor, which is the general postgraduate bridge between

Langet a

medical school and training for full registration as a medical
professional in the United Kingdom.

Interviews

Recruitment of staff for interviews was carried out via email
and poster communications. Semistructured interviews and
focus groups explored the impact of technology deployment on
personal working practices and also encouraged reflection on
the impact on teams, environment, and organization.

A total of 40 interview participants were recruited acrossarange
of nursing and medical roles amounting to 18.5 hours of
interview data. The number of interview participants for each
staff type is given in Table 1. All interviews were carried out
post system deployment, with the staff experience of eObs
ranging from 1 week to 5 months.

Impact Evaluation

A longitudinal analysis of unplanned critical care admissions
was derived from the NUH critical care audit dataset. Bed day
costs were derived from local single organ high dependency
unit (HDU) and 3 organ intensive care unit (ICU) support tariffs.

Review of EWS-related incidents on eObswardswas performed
by 2 reviewers independently, from electronically recorded
patient safety incident reports (Datix Ltd) from April 2014 to
December 2015.

Figure 2. Encoding activity using the structured observation methodology. In (8), 8 sequential activities occur during the 1-min observation window.
In (b), aset of unique activitiesis recorded for each of the two 30-second binsin the observation session. Note that “ Looking at Notes” isonly recorded
once in thefirst bin despite 2 instances occurring in the first 30 seconds of observation. PC: personal computer.

(a)

http://medinform.jmir.org/2019/1/€11678/

Time Category Bin number | Category

Oh00Om7s Talking on phone Talking on phone
Oh00Om12s Looking at notes 1 Looking at notes
0Oh00m24s Using PC Searching for paperwork
0h00m26s | Looking at notes

0h00mM30s Using PC 9 Using PC

Oh0Om35s Looking at notes 5 Looking at notes
Oh00m45s | Walking within ward Walking within ward
Oh0Om52s | Talking face-to-face Talking face-to-face

(b)
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Table 1. Stratification of staff interviews.
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Clinical role

Number of interviews Total

Medical staff
Consultants
Registrars
Locums

Junior doctors

ccor?

Nursing staff
Senior nursing staff
Staff nurses

Health care assistants

CICT® team

Critical skills educator
Ward managers
Hospita play specidists
Grand total

18

w A B O a

12

~N N OB~

10

-

40

8CCOT: critical care outreach team.
BCICT: clinical information and communications technology team.

Results

Structured Observations

Nurses

Asexpected, anincreasein observations of “using smartphone”
was detected after the deployment of the eObstechnology (2.2%
to 6.4% of 30-second bins). However, this change was small
when compared with the reduction in time spent interacting
with notes and talking on the phone. Table 2 summarizes the
changes for key observation categories [15].

A change was also seen in the observed location of nurses
undertaking these activities. In particular, a move from the
“office” (40.8% to 16.2% of the observed period) tothe“ nurse's
station” (13.3% to 35.1%) was observed.

A decrease in the number of activities observed in each
30-second bin was observed. Thisdecreaseisclosely related to
a decrease in rapid task switching. The mean number of

activitiesin each 30-second bin decreased from 1.99 (SD 0.04)
to 1.66 (SD 0.03).

Doctors

The observed changesin the way doctors spend their time were
similar to nurses. Smartphone use increased (3.7% to 8.3%)
while remaining low relative to the frequency with which
interacting with paper notes or desktop PCs was observed.
Doctors were also observed spending less time in the office
(68.7% to 25.6%) with more time at the nurses’ station (6.6%
to 41.7%). Patient contact time more than doubled (2.9% to
7.3%).

One-Hour Case Example

Table 3 presents an illustration of how the use of eObs and
handheld mobile devices has changed working tasks and
locations for clinicians. This example uses a 1-hour exemplar
and assumes that each observed activity spanned the entire
30-second observation bin.

Table 2.
Observation category Predeployment Postdepl oyment
(% of 30-s observation bins) (% of 30-s observation bins)

Using Persona Computer (PC) or Computer On Wheels (COW) 233 51

Looking at notes 36.2 223

Writing on notes 26.3 16.0

Talking on phone 84 4.0

Using smartphone 22 6.4

http://medinform.jmir.org/2019/1/€11678/
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Table 3. One-hour example of changesin doctors and nurses' clinical tasks and locations of working in the ward owing to el ectronic observations.

Clinical role Time
Doctors
Task
Average smartphone use Increase from 2 minto 5 min
L ocation

Time spent in office
Time spent at the nursing station
Time spent with patient

Reduce from over 40 min down to lessthan 16 min
Increase to 21 min

Increase from less than 2 min to over 4 min

Nurses

Task
Average smartphone use Increase from just over 1 min to nearly 4 min
Use of personal computer (PC) or Computer On Wheels (COW)  Reduce from 14 min down to 3 min
Looking at notes Reduce from over 21 min down to less than 14 min
Writing in notes Reduce from nearly 16 min down to under 10 min
Talking on phone Reduce more than half from 5 min to just over 2 min
Searching tasks Reduce by 3.5 min

L ocation
Time spent in office Reduce from over 24 min to less than 10 min
Time spent at the nursing station Increase from 8 to 21 min

Interviews Frustration was expressed by junior nursing and medical staff

A total of 40 staff provided feedback about their experiences
of the deployment process, eObs, and mobile devices.

The formation of aspecialist clinical team who were trained as
ambassadors to lead the deployment was universally lauded as
areason for the successful roll-out. This CICT team was praised
for their capacity to multitask, assisting people with the
technology while administering clinical care.

During the deployment and early use of the technology, staff
reported increased stress and workload, with participants
identifying a need for more training in advance of the
deployment; however, thiswas fairly short-lived:

Not all of us had physically got our phonein time so
it were all faffing, trying to get the phones charged
up and all that kind of technical stuff...we'd not really
had time to play with them...I think every one of us
felt nervousthe morning of it coming and | don’t think
we needed to. [Senior nurse]

The accessibility of information on the mobile devices appears
to have streamlined staff discussions to quickly address
treatment pathways by facilitating remote decision making and
distributed working for both nursing and medical staff:

Thebest thing about it isit’sa good record to consult,
and certainly patients who've had multiple
admissions, you can easily go back and see that
information from previous admissions, and, unlike
paper, it doesn't get lost. [Junior doctor]

http://medinform.jmir.org/2019/1/€11678/

at aperceived lack of engagement with the new system by senior
medical personnel (specifically consultants). It was considered
that this issue was one of the main barriers to realizing the
potential benefits in a ward setting. Several rationales were
offered by medical staff (including consultants) to explain the
lack of engagement by senior medical staff in the eObs
deployment, including the perceived loss of expertise because
of the“ step change” in practice, the potential for embarrassment
associated with use of the new system, or a general reluctance
to embrace change.

Junior personnel (medics and nurses) provided an important
source of informal device use support to individuals who were
struggling to adopt the new system. This support was provided
early on and during the weeks and months following the
departure of the CICT team from the wards:

If you break it [eObs or phone], even now, it's a
standard joke, we get one of the young staff to fix it.
[Senior nurse]

“Word of mouth” or “heard it through the grapevine’
communi cations often perpetuated information about eObs and
device use throughout the workforce. The staff believed that if
this “good practice’” could be formally captured and
disseminated, it could speed up the rate at which staff
experienced benefits from the new system.

Nurse interview data revealed a largely positive response,
reporting added value in the form of reassurance of patient
health state owing to the real-time eObs information and also
awareness of ward capacity. However, there was also an initial
perception that the new technology could result in a loss of
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control for nursing staff and promote a “Big Brother” culture,
as automatic escal ations meant taking away nursing autonomy.
This perspective subsided over time asthe real -time automation
began to accelerate communications:

Mobile technol ogy has made a huge difference to our
working lives. It helps us to manage our workload
and feel more in control of what is happening on the
ward. It has reinforced the importance of
communication between clinicians and has really
demonstrated how patient care can be improved.
[Ward sister]

Over time, nursing staff began to identify how the system could
potentially aleviate stress through greater visibility of
information. Nurses began to describe the mobile devices as
their own “persona tool” for workload management and
improved awareness of team capacity:

It is just about making the device work for you...as
I’ve got more confident with the device, | have said
to my staff, just don’t let it rule your shift and you get
it to work for yourself. [Deputy sister]

Nursing staff also described the value of handheld devicesasa
communication tool for use with patients and rel atives, whereby
the request for information could often be responded to more
quickly.

For medics, initial access settings within the eObs system were
at odds with current practice in terms of the perception about
“consultant-led practice” versusthereality of registrarsworking
independently. During the early deployment of eObs,
rel ationships between consultants and registrarswere put under
pressure because of the permissions programmed within the
system. Clinicians understood the need for policy to underpin
the system; however, there was disruption to working practices
as these issues were experienced:

...who deliversthe cardiac arrest process and decides,
well it'sthe registrar...so if you are allowing them to
make those decisions then to say they can’t alter the
parameters is patronising. And it's again where the
trust says‘all our decisions are consultant made’ but
the reality isthat’s not true. [Consultant]

Medical staff explained how they used the deviceto “checkup”
on patients that they had treated, for clinical reassurance, when
they were off duty and had physicaly left the ward. It was
acknowledged that this use of the device should not promote
unhealthy practices with regard to work-life balance:

http://medinform.jmir.org/2019/1/€11678/

Langet a

I think it is mainly when | see somebody sick in the
ward when on acute medicine...and | just sneak a
peek to make sure they are getting better instead of
worse... [Registrar]

Medical staff believed that the new system had reduced time
spent searching within a ward and had facilitated time
management, afinding which is consistent with the observation
data captured. This related not only to their working practices
but aso in their reflection of liaison with nursing staff and
general hospital organization.

Longitudinal Impact Data

The roll-out of eObs has been associated with an approximate
10% reduction in total unplanned admissions to critical care
unitsat NUH from eObs-equipped wards. No substantial change
in hospita or critical care bedstock has occurred over this period.
This benefit is more marked when critical carelevel and length
of stay are taken into account (Figure 3). Alongside ongoing
efforts to improved detection and response to the deteriorating
patient [ 16], the impact of “real-time” communication of EWS
and accessibility of patient information via handheld devices
appears to be associated with a lower rate of critica care
admissions, because of patients receiving moretimely care and
not requiring referral to those specialist services.

On the basis of nominal reference costs of £800 per Level 2
(HDU) bed day and £1200 per Level 3 (ICU) bed day, this 10%
reductionin critical care admissions equatesto an approximate
£250K saving per quarter (Figure 4) since deployment.

More detailed cost breakdowns are required to understand the
full economic cost-benefits of the scheme for the future,
particularly with regard to the cost of the technology
infrastructure (maintenance and replacement) against clinical
health economic gains and prol onged use behavior of the system
over time.

The eObs deployment is also associated with an approximate
50% reduction in reported EWS policy-related patient safety
incidents in eObs wards. No such reduction was seen in
non-eObs wards or in incident reporting in general over the
same time period. Audit results also indicate adherence with
EWS policy has improved because of the functionality of the
system, namely, automated cal cul ations, observation frequency
setting, and user prompts that supports the findings from
previous enquiriesinto electronic observations [17].
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Figure 3. Unplanned admissions to level 2 (high dependency unit) and level 3 (intensive care unit).
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Principal Findings group data in particular have aso indicated where additional

research and devel opment could further benefit staff and patient

This evaluation has provided insight into the impact of mobile experience [15].

eObs and eHandover on working practice and elicited
experiential data from the staff regarding their use of the new
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The mobile solution has reduced EWS-related patient safety
incidents and has allowed nurses and doctors to spend more
timewith the patient at the bedside. Internal studies of the paper
and eObs processes for taking and recording a full set of
observations showed a time saving of 1 min 23 seconds per
patient using eObs. On the basis of 7500 sets of observations
taken at NUH each day, this equatesto approximately 170 hours
of nursing time saved every day, releasing time to care. This
aligns with Stevenson’s findings of how patient observations
benefit from real-time capture at the point of care [18], and a
reduction in nursing workload found by Wong et al [19].

Through personal ownership of devices, remote access has
achieved real-time visibility of patient data across the whole
hospital trust, allowing faster decision making and effective
task prioritization. Clinicians are given vital information
instantly because of automated escalations, and the need for
multiple telephone calls is negated. This utility is further
enhanced by users being able to access other medical apps and
guidelines at the bedside. The eObs system appearsto meet the
strategiesfor EWS successidentified by Russet al [20] by being
ubiquitous, being fit with ward workflow, and enabling records
to be kept current and accessible.

This transformation of practice has made it easier for staff to
“dotheright thing” even when not in attendance at the bedside.
The opportunities provided through remote, distributed working
practices have achieved safer working (see Figures 3-5) while
not compromising communication, as evidenced in the
interviews. The time previously spent searching for paper and
chasing colleagues—delays similar to those reported by Fox
and Elliot [21] in their examination of a paper-based EWS
system—nhas been replaced with more meaningful discussions
based on the information now visible through the mobile
interface.

Previous work has demonstrated other wider benefits such as
indicating to hospital managers which wards are particularly
busy [22]. Where eObs has provided improved transparency
about team workload and ward capacity, staff and system can
begin working together as a joint cognitive system, which in
turn has supported the implementation of smart resource
allocation in times of pressure.

The study demonstrates how different clinical roles interact in
the uptake and success of changes in practice or technology
interventions. The role of junior staff as informal mentors and
early adopters of new practices and technologies was evident,
while senior staff backing was seen as crucial to success but
was perceived to be lacking in this instance.

Challenges were also identified in technology integration and
infrastructure, absence of feedback mechanisms for staff,
management of expectations, and training requirements. Within

http://medinform.jmir.org/2019/1/€11678/
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the scope of the technology deployment, infrastructure issues
were continually being encountered, evaluated, and improved
upon, for example, in regards to Wi-F “blackspots’ which
disrupted eObs operations. However, the staff felt that there
was a lack of investment in ICT support during the critical
roll-out period, specifically during out-of-hours shifts. The eObs
training occurred very rapidly, and the staff felt that more time
to understand the system functionality would have been
valuable. There was undisputed praise for the facilitation of the
CICT team in conducting the technology roll-out, providing
vital technology assistance and staff ICT interface on the ward
during deployment—astrategy that the hospital haslearnt from
and will likely implement again. The issues reported in the
eval uation about the absence of afeedback loop were considered
and, in response, the eObs operational team developed a more
transparent and accessible way for staff to provide feedback to
them and I CT support. These findings provide commentary for
organizational learning regarding future technology
deployments.

This study provided evidence to show that appropriately
designed and deployed HIT can support improved situation
awareness with regard to patient deterioration. By combining
eObs (afrequently accessed utility) with an eHandover system,
staff have become used to entering data on mobile devices and
are contributing to team-held data on clinical, patient safety,
and operational issues. This model of HIT use and deployment
is one which could assist future technology deployments in
other hospitals and in doing so support the work of Cresswell
et a [23] and Greenhalgh et al [24] in improving HIT
implementation.

This research establishes 8 principles of good practice which
can contribute to successful HIT deployments and which have
been realized through this study.

1. Mobile tools to support clinical observation have the
potential to be beneficial for doctors and nurses.

2. Deployment of this technology takes time, must involve
working with users, and must be supported by a specialist
technology deployment team.

3. Morejunior staff adapt to the technology particularly well.

4. Cliniciansfind ways of using thistechnology in conjunction
with other tools to manage their work.

5. Embedded algorithms must take account of different
specializations.

6. The technology can support clinical and patient
communications.

7. Itisvital that thereisintegration of new IT systems with
existing systems.

8. The technology is only as good as the infrastructure that
supportsiit.
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Figure5. Early Warning Score—related incidents per month by quarter.
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Limitations

The study datawerelimited to asingle UK NHS Hospital Trust;
however, the trust in question covers 2 sites and is the United
Kingdom's fourth largest acute trust.

This study and the deployment of the eObs system coincided
with arolling deteriorating patient improvement program at the
host hospital trust. The direct observation period was also
limited to 2 months postdepl oyment, and the data do not reveal
if the staff settled back into old routines. As such, this should
be the topic of afurther enquiry to establish cause and effect in
regards to the technology in isolation of other quality
improvement initiatives.

There is the potential for response bias within the interview
data. The views of those willing to participate (n=40) may not
be representative of the wider workforce (approximately
n=14,500). To combat this natural effect of the qualitative
approach, the interviewer involved was an independent
researcher not affiliated with the hospital, and the staff were
sampled from a range of job roles, with varying levels of
experience of patient bedside observations and data during a
range of shifts.

Future Work

Thereisopportunity to study theimpact of further appropriation
and expansion of eObs and specifically eHandover modulesin
clinical practice; analyze and measure the impact of improved
situation awareness which is afforded by the technology and
how to harness that information for effective workforce
deployment and operational planning; investigate how mobile
devices are being used on a personal level and where different
clinical jobs and rolesfind utility in the technology so that this
may be capitalized on and support further innovation [15].

Recent studies highlight the opportunities around continuous
physiological monitoring of patients [25,26], utilizing
technol ogiesthat are commonly used in HDUs. These solutions

http://medinform.jmir.org/2019/1/€11678/

show positive results with regard to responding to patient
deterioration but are costly and require detailed cost-benefit
analysisto understand the heal th economic benefit of monitoring
on such a large scale in hospitals. In relation to this type of
personalized monitoring [27], eObs provides a potential step
change, whereby the data gathered within the system could be
exploited to understand trends within population and medical
groups.

While this study focused on just 1 hospital in the United
Kingdom, thereis significant growth in thisarea, with hospitals
in the United Kingdom [28] procuring through 2 main service
providers, System C (previoudly Vital pac)—supplying 26 NHS
Trusts [29]—and Nervecentre 35 NHS Trusts, and also
supplying health care providers in Sweden and Australia [30].
Electronic heath records (EHRS) have a greater degree of
maturity, with statistics from the United States suggesting that
nearly as many as 80.5% of hospitals are using EHRs to some
degree in their care provision [31l]. Hospitals in other
less-developed jurisdictions such as China [32] and India are
aso investing in those systems, with lessons learnt from India
echoing some of the experiences examined in this study [33].
As such, there is much to gain from health care providers and
manufacturers of these technology platforms in sharing the
lessons learnt from such large-scale deployments to ease the
transition from paper-based to electronic working and improve
key outcomes with regard to quality measurement, staff
performance, and patient experience and safety.

Conclusions

The eObs and eHandover project has effected transformational
changes in patient safety at a large acute hospital, bringing
benefit to both staff and patients. In the hands of clinical staff,
handheld devices and appropriate clinical software have the
potential to reduce costs associated with inpatient management
while simultaneously empowering staff in their daily activities,
improving patient safety and releasing time to care.
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Looking ahead, thefull scale of the benefits experienced by this  extent being realized.
hospital trust is only just beginning to mature, with their full
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Abstract

Background: With the widespread use of mobile technol ogies, mobile information systems have become crucial toolsin health
care operations. Although the appropriate use of mobile health (mHealth) may result in major advances in expanding health care
coverage (increasing decision-making speeds, managing chronic conditions, and providing suitable health care in emergencies),
previous studies have argued that current mHealth research does not adequately evaluate mHealth interventions, and it does not
provide sufficient evidence regarding the effects on health.

Objective: The aim of this study was to facilitate the widespread use of mHealth systems; an accurate evaluation of the systems
from the users’ perspective is essential after the implementation and use of the system in daily health care practices. This study
extends the expectation-confirmation model by using characteristics of individuals, technology, and tasks to identify critical
factors affecting mHealth continuance and performance from the perspective of health care professionals (HCPs).

Methods: A questionnaire survey was used to collect data from HCPs who were experienced in using mHealth systems of a
Taiwanese teaching hospital. In total, 282 questionnaires were distributed, and 201 complete and valid questionnaires were
returned, thusindicating avalid response rate of 71.3% (201/282). The collected data were analyzed using WarpPL S version 5.0
(ScriptWarp Systems).

Results: The results revealed that mHealth continuance (R?=0.522) was mainly affected by perceived usefulness, technology
maturity, individual habits, task mobility, and user satisfaction, whereas individual performance (R?=0.492) was affected by
mHealth continuance. |n addition, user satisfaction (R?=0.548) was affected by confirmation and perceived usefulness of mHealth,

whereas perceived usefulness (RP=0.521) was affected by confirmation. This implied that confirmation played a key role in
affecting perceived usefulness and user satisfaction. Furthermore, the results showed that mHealth continuance positively affected
individual performance.

Conclusions: Theidentified critical factorsinfluencing mHealth continuance and performance can be used as a useful assessment
tool by hospitalsthat have implemented mHealth systemsto facilitate the use and infusion of the systems. Furthermore, theresults
can help health careingtitutions that intend to introduce or devel op mHealth applicationsto identify critical issues and effectively
allocate limited resources to mHealth systems.

(IMIR Med Inform 2019;7(1):e12350) doi:10.2196/12350

KEYWORDS
delivery of health care; mobile health; health information management; health care quality, access, and evaluation
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Introduction

Background

With the widespread use of mobile technologies, mobile
information systems (1Ss) have become crucial tools in health
care operations. In recent times, smart health (sHealth) has
become a critical strategy that is promoted by the government
and medical industry; however, the successful implementation
of sHealth depends on the development of mobile health
(mHealth) [1]. mHealth is defined as hedlth care to anyone,
anytime, and anywhere by removing location and temporal
constraints while improving both the coverage and quality of
health care [2].

Research Motivations and Purpose

In reality, health care professionals (HCPs) often require
high-quality communication and information resources,
including communication capabilities, hospital information
systems (HISs), information resources, and clinical software
applications, at the point of care to facilitate rapid decision
making with a low error rate, improve the quality of data
management and accessibility, and improve practice efficiency
and knowledge [3-8]. Although the appropriate use of mHealth
may result in major advancesin expanding health care coverage,
increasing decision-making speeds, managing chronic
conditions, and providing suitable health care in emergencies
[9], Solanas et al [1] argued that mHealth is still in its early
stages of development. Mechael et a [10] reported that current
mHealth research does not adequately evaluate mHealth
interventions, and it does not provide sufficient evidence
regarding the effects on health. In addition, the World Health
Organization [11] indicated that competing priorities, cost, and
lack of knowledge are the most crucial barriers to mHealth
implementation. Thus, appropriate evaluations, specifically
after the implementation of mHealth systems and their use in
daily health care practice, are critical, particularly from users
(HCPs') perspectives. This paper proposes and validates an
extended model by integrating the expectation-confirmation
model (ECM) and the characteristics of individuals, technology,
and tasks to identify critical factors affecting mHealth
continuance and performance from the perspective of HCPs
and assessing the infusion of mHealth in clinical practice.

Literature Review

Mobile Health

Varshney [2] defined mHealth ashealth careto anyone, anytime,
and anywhere by removing locational and temporal constraints
while improving both the coverage and quality of health care.
Alternatively, mHeath is the application of mobile
communication technology in the field of hedth care; it
integrates HI Ssand mobile deviceswith wirelesscommunication
technologies to achieve immediate medical care and handle
diverse cooperative medical tasks [12]. Nowadays, various
mobile devices—personal digital assistants, tablet personal
computers (PCs), hotebook computers, personal handy-phone
system, smartphones, panel PCs, mobile clinical assistants, and
i Pads—have been used in accessing mobile | Ssthrough wireless
networks in clinical settings owing to their portable size,

http://medinform.jmir.org/2019/1/€12350/

Hsiao & Chen

relatively low costs, and ease of use [13,14]. The term mobile
emphasizesvarious abilitiesand conditions aswell as movability
and portability. Increasing mobility can also enhance service
efficiency and flexibility. Previous studies have indicated that
the need for mobility isthe primary reason for the applications
of technological innovationsin hospitals, and mobility iscrucial
in health care [14-16]. Thus, mHealth has the potential to
increase the speed, work quality, and efficiency of HCPs. The
implementation of mHealth is often achieved using portable
information devices, such as a tablet PC, notebook, iPad, or
smartphone, to appropriately address the needs of HCPs.

Many studies have reported that when appropriately used,
mHealth systemsfacilitate rapid decision making with low error
rates, thereby improving the quality of data management and
accessibility and improving practice efficiency and knowledge
[3-8]. Someresearchers[17-19] mentioned that mHealth systems
improve the quality of health care services, increase the
productivity of HCPs, and ensure the timeliness of information
provision, thus reducing the occurrence of errors. Therefore,
mHealth systems are expected to exert considerable effects on
clinical routines and workflows.

I nformation Technology Continuance and Performance

Bhattacherjee[20] argued that existing information technology
(IT) or information system (1S) acceptance models, focusing
on user evaluations at the early stage of IT or |S adoption and
implementation, provide an inadequate explanation of and may
sometimes contradict observed continuance behaviors;
moreover, the long-term success of an IT or IS depends on its
continued use rather than its first-time use. Bhattacherjee [20]
proposed an ECM, one of the earliest IS continuance models,
based on expectation-confirmation theory [21] in consumer
behavior for understanding | S continuance after implementation,
wherethe use of | Sstranscends conscious behavior and becomes
part of the normal routine activity. The study reveal ed that users
willingness to continue using 1Ss was affected by user
sati sfaction and perceived usefulness after using | Ss. Moreover,
the expectation-confirmation and perceived usefulness of 1Ss
directly affect IS users’ satisfaction; user satisfaction directly
affects the willingness to continue using 1Ss. Limayem et al
[22] further suggested that information communication
technology (ICT) implementation should be considered asuccess
when a significant number of users progress from the initial
adoption stage to using ICT on a continuing basis. Nowadays,
the ECM is being widely used and extended to investigate
factors affecting user intentions regarding 1Ss after IS
implementation and behaviors in various research contexts,
including Web portals[23], online communities[24], electronic
medical records [25], mHealth systems [26], and e-service
[27-30]. Among the aforementioned studies, Akter et a [26]
considered that continuance isachallenge for mHealth systems
and that exploring theories on continuance behavior is necessary
for developing a comprehensive continuance model for
understanding mHealth services. Thus, Akter et a [26]
incorporated the ECM and the constructs of service quality and
trust to investigate the continuance of mHealth services at the
bottom of the economic pyramid. Mettler [25] integrated the
ECM and factors affecting automatic behavior (facilitating
conditions, task fit, and computer literacy) to evaluate el ectronic
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medical record continuance behavior. Furthermore, Chen et &
[29] investigated the effects of technology readiness
(innovativeness, optimism, discomfort, and insecurity) on user
satisfaction and continued intention of e-services. Although
many extended ECM studies were conducted, Bhattacherjee
and Barfar [31] argued that some studies are inappropriate to
just integrate acceptance and continuance theory to predict IS
continuance behavior. This implied that the extended ECM
should consider some salient variables in the IS Infusion
(assimilation or integration) stage that a specific 1S has been
well implemented and become a part of their daily routine
processes.

Some studies have emphasized examining the determinants of
mHealth in the assimilation or integration stage, where the
mHealth services or systems are stable and have been
incorporated into routine practices [17,32-34]. For example,
O’ Connor et al [33] argued that most infusion studies have paid
considerable attention to the technological aspects at an
organization level rather than at anindividual level. The authors
suggested that additional studies be conducted at the technology
infusion stage a an individual level by considering
characteristics of technology, individuals, and tasks. Therefore,
they proposed a research framework that focused on
investigating the effects of the characteristics of technology
(availability, maturity, and portability), individuals (habits,
self-efficacy, and technology trust), and tasks (time criticality,
interdependence, and mability) on the extent of the infusion of
mHealth services by HCPs and the relationship between the
extent of infusion (including integrative use and exploratory
use) and performance based on the results of an in-depth case
study. Although the study proposed many potential factors
influencing mHealth systems in the infusion stage, the
framework should be appropriately modified and validated
according to various health care contexts or applications.

The performance of mHealth 1Ss should be evaluated based on
user satisfaction and the specific outcomes of their continued
use from users perspectives as performance evaluation is a
major concern of the effectsof I Tsor | Ss[35-37]. Goodhue and
Thompson [37] proposed the task-technology fit (TTF) theory
to highlight the importance of thefit between the characteristics
of technologies and user tasks in achieving the effects of
individual performance. In the model, the TTF is affected by
antecedents (including technol ogies and tasks characteristics),
and the TTF also has a significant effect on IS utilization and
performance. In addition, IS utilization also has a direct effect
on individual performance in TTF theory. On the basis of the
TTF perspective, Hsiao and Chen [32] found that the use of
mobile I'Ss provided nursing staff with real-time and accurate
information and increased their efficiency and effectivenessin
patient-care duties, thusfurther improving nursing performance.
Lin[17] reported asignificant effect of the fit among technology
(applicability, user interface, and portability), individual
(computer self-efficacy, user experience, and self-immersion),
and task (nonroutine, timeliness, interdependence, and mobility)
characteristics on task performance (in terms of meeting
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expectations, positive attitude, and meeting user needs) of
mHealth systems. Although the TTF theory provides a useful
perspective for investigating the relationships among TTF,
utilization, and performance, thereisalack of empirical studies,
particularly in the health care industry in exploring the role of
TTF in the 1S infusion stage about IS being integrative and
exploratory used [38]. In this study, we only refer to the results
of antecedents of TTF and the relationship between IS utilization
and individual performance of health information technologies
applications.

Methods

Research M odel

To provide comprehensive understanding and insights into the
postimplementation stage of mHealth systems (or at 1Sinfusion
stage), this study proposed an extended ECM research model
for investigating key factors affecting the continuance and
performance of mHealth services in Taiwan by incorporating
the ECM proposed by Bhattacherjee [20] and the framework
of mHealth infusion proposed by O’Connor et a [33]. This
integration is based on the assumption that mHealth continuance
iscritical in the IS infusion stage because the use of mHealth
services has become a part of daily clinical practice for HCPs.
Moreover, the continuance intentions of HCPs and the
subsequent use behavior of mHealth systems are expected to
enhance individual performance. However, some variables
mentioned in the framework proposed by O’ Connor et al [33]
should be adjusted according to the health care contexts and
applications in Taiwan. In this study, the variables of
self-efficacy and technology trust of user characteristics in
O'Connor et a [33] were excluded. Self-efficacy is not
considered to be asignificant factor in mHealth infusion because
it isinsignificant in studies of physicians [39] and nurses' [40]
HIS acceptance in Taiwan. Furthermore, the technology trust
proposed by O’ Connor et a [33] to address the problem that
users may be reluctant to use the IT because of its reliability.
In this study, the mHealth applications have been used in the
case hospital for several years, and they have been infused into
HCPs daily clinical practices. In addition, mHeslth applications
are not mandatorily used by HCPs; therefore, the technology
trust is not a major concern in this study. We aso append
personal innovativeness as an investigated factor in individual
characteristics as Rai et al reported that consumers’ personal
innovativeness exerted significantly positive effectson mHealth
usage intention and assimilation [34]. However, the relationship
between persona innovativeness and mHealth continuance
should befurther validated in the health care contexts of Taiwan.

Therefore, the research model (Figure 1) can be divided into 2
major parts. The first part includes the aspects affecting
electronic health (eHealth) continuance and performance derived
from the ECM and the effects of mHealth continuance:
confirmation, perceived usefulness, user satisfaction,
continuance intention, and individual performance.
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Figure 1. Research framework. H1: The confirmation of mHealth systems significantly affects perceived usefulness; H2: The confirmation of mHealth
systems significantly affects user satisfaction; H3: The perceived usefulness of mHealth systems significantly affects user satisfaction; H4: User
satisfaction with mHealth systems significantly affects mHealth continuance; H5: The perceived usefulness of mHealth systems significantly affects
mHealth continuance; H6: The continuance of mHealth significantly affects individual performance; H7: The individual characteristics of HCPs
significantly affect mHealth continuance; H8: The technology characteristics of mHealth significantly affect mHealth continuance; H9: The task
characteristics of HCPs significantly affect mHealth continuance; mHealth: mobile health.

Perceived Individual
uscfulness performance
r-y
H6
H1 Satisfaction m Hcaltll
continuance
H4 :
Confirmation H7 H3 HY
Individual Technology Task
characteristics | |characteristics ||characteristics
elnnovativeness | | ®Availability o Time critical
eHabits ePortability e[nterdependence
eMaturity s Mobility
Table 1. Measurement and operational definitions of variables.
Construct Operational definition Source Measurement items
Confirmation Users' perception of the congruence between expectation of mHealth?useand ~ [20] 4
its actual performance
Perceived usefulness Users' perception of the expected benefits of mHealth use [21,41] 5
User satisfaction Users' affect with (feelings about) mHealth use [20,42] 3
mHealth continuance Users' intention to continue using mHealth [20,25] 3
Individual
Habits The extent to which an individual tends to use the mHealth automatically [22,33] 4
Innovativeness Willingness to try out any new technology [29,41] 4
Technology
Availability The ability of accessing patient information when required [17,33] 3
Portability The degree of ease associated with transporting the mHealth [17,33] 3
Maturity The existence of alevel of system quality that is perceived as satisfactory and the  [33,43] 3
perceived need for system improvement by the user.
Task
Time critical The urgency when accessing information through the mHealth [17,33] 3
I nterdependence The degree to which completing tasks using mHealth requiresinteraction with ~ [17,32,33] 3
other people
Mobility The extent to which atask is being performed in different locations using the [17,33] 3
mHealth
Individual performance The use of mHealth can hel p health care practitioner improve efficiency, effective-  [33,44] 6

ness, and quality of medical activities

8mHealth: mobile health.

The second part investigates the effect of characteristics of interdependence, and mobility (tasks). The measurement,
technology, individual, and task on mHealth continuance; this  operational definition, and the number of itemsfor the variables
part is based on the framework proposed by O'Connor et al  are summarized in Table 1.

[33], which involves innovativeness and habits (individuas),

availability, portability, maturity (technology), time criticality, In this study, confirmation refersto the users’ perception of the

congruence between expectation associated with the use of
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mHealth systems and their actual performance. Perceived
usefulnessrefersto the users' perception of the expected benefits
of mHealth use. User satisfaction refersto users' affect (feelings)
regarding previous mHealth use. As shown in the ECM,
confirmation has a direct effect on perceived usefulness and
user satisfaction [20]. Previous studies have argued that
perceived usefulness directly affects user satisfaction and
continuance of the use of system [20,25], and user satisfaction
exerts direct effects on the continuance of the use of 1Ss
[20,25,42]. Furthermore, mHealth continuance refers to the
users intention to continue using mHealth. Individual
performancerefersto the use of mHealth to help HCPsimprove
efficiency, effectiveness, and quality of medical activities.
Individual performance implies an increase in efficiency and
improvement in work efficacy and quality [37,44]. O'Connor
et a [33] argued that users’ continuance intentions could be
affected by user satisfaction, and it can be used to predict or
explain the continued use of IS as well as individual
performance. Thus, 6 research hypotheses are proposed as
follows:

« H1: The confirmation of mHealth systems significantly
affects perceived usefulness.

« H2: The confirmation of mHealth systems significantly
affects user satisfaction.

« H3: The perceived usefulness of mHealth systems
significantly affects user satisfaction.

« H4: User satisfaction with mHealth systems significantly
affects mHealth continuance.

« H5: The perceived usefulness of mHealth systems
significantly affects mHealth continuance.

« H6: The continuance of mHealth significantly affects
individual performance.

Most factors mentioned in the framework proposed by O’ Connor
et a [33] are suitable for mHealth continuance as continuance
is critical in the mHealth infusion stage in which the use of
mHealth services has become a part of daily clinical practice
routine of HCPs. The influencing factors investigated in this
study can be divided into 3 dimensions: individual
characteristics (innovativeness and habits), technology
characteristics (availability, maturity, and portability), and task
characteristics (time criticality, interdependence, and mobility).
The aforementioned individual characteristics represent
individual traits and perceptions after using IT. Personal
innovativeness is defined as a personal willingnessto try using
new information technologies [45], and it is a personal trait in
technology-usage behavior [15,46]. Users with high
innovativeness are often concerned with the development of
new technologies, effectively learning technology functions on
their own and providing suggestions to others. Rai et al [34]
reported that consumers personal innovativeness exerted
significantly positive effects on mHealth usage intention and
assimilation. Thus, high personal innovativeness facilitates
changes in organizations and the diffusion of implemented
technologiesininternal operations[45]. Chen et al [29] reported
that innovativeness is a major driver of user satisfaction, and
users with higher innovativeness exhibit arelatively high level
of satisfaction with technol ogies and the willingnessto continue
using them. Therefore, personal innovativeness significantly
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affects mHealth continuance. Habit has been defined as the
extent to which an individual tends to use the technology
automatically [22]. A habit is often considered a reflective
behavior or action taken without much consideration. With time,
ideas, methods, judgments, and reactions stabilize. Such a
behavioral model becomes partially fixed; thus, it isreferred to
asinertial. Habitsare al so reported to affect previous and future
behavior [47]. Gefen [48] reported that the use of technology
becomes a personal habit for users if the use of innovative
technology is routine behavior. Habits strengthen a personal
behavior through repeated stimulation and reaction. Limayem
et al [22] noted that users who have used mHealth technologies
for more than one year gain habits that involve using
technologies. Thus, habits were expected to influence the
infusion of mHealth technologies and are considered to
significantly influence mHealth continuance.

Goodhue and Thompson [37] indicated that a better fit between
task and technology characteristics improves performance in
theinfusion stage when technol ogy has been used continuously.
Therefore, task and technology characteristics should be
considered while investigating technology performance. Task
characteristics imply the inherent nature of tasks that users are
expected to execute. In this study, task characteristics comprised
time criticality, interdependence, and mobility. Time criticality
is defined as urgency when accessing information through
mHealth technology [33,49]. Interdependence is the degree to
which completing tasks using mHealth technology requires
interaction with other people [33,50]. Mobility is the extent to
which a task can be performed in different locations using
mHealth technol ogy [33,49]. Technology characteristics arethe
specific features, functionality, or usability provided by specific
technologies. Technology characteristics comprise availability,
maturity, and portability. Availability is defined as the ability
to access mHeal th technol ogieswhen required [ 33,51]. Maturity
is related to the existence of a level of system quality that is
perceived as satisfactory and the perceived need for system
improvement by users [33,43,52]. Portability is the degree of
ease associated with transporting mHealth technol ogies [ 33,53].
As shown, 3 research hypotheses, including 8 subhypotheses,
are proposed as follows:

« H7: The individual characteristics of HCPs significantly
affect mHealth continuance.
 H7a Personal innovativeness significantly affects
mHealth continuance.
» H7b: Individual habits significantly affect mHealth
continuance.

«  HB8: Thetechnology characteristics of mHealth significantly
affect mHealth continuance.
- HB8a The availability of mHealth significantly affects
mHealth continuance.
» H8b: The portability of mHealth significantly affects
mHealth continuance.
» H8c: The maturity of mHealth significantly affects
mHealth continuance.

« H9: The task characteristics of HCPs significantly affect
mHealth continuance.
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» H9a Task timecriticality significantly affects mHealth
continuance.

« H9b: Task interdependence significantly affects
mHealth continuance.

»  H9c: Task mobility significantly affects mHealth
continuance.

Instrument and Respondents

The questionnaire was designed in 2 stages. The first stage
involved the establishment of measurement items. We collected
results from literature reviews to obtain a comprehensive list
of measurement items. All measures for each construct were
obtained from existing validated instruments, and they were
modified to ensure the appropriateness for mHealth. A total of
4 variables, namely confirmation, perceived usefulness,
satisfaction, and mHealth continuance, which were derived from
the ECM, were measured using 15 items adapted from
Bhattacherjee [20], Mettler [25], Wright and Marvel [42], and
Kuo et a [41]. The performance was measured using 6 items
adapted from O'Connor et a [33] and Junglas et a [44].
Individual characteristics, including innovativeness and habits,
were measured using 8 items adapted from Limayem et al [22],
Chen et a [29], O'Connor et a [33], and Kuo et a [41].
Technology characteristics, including availability, portability,
and maturity, were measured using 9 items adapted from Lin
[17], O'Connor et a [33], and Gebauer et a [43]. Task
characteristics, including time criticality, interdependence, and
mobility, were measured using 9 items adapted from Hsiao and
Chen [32], Lin [17], and O’ Connor et a [33]. The detailed
descriptions related to the survey questionnaire are provided in
the Multimedia Appendix 1. The questionnaire items were
preliminarily translated into Chinese, and 2 expertsin bilingual
education in heath care and information management were
invited to evaluate the content equivalence of the trandations.
The questionnaire comprised 2 major parts. The first part
collected participants demographic data, including age, sex,
education level, department, and experience in using mobile
technologies and mHealth. The second part included measure
items related to the factors influencing mHealth continuance
and performance.

The second stage of questionnaire design involved the eval uation
and sel ection of the measurement scale. A content validity index
(CV1) was used to eval uate the questionnaire content according
to a threshold value of 0.8 for item selection suggested by
Petrick [54]. A total of 2 HCPs of mHealth and a professor of
health informatics management were invited as experts to
examine the content validity of the questionnaire. Among the
initial questionnaire containing 47 items, except for 1 item,
which was excluded asits CVI was less than .8, 46 items were
retained asthe CV|I valueswere greater than .95 and the average
CVI was .98, which indicated excellent expert validity.
Furthermore, the semantics and wording of the questionnaire
were revised according to experts suggestions. Finally, a
46-item questionnaire was obtained. Each item was measured
using as 5-point Likert scale (1 for strongly disagree and 5 for
strongly agree).

The respondents of this study were the HCPs of the target
hospital with approximately 120 doctors and 500 nurses in
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southern Taiwan. Since 2009, the case hospital has devel oped
and implemented mHealth systems, a combination of maobile
I Ssand medical devices, for satisfying HCPS' needs of clinical
patient care, particularly for providing more timely
communication of HCPs and direct data input at source,
reducing possible medical errors, and accessing up-to-date
medical records. The mobile ISs can connect and access all
required and integrated patient-rel ated information from hospital
ISs, including various developed systems (computerized
physician order entry system, laboratory ISs, nursing ISs,
pharmacy |Ss, picture archiving and communication system,
electronic medical records, patient referral system, and others)
for supporting inpatient, outpatient, and emergency servicesin
a hospital, through a secure wireless network infrastructure.
The mobile 1Ss can be installed on various mobile devices,
including a mobile nursing cart equipped with a Tablet PC
(specifically for nurses), mobile medical cart equipped with a
Tablet PC (specifically for physicians), mobile phones, and iPad
for satisfying the mobile needs of HCPs, particularly in the
inpatient and emergency services.

Since 2014, some health apps of the case hospital have been
developed and installed on mobile phones and iPads for
providing instant accessto the results of medical examinations,
tests, and reports and receiving immediate notifications from
high-risk reminder systemsfor clinical laboratory critical value
alerts; however, those apps only provide relatively specific and
limited information for patient care because of the limitations
of small screen size, less computation power, and data key-in
problems of intelligent mobile devices. Therefore, HCPsin the
case hospital prefer accessing full patient care information
through mobile | Ssinstalled on the mobile nursing cart, mobile
medical cart, and tablet PC. HCPswho had at least one year of
experiencein mHealth apps and were active and voluntary users
of mHealth, using mobile | Ssthrough mobile devicesin clinical
practices, were requested to participate. After obtaining approval
from the Institutional Review Board (IRB NO.105B-009), the
guestionnaires were distributed to qualified HCPs under the
assistance of the nursing department and hospital administration
department. The duration of data collection was from February
1toMarch 1in 2016.

Results

Descriptive Statistics

The survey was administered to 282 respondents, and 201 valid
responses were returned, which indicated a response rate of
71.3% (201/282). Voluntary participation might explain the
relatively high response rate. The demographic data (see Table
2) showed that most of the respondents (94.0% [189/201]) were
female, 92.1% (185/201) were less than 40 years old (48.3%
[97/201] and 43.8% [88/201] were aged <30 years and 30-40
years, respectively), and 73.1% (147/201) had a bachelor’s or
master's degree. Among the respondents, 94.0% (189/201)
worked in the nursing department, whereas the others worked
in the medical department. Moreover, 77.1% (155/201) of the
participants had more than 1 year of experience in using
mHealth, thus indicating the appropriateness of the selected
respondents.
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Table 2. Demographic data (n=201).

Hsiao & Chen

Measure or category Statistics
Age (years), n (%)

<30 97 (48.3)

31-40 88 (43.8)

41-50 12 (6.0)

51-60 4(2.0)
Gender, n (%)

Male 12 (6.0)

Female 189 (94.0)
Education level, n (%)

Junior college 54 (26.9)

Bachelor 144 (71.6)

Master (or higher) 3(15)
Department, n (%)

Medical (Physicians) 12 (6.0)

Nursing (Clinical nurses) 189 (94.0)
Experiencein using mobile technologies (years), n (%)

1-3 146 (72.6)

3-6 43 (21.4)

6.9 7(35)

>9 5(2.5)
Experiencein using mobile health (years), n (%)

1 46 (22.9)

1-5 145 (72.1)

5-10 10 (5.0)

M easurement M odel

The collected data were analyzed using the partial |east square
(PLS) technique, which can offer extensive, scalable, and
flexible causal-modeling capabilities [55], in the WarpPLS
software (Version 5.0) because of its ease of use as well asits
capability of performing all the modeling procedures reported
in this study [56]. A 2-step approach of the PLS technique
suggested by Chin [57] was used. Thefirst step wasto evaluate
the measurement model, whereas the second step focused on
evaluating the structural model. Several criteria are
recommended for assessing the model-data fit when using
WarpPLS 5.0, including average path coefficient (APC), the
average R-squared (ARYS), average adjusted R-squared (AARS),
average block variance inflation factor (AVIF), average full
collinearity variance inflation factor (AFVIF), Tenenhaus
Goodness of Fit (GoF), and R-sgquared contribution ratio (RSCR)
[56]. These model fit and quality indices are other advantages
provided by WarpPL S 5.0 than other variance based structural
equation modeling methods. In general, the addition of latent
variables into a model will increase the value of ARS but
decrease the value of APC. Both ARS and APC will increase
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simultaneously only when the addition of latent variables can
improve the overall model predicative and explanatory quality
[56]. The AARS, generally lower than ARSin amodel, isused
to correct improper increases in R-squared coefficients when
predicators cannot improve the explanatory valuein each latent
variable [56]. The AVIF and AFVIF are used to evaluate the
increase of collinearity of the model if new latent variables are
added and that may overlap in meaning with existing latent
variables[56]. The GoF isameasure for evaluating the model’s
explanatory power, while RSCR is a measure evaluating the
extent that amodel isfree from negative R-squared effects[56].
As demonstrated in Table 3, the results showed that al the
model fit and quality indices are in the recommended range or
have probability values less than .001. The APC is 0.237 for a
P<.001, the ARS index is 0.529 for a P<.001, and the AARS
index is 0.521 for a P<.001. All the values of APC, ARS, and
AARS show a better fit than the recommended values. The
AVIF is 2.246 and AFVIF is 2.324, representing there is no
collinear problem found in the investigated model. The GoF is
.649 which indicates a better fit than the large value of .36 [56].
In conclusion, the proposed model of mHealth is validated,
representing good model fit and quality indices.
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Table 3. Model fit and quality indices.

Hsiao & Chen

Quality indices Statistics Criteria (P value) Result
Average path coefficient (APC) 0.237 (P<.001) <.05 Fit
Average R-squared (ARS) 0.529 (P<.001) <.05 Fit
Average adjusted R-squared (AARS) 0.521 (P<.001) <.05 Fit
Average block variance inflation factor (AVIF) 2.246 Acceptableif <5, ideally <3.3 Fit
Average full collinearity VIF (AFVIF) 2.324 Acceptableif <5.0, ideally <3.3 Fit
Tenenhaus Goodness of Fit (GoF) 0.649 Small 2.1, medium >.25, large =.36 Fit
R-sguared contribution ratio (RSCR) 0.989 Acceptableif = .9, idealy=1.0 Fit

We further evaluated the psychometric properties of the
instrument regarding reliability, convergent validity, and
discriminate validity. According to the method used by Hair et
al [58], Cronbach alpha and the composite reliability (CR) of
each construct was used to test reliability and internal
consistency. Table 4 showed that the values of Cronbach alpha
and CR of al the constructswere higher than the recommended
value (0.7) [56,58], thus exhibiting acceptable reliability and
internal consistency. The validity of the measures was tested
using convergent and discriminant validity. Fornell and Larcker
[59] recommended that the average variance extracted (AVE)
value should exceed .5 and each square correlation, which
indicated adequate convergent validity and discriminant vaidity.
As shown in Table 4, the AVE values of al constructs were
between .686 and .898, which are greater than the recommended
value (.5), thus demonstrating an excellent convergent validity.
Furthermore, all the square roots of AVE were higher than any
other correlation among the latent variables, thus indicating an
adequate discriminant validity.

Structural Model

The structural research model was analyzed using WarpPLS
5.0 and the bootstrap resampling method [56]. Testing of the
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structural model was mainly on the basis of the path coefficient

and R? value. Path coefficients represent the strength and
direction of the relation among variables to test their

significance, whereas R? valuesindicate the percentage to which
externd variables can explain the variability of internal variables
and indicate the predictive power of the model. As shown in
Figure 2, nine hypotheses (H1, H2, H3, H4, H5, H6, H7b, H8c,
and H9c) were confirmed, whereas the remaining hypotheses
(H7a, H8a, H8b, H9a, and H9b) were not significantly supported
by this study. The results revealed that mHealth continuance

(R=0.522) is mainly affected by perceived usefulness
(beta=.128; P=.03), maturity (beta=.171; P=.007), habits
(beta=.191; P=.003), task mobility (beta=.202; P=.002), and
user satisfaction (beta=.118; P=.04), whereas individual

performance (R°=0.492) is affected by mHealth continuance
use (beta=.703; P<.001). In addition, user satisfaction
(RP=0.548) is affected by confirmation (beta=.424; P<.001) and
perceived usefulness (beta=.373; P<.001). Confirmation
(beta=.724; P<.001) significantly affected perceived usefulness

(RP=0.521) and user satisfaction (R°=0.548).
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Table 4. Results of the reliability and validity of the research model.
Con-  co? puP  saT® INN® HAB® AVAT TC?  INT" mc PERI moBK PORT! MAT™ AVE" cr®  Cron-
struct (5 (>.7) bach
alpha
=7
co o088 _p — — — — - - - - — — — 0806 0943 .919
PU 0718 0869 — — — — — — — — — —  — 0755 0939 .98
SAT 0690 0657 084 — — — — — — — — — — 0798 092 .874
INN 0265 0338 0309 0867 — — — — — — — —  — 0751 0924 .889
HAB 058 0500 0502 0320 0910 — — — — — — — — 089 091 .931
AVA 0509 0522 0584 0306 0504 085 — — — — — — — 0730 089 815
TC 0450 0511 0475 0361 0387 0513 087 — — — — — — 0787 0917 .864
INT 0344 0433 0358 0332 0280 0517 0707 0918 — — — — — 0843 0942 .906
MC 0528 0564 0534 0320 0534 058 0529 0503 0914 — — —  — 0836 0939 .91
PER 0628 0664 0638 0406 0535 0610 0541 0521 0695 085 — —  — 0802 0960 .950
MOB 0302 0406 0286 0245 0326 0410 0476 0582 0463 0444 0947 —  — 0897 0946 .886
PORT 0352 0355 0403 0200 0297 0574 0452 0434 0410 0462 0271 0828 — 0686 0868 .771
MAT 0440 0477 0506 0249 0340 0653 0547 0517 0518 0606 0337 0621 0899 0809 0927 .881

8CO: confirmation.

bpy: perceived usefulness.
CSAT: satisfaction.

9INN: innovativeness.

°HAB: habits.

FAVA: availability.

9TC: time critical.

AINT: interdependence.

IMC: mobile health continuance.
IPER: performance.

KMOB: mobility.

|PORT: portability.

MMAT: maturity.

NAVE: average variance extracted.
OCR: composite reliahility.

PThe omitted correlation coefficients between constructs in the upper diagonal matrix are equal to the valuesin lower diagonal matrix.
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Figure 2. Results of the model validity. H1: The confirmation of mHealth systems significantly affects perceived usefulness; H2: The confirmation of
mHealth systems significantly affects user satisfaction; H3: The perceived usefulness of mHealth systems significantly affects user satisfaction; H4:
User satisfaction with mHealth systems significantly affects mHealth continuance; H5: The perceived usefulness of mHealth systems significantly
affects mHealth continuance; H6: The continuance of mHealth significantly affectsindividual performance; H7: The individual characteristics of HCPs
significantly affect mHealth continuance; H8: The technology characteristics of mHealth significantly affect mHealth continuance; H9: The task
characteristics of HCPs significantly affect mHealth continuance; mHealth: mobile health.

Perceived Individual
usefulness performance
(R*=.521) H5(.128, P=.03) (R?=.492)
.3
H3(.373, P<.001) THﬁ(.T'l]S. £=.001)
H1(.724, Satisfaction conr:t'-ilri?;tr:lcc
£<.001) (R?=.548) H4(.118, (R=522)

H2(.424, P<001)

Confirmation

Individual characteristics
®nnovativeness(.034, P=32)
®Habits (.191, P=.003)

Technology
characteristics

® Availability(.080, P=.12)
® Portability(.050, P=.24)
® Maturity( .171,P=.007)

Task
characteristics

®Time critical(.038, P=.20)
®Interdependence(.061, P=.19})
o Mobility (.202, P=.002)

Discussion

Key Factors Affecting Perceived Usefulness and User
Satisfaction

Consistent with previous ECM-related studies [26,27],
confirmation (beta=.724; P<.001) is a factor that significantly
affected perceived usefulness (by the HCPs) and user
satisfaction. Both confirmation (beta=.424; P<.001) and
perceived usefulness (beta=.373; P<.001) were significant
predicators of user satisfaction with the mHealth systems. In
the context of eHealth, confirmation accounted for 52.1%
variance of perceived usefulness, whereas both confirmation
and perceived usefulness accounted for 54.8% variance of
satisfaction. Confirmation refers to users perception of the
congruence between the expectation of mHealth use and its
actual performance [20], whereas perceived usefulness is the
perception of users' regarding the expected benefits of mHealth
use [20,41]. This implied that the expectations of the HCPs
from the mHealth systemswere confirmed through performance
after implementation. The participants expected that mHealth
use would positively affect the quality of clinical care, the
effectiveness of medical teams for simultaneous processing of
patient information, and patient care management.
Understanding the expectations of the HCPs before system
development and evaluating their responses after implementation
of the mHealth system can increase the benefits of using the
mHealth system in clinical care. Thus, continuous evaluation
of whether the clinical care functions provided by the mHealth
system meet the expectations of usersis crucial. Asthe HCPs
continuously use the system over along time and become more
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familiar with it, they may have new requirements for further
improvement of the system. Dynamic changes in functional
requirements should be considered by managers and system
developers for ensuring user satisfaction. After mHealth is
infused and integrated into the daily operationsand clinical care
practices of HCPs, the HCPs should compare their preadoption
expectations and actual performance as well as perceived
usefulness of the mHealth systems, thus improving the quality
of clinical care and efficiency of care management. Such
confirmations and perceived usefulness of mHealth are hel pful
in improving user satisfaction.

This study showed that perceived useful ness (beta=.128; P=.03),
user satisfaction (beta=.118; P=.04), technology maturity
(beta=.171; P=.007), individual habits (beta=.191; P=.003), and
task mobility (beta=.202; P=.002) exert significantly positive
effects on mHealth continuance, which accounted for 52.2% of
the total explained variance. Among the identified factors that
affected mHealth continuance, task mobility, individual habits,
and technology maturity have more significant direct effectson
mHealth continuance than the factors (perceived usefulness and
user satisfaction) derived from the ECM. Consistent with
previous ECM-related studies[26,27], this study confirmed that
perceived usefulness and user satisfaction were key predicators
of mHealth continuance. In addition, the inclusion of
characteristics of individuals, technology, and tasks facilitated
the extension of the original ECM for understanding the factors
influencing mHealth continuance. To increase the HCPs
intention toward mHealth continuance, paying attention to the
characteristics related to task mobility, user habits, technology
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maturity, and user perceptions related to perceived usefulness,
and user satisfaction is necessary.

This study made an empirical validation on the framework of
mHealth infusion proposed by O’ Connor et a; however, only
mobility, habit, and maturity werefound to be salient predicators
in mHealth infusion. Previous studies have highlighted that
mobility is the primary reason for the applications of
technological innovation in hospitals [14-16]. Zhang et al [49]
reported that mHealth technologies offer the staff freedom to
interact with and use technological tools irrespective of time
and location. This study showed that mobility isthe most crucial
factor influencing mHealth continuance. Consistent with the
results of a study by Limayem et al [22], this study revealed
that habits play a major role in mHealth continuance. Previous
studies have indicated that maturity is related to the existence
of alevel of system quality that is perceived as satisfactory and
the perceived need for system improvement by the user
[33,43,52]. O’ Connor et al [33] argued that poor graphical user
interface design and unsatisfactory process design of mobile
systems result in unnecessary medical errors. When users (the
HCPs) perceive poor quality of the mHealth systems, they are
lesslikely to use the mHealth systems. Our study revealed that
mHealth maturity was critical to its continuance. Therefore, it
increased the intention of HCPs toward mHealth continuance
by focusing on the design and implementation issues of the
mHealth applications to satisfy actual users needs. This study
indicated that when the mHealth applications provide high
quality (of mHealth system) and superior support for the HCPS
needs, the users (HCPs) had arelatively high intention toward
mHealth continuance. As stated, we suggested the evaluation
of task mobility, technology maturity, and individual habitsand
the provision of better support related to the fit among the
af orementioned factors while introducing mHealth applications
asthosefactorsare salient predicatorsfor mHealth continuance
by the HCPs.

Furthermore, the perceived usefulness and user satisfaction of
mHealth systems have been considered as critical factors
affecting technology continuance in ECM-related studies
[26,27], and they have been reported to exert significantly
positive effects on mHealth continuance from the HCPS
perspectivein this study. We should provide sufficient incentives
and resources to improve perceived usefulness (by the HCPs)
and user satisfaction after implementation of the system or in
theinfusion stage. Contrary to previous studies[33,34,49,50,53],
we found that some factors in the characteristics of individuals
(innovativeness), technology (availability and portability), and
task (timeliness and interdependence) did not significantly affect
mHealth continuancein this study. A possible explanation may
be that aforementioned factors were not salient predicators in
the mHealth context, particularly after implementation and in
the infusion stage of the mHealth systems from the HCPS
perspective in Taiwan. In addition, those nonsignificant factors
are mainly derived from the conceptual framework of mHealth
infusion proposed by O’ Connor et al [33] and they may obtain
mixed resultsthrough empirical studiesbecause of the difference
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of research contexts, user groups, and application systems. It is
acceptable that some factors investigated in this study were
insignificant in the mHealth applications of the case hospital in
Taiwan from the HCPS' perspective. For example, consumer’
personal innovativeness is a significant factor of mHealth
assimilation in Rai et al [34]; however, we found personal
innovativeness is insignificant in the health care context from
the HCPS' point of view.

Key Factors Affecting I ndividual Performance

The results indicated that mHealth continuance (beta=.703;
P<.001) exerted significantly positive effects on individual
performance, thus explaining 49.2% variance in individual
performance. O’ Connor et a [33] found that the individual
performance of HCPs was influenced by continued mHealth
use in the infusion stage, which also significantly affected
individual performance in system use. As expected, consistent
with O’ Connor et a [33] and Goodhue and Thompson [37],
this study highlighted that mHealth continuance positively
affected individual performance. If the HCPs intend to
incorporate the mHealth systems into routine practices in the
postimplementation or infusion stage, mHealth systems can
enhancetheir individual performance, including improving the
information exchange within a medical team and task identity
in clinical care, increasing the efficiency of patient care,
enhancing the quality of clinical patient care, and improving
communication between health care personnel and patients or
their families. System adoption in an organization is not always
voluntary; sometimesit is because of work requirements or the
necessity of 1S for work completion. The ultimate goal of the
system development process, including initial conception,
implementation, adoption, and the following acceptance and
continued use of mHealth, istoimproveindividual performance
and satisfy clinical work demands. Therefore, we need to pay
attention to system functions and demands of mHealth that
require further improvement; thus, users will become more
familiar and comfortable with mHealth. This is helpful to
improve user work performance.

Furthermore, in this study, we evaluated the individual
performance of the HCPs derived from mHealth continuance
by using 6 items (Table 5). The results showed that the average
score of each item ranged between 3.83 and 4.10, which
indicated a positive evaluation by HCPs on mHealth
continuance. According to the results in a descending ranking
of the average score of each item, the HCPs perceived that the
use of an eHealth system improved information exchange with
the hedth care team (mean 4.10, SD 0.60), facilitated
communication with patients and their families (mean 4.10, SD
0.60), provided efficient patient care (mean 3.94, SD 0.60),
enhanced the quality of patient care (mean 3.91, SD 0.63),
improved professional image (mean 3.86, SD 0.63), and
facilitated task completion (mean 3.83, SD 0.62). Thisimplied
that improving information exchange with health care teams,
facilitation of communication with patients and their families,
and providing efficient patient care were the top 3 measures of
performance of the mHealth systems identified by the HCPs.
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Table5. Individual performance derived from mobile health continuance.
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Items Mean (SD)
Using mHealth? can effectively improve information exchange between me and the health care team 4.10(0.60)
Using mHealth can effectively facilitate my communication with patients and their families 4.10 (0.60)
Using mHealth alows me to provide efficient patient care 3.94 (0.60)
Using mHealth enhances the quality of patient care 3.91 (0.63)
Using mHealth improves my professional image 3.86 (0.63)
Using mHealth facilitates my work completeness 3.83(0.62)
Average score 3.96 (0.61)

3mHealth: mobile health.

Conclusions

The key building block for sHealth care is mHealth, and the
appropriate use of mHealth may result in major advances in
expanding health care coverage, improving decision making,
managing chronic conditions, and providing suitable health care
during emergencies [9]. However, previous studies have
indicated that mHealth isin its early stages of development [1].
Moreover, neither does current mHealth research adequately
evaluate mHealth interventions nor does it provide sufficient
evidence on the effects of mHealth on health [10]. Thus,
appropriate evaluation, specifically after theimplementation of
mHealth systems and the use of the systemsin daily health care
practices, from the users perspectives is critical. This study
proposed an innovative extended model by integrating the ECM
and characteristics of individuals, technology, and tasks to
investigate critical factors affecting the continuance of mHealth
and the performance of mHealth from the HCPs' perspective
and assessing the infusion of the mHealth systems in clinical
practices.

The results revealed that mHealth continuance was mainly
affected by perceived usefulness, technology maturity,
individual habits, task mobility, and user satisfaction, whereas
individua performance wasinfluenced by mHealth continuance.
User satisfaction was affected by confirmation and perceived
usefulness of mHealth, whereas perceived usefulness was
affected by confirmation. This study showed that the ECM
remained valid in the mHealth context from the HCPS
perspective. Among the identified factors that influenced
mHealth continuance in this study, task mobility, individual
habits, and technology maturity affected mHealth continuance
more significantly than the factors (perceived usefulness and
user satisfaction) derived from the ECM. To increase the
intention of health professionals toward mHealth continuance,
characteristics related to task mobility, user habits, and
technology maturity and users' perceptionsrelated to perceived
usefulness and user satisfaction must be given attention.

Wefound that the users’ intention toward mHealth continuance
increased when the focus was on the design and implementation
issues of the mHealth applications to satisfy the actual needs
of users. This implied that if mHealth applications provided
high quality of system and satisfactory support to meet the needs
of the HCPs, the users will have a relatively high intention
toward mHealth continuance. We further suggested the
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evaluation of task mohility, technology maturity, and individual
habits and provision of satisfactory support related to the fit
between the af orementioned factorswhileintroducing mHealth
applications. Consistent with the results of previous
ECM-related studies[26,27], wefound that perceived usefulness
and user satisfaction were the key factors affecting mHealth
continuance from the HCPs' perspective. This study reported
that confirmation played a key role in affecting perceived
usefulnessand user satisfaction. Thisindicated that the perceived
usefulness and user satisfaction were effectively improved by
minimizing the gaps between user expectations of mHealth use
and its actual performance. We suggested the minimization of
the gaps between user expectations of mHealth use and itsactual
performance by providing sufficient incentives and resources
to improve the perceived usefulness and user satisfaction after
implementation or in the infusion stage.

This study has made theoretical and practical contributions to
the evaluation of mHealth systems. First, the study proposed
an innovative integration model that extended the ECM with
antecedents of IS infusion (including the characteristics of
individuals, technology, and tasks) to identify the critical factors
influencing mHealth continuance and performance from the
perspective of HCPs. The extended ECM provided a
comprehensive research model for investigating mHealth
continuance or IS continuance. Second, the inclusion of
characteristics of individual, technology, and task not only
provided areasonableframework but also highlighted that other
studies can incorporate various critical factors depending on
research contexts and situations. Third, the identified critical
and salient factors that affected mHealth continuance and
performance can be used as assessment tools by hospital s that
have implemented mHealth to facilitate mHealth use and
infusion. (4) The results can also help health care institutions
that intend to introduce or develop mHealth applications in
identifying critical issues and effectively alocating limited
resources to mHealth systems.

We suggest focus areas for additional research and future studies
on thistopic. First, scholars can use the research model derived
in this study, apply it to various research contexts, and compare
thefindings. Second, others can conduct an in-depth case study
with the findings obtained from this study. To expand the
research scope at the IS infusion stage, future studies should
pay attention to the investigated factors (personal
innovativeness, availability, portability, timeliness, and
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interdependence) that were insignificant factors in this study.
This is reasonable as those insignificant factors may have
different (mixed) results because of the difference of research
contexts, user groups, and application systems as mentioned in
asummary of technology acceptance model studies [60].

This study has severa limitations. First, this study was
conducted only at a regiona hospital in Taiwan; thus, the

Hsiao & Chen

findings obtained from this research may not be immediately
transferrable to other countries with different participant
demographics and cultures. Second, a cross-sectional survey
design was used for this study; thus, the inherent limitations of
the survey methodol ogy wereinevitable. Furthermore, thisstudy
sample comprised voluntary participants. However, asthe survey
approach is commonly used in the field, the use of this method
may not have adversely affected the results.
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Abstract

Background: Traditionally, health information has been mainly kept in paper-based records. This has deeply changed throughout
approximately the last three decades with the widespread use of multiple health information technologies. The digitization of
health care systems contributes to improving health care delivery. However, it also exposes health records to security and privacy
breaches inherently related to information technology (1T). Thus, health care organizations willing to leverage IT for improved
health care delivery need to put in place I T security and privacy measures consistent with their use of IT resources.

Objective: In thisstudy, 2 main objectives are pursued: (1) to assess the state of the implementation of IT security and privacy
practices in European hospitals and (2) to assess to what extent these hospitals enhance their I T security and privacy practices as
they move from paper-based systems toward fully electronic-based systems.

Methods: Drawing on data from the European Commission electronic health survey, we performed a cluster analysis based on
I'T security and privacy practicesimplemented in 1723 European hospitals. We also developed an I T security index, acompounded
measure of implemented I T security and privacy practices, and compared it with the hospitals' level in their transition from a
paper-based system toward a fully electronic-based system.

Results: A total of 3 clearly distinct patterns of health | T-related security and privacy practices were unveiled. These patterns,
aswell asthe T security index, indicate that most of the sampled hospitals (70.2%) failed to implement basic security and privacy
measures consistent with their digitization level.

Conclusions: Even though, on average, the most electronically advanced hospitals display a higher IT security index than
hospitalswhere the paper system still dominates, surprisingly, it appearsthat the enhancement of IT security and privacy practices
as the health information digitization advances in European hospitals is neither systematic nor strong enough regarding the
I T-security requirements. This study will contribute to raising awareness among hospitalS managers as to the importance of
enhancing their IT security and privacy measures so that they can keep up with the security threats inherently related to the
digitization of health care organizations.

(JMIR Med Inform 2019;7(1):e11211) doi:10.2196/11211
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Introduction

Motivation and Objectives

In many countries, health care services delivery is being
reformed—and some say revolutionized [1]—through
information technology (IT). IT potential isbeing leveraged in
the quest to achieve what has been called the triple aim [2-4],
that is, (1) improving individual care experience, (2) improving
population health, and (3) reducing per capita cost of health
care.

IT developments have led to the digitization of health records,
thus offering new or improved means to efficiently and
effectively collect, process, store, consult, and share health
information. Digitized, hedlth information becomes more
portable and readily shareable within and among different health
careorganizations; it becomesreadily availableto public health
administrators for health surveillance and policy-making
purposes; it becomes, under certain conditions, available for
research; it also becomes more accessible to patients. Thus far,
the significant mgjority of the literature suggests positive effects
of digitization on the effectiveness of health care outcomes[5].
However, despite all those advantages, the digitization of health
information exposes hedlth records to security breaches
inherently related to I T [6]. Indeed, potential users of health IT
(HIT) express various concerns over |T-related security and
privacy issues[7], and these concerns may negatively affect the
trust of potential HIT users. Asaresult of thisdecreasein trust,
patients, as well as health care professionals, may be reluctant
to widely use some HIT functionalities, such as hedth
information exchange (HIE), telehealth, and mobile health [8],
threatening the necessary “meaningful use” of HIT [9]. The
ultimate result would beineffective health care delivery [10,11],
as well as ineffective public health monitoring [12] or health
research [13,14].

To alleviate security and privacy concerns, health care
organizations willing to leverage IT for improved health care
delivery need to put in place IT security measures consistent
with their IT development plans. In this study, our objective
was twofold: to assess the state of the implementation of IT
security and privacy practices in European hospitals and to
assess to what extent European hospitals enhance their IT
security practices as they move from paper-based systems
toward fully electronic-based systems.

Background and Significance

Traditionally, health information has been mainly kept in
paper-based records. This has deeply changed throughout
approximately the last three decades, with the widespread use
of multiple HIT, an umbrellaterm we use heretorefer toall IT
systems used for storing, accessing, processing, sharing,
transmitting health information, or for supporting health care
delivery and health care systems management. Thus defined,
HIT encompasses all the 4 functionality-based categories of IT
proposed by Adler-Milstein et a [15]: provider-centric electronic
record, patient-centric electronic record, HIE, and telehealth.

By their mere nature, HIT compiles a wide range of highly
sensitiveinformation. Thisinformation includesnot only current
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datarelated to patients' tests, diagnoses, and treatments but also
past medical history [16]. Health care providers need to keep
and manipulate that information securely not only to meet the
patients' willingness to keep their health information private
but also to live up to the health care organizations' mora and
lega responsibilities. However, the task of keeping health
records secure is affected by the dynamic nature of the HIT
environment.

In recent years, the landscape of security of health records has
changed following a number of phenomena related to the
digitization. For example, professional and academic literature
has extensively echoed security issues arising from IT trends
such as hosting health records on distant servers operated by
third-party cloud services providers[17,18], the usage of mobile
devices, and the related trends of bring your own device in
health care [19-21], as well as mobile health apps [22,23] and
the I T-enabled HIE [24,25].

Information Technology Security Incidentsin Health
Care Settings

A report by Infosec Institute underscored that the remarkable
growth in the adoption of electronic health records (EHRS) in
the last years has not been accompanied by a parallel evolution
in cybersecurity measures, thus rendering the health care
industry ill-equipped and poorly protected with regard to cyber
threats [26]. This bleak assessment seems to be upheld by
numerous reports of 1T-related incidents in hospital settings.
According to a 2014 survey by Information Security Media
Group (ISMG), at least one security breach that affects fewer
than 500 individuals has occurred in 75% of surveyed health
care organizationsin the United States, and at |east oneincident
affecting more than 500 individuals has been reported by 21%
of surveyed health care providers [27]. In the 2015 survey by
Healthcare Information and Management Systems Society,
two-thirds (68%) of surveyed health care organizations in the
United States reported having recently experienced asignificant
security incident [28]. Reported security incidents came both
from external threats (63.6% of health care organizations) and
insider threats (53.7%) [28].

These statistics of IT-related security breaches in health care
settings are disturbing, and the reality may be even bleaker when
one considers that many security incidents remain undetected
or are not properly assessed [27], as well as the propensity of
organizations to underreport security incidents[29].

Documented incidents show that security breaches in health
care settings can be expensive. For example, Absolute Software
Corporation reported cases of breaches in health care data that
cost hospitals from US $250,000 to US $2.5 million in
settlement payments. Even though these amounts are quite
sizeable, they represent but a fraction of the overall financial
burden of the incidents [30].

Security and privacy concerns, as well as the fear of related
liahilities, may prevent health care providers from leveraging
IT for improving their services. Increasing HIT security and
privacy practicesin hospitalsisthen an important step forward
for effective health care delivery.
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Health Infor mation Technology—Related Security
System

In response to I T-related security and privacy concerns, health
care providers who adopt HIT need to put in place an adequate
security system. This system is “a set of security mechanisms
that are implemented according to a security policy,” whichis
“a collection of rules that allow or disallow possible actions,
events, or something related to security” [10].

Generally speaking, an I T security policy aims at ensuring that
an organization's IT assets (hardware, software, data, and
people) respond constantly to required levels of confidentiality,
integrity, and availability [31,32]. These 3 basic IT security
requirements are generaly referred to as the CIA triad
(Confidentiality, Integrity, Availability) [33].

Thenotion of confidentiality isgenerally defined as“restricting
information to persons belonging to a set of specifically
authorized recipients [34].” Confidentiality requires that only
duly authorized peopl e can get access to data, whether they are
stored, being transmitted, or being treated. This can be achieved
through encryption of data or through controlled access to the
systems. These are technological means, but confidentiality can
also be achieved relying on moral dispositions (eg, professional
silence) [34]. With regard to encryption, the 2014 survey of
ISMG showed that although encryption is commonly applied
for health data transmitted across exposed networks, it is less
applied to data stored in mobile devices and other storage media
[27]. The confidentiaity requirement responds to privacy
concerns that are of paramount importance in health care
systems given the sensitivity of information they contain.

With the integrity criterion, it is expected “that information is
protected against unauthorized modification or deletion aswell
asirrevocable, accidental, and undesired changes by authorized
users’ [33].

As for availahility, it requires that a system be accessible and
fully operational whenever an authorized user needs to utilize
it. The availability criterion refers to multiple aspects ranging
from scalability (adaptability to changing performance needs)
to resilience (resistance to software or hardware failures) and
to recoverability of datain case of lossfor whatever reason [33].

Methods

Data Source

We used data from the European Commission 2013 electronic
health (eHealth) survey (Joint Research Centre, Institute for
Prospective Technological Studies). The objective of the survey
was “to benchmark the level of eHealth use in acute care
hospitals in al 27 European Union member states, Croatia,
Iceland, and Norway” [35]. The dataset used might seem
outdated but we deem it till relevant. First, the survey we are
referring to is the last one of this magnitude to have been
conducted at thelevel of the European Union. It isthusthe most
recent. Second, it has been demonstrated that secondary data
that are 5 years old or even older can provide meaningful,
empirically grounded, and useful insights in the field of IT
security in the health care sector [36]. Third, over the last 5
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years, the HIT security field has not recorded significant changes
that would render our data and our analysis obsolete. The
analysisof recent literaturereviews of I T security in health care
settings [37-39] shows that the health care industry still lags
behind in IT security measures implementation. It also shows
that there is no major technical breakthrough in HIT security
and no notable new-brand threats. One can only note a greater
awareness among health care professionals and patients
following multiple breaches of health data made public and the
strengthening of legal requirements. In thisregard, the adoption
of the General Data Protection Regulation throughout the
European Union territory has been too recent for its effects on
IT security and privacy practices in the health sector to have
been felt. This regulation came into force in May 2018 [40].
Fourth, other factors specific to the hospital context suggest a
dlow pace of changesin such acontext. Many small health care
organizations lack financial and human resources for
undertaking substantive (as opposed to symbolic) IT security
programs [41]. For their part, large health care organizations
tend to be complex systems in their structure and management
[42,43], and in such systems, cultural shifts to implement
security and privacy measures may take alot of time.

Sample

To ensure the representativeness of the sample, the survey team
undertook the following steps[44]. They estimated the universe
of acute care hospitals in the European Union, combining
various sources (previous survey, lists of hospitals from the
World Health Organization, and national ministry of health of
each covered country). The estimation yielded a universe of
8199 acute care hospitals. From this point, the survey team
proceeded to a dtratification sampling procedure to ensure
geographical representation (Nordic countries, Southern Europe,
Western Europe, and Centra and Eastern Europe). The
stratification process also included other considerationsrelated
to the hospital’s ownership (public, private, and other) and size
(number of beds). To guarantee the representativeness of the
sample at the end of data collection, the survey team proceeded
to nonresponse rate corrections. In total, the survey team
contacted 5424 acute care hospitals, and 1753 hospitals
completed the interview [45]. This corresponds to a rate
response of 32.3%.

Of the 1753 initial observations, only 30 (1.7%) were dropped
because of missing data (“don’t know” response or no answer
at all) on key variables, which led usto afinal sample of 1723
European hospitals. Even though the portion of dropped cases
isvery low, we performed statistical analysesto assesswhether
the dropped observations were significantly different in any
way from the retained observations. Little's missing completely
at random test ()(25’1723:7.8, P=.17) indicated that ignoring cases
with missing values does not a priori bring about a systematic
bias. However, we went a step further and performed a
nonresponse bias analysis comparing key characteristics of
dropped cases against sampled cases (Table 1). To do so, we
used Fisher exact test of homogeneity instead of chi-squaretest,
thus taking into account the fact that some cells of the
contingency tablewould contain low expected frequencies (<5),
especialy for the group of dropped cases (n=30). The results
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showed that the dropped cases are not significantly different
from the sampled cases with regard to al of hospita
characteristics.

Table 1 depicts descriptive statistics of our sample. Public
hospitalsaccount for 70.38% (1188/1688) of surveyed hospitals.
Most hospitals in our sample are not university hospitals
(1485/1723; 86.19%). Independent hospitals operating either
on 1 site (710/1723; 41.21%) or on multiple sites (542/1723;
31.46%) make up 72.67% (1252/1723) of the sample. More
than half (857/1568; 54.66%) of surveyed hospitals can be
qualified as small (250 or fewer beds), whereas asmall portion

Table 1. Characteristics of sampled versus nonsampled hospitals.
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(167/1568; 10.65%) fallsin the category of large hospitals (more
than 750 beds). With regard to IT budget, a large majority
(1086/1260; 86.19%) of sampled hospitals allocate 3% or less
of their total budget to their IT function. Hospitals that devote
more than 5% of their total budget to IT represent a negligible
portion of the sample (52/1260; 4.13%). Almost 7 out of 10
hospitals (1159/1665; 69.61%) have in place an in-house,
designed I T security regulation; 6 out of 10 (997/1665; 59.88%)
report relying on a nationally-designed regulation, whereas a
regional regulation is referred to by less than 3 out of 10
hospitals (475/1665; 28.53%).

Variable and characteristics

% of nonsampled (n=variable), n (%)

% of sampled (n=variable), n (%)  Chi-square (df) P value

Status N=28
Public 20 (71)
Private 5(18)
Not for Profit 3(1Y

University hospital N=30
Yes 2(7)
No 28 (93)

Single/multiple sites N=30
Independent/One site 14 (47)
Independent/Multiple sites 9(30)
Part of agroup of hospitals 4(13)
Part of agroup of care institutions 2(7)
Other 1(3)

Size (number of beds) N=25
<101 11 (44)
101 to 250 8(32)
251 to 750 6 (24)
>750 0(0)

IT?budget (% of total hospital budget) N=19
<1% 10 (53)
1% to 3% 7(37)
3.1% to 5% 2(12)
>5% 0(0)

Security regulation N=23
National 11 (48)
Regional 3(13)
Hospital 13 (57)

N=1688
1188 (70.38)
335 (19.85)
165 (9.77)
N=1723
238 (13.81)
1485 (86.19)
N=1723
710 (41.21)
542 (31.46)
341 (19.79)
78 (4.53)

52 (3.02)
N=1568
363 (23.15)
494 (31.51)
544 (34.69)
167 (10.65)

02(2) 91

1.3(1) 42

1.7 (4) 77

7.4(3) 05

N=1260
486 (38.57)
600 (47.62)
122 (9.68)
52 (4.13)
N=1665
997 (59.88)
475 (28.53)
1159 (69.61)

1.6(3) 62

1.4(1) 29
2.7(1) 16
1.8(1) 18

4 T: information technol ogy.
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Table 2. Security and privacy practices measures.
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Variable Measure (Yes or no)

Confidentiality: which of the following security measures are taken to protect the patient data stored and transmitted by the hospital’'s I T2

system?
Stored data Encryption of stored data
Transmitted data
Access control

Integrity

Availability

Encryption of transmitted data
Workstations with access only through health professional cards or codes
Isdata entry in the hospital’s I T system certified with digital signature?

Isyour IT team able to immediately restore critical clinical information system operations if a disaster

causes the complete loss of data at your hospital’s primary data center?

4 T: information technology.

M easurement

For contextual variables, measures used are depicted in Table
1, column “characteristics.” The level attained by a hospital in
the transition from a paper-based system to a fully
el ectroni c-based system was measured on a9-point Likert scale
(1=totally paper-based and 9=totally electronic-based, with
point 5 as a hybrid model). For simplicity, this measure has
been transformed into 3 nominal categories: hospitalsthat chose
positionsfrom 1 to 3 were qualified as having a paper-dominant
system; ahybrid system label was given to hospitals that chose
positions from 4 to 6, and the remaining hospitals (positions
from 7 to 9) were deemed to have an e ectronic-dominant
system. We present in Table 2 the measures used to capture the
implementation of HIT security and privacy practices used as
our clustering variables. These practices were measured through
adichotomous scale (eg, coding “1” if aconfidentiality-related
practiceisimplemented and “0” when it is not implemented).

To check for possible variables multicollinearity before
performing our cluster analysis[46], we produced acorrelation
matrix of all our variables (clustering variables and contextual
variables, Multimedia Appendix 1). The results show that the
risk of multicollinearity is very low: al the correlations
coefficients are very low, the maximum correlation coefficient
noted being .359 (between encryption of stored data and
encryption of transmitted data). Besides, multicollinearity
diagnostics (Multimedia Appendix 1) show that the tolerance
values vary between .78 and .96, far above the commonly used
cutoff threshold of .1[47]. The highest varianceinflation factor
noted is equal to 1.28, far below the usual cutoff threshold of
10.0 [47]. These values show that multicollinearity is not a
concern in our data

To assess the state of the implementation of IT security and
privacy practices in European hospitals, we developed an IT
security index for each hospital. We developed the I T security
based on the responses given by hospitals with regard to their
security practices. We considered 5 questions asked (see Table
2). A given hospital had to respond whether or not it has
implemented the security practice related to confidentiality (3
guestions), to integrity (1 question), and to availability (1
guestion). With a“Yes’ response, ahospital scored 1 point and
0 otherwise (a“No” answer). TheIT security index reflectsthe
total score obtained by each hospital for the 5 questions.
However, considering that the confidentiality component was
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measured through 3 questions, whereasthe other 2 components
(integrity and availability) were measured each by 1 question,
we estimated that the score obtained by simply summing up the
results from the 5 questions would be skewed in favor of the
confidentiality component. In the absence of theoretical or
empirical evidence to the effect that any of the 3 components
of the security triad (confidentiality-integrity-availability) would
be more significant when compared with the 2 others, we
hypothesized an equal weight for the 3 components. That is
why the confidentiality component accounts for 1 in the index
even if it is measured through 3 questions. each of the 3
questionsrelated to confidentiality accounted for one-third (1/3)
of the value of confidentiality in theindex. Astheintegrity and
availability components account each for 1, the maximum score
of the IT security index for agiven hospital is 3 (for a hospital
that has all the 5 practices implemented: 1/3+1/3+1/3+1+1),
and the minimum is O (for a hospital with none of the practices
implemented).

Cluster Analysis

We performed an agglomerative hierarchical clustering
procedure combining Ward’s minimum variance criterion with
the sguared Euclidian distance. This procedure allows
distributing the observations into distinct subgroups (clusters)
in the way that maximizes at the same time the intrasubgroup
similarity and the intersubgroups dissimilarity [48]. Each
subgroup comprises hospitals more or less homogenous with
regard to clustering criteria (in this case HIT security practices
implemented), and each subgroup is highly distinct to other
subgroups with regard to the same criteria.

To identify the optima number of clusters, we first examined
the Euclidian distances across the clusters in the dendrogram
produced with the clustering procedure. We identified 2
apparently equally plausible solutions, a 3-cluster and a4-cluster
solution. To decide which of these 2 solutions would be better,
we followed Ketchen and Shook’s [49] recommendation: we
ascertained the robustness of both by replicating the clustering
algorithm on subsamples of about 80%, 60%, and 40% of
observations randomly selected using SPSS's random selection
functionality (SPSS version 24, SPSS Inc). The analysis of the
dendrograms produced with all these subsamples suggested a
slight advantage of the 4-cluster solution over the 3-cluster
solution. However, when we performed adiscriminant analysis
test, we found that 2 clusters of the 4-solution clusterswere too
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close, whereas all clusters in the 3-cluster solution were
well-separated. Therefore, we chose the 3-cluster solution.

The discriminant analysis also allowed usto test the validity of
the clusters. This test “runs the data back through the
minimum-variance method as a discriminant function to see
how accurately hospitals are classified [50].” Theresults of this
test indicated a perfect classification accuracy (100%) for
clusters 2 and 3 and a high level of classification accuracy
(92.3%) for cluster 1. Overall, 98.7% of original observations
were correctly classified. Moreover, based on cross-validation
with analysis and holdout subsamples of respectively 60%
(n=992) and 40% (n=731) of the total sample [51], for the
3-cluster solution, both hit ratios (97.7% for the analysis
subsample and 98.1% for the holdout subsample) largely
exceeded the threshold values of both maximum chance criteria
(Crax) @nd proportional chance criteria (Cp,). Indeed, the 2 hit

ratios should be greater than Max (1.25[Cp,o; Crad ), Which is
the case asin this study Cp,,=34% and C,,,,=39.3%. Thus, the

null hypothesis that the percentage correctly classified was not
significantly different from what would be classified by chance
alone was rejected.

Results

Implementation Level of Information Technology
Security and Privacy Practices

For the whole sample, the mean I T security index is 1.26 (with
an SD of 0.83), the median being 1.33. In Table 3, we present
the detailed statistics of hospitals by IT security index level.

It can be noted that only atiny fraction of hospitals (50/1723;
2.90%) display aperfect I T security index (3). The nonnegligible
fraction of hospitals (225/1723; 13.06%) hasno I T security and
privacy practicesimplemented whatsoever (1T security index=0).
From the column “cumulative %,” one can note the total
percentage of hospitalsthat does not exceed agiven level of the
IT security index. For example, at a glance, one will see that

Table 3. Information technology security index level statistics.

Uwizeyemungu et a

62.17% (1071/1723) of hospitals have achieved an IT security
index of 1.33 or less. In absolute terms, these levels seem very
low. Isit possiblethat the less el ectronically advanced hospitals
would deem it unnecessary to implement extended I T security
and privacy practices, thus displaying lower levelsof I T security
index? To test this hypothesis, we confronted the IT security
index with the transition level toward a fully electronic-based
system.

Before performing this comparison, it isworthwhileto note that
amajority of sampled hospitals (1056/1723; 61.28%) consider
currently using a hybrid system (transition levels 4, 5, and 6),
as they were more or less hafway toward a fully
electronic-based system. An electronic-dominant system is
found in 26.29% (453/1723) of hospitals, whereas a
paper-dominant system is found in only 12.42% (214/1723) of
them.

In Figure 1, we present the mean scoreson our I T security index
(vertical axis) for different groups of hospitals according to their
level in transition toward a fully electronic-based system
(horizontal axis).

Globally speaking, the mean score of IT security index is low
for al 3 groups constituted on the basis of their transition level
to acompletely electronic system. It appearsthat the I T security
index improves as one moves from the group of hospitals with
a paper-dominant system (levels 1, 2, and 3) to the group of
hospitals with electronic-dominant system (levels 7, 8, and 9)
through the group of hospitalsin a hybrid position (levels 4, 5,
and 6). However, a further analysis depicts a much more
nuanced picture. For the purposes of thisanalysis, we produced
a scatter plot (Figure 2) indicating every hospital’s coordinate
(aand b) depicting its position with regard to the transition level
of its system (&) and to its IT security index (b). To facilitate
the reading of the coordinates, we used a “jitter” to make sure
that multiple observations that fall in the same coordinate can
be visualized.

IT security index level n (%) Cumulative %
0.00 225 (13.06) 13.06
0.33 186 (10.80) 23.86
0.67 104 (6.04) 29.90
1.00 269 (15.61) 45,51
1.33 287 (16.66) 62.17
1.67 276 (16.02) 78.19
2.00 95 (5.51) 83.70
2.33 101 (5.86) 89.56
2.67 130 (7.54) 97.10
3.00 50 (2.90) 100.00
Total 1723 (100.00) _b

4 T: information technology.
BNot applicable.
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Figure 1. Transition level toward €l ectronic-based system versus information technology security index-1.
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Figure 2. Transition level toward el ectronic-based system versus information technology security index-2. IT: information technology.
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For facilitating the analysis of the figure, we added a diagonal
line (D). If hospitals were enhancing their 1T security and
privacy practices as they moved forward, points representing
hospitals would be scattered around the diagonal line. Instead,
we found that points are scattered aimost all over the surface
of thefigure.

Hospitals far above (far below) the diagona line display a
security index that is superior (inferior) to the average level
required by their transition level toward afully electronic-based
system. For example, any hospital represented by X, point has
an | T-related security index above the theoretical level required
by its progress toward an electronic-dominant system.
Conversely, a hospital represented by X, displays a security
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index far below the level it should attain, considering how far
it has progressed toward a fully electronic-based system. The
security index of hospital X is consistent with its progress in
€l ectronic-based system implementation.

The slope of the ascending curve in the figure (Y) suggests that
there is a trend toward increasing IT security and privacy
measures when hospitals move from a paper-based system to
an electronic-based system. Though this finding is positive, it
appearsthat thetrend is not strong enough. Otherwise, the shape
of the curve would be closer to the diagonal line.
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I nfor mation Technology Security L evel Ver susContext
Variables and Paper/Electronic Transition L evel

In the previous section, we tested the relationship between the
level of transition toward fully electronic systems on the one
hand and the level of implementation of I T security on the other.
We intuitively assumed a linear relationship between the 2. In
this section, wetakethe analysisfurther, not only by considering
the contextual variables in addition to the paper/electronic
transition level but also by testing the validity of the linear
relationship assumption between the transition level and IT
security level.

In Table 4 we present the results of multivariate regression
analyses testing whether hospitals' IT security levels can be
predicted by hospitals' characteristics (contextual variables)
and/or their transition level from paper to electronic system.

Theresultsfrom both linear models (models 1 and 2) show that
hospitals' characteristics and their transition level toward fully
electronic-based system significantly contribute to the IT
security level, with total R? equals, respectively, to 8.6%
(F16.1706=10.05; P=.001) and 12.0% (F; 170s=65.12; P=.001).
With models 3 and 4, we tested alternative nonlinear models
and concluded that they do not bring about any significant
contribution.

Uwizeyemungu et a

Results of Cluster Analysis

The 3 patterns of HIT-related security practices resulting from
our cluster analysis are presented in Table 5. The patterns in
Table 5 are aternatively depicted in Figure 3, which shows
cluster by cluster the implementation levels of each I T security
practice measured in this study.

Before analyzing cluster differences, it isworth noting the grand
mean of HIT security practices in sampled hospitals. As our
security variables are measured through a dichotomous scale
(1if apractice isimplemented and O if not implemented), the
grand mean correspondsto therate of hospitalsthat have agiven
practice implemented. This rate is presented in brackets in the
column “variable” of Table 5. Overall, the most implemented
practice is the one intended to ensure the confidentiality of
electronically-transmitted data (present in 59% of hospitals),
closely followed by the practice aiming at guaranteeing the
availability of health datain case of a disaster (57%). The less
implemented security practice is the access control or the IT
workstations that contain sensitive health information (18%).
This means that many hospitals tend to overlook the insider
threat, which is preoccupying considering that insider threats
represent over 50% of IT security breaches and are potentially
more devastating than external threats [52,53].

Table 4. Regression analyses (dependent variable: information technology security level).

Model R R? Adjusted R? DeltaR? F (df) P value
12 294 .086 078 086 10.052 (16) <.001
b 346 120 111 034 65.116 (1) <.001
5 346 120 11 .000 0.104 (1) 75

49 348 121 11 001 1.911 (1) 17

M odel 1 predictors: contextual variables (see Table 1).

PModel 2 predictors: contextual variables+ transition level toward electronic system.
®Model 3 predictors: contextual variables+(transition level toward electronic system)z.
IModel 4 predictors: contextual variablest+(transition level toward electronic wstem)3.

Table 5. Health information technology security patterns from cluster analysis. Within rows, different superscripts (*, 1, and 1) indicate significant
(P<.05) pair-wise differences between means on Tamhane's T2 (post hoc) test.

Variable (grand mean) Cluster Analysis of variance
1, n (%)=513 (29.77) 2, n (%)=533 (30.93) 3, n (%)=677 (39.29) F test (df) P value

Confidentiality

Stored data (0.37) 053" 047" 018" 106.6 (2) <.001

Transmitted data (0.59) g g3t 1.00° 0.00" 96140(2)  <.001

Access control (0.18) 0.48" 0.00% o.10 303.9 (2 <.001
Integrity (0.31) 0.78" 0.00% o0.20t 763.7 (2) <.001
Availability (0.57) 0.58 0.59 0.54 172 18
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Figure 3. Implementation levels of information technology security practicesin hospitals by cluster.
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On the basis of Tamhane's post hoc test (Table 5), we can
immediately see that the “ availability” criterion does not allow
for the discrimination among the 3 clusters: hospitals that have
implemented security measures allowing them to immediately
recover their EHRs after adisaster arefound in almost the same
proportionsin the 3 clusters (54% to 59%). However, there are
differences among the 3 clusters with regard to confidentiality
and integrity-related practices.

Overall, the strongest implementers of 1T security practicesare
found in cluster 1, which accounts for 29.77% (513/1723) of
surveyed hospitals. The implementation rate of each of the 4
digtinctive HI T-related security practicesishigher inthiscluster
than the average rate for all hospitalsin our sample.

The weakest implementers of I T security practices are grouped
in cluster 3, which comprises 39.29% (677/1723) of the sample.
Implementation rates for al IT security practices are lower in
this cluster than the overall averagerates of the sample. Of note
is that none of the 677 hospitals in this group uses encryption
to protect electronically-transmitted health records, and only
10.0% of them enforce an access control to HIT systems.

In the middle position comes cluster 2 (533/1723; 30.93%).
Although hospitals in cluster 2 have implemented IT security
measures related to stored data and transmitted data in higher
proportions, none of them have implemented either access
control measures or integrity-related practices.

Discussion

Health Infor mation Technology Security Index Across
Clusters

The IT security index for al the hospitalsin our sample (mean
of 1.26) depicts a low level of the implementation of HIT
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security practices, considering HIT users concerns over
I T-related security and privacy [7]. The I T security index level
varies across the 3 clusters. It is relatively strong (2.00) for
cluster 1, very low (0.83) for cluster 3, and low (1.08) for cluster
2. The box plot presented in Figure 4 shows the distribution of
observations within each cluster according to the level of the
IT security index. Moreover, 50% of hospitals in the strongest
cluster (1) display an IT security index equal to or greater than
2, whereas for 25% of them, the IT security index is equal to
or above 2.67. Cluster 3 is the only cluster that comprises
hospitals with an IT security index that equals zero (25% of
hospitals in this cluster). Furthermore, 75% of hospitals in
cluster 3 present an I T security index that isequal to or lessthan
1. The IT security index for hospitalsin cluster 2 variesfrom a
minimum of 0.33 to amaximum of 1.67, with 50% of hospitals
inthiscluster displaying an I T security index between 1.33 and
1.67.

Theresultsfrom the boxplot are meaningful in that they support
our cluster qualification about each cluster’'s relative strength
or weakness of HIT security implementation. It is particularly
interesting to note that despite the gradation that establishes a
hierarchy among clusters, allowing a stronger cluster to be
identified compared with othersintermsof I T security practices
implemented, the overall picture does not look very good. The
“strong” position of hospitalsin cluster 1 is relative. In other
words, the strongest hospitalsin terms of I'T security practices
implementation appear so simply because others are badly
failing.
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Figure 4. Health information technology security index across clusters. I T: information technol ogy.
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Influence of Context Variableson Health I nfor mation
Technology Security Patterns

To understand what determines HIT security petterns, we
analyzed the contextual variables cluster by cluster. The aim
here wasto account for theinfluence of variables*theoretically
related to the clusters, but not used in defining clusters’ [49].

Multimedia Appendix 2 presents the results of the test of
independence (chi-square test of goodness of fit) carried out to
assess whether characteristics of hospitals significantly vary
according to cluster membership. We do so by comparing the
observed and expected distributions of hospitals in different
clusters, and the chi-square tests indicate whether or not the
observed distributions significantly depart from the expected
distribution.

From Multimedia Appendix 2, one can note that only 2 out of
6 hospital characteristics (namely the university affiliation and
the size of hospitals) do not allow in any way to significantly
discriminate among hospitalS membership in 1 cluster or
another.

The remaining categories of contextual variables present at |east
1 characteristic that is significantly overrepresented in 1 or 2
clusters and underrepresented elsawhere. Hospitals in the
strongest cluster with regard to HIT security practices (cluster
1) are less likely to fall in the category of “independent/one
site” hospitals, and they are underrepresented among hospitals
that devote lessthan 1% of their total budget to the I T function.
Conversely, hospitalsin cluster 1 are morelikely tofall into the
category of “independent/multiple sites” and they are more
likely to rely on both national and regional security regulations.

http://medinform.jmir.org/2019/1/€11211/

T
2 3

Clusters

On the other end of the security implementation spectrum,
hospitals in the weakest cluster (cluster 3) are overrepresented
in the category of “independent/one site” hospitals, as well as
among hospitals that devote less than 1% of their total budget
tothelT function. They arelesslikely to base their I T security
and privacy practices on security regulations at any level
(national, regional, and hospital).

Theresults in relation to the context factors provide important
insights and raise some questions. The nonsignificance of the
university affiliation status of hospitals goes against the expected
results. Previous studies have shown that hospitals' university
affiliation is not neutral intheir relationship to I T adoption [54]
and health data breach risks [55]. This last study shows that
health data breaches were more likely to happen in
university-affiliated hospitals than in nonaffiliated hospitals.
However, our results clearly indicate that the hospitals in our
sample are spread across the different clusters (corresponding
to different levels of IT security practices) regardless of their
university affiliation status. Being at increased risk for health
data breaches [55], university-affiliated hospitals should
implement IT security measures that are commensurate with
their risks.

The nonsignificance of the size of hospitals (number of beds)
was also surprising, as one would expect large hospitals to be
more aware of HIT security than smaller hospitals: we expected
large hospitals to be significantly more represented in cluster
1, which is the strongest with regard to the implementation of
HIT security practices. In addition, compared with small and
medium-sized hospitals, large hospitals are associated with an
increased risk of health data breaches [55], which is one more
reason to strengthen their IT security practices.
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Table 6. Transition toward an electronic-based system and health information technology security patterns.

Transition level Number of hospitals

Cluster 1, n (%)=513 (29.77)

Cluster 2, n (%)=533 (30.93)

Cluster 3, n (%)=677 (39.29)  Chi-square (df) P value

ok = RC o) E R o) E R
Paper-dominant, n 45 63.7 -187 60 66.2 -6.2 109 84.1 24.9 134 001
(%)=214 (12.42)
Hybrid, n (%)=1056 302 3144 -124 329 3267 23 425 4149 101 0.8 69
(61.28)
Electronic-domi- 166 1349 311 144 1401 39 143 178 -35.0 14.2 001

nant, n (%)=453
(26.29)

%0: observed.
bE: expected.
°R: residual.

The remaining contextual factors depict amore or less expected
picture. The independence status (as opposed to being part of
agroup of hospitals/care ingtitutions) and the number of sites
on which a hospital operates seem to be good predictors of
belonging to awesak or strong cluster in terms of implemented
IT security practices. Hospitals operating on multiple sites or
belonging to a group of other health care institutions need to
apply tight IT security measures as their level of exposure is
increased, and our results show that there is a trend in that
direction. Thesefactors (aswell asthe university affiliation and
the hospital’s size) are structural in nature, and health authorities
cannot aways act on them to affect IT security practices.
However, by understanding their influence on the
implementation of I T security practices, health authorities could
consider more targeted measures.

Health authorities can act on thelevel of the hospitals' I T budget
(as a percentage of total hospital budget). Our results suggest
that avery low IT budget (in our case, an IT budget less than
1%) is not good for IT security practices implementation.
Interestingly, they also suggest that a higher IT budget (more
than 3.1%) does not make any difference. The optimal level of
IT budget seemsto be alevel between 1% and 3%. This result
raises more questions than answers. First, can we infer from
this result that the relationship between the levels of 1T budget
and the levels of IT security practices implemented is in the
shape of an inverted u-curve, meaning that very lower levels of
IT budget are as counterproductive as very higher levels?
Second, what factorswould explain why the range between 1%
and 3% isrelated to stronger I T practicesimplementation? This
guestion is more chalenging given that we do not know the
portion of the overall IT budget hospitals in our sample
specifically devoteto I T security. These questions deserve more
attention from researchers, and the answers would provide
hospital s with guidance to avoid both under or overinvestment
in T security.

The security regulation constitutes another contextual factor
that health authorities can use as a leverage to encourage the
implementation of IT security practices in hospitals. It is
interesting to note that the adoption of any of the 3 types of
security regulations (national, regional, and hospital level)
appears to be better (in terms of IT security practices
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implemented) than nonadoption. However, national and regional
regul ations seem better than hospital-based security regulations.

Transition Toward an Electronic-Based System and
Health Information Technology Security Patterns

Table 6 presents how hospitals at different phases in their
transition toward afully electronic-based system are distributed
acrossthe 3 clusters depicting HIT security patterns. It appears
that hospitals in the earlier phases of the transition
(paper-dominant hospitals) are less likely to belong to cluster
1 and more likely to belong to cluster 3. Conversely, hospitals
that are well-advanced toward electronic-based systems
(electronic-dominant hospitals) are more likely to belong to
cluster 1 and less likely to belong to cluster 3. On the surface,
this seems good news as digitized hospitals are more likely to
be found in the strongest cluster with regards to HIT security
and privacy practices. However, acloser |ook at the distribution
of hospitalsthat have an el ectronic-dominant system acrossthe
3 clusters leads to a less optimistic conclusion: actually, only
36.6% (166 out of 453) of these hospitals belong to cluster 1.
This means that there are many hospitals that consider
themselvesto be well-advanced in their digitization processand
that at the same time display major weaknesses in their IT
security and privacy practices.

These results are a cause of concern when one considers (1)
that the top-ranking risk associated with EHR is the “privacy
of data - access control [56]” and (2) that some patients are
reluctant to disclose their health information to protect
themselves against the perceived EHR privacy and security
risks[57].

Ultimately, the consequences of the relative weaknessesin IT
security and privacy practiceswill obscure the benefits expected
from the European hospitals transition toward fully
€electronic-based systems.

Implicationsand Conclusion

This study highlights a disturbing state in European hospitals
regarding the level of implementation of HIT security and
privacy practices. Overall, none of the 5 basic security practices
investigated in this study is present in more than 60% of
surveyed hospitals. Moreover, 3 out of 5 practices are absent
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in more than two-thirds of the hospitals that were surveyed in
this study. These statistics are unsettling as security practices
studied here are basic practices that should be implemented in
almost al hospitals. Encryption for stored datais used in only
37% of hospitals. It isused for transmitted datain only 59% of
hospitals. Many hospitals (more than 80%) do not deem it
necessary to control the accessto workstations containing health
data with health professionals’ cards or codes. Thereis as few
as 18% of hospitals that have implemented these practices.
Hospitals in which al these measures are not implemented
expose health information to a breach of confidentiality.

In this study, the practices related to integrity and availability
are respectively measured at 31% and 57% implementation
rates in hospitals. These implementation rates are low for
systems containing highly sensitive information. They mean
that (1) in almost 70% hospitals, health datain IT systems can
be modified by nonauthorized persons, provided they have
access to the systems, and (2) more than 40% of surveyed
European hospitals would not be able to restore critical clinical
information in the aftermath of an incident, resulting in apartial
or complete loss of data.

There is another way of looking at our results. Our cluster
analysis alowed us to identify 3 patterns of HIT security
practices. The majority of surveyed hospitals falls into the 2
worst clusters (clusters 2 and 3): these 2 clusters total 1210
hospitals out of 1723 (70.22%). This means that 7 out of 10
European hospitals are performing poorly in ensuring the
security of their EHR.

We expected that hospitals that are well-advanced in their
transition toward afully electronic health system would display
higher levels of implementation of IT security practices.
Confronting each hospital’s security index (a compounded
measure of implemented I T security and privacy practices) to
its level of transition toward a fully electronic health system,
we unraveled a rather mixed situation, showing that there are
many electronically advanced hospitals that are poor
implementersof IT security practices. Thisisgreat concern not
only for hospitals that are poorly equipped in IT security but
also for other hospitals with which they share health data and
above all for patients whose health information privacy is not
adequately protected.

Theresults presented in this study have theoretical and practical
implications. From atheoretical standpoint, it would be helpful
to further investigate why the health care sector continues to
lag behind in terms of IT security practices implementation.
How can one explain the contradiction between the stated
importance of IT security measuresin hospital settings and the
weaknesses in this regard? Are there any sector-related factors
that explain the poor implementation of IT security practices
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in health care organizations? Another research avenue stems
from 1 of the limitations of this study. As already mentioned in
the Methods section, in the absence of sound evidence
suggesting unequal importance of the 3 components of the IT
security triad (confidentiality, integrity, and availability), we
have assumed an equal weight for each of them. Futureresearch
could challenge this assumption and provide empirical-based
evidence of the relative importance of the 3 components of the
IT security measure. Future research could also determine
whether and to what extent this relative importance depends on
organizational context. Our results about some context variables,
namely the university affiliation status and the size of hospitals,
raised an interesting question: why hospital sthat present ahigher
risk profile (university-affiliated hospitals and large hospitals),
according to previous research [55], do not appear to be among
the hospitals that take relatively strong IT security measures?
Thisquestion represents an interesting research avenue. Another
interesting research avenue is about the determination of the
optimal level of IT security investment in hospital settings.

From a practical standpoint, this study raises a red flag that
hospitals managers and health policy makers should not ignore.
The replacement of paper-based systems with el ectronic-based
systems comes with increased IT-related security risks and
requires adequate | T security measures. Thus, hospital managers
should make sureto include I T-security practicesin their plans
toward fully electronic-based systems. For health policy makers,
when designing incentives for meaningful use of IT in health
care organizations, they should include stringent IT security
requirements. Both hospital managers and health policy makers
should monitor the digitization process of hospitals to ensure
that theimplementation of I T security practices keeps pace with
the increasing usage of IT.

Although we had access to an interesting dataset collected
through a survey by the European Union, we were limited to
the questions asked in the survey. Thisis the problem of using
secondary data. We also acknowledge some limits stemming
from our definition of security practices. One could enlargethis
definition or completely choose other security practices. Besides,
we made the assumption of equal weight for al the 3
components (confidentiality, integrity, and availability) of the
IT security measure. Thisis alimitation the reader might take
into account when interpreting our results. For the transition
level toward a fully electronic-based system, we relied on a
self-reported level given by each hospital’s IT manager in the
absence of a more objective measure. This can be somehow
biased. Despite the abovementioned limits, this paper contributes
to the understanding of IT security practices in health care
organizations. It also contributes to raising awareness of the
security issues that can impede the effective delivery of health
care services.
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Abstract

Background: Thirdhand smoke has been a growing topic for years in China. Thirdhand smoke (THS) consists of residual
tobacco smoke pollutants that remain on surfaces and in dust. These pollutants are re-emitted as a gas or react with oxidants and
other compounds in the environment to yield secondary pollutants.

Objective: Callecting media reports on THS from major media outlets and analyzing this subject using topic modeling can
facilitate a better understanding of the role that the media plays in communicating this health issue to the public.

Methods: The datawere retrieved from the Wiser and Factiva news databases. A preliminary investigation focused on articles
dated between January 1, 2013, and December 31, 2017. Use of Latent Dirichlet Allocation yielded the top 10 topics about THS.
The use of the modified LDAvis tool enabled an overall view of the topic model, which visualizes different topics as circles.
Multidimensional scaling was used to represent the intertopic distances on atwo-dimensional plane.

Results: We found 745 articles dated between January 1, 2013, and December 31, 2017. The United States ranked first in terms
of publications (152 articles on THS from 2013-2017). We found 279 news reports about THS from the Chinese media over the
same period and 363 news reports from the United States. Given our analysis of the percentage of news related to THS in China,
Topic 1 (Cancer) was the most popular among the topics and was mentioned in 31.9% of al news stories. Topic 2 (Control of
quitting smoking) was related to roughly 15% of newsitemson THS.

Conclusions: Data anaysis and the visualization of news articles can generate useful information. Our study shows that topic
modeling can offer insights into understanding news reports related to THS. This analysis of media trends indicated that related
diseases, air and particulate matter (PM, 5), and control and restrictions are the major concerns of the Chinese media reporting
on THS. The Chinese press still needs to consider fuller reports on THS based on scientific evidence and with less focus on
sensational headlines. We recommend that additional studies be conducted related to sentiment analysis of news data to verify
and measure the influence of THS-related topics.

(JMIR Med Inform 2019;7(1):e12414) doi:10.2196/12414
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media concerns; topic modeling; third-hand smoke; tobacco; indoor air quality
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Introduction

Thirdhand smoke (THS) isan important public health issueand
has been an increasingly popular topic for decades in China
since its first mention in 2009 [1]. Aggregating media reports
from major media outlets and analyzing the coverage using
topic modeling may help shed light on the role that the media
playsin communicating this health concept. Thirdhand smoke
consists of residual tobacco smoke pollutants that remain on
surfaces and in dust after tobacco has been smoked. These
pollutants are re-emitted into the gas phase (ie, off-gassing) or
react with oxidants and other compounds in the environment
toyield secondary pollutants[2]. Evidence supportsthe presence
of THS in indoor environments. Thirdhand smoke is found in
enclosed spaces where habitual smoking occurs, such as
residences and automobiles[3]. This phenomenon isassociated
with health hazards: research has shown that residual nicotine
from tobacco smoke absorbed onto indoor surfaces reacts with
ambient nitrous acid to form carcinogenic tobacco-specific
nitrosamines, which can cause significant levelsof DNA damage
in human cell lines [3]. The related acute and long-term risks
of THS include disease and premature mortality. Children and
infants are particularly susceptible to THS exposure [4].

Given the increasing interest in THS, the mass media has
focused on delivering and communicating information on this
topic to public audiences. Both in Chinaand abroad, there have
been mediareportsrelated to THS. According to search results
of news articles mentioning THS, the United States ranks first
in terms of topic mentions. However, previous studies have
shown that fewer people are aware of the harms of THS than
that of secondhand smoke [5]. Because the mass mediaisakey
player in communicating health-related information, it could
play a positive role in helping the public understand the risks
of THS and the ways to protect themselves from it [6]. We
therefore decided to compare this topic between Chinaand the
United States.

Multimodal datamodeling combinesinformation from different
resources. Topic modeling refers to statistical modelsin which
unstructured dataare structured in accordance with latent themes
to deal with multimodal data. Latent Dirichlet Allocation (LDA)
is the most popular form of topic modeling and is a generative
probabilistic modeling method for converting visual wordsinto
images and visual word documents [7-9]. Topic modeling has
broad applications in various fields such as text mining [10],
medicine[11-13], economics[14], and social network analysis
[15]. To the best of our knowledge, however, there have been
very few studies using LDA to evaluate the media’s treatment
of THS. As a result, we used LDA modeling method for our
analysis despite its' being a common method. This paper aims
to determine the current patterns and the role of mass
communication related to THS,

Methods

Data Collection

We used the Wiser database for Chinese news content (from
the Wise News website) and the Factiva database (from the
Dow Jones website) to retrieve the international news articles.

http://medinform.jmir.org/2019/1/e12414/

Liuetd

The Wiser database is an ever-growing, professional Chinese
mediacontent database that contains more than one million data
entries. It iscurrently the best source for Chinese media content
given itslarge volume of data and timely updates. Factivaisan
international news and information database that includes nearly
33,000 premium sources such as licensed publications,
influential websites, blogs, images, and videos. To get ageneral
idea of the topic of THS, we conducted a preliminary
investigation of the Factiva database and retrieved articles dated
between January 1, 2013, and December 31, 2017. The Wiser
database includes data published only within the last five years.
However, many of the articles we flagged merely noted the
topic of smoking without further elaborating on the issue of
THS. We next narrowed down the entries to only those
newspaper sources pertaining to THS; we believe that articles
from newspapers are much more reliable than those from other
sources. We used LDA to further analyze the Chinese news
articles.

An LDA topic model isamodel with athree-level hierarchical
Bayesian model. The basic assumption of this model is a
combination of words belonging to different topics [16]. LDA
suggests that there may be multiple topicsin an article and that
thewording in that article or paper reflects the exact set of topics
that the reporter wished to address. Using Gibbs Sampling
techniques, a method that estimates the marginal distribution
of interested variables, we can determine the topics among the
data pool [17].

Processing

Dataprocessing (Figure 1) was conducted before applying LDA
modeling by using Python to do data cleaning and the Python
package, Jieba, to do the segmentation [18,19]. First, the
redundant and null data were chosen to be removed, followed
by removal of irrelevant information such as advertisements.
Next, word segmentation was conducted using the Jieba
package. However, THS articleswith alot of terminology were
calculated and added based on the calculation of the words
information entropy and term frequency to avoid the influence
of unprofessional dictionaries. New terms such as “China
Anticancer Association,” “Family Daoctor,” “Shenzhen
Municipal Government,” “Air Circulation,” “Air Purification,”
“Chinese Preventive Medicine Association,” “Tobacco
Monopoly,” “Tobacco Market,” and so on, were added to the
dictionary for further analysis. Furthermore, common Chinese
stop words were removed such as “a,” “of”, “it,” etc. Next, a
document-term matrix was built, and term frequency—inverse
document frequency (TF-1DF) was used in the data processing.

Multiple studies have been conducted related to the choice of
LDA topic number and the explanations of each topic. In
previous research related to topic number, 10-30 topics were
assigned nearly the same log-likelihood measure. Therefore,
we adopted the number 10 for the topic parameter. By analyzing
key words, topic content was generated accordingly. If we
considered only the statistical measures, the results might not
beinterpretable by humans[20]. Therefore, by combining both
statistical measures and manual interpretation, we selected 10
topicsto analyze by using Python version 3.6.1 with the LDAvis
tool [16]. We set A=1 and recovered 10 topics and their
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keywords (Table 1). To elaborate on the topics, the topic name
was generated based on the given keywords (Table 1) aswell.

We sought topics that overlapped asin the visualization shown
in Figures 2 and 3. In this two-dimensional plane, topics are

collecting data

Liuetd

represented as cycles whose centers are determined by the
computed topics’ distances[16]. We categorized the topicsinto
three main primary groups: links to related diseases, air and
particulate matter (PM, ), and control and restrictions (Table

1).

Figure 1. Dataprocessing chart. LDA: Latent Dirichlet Allocation; TF-1DF: frequency—inverse document frequency.
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Table 1. Topic classification and keywords.

Liuetd

Classification group and topic name  Key words Percentage (%)
Related diseases
Topic 1: cancer Lung cancer, cancer, tumor, treatment, patient, risk factor, pollution, professor, China, pop- 31.9
ulation, prevalence, diseases pattern, prevention of air pollution
Topic 5: risks of smoking Smoker, movement, body, nicotine, content, quitting smoking, experts, symptom related to  10.1
dead smokers
Topic 7: diseases induced by Asthma, citizen, hospital, doctor, patient, treatment, smoker, time, long-term, breath, chair- 4.9
smoking man, cause
Topic 3: susceptible population  Children, research, food, contact, cause, influence, environment, increase, body, clothes, 114
smog, content, reveal, professor, indoor, smoker, female
Topic 4: quitting smoking Quit smoking, smoker, smoke, hospital, drug, breath, doctor, work, smoker, content, one ~ 11.1
kind, introduction, treatment, chairman
Topic 8: relevant research Introduction, reveal, cigarette, children, smoke, officer, smoker, increase, factor, place, reason, 3.2
environment, relevant
Air and PM 25
Topic 6: air quality PM, 5, indoor, concentration, severe, microgram, air, pollution, smog, influence, kitchen, 9.7
cooking fume
Control and restrictions
Topic 9: classic smoking control  Shenzhen, tobacco control, activity, citizen, place, rule, investigation, smoker, work, over, 2.6
case condition, patients, quit smoking, control, indoor, public place, increase
Topic 10: public control Public place, quit smoking, ban tobacco, rule, place, professor children, indoor, Ching, to- 0.1
bacco control, body, influence, body, female worker, reveal
15

Topic 2: control of quitting
smoking

Quit smoking, ban tobacco, third-hand smoke, public place, place, rule, ban, indoor, control,
work, country, smoke, society, China, Beijing, relevant, smoker, outdoor

Figure 2. Intertopic distance map.
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Figure 3. Top 20 most relevant terms for topic 1.
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Results

We found 745 articles dated between January 1, 2013, and
December 31, 2017. After excluding repeated articles, 716 news
stories remained. This study collected 1201 news articles via
the Wiser database platform. After culling repeated news and
irrelevant entries, we recovered 288 news stories by selecting
publications from only the largest media outlets in China
representing the most influential mass media outlets. Finally,
after the data-cleaning process was complete, we amassed 279
articles dated from January 1, 2013, through December 31,
2017. A comparison of the Chinese news and American hews
is listed in Table 2. Worldwide attention has been focused on
THS[1,21], and the top five regions of origin of these articles

http://medinform.jmir.org/2019/1/e12414/

Liuetd

and their corresponding prevalence are listed in Table 3. Not
surprisingly, the United States ranks first, publishing roughly
152 articleson THS from 2013-2017. There has been an obvious
decreasein interest in THS from the Chinese media within the
last 5 years.

Figure 2 presentsan overall view of the topic model. We plotted
different topics as circles, where overall prevalence was
calculated as the areas of the circles. The centers of each topic
were determined by computing the distance between topics; we
used multidimensional scaling to represent the intertopic
distances on a two-dimensional plane [22]. PC1 indicates the
transverse axisand PC2 indicatesthe longitudinal axisin Figure
2.
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Figure 3 shows a bar chart in a descending order of the top 20
most useful terms, for interpreting a topic. The overlaid bars
represent a given term’'s corpus-wide frequency and the
topic-specific frequency, as noted previoudly in the literature
[23].

Figure 4 showsthe percentage of newsrelated to THSin China.
Topic 1 (Cancer) was the most popular. Roughly 32% of all
news stories noted this topic. Topic 2 (Control of quitting
smoking) was included in approximately 15% news of
THS-related news. Topic 3 (Susceptible population), Topic 4
(Quitting smoking), Topic 5 (Risks of smoking), and Topic 6
(Air quality) were each involved in roughly 10% of news stories.
There were no news reports related to Topic 10.

Our results show that the Chinese press was less concerned with
THS than the American press. Relative to 2013-2015, the
number of reportsin 2016 mentioning THS declined dightly.
Thistrend indicatesthat the popularity of the topic might follow
a worldwide trend (Table 3). We also observed a trend of
increasing concern after a Chinese American scientist presented
important findings about THS, linking THS to possible DNA
damage that can cause diseases such as cancer [24,25]. This
finding waswidely reported both in Chinaand the United States.
It had an influence, particularly in government policy making
(eg, legidlation on smoke-free environments) [26]. Thus, there
isalink between academic concerns and mass media concerns
in China and the United States [5].

We also analyzed the three classifications, including links to
diseases category, air and the PM,, 5 category, and the control

Table 2. Chinese and American news about thirdhand smoke.

Liuetd

and restrictions category (Table 1 and Figure 4). The first
category, links to diseases, appeared in 72.6% of articles. This
finding suggests that this category was frequently reported in
China. Some health information can be misleading when
delivered via the media, and new media platforms enable the
rapid spread of news, some of it emotional or personal. This
can include information that is false or misleading. Asaresult,
the public still has alimited or even inaccurate understanding
of THS. This situation was consistent with the findings of a

prior study [27].

Roughly one tenth (9.7%) of the all-news stories were related
to the air and PM,, 5 category. The media seemed to focus on
sensational topics related to THS, even if some links were
tenuous. Therefore, professionalism and credibility in reporting
areof vital importance. Furthermore, the control and restrictions
category wasincluded in 17.1% of al stories. This category is
aunique one. While the Chinese media emphasizes control and
restrictions, the American media focuses on conveying to
smokers that they should quit the habit.

In comparing the Chinese and American news, we found an
enormous variation between reports on the same topic in terms
of the following three aspects. The Chinese news focused on
children and the elderly asvictims, whereasthe American news
focused more on pregnant women. The Chinese mediadiscussed
a number of measures and restrictions the government or
authorities took or should be taken related to smoking, while
the American press focused more on how individuals could
eliminate risks. Furthermore, Chinese news articles were, on
average, shorter than American news articles.

Year Chinese news articles (n) American news articles (n)

2013 78 52

2014 57 114

2015 74 54

2016 29 38

2017 41 105

Total 279 363
Table 3. Countries publishing news about thirdhand smoke.

Country Articles (n)

United States 152

United Kingdom 56

Canada 37

India 33

Austrdia 21
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Figure 4. Topic percentage allocation.
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Principal Findings

Thirdhand smoke has been a growing topic for yearsin China.
Topic modeling offersinsightsinto understanding news reports
related to THS. This study collected media reports from the
United States and China and analyzed them using topic
modeling. Specifically, weretrieved Chinesereports about THS
from major newspaper and pressoutletsin Chinaand compared
thisinformation with English-language news on the same subject
from the United States. Our results revealed that the American
press was more concerned with THS than the Chinese. In the
Chinese media, three major concerns emerged: links of THSto
disease, air and PM,, 5, and tobacco control and restrictions.

Our results indicate that the media has served a public health
function by publishing reportsthat warn the genera public about
THS-related dangers such as lung cancer, asthma, tumors, and
other diseases linked to tobacco. Furthermore, these articles
emphasize the possible risks of THS and the susceptible
populations (eg, children) in indoor environments. Smoking
cessation and relevant research are also reported. Therefore, the
media do communicate the risks associated with smoking, as
well asinformation about prevention and smoking cessation.

For air quality and PM,, s-related reports, the media attemptsto
connect sensational concepts with the topic, even if such
concepts are not quite related. Therefore, professionalism and
credibility are of vital importance. In addition, new media
platforms enablethe rapid spread of newsthat ismore emotional
or personal, or possibly false, which isaserious concern. Aided
by new media platforms such as WeChat, Weibo, and Jinri
Toutiao (the biggest new mediaplatformsin China), information

Acknowledgments

be disseminated on personalized newsfeeds.

In terms of topics related to tobacco control and restrictions,
the Chinese media emphasizes control and restrictions more
than the United States. The American mediafocuseson helping
smokers quit the habit.

Strengthsand Limitations

Topic modeling is a new method that reveals the major topics
in media reports and singles out several key concerns and
findingsrelated to the topics. Dataanaysisand the visualization
of newsarticles can generate useful information. However, there
isalimitation to be noted in our study. We included only major
media databases, which might omit some news content from
new media, such as WeChat posts. Therefore, we may have
missed some news stories.

Conclusion

Thirdhand smokeisan important public health issue. Collecting
media reports on THS from major media outlets and analyzing
this subject using topic modeling can fecilitate a better
understanding of therolethat the mediaplaysin communicating
this health issue to the public. We conclude that the Chinese
press till needs to consider fuller reports on THS rather than
simply reporting sensational headlines and needsto show more
professionalism by not publishing articles that lack scientific
evidence. We recommend that additional studies be conducted
related to sentiment analysis of newsdatato verify and measure
the influence of topics revealed from the reports. For example,
scientists could measure the educational function of the media
for public hedth or study the influence of mideading
information about THS generated by news reports.
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Abstract

Background: Bleeding events are common and critical and may cause significant morbidity and mortality. High incidences of
bleeding events are associated with cardiovascular disease in patients on anticoagulant therapy. Prompt and accurate detection
of bleeding eventsis essential to prevent serious conseguences. As bleeding events are often described in clinical notes, automatic
detection of bleeding events from electronic health record (EHR) notes may improve drug-safety surveillance and
pharmacovigilance.

Objective: We aimed to develop a natural language processing (NLP) system to automatically classify whether an EHR note
sentence contains a bleeding event.

Methods: We expert annotated 878 EHR notes (76,577 sentences and 562,630 word-tokens) to identify bleeding events at the
sentence level. This annotated corpus was used to train and validate our NLP systems. We developed an innovative hybrid
convolutional neural network (CNN) and long short-term memory (LSTM) autoencoder (HCLA) model that integrates a CNN
architecture with a bidirectional LSTM (BiLSTM) autoencoder model to leverage large unlabeled EHR data.

Results: HCLA achieved the best area under the receiver operating characteristic curve (0.957) and F1 score (0.938) to identify
whether a sentence contains a bleeding event, thereby surpassing the strong baseline support vector machines and other CNN
and autoencoder models.

Conclusions: By incorporating a supervised CNN model and a pretrained unsupervised BiLSTM autoencoder, the HCLA
achieved high performance in detecting bleeding events.

(JMIR Med Inform 2019;7(1):e10788) doi:10.2196/10788
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Introduction

Background and Significance

Bleeding is defined as the escape of blood from the circulatory
system (arteries and veins) due to trauma, anatomic
malformation, bleeding disorder, medications, and aging.
Bleeding eventsinclude symptoms like reddening or darkening
of urine or stools, bleeding of gums, blood blisters, bruises, and
vomiting of blood. Studies show that high incidences of bleeding
events are associated with cardiovascular disease in patients on
anticoagulant therapy [1-9], which has contributed to its standing
as the most-frequent adverse drug events (ADEs) [1,3-9].
Anticoagulants are considered a high-alert medication by the
Institute for Safe Medi cation Practices because of the potential
severity of anticoagulant-rel ated bleeding. In astudy on patients
receiving oral anticoagulant therapy, major bleeding occurred
at arateof 7.22 per 100 person-years and fatal bleeding occurred
at arate of 1.31 per 100 person-years, with a case-fatality rate
of 13.4% for magjor bleeding [3]. Adverse heath outcomes
resulting from bleeding include poor functiona status,
myocardid infarction, heart failure, stroke, and even death [3-9].
Prompt and accurate detection of bleeding events is essential
to prevent such adverse health outcomes and improve
drug-safety surveillance and pharmacovigilance.

Bleeding events are frequently not recorded in the structured
fieldsand are buried in the el ectronic health record (EHR) notes
[10]. Manual abstraction is prohibitively expensive. Rapid,
accurate, and automated detection of bleeding eventsin EHR
notes may have significant cost and logistical benefits over
manual detection. Therefore, this study aimed to develop natural
language processing (NLP) approaches to automatically detect
bleeding eventsin EHR notes.

NL P approaches have demonstrated increasing utility in clinical
text mining in recent years [11-14]. Deep neural network
methods have recently achieved new sate-of-the-art
performancein awiderange of NLPtasks[15-17]. In thisstudy,
we explored deep learning models and compared them with the
strong traditional machine-learning classifiers(eg, support vector
machines [SVM]).

Two architectures of deep neura networksrelevant to thiswork
include convolutional neural network (CNN) [18] and recurrent
neural network (RNN) with its variants of long short-term
memory (LSTM) [19] and gated recurrent unit [20]. Both
architectures have demonstrated advantages in text-processing
tasks. The CNN models use layers with convolutional filters
that are applied to local features [18] and therefore are able to
capturelocal relationships between neighboring w-gram words
in a sentence, but are less efficient for long-distance
dependencies. In contrast, the LSTM models[19] are designed
to learn long-term dependencies by maintaining an internal
state, which represents the memory cell of the LSTM neuron.
Thus, the LSTM models are able to memorize information for
alonger duration than the CNN models. Bleeding events can
be inferred by local context. Therefore, we chose CNN as the
major model of our architecture, but |leveraged the LSTM model
to learn sentence-level representation. Our CNN model differs
from the previous neural network models in that we deployed
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an autoencoder neural network [21] asan unsupervised learning
algorithm to learn a latent representation from unlabeled
sentences in order to help improve CNN performance.
Specifically, we propose the hybrid CNN and LSTM (HCLA)
autoencoder model, which employs a CNN model that is
integrated with a bidirectional LSTM (BiLSTM)-based
autoencoder model to classify whether a sentence contains a
bleeding event.

The knowledge-acquisition bottleneck problem presentsaunique
challenge in clinical NLP. Unlike data collection in the open
domain, crowdsourcing methods (eg, Amazon Mechanic Turks
[22]) cannot be easily applied to medical domain data collection
due to privacy concerns. Annotation by medical professionals
is expensive and time consuming, and annotated data in the
clinical domain aretypically limited. Because our HCLA model
leverages a large number of unlabeled EHR notes, our results
demonstrate that domain-specific features |earned through such
an autoencoder can effectively improve the supervised learning
performance, despite the small amount of the training data.

Related Works

Existing work in automated bleeding detection mainly involves
detection and classification of bleeding for wireless capsule
endoscopy images. Neural network methods are also employed
for such image detection [23,24]. In addition, previous studies
have assessed detection of bleeding events in outcome studies
by using health registers[25]. However, studies on the detection
of bleeding eventsin EHR notes are lacking.

The proposed model is based on neural network models that
learn feature representations for sentence-level classification.
Related work includes the CNN modelsthat first made a series
of breakthroughsin the computer vision field and subsequently
showed excellent performance in NLP tasks such as machine
tranglation [26], sentence classification [27,28], and sentence
modelling [29]. Autoencoders were originaly proposed to
reduce the dimensionality of images and documents [21] and
were subsequently applied to many NL P tasks such as sentiment
analysis[30], machinetrandlation [31], and paraphrase detection
[32].

Neural network models have been applied to the clinical
data-mining tasks. Gehrmann et al [33] applied CNNs to 10
phenotyping tasks and showed that they outperformed concept
extraction-based methodsin almost all tasks. CNN was used to
classify radiology free-text reports and showed an accuracy
equivalent to or beyond that of an existing traditional NLP
model [34]. Lin et al [35] also used a CNN model to identify
the International Classification of Diseases, Tenth Revision,
Clinical Madification, diagnosis codes in discharge notes and
showed outstanding performance compared with traditional
methods; they also showed that the convolutional layers of the
CNN can effectively identify keywordsfor useinthe prediction
of diagnosis codes. Since our annotated dataarerelatively small,
we expanded the CNN model by integrating it with an
LSTM-based autoencoder. Tran et a [36] developed two
independent deep neural network models: one based on CNNs
and the other based on RNNswith hierarchical attention for the
prediction of mental conditionsin psychiatric notes; their study
showed that the CNN and RNN models outperformed the
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competitive baseline approaches. Furthermore, aprevious study
used semisupervising learning methods such as learning from
positive and unlabel ed examples[37] and the anchor-and-learn
method [38], for which traditional machine-learning algorithms
like expectation—maximization and SVM can be used to build
classifiers.

Methods

M odels

The EHR notes used in this study were provided by the
University of Massachusetts Medical School. Our study was
approved by the Institutional Review Board. All the EHR notes
were deidentified.

Our HCLA model integrates a supervised CNN architecture
and an unsupervised BiLSTM-based autoencoder. Given a
sentence as input, we trained a classifier to determine whether
the sentence contains a bleeding event. Figure 1 illustrates the
architecture of our model. After passing the sentence through
the CNN model and the BIiLSTM-based autoencoder
simultaneously, the HCLA model generates two separate
representations for the input sentence: local features encoded
by the CNN model and global features encoded by the
autoencoder. A softmax function was then used to determine
whether the input contained a bleeding event.

Bidirectional L ong Short-Term Memory-Based
Autoencoder

An autoencoder is a neural network that typically has three
layers: aninput layer, ahidden (encoding) layer, and adecoding
layer. Through the encoding process, the inputs are compressed
into a hidden representation, which is then used to reconstruct
the input back in the decoding process.

Lietd

A BILSTM-based autoencoder has two major parts: encoder
and decoder. During the encoding phase, an LSTM is used to
scan the input X={x;, X,... X.... X} in asequential order. Each

time, it takes aword x; with g asits embedding and the hidden
representation h,_; generated at the previous step as the input

to generate the representation Efor the current step.

The find is Ethe representation of the input sentence. A
BiLSTM model usesthe same L STM to scan theinput sentence

again in reverse and obtains another representation E, so that
the input is encoded as the concatenated hidden representation

4 h, 0 R wherekis apredefined dimensionality.
The decoder isanother LSTM layer. The hidden representation
isfed tothedecoder LSTM layer to reconstruct the input words.
First, we set h'g=h,, to repeat the following steps until the input
is reconstructed:

h=LSTM(h'1, ei_1)

(0] = VVh|i+ b

]

The LSTM takesthe h';_; that isthe hidden state of the previous
step and g_; that is the word generated in the previous step as
input and updates h';_; to ;. Subsequently, h'; is passed through

& = emb(x))

asoftmax layer to generate the word at i step X;.

After training by the abovementioned procedures, the hidden

representation Eis obtained as a condensed and better
representation of the sentence.

Figure 1. The hybrid convolutiona neura network (CNN) and long short-term memory (LSTM) autoencoder (HCLA) model architecture with two
major components: the CNN model and the bidirectional LTSM (BiL STM)-based autoencoder. NG: nasogastric.
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Convolutional Neural Networks

The CNN model takes a sequence of words asinput and outputs
a fixed-length low-density vector as a representation of the

http://medinform.jmir.org/2019/1/€10788/

RenderX

input. Words are first represented using their embeddings, which
can belearned during training or loaded from pretrained models.
We will report how we set the embeddings for each of our
specific models in the Models subsection. The sentence

JMIR Med Inform 2019 | vol. 7 | iss. 1 |€10788 | p.84
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS

subsequently becomes a matrix whose dimensions are decided
by the word numbers of the input and the dimensions of word
embeddings. Convolutional layers of different sizes scan the
matrix to generate a new and dense representation of the input.
The newly generated representations are further projected to a
fixed-length vector through max pooling as the find
representation of the input. We adapted the architecture of an
open-domain CNN model [27] with the following components:

1. Input layer: The input is a sequence of tokens X={xy, X,...
X;... Xo} Where n denotes the length of the sentence. Token

x; isassociated with ad-dimensional embedding e, e={e?,

a2.. e%. Therefore, the input is represented as a feature
map of dimensionality nxd.

2. Convolutional layer: A convolutional operation with afilter
sliding over the input is applied for local feature learning.
Given the input sentence X={Xy, X,... X} (zero padded if
necessary), a feature ¢; can be learned from a window of
wWords [X;.i+x_1] 8 ¢=f (W [Xjj+1]* D), where w is the

convolutional weights w 0 R™ bias b O R, f is the
nonlinear activation function (we used ahyperbolic tangent
in our experiments), and k isthe filter width. In our modd,
we used three filters of width 3, 4, and 5, and the humber
of filters used was 10.

3. Max-pooling layer: A max operationisapplied to theresult
of each filter to keep the most-salient information and

reduce dimensionality E. The outputs of the three filters
after max pooling are concatenated in this framework.

4. Concatenation layer: After the max-pooling layer wasfully
connected, at this step, we concatenated the final hidden

representation Eof the encoder layer obtained from the
BiL STM-based autoencoder approach, as described in the
above Bidirectional Long Short-Term Memory-Based
Autoencoder subsection.

5. Softmax layer: Another fully connected layer and softmax
operation was applied for the prediction. The cut-off point
of 0.5 was used to convert the predicted probability to a
binary outcomewith regard to whether the sentence contains
ableeding event.

Results

Experimental Datasets

We expert annotated a corpus of 878 longitudinal EHR notes
of patients with cardiovascular events. This corpus contains
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76,577 sentences and 562,630 word-tokens. Each note was
annotated by at least two physicians. The interannotation
agreement (Cohen k) among the annotators was k=0.9182.

We preprocessed the data and removed duplicate sentences. In
addition, we removed sentences with length <5 word-tokens,
as those were mostly incomplete sentences or sentence
fragments. The remaining 48,628 sentences were used for
training and validation. Textbox 1 presents the representative
sentences in our annotated corpus.

Although we had atotal of 878 annotated notes, only 291 notes
mentioned bleeding events, from which weidentified atotal of
1451 sentences. These 1451 sentences were considered as
“positive” datafor training. From the 291 notes, atotal of 285
sentences that mentioned bleeding events, but were annotated
as negation. Those sentences presented as “harder” examples
for our NLP systems, and we included them in the “ negative”
datafor training.

We performed downsampling to include equal number of
positive and negative data for training and validation. Since we
had included 285 sentencesthat contain negated bl eeding events,
1166 negative sentences were randomly selected from the
remaining negative sentences in the 291 notes, as those
sentenceswere more challenging for an NLP system to identify
than sentences from the notes that did not contain a bleeding
event. Although we did not include any sentence from the 587
annotated notesthat did not contain ableeding event, the 32,704
sentences from those notes were included to train the
autoencoder on feature representation.

Of the combined 2902 positive and negative sentences (50%
each), we randomly selected 1 of 10 sentences as the testing
data, and the other 9 sentences were used for model training.
By setting aside the testing data, we trained the BiL STM-based
autoencoder model on all the remaining sentences of the 878
notes, with atotal of 48,338 sentences after preprocessing.

An NLP system that is trained for downsampling may not
perform well for the real-world data; in our case, the positive
and negative data were highly unbalanced (only 2.9% of
annotated sentences contained a bleeding event). To accurately
evaluate the performance of our NLP system, we annotated 6
additional EHR notes as unseen hold-out datafor testing. Those
6 notes included a total of 2,345 sentences, of which only 64
sentences (2.7%) were positive.

Textbox 1. Sentence samples from our dataset with 2 positive bleeding samples and 2 negative bleeding samples. POS: positive bleeding sample

sentence; NEG: negative bleeding sample sentence.

POS 1: Patient was admitted with hematemesis and blood per rectum.

POS 2: Anticoagulation has been held on this patient secondary to recent gastrointestinal bleed.
NEG 1: She has done well with the warfarin with no further thromboembolic episodes and no bleeding problems.

NEG 2: The patient is also on Keppra for seizure activity, and he has been seizure-free on that medication.
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Experimental Setup

We implemented the neural network models in Pytorch [39].
For the eval uation metrics, we used precision, recall, and F-score
and reported the overall performance aswell asthe performance
on positive instances and negative instances. In addition, we
reported the area under the receiver operating characteristic
curve (AUC-ROC) score. The AUC-ROC plotsthetrue positive
rate (y-coordinate) against the fal se positive rate (x-coordinate)
at variousthreshold settings. For the testing on the natural EHR
notes, we reported overall accuracy as well as the precision,
recall, and F-score on positive samples. All theword embedding
sizes were initialized or pretrained with 200 dimensions. The
dropout rate was set as 0.3, batch size as 16, and learning rate
as0.001. Optimization was performed using stochastic gradient
descent. For the BiLSTM autoencoder model, the number of
hidden neurons was 64.

Models

We conducted experiments with the following baselines to
compare them with our proposed model. Wefirst compared our
model with a strong traditional machine-learning classifier as
the SVM model. The basic bag-of-words features are used for
SVM. A stronger SVM baseline with both bag-of-words features
and bag of the unified medical language system (UMLS) [40]
concept featureswereimplemented for comparison. In addition,
as the proposed model was an integrated model including a
word-embedding CNN and a BiLSTM autoencoder, we
conducted experiments to determine the separate performance
of the two components. Pretrained word embeddings were used
in additional experiments to examine their effect in model
performance.

Support Vector Machines+Bag of Words

A standard linear SVM classifier [41] with bag-of-words
features was used. Parameter C (penalty parameter of the error
term) was set as 1, and other parameters were set as default in
the sklearn.SVM.SV C implementation [41].

Support Vector MachinestBag of Words+Unified
Medical Language System

A dtandard linear SVM classifier [41] with bag-of-words
features and bag of UMLS [40] concept features were used.
Further, we used MetaMap [42], atool created by NLM that
maps from free text to biomedical concepts in the UMLS, to
identify medical phrases. The same parameters were used as
mentioned in the Support Vector MachinestBag of Words
subsection above.

Autoencoder

The BiLSTM-based autoencoder model has been described
above (see Methods section); al word embedding was randomly
initialized and modified during training. A fully connected layer
was used to connect the obtained hidden representation of

Efol lowed by a softmax operation to generate the prediction.

Autoencoder and Pretrained Word Embedding

This model was similar to the autoencoder model. However, in
this model, we pretrained the word embedding on 4.7 million

http://medinform.jmir.org/2019/1/€10788/
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EHR notes using the Glove model [43]. The pretrained vectors
were fine tuned for the task during training.

Convolutional Neural Network

The CNN model used has been described in the Methods section,
with all word embeddings randomly initialized and modified
during training.

Convolutional Neural Network and Pretrained Word
Embedding

Thismodel was similar to the CNN model. The same pretrained
word embeddings described in the Autoencoder and Pretrained
Word Embedding experiment were used, and the vectors were
fine tuned for the task during training.

Hybrid Convolutional Neural Network and Long
Short-Term Memory Autoencoder

Our proposed model incorporates CNN, pretrained word
embedding, and a BiL STM-based autoencoder, as described in
the Methods section.

Convolutional Neural Network for Negation Bleeding

As negation bleeding (eg, NEG1 in Textbox 1) is arelatively
difficult and misleading subset of the corpus for the model to
make predictions, we conducted this extra experiment with only
the 285 sentences that mentioned negated bleeding as negative
samples. Of these, 185 sentences were used with the 1451
positive samples for training, and the remaining 100 sentences
were used for testing.

Hybrid Convolutional Neural Network and Long
Short-Term Memory Autoencoder for Negation Bleeding

The same data setting was used as mentioned above for
Convolutional Neural Network for Negation Bleeding.

Experimental Results

Our HCLA model showed the best performance across all
evaluation metrics, with an AUC-ROC value of 0.957, overall
F-score of 0.938, and F-scores of 0.932 and 0.943 for positive
and negative sentences, respectively (Table 1). With pretrained
word embedding, both the autoencoder and the CNN models
performed better than learning word representation directly
from the data. For the traditiona SVM model, improved
performance was achieved by incorporating the UMLS
knowledge, leading to an overall F-score of 0.886 and an
AUC-ROC value of 0.934 compared to an F-score of 0.862 and
an AUC-ROC of 0.921 without the UMLS features. The
incorporation of UMLS knowledge especially improved the
precision score on positive samples with a large increase of
0.043. The precision score of all CNN models demonstrated a
consistent increase in all positive and negative samples. As
shown in Table 1, the CNN model without the autoencoder
outperformed the model that was solely built on the autoencoder.

To further evaluate our model’s performance on natural EHR
notes (as compared to negative sampling), we tested the
proposed HCLA model on the 6 extra annotated notes. The
resulting overall accuracy outcomes and precision, recall, and
F-score on positive samples are shown in Table 2.
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Table 1. Comparison of the study results at baseline.
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Model Positive Negative Overall AUC-ROC2
Precison Recall F-score Precision Recal  F-score Precison Recal — F-score
SVMP+BOWC 0.848 0.883 0.865 0.878 0.841 0.859 0.862 0.862 0.862 0.921
SVM+BOW+UMLS concept 0.891 0.887 0.889 0.870 0.886 0.878 0.886 0.886 0.886 0.934
Autoencoder 0.861 0.855 0.858  0.856 0.862 0.859  0.859 0859 0.859 0920
Autoencoder-+pretrained word 0.875 0.869 0.872 0.870 0.876 0.873 0.872 0.872 0.872 0.926
embedding
CNNE® 0.908 0.877 0.892 0.879 0.910 0.894 0.893 0.893 0.893 0.938
CNN-+pretrained word embedding  0.930 0.911 0.920 0.912 0.931 0.921 0.921 0.921 0.921 0.946
HCLA 0.954 0.912 0.932 0.925 0.961 0.943 0.938 0.938 0.938 0.957
CNN for negation bleeding N/AY N/A N/A 0.820 0.820 0.820 N/A N/A N/A N/A
HCLA for negation bleeding N/A N/A N/A 0.860 0.860 0.860 N/A N/A N/A N/A

8AUC-ROC: area under the receiver operating characteristic curve.
bsvM: support vector machines.

°BOW: bag of words.

dUMLS: unified medical language system.

€CNN: convolutional neural network.

fHeLA: hybrid convolutional neural network and long short-term memory autoencoder.

IN/A: not applicable.

Table 2. Performance of the hybrid convolutional neural network and long short-term memory autoencoder model on natural electronic health record

notes.
Performance parameter Vaue
Overall accuracy 0.938
Precision on positive samples 0.992
Recall on positive samples 0.944
F-score on positive samples 0.967

Discussion

Principal Findings

This study addressesthe detection of important bleeding events
in EHR notes. Clinical phenotyping is challenging mainly due
to irregularity of clinical narratives, which incorporates
domain-specific medical jargon, abbreviations, incorrect use of
natural language (eg, spelling errors), etc [44,45]. In addition,
negation is common in the clinica domain, which adds
complexity. Thedifficulty of the NLPtask isfurther exacerbated
by the limited size of human annotated gold standard positive
samples, which makes it difficult for our data-driven deep
learning approaches to extract effective features. However, the
proposed HCLA model (Textbox 1) achieved the best result of
0.938 (F-score) and 0.957 (AUC-ROC value).

Our results show that al end-to-end CNN models outperformed
the baseline SVM model, despite the incorporation of
knowledge-based features for SVM. When we pretrained word
embedding over large unlabeled EHR notes (4.3 million), the
overall F-score performance improved by approximately 0.03,
demonstrating the effectiveness of using unlabeled data. Our
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results demonstrate that the BiLSTM-based autoencoder
improved sentence representation. By concatenating the
representation of the BiLSTM-based autoencoder, we further
improved the performance by 0.017 (from 0.921 to 0.938) and
the AUC-ROC value by 0.957, even though the model was
trained with arelatively small data set (1451 positive samples
and 285 negative samples).

Our annotated data incorporated both bleeding and negated
bleeding events. Detection of bleeding signals is challenging
from narratives, but separating true bleeding eventsfrom negated
bleeding events is more challenging due to different negation
variations. We therefore evaluated how our model performed
in terms of accurately identifying negated bleeding events.
Comparing the data setting described abovefor CNN and HCLA
for negation bleeding, the CNN model achieved an accuracy of
0.82 and our proposed model achieved an accuracy of 0.86. The
results validate the ability of the model to learn to grasp
meaningful features in the dataset, rather than just depend on
“bleeding” -related word indicators. For example, in Textbox 1,
the NEGL1 sentence contains the word “bleeding” but describes
anonbleeding event.
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Textbox 2. Misclassified sentence samples by the proposed hybrid convolutional neural network and long short-term memory autoencoder system.
NEG: negative bleeding sample sentence; POS: positive bleeding sample sentence.

NEG1: Hereis no chest pain, chest pressure, shortness breath, wheezing, coughing, nausea, vomiting, or gastrointestinal bleeding.

POSL: At that time, he was found to be anemic with heme-positive stools and was admitted for evaluation.

POS2: There is no evidence or stigmata for recent bleed.

Table 2 presents the model’s performance in real applications
inthe 6 natural EHR notes. In this unbalanced data of total 2345
sentences with only 64 positive sentences (2.7%), our model
showed good results. The overall accuracy was 0.938. The
model achieved high precision, recall, and F-score of 0.992,
0.944, and 0.967, respectively, on positive samples. Performance
in positive samples is meaningful because it reflects how
accurately the NLP system detects bleeding eventsin the EHR
notes.

Error Analysis

Our error analyses showed that HCLA needs improvement in
negation detection and analyzing complex sentences. Textbox
2 includes representative examples to show that HCLA failed
the classification. Thefirst sentencein Textbox 2 was anegated
bleeding sample, but was misclassified as a positive instance.
Since our employed CNN model mainly focused on the local
context, it may fail to recognize the distant negation cue “no.”
The second sentence was a positive sample, but was
misclassified as a negative sample by the system. The second
sentence is complex and required knowledge inference, which
may be challenging for the model.

The third sentence in Textbox 2 was annotated as a positive
instance, but seemed to be correctly identified by our system
as a negative instance. On examining the note, we found that it
was a follow-up of a patient whose chief complaint was
hemorrhoidal bleeding. Our annotators annotated bleeding
events at the whole-note level. Although the bleeding event in
this specific sentence in the section of Physical Examination,
seemed to be negative, it was annotated as “ bleeding present.”
Inthis case, the annotatorsinterpreted the bl eeding asthe present
complaint, even though the sentence clearly indicated no
evidence of arecent bleed.

This sentence represents a complex case of annotation
consistency. The annotation guideline needs to be updated to

Acknowledgments

refine the definition of “assertion.” On the other hand, this
annotation highlights one limitation of our NLP system that is
based on sentence-level classification. Our future work will
focus on exploring the context of the whole note.

Study Strength

The contributions of this study are several folds: This study is
thefirst to automatically detect bleeding eventsfrom EHR notes.
We have demonstrated the effectiveness of HCLA as a
high-performance bleeding event-detection NLP system from
EHRs. In addition, we have demonstrated the effectiveness of
the HCLA architecturethat can betrained from small annotated
data.

Limitations

We acknowledge afew limitationsto this study. The gold dataset
for our experiments was relatively small. Therefore, we built
unsupervised modelsto leverage the large unlabeled EHR data
in order to improve the performance. However, the
generalizability and robustness of the model were not evaluated
on a large scale. In addition, our system was based on
sentence-level classification and does not consider the context
of whole notes.

Conclusions

This is the first study to address bleeding detection in EHRs.
Our proposed HCLA neura network model effectively
outperformed standard CNN models, autoencoder models, and
SVM models by using alimited number of expert annotations.
In the future, we will attempt to use active learning methods in
order to improve the efficiency of experts annotation.
Depending on more high-quality annotation, we will further
mine data on bleeding causes, anatomic sites of bleeding,
bleeding severity, and assertion (current vs history) from EHRS,
as tasks are important and require further examination.
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Abstract

Background: Electronic health record (EHR) access and audit logs record behaviors of providers as they navigate the EHR.
These data can be used to better understand provider responses to EHR—based clinical decision support (CDS), shedding light
on whether and why CDS is effective.

Objective: This study aimed to determine the feasibility of using EHR access and audit logsto track primary care physicians
(PCPs') opening of and response to noninterruptive alerts delivered to EHR InBaskets.

Methods: We conducted a descriptive study to assess the use of EHR log data to track provider behavior. We analyzed data
recorded following opening of 799 noninterruptive alerts sent to 75 PCPs' InBaskets through a prior randomized controlled trial.
Three types of aerts highlighted new medication concerns for older patients’ posthospital discharge: information only (n=593),
medi cation recommendations (n=37), and test recommendations (n=169). We sought |og data to identify the person opening the
alert and the timing and type of PCPs’ follow-up EHR actions (immediate vs by the end of the following day). We performed
multivariate analyses examining associations between alert type, patient characteristics, provider characteristics, and contextual
factors and likelihood of immediate or subsequent PCP action (general, medication-specific, or laboratory-specific actions). We
describe challenges and strategies for log data use.

Results. We successfully identified the required datain EHR access and audit logs. More than three-quarters of alerts (78.5%,
627/799) were opened by the PCP to whom they were directed, allowing us to assess immediate PCP action; of these, 208 alerts
werefollowed by immediate action. Expanding on our analysesto include alerts opened by staff or covering physicians, we found
that an additional 330 of the 799 alerts demonstrated PCP action by the end of the following day. The remaining 261 alerts showed
no PCP action. Compared to information-only alerts, the odds ratio (OR) of immediate action was 4.03 (95% CI 1.67-9.72) for
medi cation-recommendation and 2.14 (95% CI 1.38-3.32) for test-recommendation alerts. Compared to information-only alerts,
ORs of medication-specific action by end of the following day were significantly greater for medication recommendations (5.59;
95% CI 2.42-12.94) and test recommendations (1.71; 95% CI 1.09-2.68). Wefound asimilar pattern for OR of laboratory-specific
action. We encountered 2 main challenges. (1) Capturing a historical snapshot of EHR status (number of InBasket messages at
time of alert delivery) required incorporation of data generated many months prior with longitudinal follow-up. (2) Accurately
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interpreting data elements required iterative work by a physician/data manager team taking action within the EHR and then

examining audit logs to identify corresponding documentation.

Conclusions: EHR log data could inform future efforts and provide valuable information during development and refinement
of CDS interventions. To address challenges, use of these data should be planned before implementing an EHR—based study.

(JMIR Med Inform 2019;7(1):e€12650) doi:10.2196/12650
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Introduction

Audit and access logs in the electronic health record (EHR)
have primarily been used for security purposes[1-3], but recent
studies [4-7] indicate that a broad range of additional research
and clinical questions may be answered using this relatively
untapped data source. Access logs contain time-stamped
recordings of who accessed the EHR and what part was accessed
[5]. Audit logs record chronological activity in the EHR,
tracking actions such as what data were created, reviewed, or
changed by the user [3]. These log data, though potentialy
complex to retrieve and interpret, can be used by researchers
and care teams to identify targets for clinical interventions as
well as care quality and safety-improvement efforts [4,8].

Datafrom accessand audit logs can be used to better understand
how various forms of clinical decision support (CDS) impact
physician behavior. This is especiadly relevant for
noninterruptive EHR alerts, where assessments of the
effectiveness of these aerts have found mixed results [9-12].
In contrast to alertsthat “ pop-up” and interrupt workflow when
a specific EHR action is taken, noninterruptive aerts deliver
information to an EHR InBasket, requiring the receiver to open
and review them. Thisinformation may include warnings about
out-of-range test results [9,13,14], abnormal findings on
diagnostic imaging and screening [10,15-17], important changes
in patient health [18], and safety concerns during transition of
care[19]. However, these alerts must compete for the attention
of physicians who are often overwhelmed by the number of
electronic notificationsthey receive, read, and respond to while
managing direct patient care [4,20-23].

Access logs can provide valuable insight into the precise time
of alert opening, even if the aert is opened many days
postdelivery; logs can aso help pinpoint actions following
opening that might otherwise be difficult to link back to a
particular CDSintervention. Although causality of EHR actions
can be difficult to prove, there is value to demonstrating close
temporal proximity of an EHR action after alert opening. Such
knowledge can shed light on the mechanisms by which an
EHR-based intervention is (or is not) effective.

The effectiveness of anoninterruptive aerting system wastested
by our team in a previous randomized trial (trial registration:
ClinicalTrials.gov NCT00611091) [19]. Localy developed
alerts regarding older adults' posthospital discharge were sent
to their primary care physicians (PCPs) through the EHR
[24,25]. These alerts highlighted what our team believed to be
actionable medication safety concerns. The trial assessed
whether these aerts increased outpatient visits and reduced
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rehospitalization [19]. The alertsdid not improve either of these
measures. To better understand this outcome, we conducted this
descriptive study using audit and access|og datato track actions
taken by physiciansinthe EHR following alert delivery. In this
paper, we present findings from thisanalysis of physician action.
We aso describe the availability and level of detail of
information in these logs and review challenges and strategies
for success.

Methods

Design

This study was based on data from the intervention arm of a
prior randomized controlled trial, as mentioned above [19]. In
that trial, an EHR—based intervention was implemented using
locally developed noninterruptive alerts to highlight
postdischarge medication safety concerns for older patients.
Theinpatient facility to which the health care system admitted
its patients used a different EHR than that used by the health
care system. An interface engine was linked to the hospital’s
admission, discharge, and transfer registration system. The
hospital transmitted information including discharge dates for
the health care system’s patients; these datawere automatically
incorporated into the health care system’s EHR. Informed by
health plan data reflecting new prescriptions filled, alerts were
then generated for patients. These alertswere designed to convey
actionable time-sensitive concerns pertaining to high-risk drugs
(known to result in more adverse drug events) and new drugs.
Over the 4 months prior to implementation, two physiciansfrom
the health care system met weekly to review every aert
generated, suggesting modificationsto ensure that alertswould
be perceived as necessary, useful, and brief. Alerts that they
considered inactionable were eliminated. At thetime of hospital
discharge, patients were randomized to the intervention (EHR
alerts sent to the patient's PCP if medication concerns were
identified) or usual follow-up care. The primary goal of the
intervention was to decrease rehospitalization rates.

Setting

This study was conducted a a large Massachusetts
multispecialty medical group with 217 physicians at 15 sites
throughout Central Massachusetts. All sitesused an EHR from
Epic Systems Corporation.

Study Sample

When the original trial was conducted in 2011, approximately
140,000 adults received primary care through this medical
group, of which approximately 24,000 were aged =65 yearsand
were members of a local health plan. Patients who were
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members of thislocal health plan with primary care providers
within this medical group and were discharged to home from
the primary hospital used by the medical group from August
26, 2010, to August 25, 2011, wereincluded inthetrial. A total
of 1282 patients were randomized to the intervention arm. In
our analysis, we included only the 799 patient discharges for
which PCP medication alerts were triggered (corresponding to
713 patients). These aerts were sent to 75 PCPs.

The Institutional Review Boards at Reliant Medical Group and
the University of Massachusetts Medical School approved this
study, and waiver of consent was obtained.

Variables and Data Sources

Data available from the original trial included details about the
timing and content of alerts, the scrambled identifier of the
physician to whom the alerts were sent, and additional PCP
characteristics including age (<50 vs = 50 years), gender, and
specialty (internal medicine, family medicine, PCP without a
Doctor of Medicine degree such as a nurse practitioner, and
subspecialist acting as PCP). To approximate full- versus
part-time status of the physicians, we categorized the total
number of patient encountersfor each physician during the year
prior to aert delivery in quartiles (0-2326, 2327-2783,
2784-3173, and >3173) acrossthe 75 PCPsto whom a ertswere
sent. We collected the following information about the relevant
patients: age (65-74, 75-84, and =85 years), gender, Charlson
comorbidity index score (categorized as 0, 1, 2, and =3), dates
and length (<2 days, 3 days, and =4 days) of the related
hospitalization, number of office visits in the past year (<6,
7-11, 12-18, and >18), patient outcomes, and scrambled patient
identifiers. Our research team grouped all the alerts sent during
the intervention into three categories: information about new
and high-risk medications at the time of hospital discharge
(“information only”), recommendation to cancel or modify
doses of medications (“medication recommendation”), and
recommendation to order tests—Ilaboratory tests or, in a few
cases, eye exams—to monitor the impact of high-risk
medications or titrate their doses (“test recommendation”).

For this descriptive study, we sought a range of additional data
elementsfrom the EHR access and audit logs (described below)
to provide information on the opening of aerts and track specific
physician actions within the EHR. We captured the timing of
alert opening relative to alert delivery (<24 hours, 24-48 hours,
and >48 hours) within office hours (8 AM-5 PM Monday
through Friday) as compared to outside office hours. We also
identified the user opening the aert (theintended PCP vs a staff
member or provider other than the intended PCP).

We gathered data on the following variables pertaining to the
PCP's InBasket load categorized by quartile: total number of
notifications in the InBasket at the time of alert delivery (<42,
43-69, 70-157, and >157), number of unopened natifications
in the InBasket at the time of aert delivery (0, 1-4, 5-9, and
>9), and number of notifications delivered to the InBasket in
the 7 days prior to aert delivery (<344, 345-453, 454-546, and
>546). Finally, we compared aerts delivered on Saturdays to
those delivered on all other days, because those arriving on
Saturday were the only aerts for which the 24 hours
postdelivery did not include any weekday time.
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Our goal was to identify factors associated with the alerts that
impacted physician review of patient information (eg, review
of EHR information related to prescribed medications,
laboratory test results, and laboratory orders) or physician orders
for medications or laboratory tests.

Identifying Primary Care Physicians' Actionsin the
Electronic Health Record Through Use of Accessand
Audit Logs

We analyzed EHR log data corresponding to the 2-day period
following opening of 799 aerts (593 information only, 37
medication recommendations, and 169 test recommendations)
sent to 75 PCPs InBaskets. These three types of alerts
highlighted new medication concerns for older patients
posthospital discharge; all were intended to prompt review of
the recently hospitalized patient’s chart within the EHR by the
PCP. Expected actions for test recommendations included
viewing test results or ordering tests. Expected actions for
medication recommendationsincluded viewing medication lists
and discontinuing or ordering medications. For information-only
alerts, appropriate action was left to the judgment of the PCP,
but expected actions were similar to those for medication
recommendations and included performance of medication
reconciliation, which would entail viewing medication listsand
possibly discontinuing or ordering medications. In all cases,
reviews of other parts of the patient chart could be expected in
support of information gathering and decision making.

In order to retrieve data on the 2-day period following aert
opening, the data manager needed to first identify the location
and format of data generated by the locally developed alert
system. This work was accomplished through careful
coordination between a physician with EHR access and a data
manager. Simulated patients were created, and alerts were
triggered for these simulated patients. Following this, a
collaborating physician from the medical group opened the
alerts and then opened and viewed various sections within the
EHR corresponding to the simulated patient’s chart. The data
manager used the collaborating physician and simulated patient
identifiers together with the dates and times of triggering
activities to locate these actions within the EHR's logs and
tables. This allowed her to identify the code generated by the
locally devel oped aert system, indicating that an alert had been
sent. From that base, the unique identifiers generated for each
delivered alert could be extracted. Using the audit log table, we
then obtained time stamps for each alert opened (hour, minute,
and second) and an identifier for the person opening the alert
in order to track actions. Alerts could be opened by the PCP to
whom they were addressed or other members of the care team.

Immediate Actions

We identified the first time the alert was opened by the
addressed PCP. The InBasket view of the EHR version used
during the study period only displayed the alert message and
several clickable buttonsthat served asdirect linksto summaries
of sections of the corresponding patient’s chart; thus, navigation
to other sections of the EHR was required to gain any additional
information. After opening the alert, some PCPs navigated to
sections of the EHR for the patient triggering the alert, whereas
some moved on to a different alert or the electronic record for
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a different patient. Using time stamps, we captured the time
spent by the PCP on the alert itself, and we captured the total
time spent on the relevant patient. Total time included the
duration during which the alert was displayed in the EHR plus
the time the PCP spent navigating sections of the EHR
corresponding to the relevant patient.

Using the EHR access|og table, weidentified each action taken
by the provider during the 5-minute period immediately
following aert opening. Data elements from each action
provided information on the exact time (hour, minute, seconds)
of the action as well as codes indicating the specific section of
the EHR opened and the patient to whom it related. Codes
indi cating the component of the EHR accessed by the PCPwere
complex, requiring additional physician-data manager
collaboration to categorize. Actions that we considered as
viewing rel evant patient information included opening asection
of the electronic medical record (medications, laboratory, orders,
results, encounters, demographic information, other clinical
information, nonclinical information, and information entry) or
choosing one of several optionson the alert that served asdirect
links to summaries of components of that patient’s record.
Actions that we considered as not viewing relevant patient
information included opening anotification related to adifferent
patient, opening asection of adifferent patient’smedical record,
or doing nothing further in the EHR for 5 minutes.

Subsequent Relevant Actions

Considering that PCPs might be opening alerts briefly in
between patient visits and might return to the patient record
later to address issues raised in the alert, we sought to broaden
the window for tracking PCP's actions. For our analysis of
subsequent relevant actions taken by the PCP, the time window
studied included the day of alert opening and the following day.
Extracted dataincluded atimestamp aswell as codesindicating
the EHR component accessed (categorized in the same manner
aswith immediate action analyses described above). In addition
to the information extracted from the access log table, we
captured evidence of orders placed for medications (new
medication, change, or discontinuation) and laboratory tests.
We focused only on actions taken in the EHR for the patient of
interest (eg, the patient for whom the alert was triggered).

We categorized PCP actions under the broad heading of general
action (includes viewing any patient data, creating
documentation, and placing any orders). Within this broad
group, we defined subcategories: medication-specific action
(viewing the patient’s medication list or ordering amedication)
and laboratory-specific action (viewing or ordering laboratory
tests).

Contextual Factors

We also examined contextual factors potentially relevant to
alert opening and subsequent EHR action. These included the
number of messages and unopened messagesin the physician’s
InBasket aswell asthe flow of messages during the prior week.
Capturing a snapshot of the EHR status at a historical point in
time (eg, number of InBasket messages at the time of alert
delivery) presented challenges. To recreate the InBasket at the
moment of aert delivery, we began by assembling all the
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messages delivered to a specific physician’s InBasket during
the 1-year period prior to alert delivery. We then eliminated any
messages for which the record indicated that the message was
“completed” (eg, deleted from the InBasket) prior to the date
of alert delivery. This provided a count of the number of
messages remaining in the InBasket. To cal culate the number
of messagesthat remained unopened at thetime of alert delivery,
weidentified those for which there was no log entry indicating
opening on or prior to the aert delivery date. We also calculated
the total number of notifications that arrived in the InBasket
during the week prior to alert delivery.

Data Analysis

I mmediate Actions

For assessment of the immediate response during the 5 minutes
after alert opening, we focused only on those cases in which
the physician to whom the alert was sent was the first person
to open the alert. We categorized the immediate next action by
the physician asonerelated or not related to the relevant patient.
We used bivariate analyses to assess the relationship between
performing an immediate relevant action and alert type, timing
of alert opening relative to alert delivery, provider and patient
characteristics, and contextual factors. We performed
multivariate anal yses to obtain oddsratios (OR) in the presence
of more than one variable. Since some PCPs received multiple
alerts over the 1-year period, we used generalized estimating
equationswith alogit link and abinomial distribution to account
for clustering of measures within PCPs. To estimate the total
time attributableto the alert in the 5 minutes following opening,
we calculated the length of time spent by the PCPwith the alert
open (ie, displayed on the EHR computer screen) and combined
this with the total time (immediately following alert opening)
spent viewing sections of the EHR for that patient.

Subsequent Relevant Actions

When ng factors related to relevant subsequent actions,
we included al first openings of each aert irrespective of
whether the addressed physician or acovering physician or staff
member opened the alert, but tracked behavior of the addressed
physician. Similar to the process for the immediate actions, we
performed bivariate and multivariate analyses using generalized
estimating equation models to assess the relationship between
performing subsequent relevant actions and the covariates
mentioned above. We also assessed the effect of alert opening
by the addressed physician on the likelihood of subsegquent
actions.

Results

Overview

In the overal group of 799 aerts opened, 627 (78.5%) were
opened by the addressed PCP. Of this subgroup, we were able
to track actions immediately following PCP alert opening for
616 alerts (11 alerts had no available data). The analysis was
then expanded to include the remaining 172 (21.5%) alerts
opened by staff or aprovider other than the PCPto track actions
over the day of alert opening and the following day. Alertsthat
did not show evidence of action within this timeframe were
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classified as alerts not followed by timely PCP action (Figure
1).

Immediate Actions

Among the 616 tracked alerts, 208 (33.8%) were immediately
followed by viewing of the relevant patient’'s EHR (Table 1).
Of 445 information-only alerts, 28.1% (125/445) werefollowed
by immediate viewing of the patient's EHR, as were 54.8%
(17/31) of the medication-recommendation alerts and 47.1%
(66/140) of the test-recommendation alerts.

In multivariate analyses predicting immediate viewing of the
patient’s electronic information, the only factor that reached

Amroze et al

statistical significance was the type of aert. As compared to
information-only alerts (reference group), the odds ratio (OR)
of immediate action for medication-recommendation alertswas
4.03 (95% CI 1.67-9.72); the OR for test-recommendation alerts
was 2.14 (95% Cl 1.38-3.32). In the 5 minutes postopening, the
mean time PCPs spent on the patient of interest—with the aert
on display and while navigating relevant patient’s EHR—was
106 seconds (median, 64 seconds). Alerts not immediately
followed by viewing of the relevant patient’s EHR were kept
on display for amean time of 26 seconds (median, 15 seconds;
Table 2).

Figure 1. Overview of aert opening. Asterisk indicates that 11 alerts had no data available on immediate action. PCP: primary care physician.

& alerts triggered

627 Alerts opened by PCP

208 Alerts
Followed by 408 Alerts: 1
PCP No PCP
immediate immediate action
action

¥

1282 Patients in intervention arm

799 Patients had a medication concern identified

Alerts:
Mo
data™

330 Alerts followed by
PCP action by end of
day following alert
delivery

483 patients had no
medication concern

identified & no alerts

172 Alerts
opened by
staff or
COVering
physician

538 Alerts were followed by PCP action, either
immediately (208} or by end of the day
following alert delivery {an additional 330)

261 Alerts:
Mo action

http://medinform.jmir.org/2019/1/€12650/

XSL-FO

RenderX

JMIR Med Inform 2019 | vol. 7 | iss. 1 |e12650 | p.96
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS Amrozeet d

Table 1. Immediate electronic health record actions taken by primary care providers after opening noninterruptive aerts. We identified the first time
the alert was opened by the addressed primary care physician and extracted from the electronic health record access log table data on the first action
taken by the provider during the 5-minute period immediately following aert opening.

Characteristics of alerts, physicians, patients, and N Immediate action® taken in therecord of ~ No immediate action® taken in the record of
contextual factors the patient who triggered the alert, n (%)  the patient who the triggered alert, n (%)
Total 616 208 (33.8) 408 (66.2)
Alert type

Information only 445  125(60.1) 320 (78.4)

Medi cation recommendation 31 17(8.2) 14 (3.4)

Test recommendation 140 66 (3L.7) 74 (18.1)

Timeto alert opening

Opened <1 hour 119  32(15.4) 87 (21.3)
Opened <24 hours 252 88(42.3) 164 (40.2)
Opened >24 hours 245 88 (42.3) 157 (38.5)
Characteristics of the primary care physician
Gender
Female 204 72(34.6) 132 (32.4)
Male 412 136 (65.4) 276 (67.6)

Number of patient encountersin the study year (quartiles)®

>0 and 2326 42 19(9.2) 23 (5.6)
>2326 and <2783 115 33(159) 82(20.1)
>2783 and <3173 203 70(33.7) 133 (32.6)
>3173 256 86 (41.3) 170 (41.7)

Patient characteristic - Charlson comor bidity score

0 58 18(8.7) 40 (9.8)
1 67  20(9.6) 47 (11.5)
>2 491 170(81.7) 321 (78.7)

Contextual factors
Opening within office hours
No: Opened outside office hours 312 110(52.9) 202 (49.5)
Yes: Opened 8 AM to 5 PM Mon-Fri 304 98(47.1) 206 (50.5)
Total number of notifications (opened + unopened) in InBasket at time of alert delivery

<42 159  42(20.2) 117 (28.7)
>42 and <69 152 50 (24) 102 (25)
>69 and <157 153  62(29.8) 91 (22.3)
>157 152 54(26) 98 (24)
Number of unopened notificationsin InBasket at the time of alert delivery

<0 189 60 (28.8) 129 (31.6)
>0 and <4 135 43(20.7) 92 (22.5)
>4 and <9 145 50 (24) 95 (23.3)
>9 147  55(26.4) 92 (22.5)

Notification count in the week prior to alert delivery

<344 146 54 (26) 92 (22.5)

>344 and <453 159  48(23.1) 111 (27.2)

>453 and <546 157 42(20.2) 115 (28.2)
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Characteristics of alerts, physicians, patients, and N
contextual factors

No immediate action? taken in the record of
the patient who the triggered aert, n (%)

90 (22.1)

Immediate action®taken in the record of
the patient who triggered the alert, n (%)

154 64 (30.8)

>546

8A ctions that we considered asviewing rel evant patient information included opening a section of the electronic medical record (medications, laboratory,
orders, results, encounters, demographic information, other clinical information, nonclinical information, and information entry) or choosing one of
several options on the alert that served as direct links to summaries of components of that patient’s record.

bActions that we considered as not viewi ng relevant patient information included opening a notification related to a different patient, opening a section
of adifferent patient’s medical record, or doing nothing further in the electronic health record for 5 minutes.

®We categorized the total number of patient encounters for each physician during the year prior to alert delivery in quartiles across the 75 primary care
physicians to whom aerts were sent to approximate full- vs part-time status.

Table 2. Time spent by the primary care physician in electronic charts of patients triggering an alert during the 5 minutes postalert opening.

Time spent in the electronic chart, by category Time (seconds)

Mean Median

Time spent in the chart of therelevant patient (n=616 alerts) 55 22

Time spent in the chart when the primary care physician took immediate action in therecord of 106 64

the patient who triggered the alert® (n=208)

Time spent in the chart when the primary care physician took no immediate action intherecord 26 15

of the patient who triggered the al ert? (n=408)
Time spent in the chart of therelevant patient, by alert type

Information only (n=445) 42 17

Medication recommendation (n=31) 81 51

Test recommendation (n=140) 90 42

8Actionsthat we considered as viewing relevant patient i nformation included opening asection of the electronic medical record (medications, |aboratory,
orders, results, encounters, demographic information, other clinical information, nonclinical information, and information entry) or choosing one of
several options on the alert that served as direct links to summaries of components of that patient’s record.

BActions that we considered as not viewi ng relevant patient information included opening a notification related to a different patient, opening a section
of adifferent patient’smedical record, or doing nothing further in the EHR for 5 minutes. Thus, this number represents an estimate of time spent viewing

an aert.

Subsequent Relevant Actions

In the overall group of 799 aerts opened, 538 (67.3%) were
followed by PCP-related actions during the day of opening or
the next day (Table 3). Among information-only alerts, 64.4%
(382/593) werefollowed by ageneral actioninthe EHR; 16.0%
(95/593), by amedication-specific action; and 16.9% (100/593),
by a laboratory-specific action. Among
medication-recommendation alerts, 78.4% (29/37) were
followed by a general action; 48.6% (18/37), by a
medication-specific action; and 54.1% (20/37), by a
laboratory-specific action. Among test-recommendation alerts,
75.1% (127/169) were followed by a general action, 24.3%
(41/169) were followed by a medication-specific action, and
35.5% (60/169) were followed by alaboratory-specific action.

On multivariate analysis (Table 3), aerts containing specific
instructions for the PCP (medication recommendations or test
recommendations) were significantly more likely to be
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associated with subsequent action by the PCP compared to
information-only aerts. Compared to information-only alerts,
the ORs of medication-specific action were significantly greater
for medication recommendations (OR: 5.59; 95% Cl 2.42-12.94)
and test recommendations (OR: 1.71; 95% Cl 1.09-2.68).
Likewise, the ORs of laboratory-specific action were
significantly greater for medication recommendations (OR:
7.37; 95% Cl 3.64-14.97) and test recommendations (OR: 2.75;
95% Cl 1.73-4.38).

There was no significant association between the timing of alert
opening and responsive action. As expected, subsequent rel evant
action by the PCP was more likely for aerts opened by the
addressed PCP as compared to al erts opened by staff or another
provider, although only the association with medication-specific
action reached statistical significance (general action, OR: 1.41;
95% CI 0.81-2.45; medication-specific action, OR: 2.13; 95%
Cl 1.35-3.37; laboratory-specific action, OR: 1.65; 95% CI
0.99-2.73).
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Table 3. Multivariate analysis results for factors associated with primary care providers' subsequent action following opening of noninterruptive alerts.
Alertswere opened by the addressed primary care provider, staff, or provider other than the addressed primary care provider. The primary care provider’'s
actions in the electronic health record related to the relevant patient were tracked over the day of aert opening and the following day.

Charecteristics of alerts, physi- ~ Total alerts  General action?in electronic  Medication-specific action® Laboratory-specific action

?;31; Spatients, and contextual health record taken by PCPP  takenby PCP taken by PCP
N (%) Actionistak- AQR® (95% Actionistak- AOR (95% Actionistak- AOR (95%
en, N (%) cl en, N (%) Cl) en, N (%) Cl)
Total 799 538 (67.3) N/AS 154 (19.3) N/A 180 (22.5) N/A
Alert type
Information only 593 (74.2) 382 (71) Reference 95 (61.7) Reference 100 (55.6) Reference
Medication recommenda- 37 (4.6) 29 (5.4) 2.0(0.9-48) 18(11.7) 5.6(24-12.9) 20(11.1) 7.4(3.6-15.0)
tiond
Test recommendation” 169 (21.2) 127 (23.6) 1.7(L1-25) 41(26.6) 17(L1-2.7) 60(33.3) 2.8(1.7- 4.4)
Timeto alert opening
Opened <24 h after delivery 472 (59.1) 308 (57.2) Reference 88 (57.1) Reference 101 (56.1) Reference
Opened>24hand<48haf- 137 (17.1) 97 (18) 1.2(0.6-2.4) 27(17.5) 1.2(0.7-1.9) 28(15.6) 1.1 (0.6- 2.0)
ter delivery
Opened >48 h after delivery 190 (23.8) 133 (24.7) 1.2(0.7-22) 39(25.3) 1.1(0.6-1.8) 51(28.3) 1.4 (0.8- 2.4)
Opened by PCP/other staff
Opened by staff/provider 172 (21.5) 100 (18.6) Reference 17 (11) Reference 23(12.8) Reference
other than PCP
Opened by PCP 627 (78.5) 438 (81.4) 14(0.8-25) 137(89) 2.1(1.4-34) 157(87.2) 1.7 (1.0-2.7)
PCP characteristics
Age
<50 years 296 (37.0) 203 (37.7) Reference 63 (40.9) Reference 80 (44.4) Reference
=50 years 503 (63.0) 335 (62.3) 1.0(0.7-1.4) 91(59.1) 0.6 (0.4-1.1) 100 (55.6) 0.6 (0.4-0.9)
Gender
Female 264 (33.0) 182 (33.8) Reference 54 (35.1) Reference 71(39.4) Reference
Male 535 (67.0) 356 (66.2) 0.6(0.4-1.0) 100 (64.9) 0.7(0.4-1.3) 109 (60.6) 0.5(0.3-0.7)

Number of patient encountersin study year (quartiles)i

>0 and 2326 80 (10.0) 58 (10.8) Reference 8(5.2) Reference 14 (7.8) Reference
>2326 and <2783 163 (20.4) 94 (17.5) 0.6(0.3-14) 18(11.7) 05(0.4-2.8) 30(16.7) 1.0 (0.4- 2.2)
>2783 and <3173 247 (30.9) 168 (31.2) 10(05-21) 54(35.1) 15(1.2-80) 59(32.8) 1.9 (0.9- 4.0)
>3173 309 (38.7) 218 (40.5) 15(0.7-33) 74(48.1) 25(15-133) 77 (42.8) 2.7 (1.3-5.8)

Specialty
Internal medicine 118 (14.8) 445 (82.7) Reference 129 (83.8) Reference 155 (86.1) Reference
Family medicine 661 (82.7) 79 (14.7) 0.7(04-12) 22(14.3) 0.9(0.4-18) 20(11.1) 0.6 (0.4- 0.9)
Non-MDI PCP 11 (1.4) 6(1.1) 03(0.1-12) 2(1.3) 06(0.2-19) 3(17) 0.6 (0.3- 1.4)
Subspecialty 9(1.1) 8 (1.5) 30(1.0-96) 1(0.6) 14(04-53) 2(L1) 2.1(0.7- 6.0)

Patient characteristics

Age
65-74 years 255 (31.9) 171 (31.8) Reference 55 (35.7) Reference 56 (31.1) Reference
75-84 years 349 (43.7) 241 (44.8) 1.1(0.7-1.6) 57(37) 0.8(05-1.1) 77(42.8) 1.0 (0.6- 1.4)
>85 years 195 (24.4) 126 (23.4) 0.9(05 1.4) 42(27.3) 1.0(0.6-1.5) 47(26.1) 1.0 (0.6- 1.6)

Gender
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Characteristics of alerts, physi- ~ Total alerts  General action®in electronic  Medication-speific action® Laboratory-specific action

?;n; Spatients, and contextud health record taken by PCPP  taken by PCP taken by PCP
N (%) Actionistek- AQR® (95% Actionistak- AOR (95% Actionistak- AOR (95%
en, N (%) cl) en, N (%) cl) en, N (%) Cl)
Female 418 (52.3) 284 (52.8) Reference 81 (52.6) Reference 93 (51.7) Reference
Male 381 (47.7) 254 (47.2) 09(0.7-13) 73(47.4) 1.1(0.8-1.6) 87(48.3) 1.3(0.9- 1.8)

Number of office visitsin the previous 12 months

<6 visits 205 (25.7) 125 (23.2) Reference 41 (26.6) Reference 39 (21.7) Reference

>6 and <11 visits 219 (27.4) 142 (26.4) 1.3(0.9-20) 36(23.4) 09(05 1.6) 44 (24.4) 1.0 (0.6- 1.7)
>11 and <18 visits 194 (24.3) 144 (26.8) 21(1.3-36) 42(27.3) 14(0.8-23) 48(26.7) 1.4 (0.6- 1.7)
>18 visits 181 (22.7) 127 (23.6) 17(1.0-27) 35(22.7) 12(0.6-21) 49(27.2) 15 (0.9- 2.5)

Charlson comor bidity score

0 78(9.8) 51(9.5) Reference 17 (11) Reference 11(6.1) Reference
1 92 (11.5) 56 (10.4) 0.7(0.3-1.4) 16(10.4) 0.7(0.3-17) 17(9.4) 1.3(0.5-3.1)
2 118 (14.8) 80 (14.9) 09(04-1.8) 21(13.6) 0.7(0.3-16) 25(13.9) 1.6 (0.6- 3.9)
>3 511 (64.0) 351 (65.2) 0.8(0.4-1.4) 100 (64.9) 0.6(0.3-1.3) 127 (70.6) 1.3(0.6- 2.8)
Length of stay
<2 days 360 (45.1) 229 (42.6) Reference 65 (42.2) Reference 74 (41.1) Reference
3days 281 (35.2) 199 (37) 14(10-21) 57(37) 1.1(0.8-1.6) 67(37.2) 1.2(0.9-1.7)
>4 days 158 (19.8) 110 (20.4) 15(0.9-25) 32(20.8) 1.3(0.8-21) 39(217) 15 (0.9- 2.4)

Contextual factors

Total number of notificationsin InBasket at the time of alert delivery

<42 207 (25.9) 146 (27.1) Reference 43 (27.9) Reference 51(28.3) Reference
>42 and <69 194 (24.3) 134 (24.9) 0.9(05 15) 32(20.8) 09(05 15 34(189) 0.7 (0.5- 1.1)
>69 and <157 199 (24.9) 135 (25.1) 0.7(04-1.2) 37(24) 1.0(0.6-1.8) 51(28.3) 1.4 (0.9- 2.0)
>157 199 (24.9) 123 (22.9) 05(0.3-1.0) 42(27.3) 10(0.7-24) 44 (24.4) 0.9 (0.6- 1.5)
Number of unopened notificationsin InBasket at the time of alert delivery
<0 251 (31.4) 165 (30.7) Reference 50 (32.5) Reference 57 (31.7) Reference
>0 and <4 183 (22.9) 122 (22.7) 10(0.7-15) 34(22.1) 0.8(05-1.3) 42(23.3) 0.9 (0.6- 1.5)
>4 and <9 185 (23.2) 127 (23.6) 1.2(0.7-2.0) 32(20.8) 0.7(05-1.0) 45(25) 0.8(0.5- 1.4)
>9 180 (22.5) 124 (23) 15(0.9-25) 38(24.7) 1.2(0.8-1.8) 36(20) 0.8(0.5-1.2)

Notification count in the week prior to alert delivery

<344 200 (25.0) 146 (27.1) Reference 39 (25.3) Reference 55 (30.6) Reference
>344 and <453 201 (25.2) 127 (23.6) 0.7(0.4-1.0) 43(27.9) 09(0.6-1.4) 49(27.2) 0.6 (0.4- 1.1)
>453 and <546 199 (24.9) 135 (25.1) 0.7(05 1.1) 35(22.7) 0.6(0.4-0.9) 35(19.4) 0.4 (0.3-0.8)
>546 199 (24.9) 130 (24.2) 0.7(0.4-11) 37(24) 0.6(0.4-1.0) 41(22.8) 0.6 (0.4- 1.0)
Day of the week alert sent
All other days 633 (79.2) 418 (77.7) Reference 119 (77.3) Reference 143 (79.4) Reference
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Characteristics of derts, physi-  Total dlerts  General action®in electronic ~ Medication-specific action®  Laboratory-specific action
]E:;tns, patients, and contextual health record taken by pcpb  taken by PCP taken by PCP
ors
N (%) Actionistek- AQR® (95% Actionistak- AOR (95% Actionistak- AOR (95%
enN®) () enN(%)  Cl) enN%)  Cl
Saturday 166 (20.8)  120(223)  13(0.7-22) 35(227) 12(0.7-19) 37(20.6) 0.9 (0.6 1.6)

8General Action in electronic health record includes opening a section of the electronic medical record (medications, |aboratory, orders, results, encounters,
demographic information, other clinical information, nonclinical information, and information entry) or choosing one of severa options on the aert
that served as direct links to summaries of components of that patient’s record.

BV ediicati on-specific action includes medication list viewing and ordering.
S aboratory-specific action includes laboratory viewing and ordering.
dpcp: primary care physician.

EAOR: adjusted odds ratio.

'N/A: not applicable.

9M edi cation recommendations were automated el ectronic health record InBasket alerts that contained warnings about interactions or recommendations
for dose changes.

P Test recommendations were automated el ectronic health record InBasket alertsidenti fying the need for laboratory monitoring for high-risk medications.

We categorized the total number of patient encounters for each physician during the year prior to alert delivery in quartiles across the 75 primary care
physicians to whom alerts were sent to approximate full- vs part-time status.

IMD: doctor of medicine.

Contextual factors showed no consistent patterns. There was
some suggestion of a stronger likelihood for responsive action
if the relevant patient had more than 11 office visitsin the past
year. Responsive actions were aso more likely taken by
physicians with more patient encounters and less likely by
physicians with total number of InBasket notifications at the
time of alert delivery in the top quartile (>157 aerts).

Electronic Health Record Access and Audit L ogs

Challenges

We were ableto identify all the data that were required to track
provider behavior in the EHR access and audit logs; however,
asubstantial effort was required to identify and interpret these
data. We encountered two main challengesin dataretrieval and
interpretation. As detailed below, these challenges pertained to
capturing a historical snapshot (eg, number of InBasket
messages at a given time in the past) and interpreting data
elementsfrom access and audit logsin the absence of clear data
documentation.

Capturing a Historical Snapshot of Electronic Health
Record Status

Our access logs do not keep successive records of evolving
EHR elements (examples include InBasket message lists or
medication lists, both of which have elements added and deleted
over time). Thus, in order to capture the status of a provider's
InBasket retrospectively, we had to retrieve data generated many
months prior and couple this with longitudinal follow-up data
to determine the status at the time of interest. Specificaly, to
recreate alist of InBasket messages present at the time of alert
delivery, we obtained an estimate of the date on which the
earliest arriving messages were generated (wewent back 1 year)
and then captured all the messages generated from that point
forward. We honed this large list using status data reflecting
whether the message was opened and whether it had been
“completed” (eg, deleted) prior to the date of aert delivery.
M essages that were marked as compl eted (and those postponed

http://medinform.jmir.org/2019/1/€12650/

to return at a future date) were removed; the remaining were
concluded to be messages present in the InBasket at the time
of aert delivery.

Interpretation of Data Elements Required an lterative
Approach With Physician-Data Manager Collaboration

We encountered challenges in deciphering the variable names
for dataelements drawn from the audit logs. These data had not
previously been used for research purposes, and therefore, we
lacked clear documentation for the interpretation of many
variables. Accurately interpreting data elements required
iterative work by the physician/data manager team. Using a
simulated patient record inthe EHR, our physician collaborator
performed actionsthrough the physician user interface and then
worked with the data manager to compare results captured
simultaneously through the audit log. Both a physician’'s
perspective (providing insight into routine actions taken by
physicians within an EHR) and the data manager’s informatics
knowledge (and access to data tables) were essential for this
effort.

Discussion

Our descriptive study assessed the use of EHR log datato track
provider behavior following opening of noninterruptive
medication aerts. More than three-quarters of alerts (78.5%;
627/799) were opened by the PCP to whom they were directed,
allowing usto assessimmediate PCP action; of these, 208 alerts
were followed by immediate action. Expanding our analysisto
include alerts opened by staff or covering physicians, we found
that an additional 330/799 alerts showed evidence of action by
the end of the following day. The remaining 261 alerts showed
no evidence of PCP action. Compared to information-only aerts,
alerts containing specific instructions (including medication
and test recommendations) were significantly morelikely to be
followed by EHR action; these alerts were also more likely to
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prompt medi cation-specific action such as medication ordering,
changing, and discontinuing or medication list viewing.

Not all alerts were followed by provider action, indicating that
other factors may have played arole in providers decision to
act on information or recommendations provided in the alerts.

Data from access and audit logs provide a rare
“behind-the-scenes’ glimpseinto how health careteam members
spend their time and where they direct their attention. These
log data have been used successfully to understand questions
of the health care team’s communi cation [26], trainee skill [27],
and clinical workflow [6,7]. As we demonstrate in this paper,
EHR logs can also provide valuable implementation data that
can be used to improve future CDSinterventions. Log data can
help a research team understand whether a CDS message was
opened by the addressed recipient, how long it was viewed for,
and what kind of actions followed the viewing.

There are numerous ways aresearch team can benefit from this
knowledge. Our finding that few physician, patient, and
contextual aspectsimpacted the opening of and action on alerts
is reassuring. It does not appear that subgroups of PCPs or
patients would require varying approaches for alert-based
communication. Tracking rates of opening for noninterruptive
messages can identify aneed for improved safety measures (eg,
escalation of unopened time-sensitive messages). Understanding
who opensthese messages|endsinsight into acareteam’striage
processes, which might alter the design of the intervention (eg,
physician-directed CDS sent to a team where all messages are
opened initially by nurses might prompt the team to modify
message content or change the method of communication) [4].
Realizing that providers spend an extremely short period of
timewith alerts open might prompt those designing these alerts
to adapt messages accordingly (eg, include fewer words and
optimize visibility of key text). For the intervention discussed
in this paper, we preceded implementation by having two of
the group practice primary care physicians review all messages
generated by the system for four months. Of the tested alert
types, the reviewers selected those included in the fina
intervention with the goal that all alertswould be necessary and
actionable. For the medication information-only alerts, which
focused specifically on new or high-risk medications, the
reviewers were certain that recipients would review the full
medication list for these patients. Alerts that were categorized
as information-only may have been perceived by PCPs as not
requiring further action, since they did not include specific
recommendations. The brief viewing time and low level of
activity after viewing information-only alerts suggeststhat this
type of alert should be reconsidered before including them in
future interventions. Tracking patterns of EHR behavior after
alert opening might suggest useful shortcuts to make the alert
more user-friendly (eg, if users routinely navigate to the
medication list after opening the alert, providing alink directly
to this destination might enhance the user experience). In sum,
to understand why an EHR-based CDS intervention is (or is
not) effective, researchers should be asking whether that
intervention was delivered as planned and what subsegquent
steps were taken by recipients after intervention delivery.

http://medinform.jmir.org/2019/1/€12650/
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In this descriptive study, we focused on use of access and audit
logsfor understanding theimpact of noninterruptive aerts. This
approach is particularly necessary for studying noninterruptive
alerts, which are usually opened outside of a patient encounter
and thus present challenges for those seeking to pinpoint the
timing of downstream actions. Access and audit log data can
aso be applied to a variety of questions pertaining to
transmission of EHR-based information. Examples include
tracking of information viewing (eg, understanding when acare
team member opens and reads a clinic note, laboratory or test
report, or other updated EHR information) as well as tracking
the timing of documentation and ordering.

Access and audit logs could also be helpful in trying to reduce
the InBasket burden for physicians. Log data can reveal which
types of aerts and notifications physicians act upon; those that
are commonly left unopened or are not generally followed by
any action could be candidates for elimination or modification.
These data can also inform enhancementsto the structure of the
InBasket. Unopened or unacted upon messages can be moved
to and organized within separate folders to which the providers
can return at alater time.

In addition to the two challengesidentified here (difficultiesin
capturing a historical snapshot from the EHR and difficulty in
interpretation of data elements in the absence of clear
documentation), there are additional issues to consider when
using access and audit log data. Site-to-site variability in the
use of certain variables may introduce differences in
interpretation of audit logs across sites. Data managers may not
have privileges granted to retrieve access or audit log data. The
large volume of data generated through access and audit logs
may necessitate policiesfor limitationsin what asite stores (and
for how long). Understanding the local situation at an early
stage of research planning may facilitate use (for instance,
planning to download log data before they are deleted at a site
that stores them for only alimited period). Planning ahead and
setting up log data to provide real-time information as an
intervention isimplemented can make the process much simpler.

There are limitations to this study. We may not have captured
all PCP actions after alert opening relevant to the postdischarge
patient, such as actions taken outside of the EHR. The age of
the data (from a trial conducted in 2011) may not accurately
reflect current provider workflow in upgraded versions of the
EHR with respect to opening of alerts and responsive actions.
Direct causality (EHR action dueto alert opening) isnot proven
simply by demonstrating close temporal proximity. Our study
isdescriptive and could be supported by future qualitative work
examining the physicians' own perspectives on their EHR
actions following aert opening.

An EHR-based alert system intervention alone does not improve
clinical patient outcomesin high-risk populations. Nonethel ess,
the availability of information in the EHR can benefit similar
studiestrying to understand the link between provider behavior
in the EHR and patient care and outcomes. Although analysis
of EHR logs presents many challenges, data from these logs
can provide researchers with insight into designing impactful
EHR-based CDS and alert interventions.
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Abstract

Background: A well-designed, adequately documented, and properly maintained patient record is an important tool for quality
assurance and care continuity. Good clinical documentation skills are supposed to be afundamental part of dental student training.

Objective: Thegoal of this study was to assess the completeness of electronic patient records in a student clinic.

Methods: Completeness of patient records was assessed using comparative review of validated cases of alveolar osteitis treated
between August 2011 and May 2017 in a student clinic at Columbia University College of Dental Medicine, New York, USA.
Based on a literature review, population-based prevalence of nine most frequently mentioned symptoms, signs, and treatment
procedures of aveolar osteitis was identified. Completeness of alveolar osteitis records was assessed by comparison of
population-based prevalence and frequency of corresponding items in the student documentation. To obtain all alveolar osteitis
cases, we ran a query on the electronic dental record, which included all cases with diagnostic code 21820 or any variation of
the phrases“ dry socket” and “alveolar osteitis’ inthe notes. The resulting records were manually reviewed to definitively confirm
alveolar osteitis and to extract al index items.

Results: Overall, 296 definitive cases of alveolar osteitis were identified. Only 22% (64/296) of cases contained a diagnostic
code. Comparison of the frequency of the nineindex categoriesin the validated alveolar osteitis cases between the student clinic
and the popul ation showed the following results: severe pain: 94% (279/296) vs 100% (430/430); bare bone/missing blood clot:
27% (80/296) vs 74% (35/47) to 100% (329/329); malodor: 7% (22/296) vs 33%-50% (18/54); radiating pain to the ear: 8%
(24/296) vs 56% (30/54); lymphadenopathy: 1% (3/296) vs 9% (5/54); inflammation: 14% (42/296) vs 50% (27/54); debris: 12%
(36/296) vs 87% (47/54); alveolar osteitis site noted: 96% (283/296) vs 100% (430/430; accepted documentation requirement);
and anesthesia during debridement: 77% (20/24) vs 100% (430/430; standard of anesthetization prior to debridement).

Conclusions: There was a significant discrepancy between the index category frequency in alveolar osteitis cases documented
by dental students and in the population (reported in peer-reviewed literature). More attention to clinical documentation skillsis
warranted in dental student training.

(IMIR Med Inform 2019;7(1):€13008) doi:10.2196/13008

KEYWORDS
electronic medical records; patient record completeness; dentistry

main purpose isto serve as a means of communication among
providersthemselves and between providers and their colleagues

A clinical record is afundamental part of patient care delivery  [2]- Clinical decision support is dependent on accurate and
[1]. Its completenessisimportant for many reasons. A record’s complete dental records[3], which aso aid in the evaluation of

Introduction
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apatient’s care [4]. In the event of alawsuit, the record serves
as evidence [5] and its contents are necessary to determine
whether the diagnosis and treatment met appropriate standards
[6]. With the expansion of dental informatics applications, it is
even more essential to have acompleterecord in order to ensure
proper analysis and results in outcomes research [5]. However,
there are known issues with the completeness of electronic
medical records (EMRS).

In the past decade, electronic patient records became a
ubiquitous part of dental care delivery [7]. Oral health data
accumulated in the process of clinical care represent arich and
readily available recourse for scientific investigation and data
analytics [8]. Recent analysis of electronic dental records
(EDRs) helped identify predictors of implant survival [9] as
well as the prevalence and risk factors of peri-implantitis[10].
Application of machine learning techniques[11] and temporal
analytics [12] resulted in new opportunities for knowledge
discovery and predictive analytics[13]. With theincreasing use
of EMRs as an important resource for scientific discovery,
potential barriers for secondary analysis of EMR have been
recognized [14]. Completeness of EMR is one of the most
frequently discussed issuesthat may limit the use of EMR data
for clinical and population health research [15]. Thisissue was
reported to be particularly relevant in the eval uation of medical
student documentation [ 16]; however, no systematic assessment
of the completeness of EMR in dental student clinics has been
performed.

Since the widespread introduction of EM RS, numerous studies
haveindicated gapsin documentation. A study at the University
of Michigan examined whether there were differences in the
reported eye symptoms between EMRs and eye symptom
guestionnairesthat patientsfill out. Exact agreement wasfound
inonly 23.5% (38/162) of cases. In caseswhere patientsreported
three or more symptoms, data from the eye symptom
guestionnaire awaysvaried fromthe EMR data[17]. A similar
study at the Mayo Clinic compared symptoms of chest pain,
dyspnea, and cough between information forms patientsreceived
prior to the appointment and EMRs, for the purpose of
identifying stable angina pectoris. They found that the two
documents had varying levels of positive agreement (ratio): 74
for chest pain, 70 for dyspnea, and 63 for cough [18].
Researchers a Duke University analyzed records for
completenessfor quality purposes, but concluded that improper
documentation for colorectal cancer impeded their ability to
accurately calculate patient performance. Of the 499 patients
eligible for the analysis, only 66 had sufficient documentation.
In addition, only 86% (427/499) of EMRs confirmed adiagnosis,
29% (143/499) were missing the age, and only 38% (188/499)
stated the TMN stage [19].

Other studies indicated that the quality of documentsin EDRs
may be suboptimal [5,20]. However, thereisalack of systematic
studies on the completeness of EDRs. The goal of this project
was to review the documentation quality of EDRs in a dental
school clinic.

http://medinform.jmir.org/2019/1/€13008/
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Methods

Data Source

EDRs of patients examined at Columbia University’s College
of Dental Medicine were analyzed.

Data Collection

The study was a retrospective analysis of EDRs from patients
with dry sockets diagnosed at Columbia University’s College
of Dental Medicine between August 2011 and May 2017. We
ran a query on the college's database to find EDRS containing
diagnostic code 21820, the phrases “dry socket” and “alveolar
osteitis,” or a variation of those two phrases. All queries were
performed using structured query language in the Oracle
database containing data from an EDR system called axiUm
(Exan Group, Las Vegas, NV).

For the purpose of this study, a dry socket was defined by a
diagnostic Z code at the initial encounter. Alternatively, it was
defined by the presence of akey word in anote combined with
clinical evidence and explicit documentation of the patient with
alveolar osteitis or dry socket. Z codes are represented by alist
of diagnostic codes and terms devel oped for use with EDR, as
previously described [21].

After reviewing the literature on dry socket [22-28], we
compiled a list of 17 criteria related to dry socket. Five were
related to treatment: curettage, irrigation, anesthesia,
intra-alveolar medication, and medication. Three were
symptoms:. pain, radiating pain, and tenderness on palpation.
Nine were signs: lack of blood clot, malodor, low-grade fever,
bare bone, lymphadenopathy, pus, erythema, inflamed
gingiva/socket, and debris. The last category was the socket
site of dry socket. Severe pain was a necessary symptom for
dry socket diagnosis [25,28].

Data Analysis

A dental student reviewed each of the query resultsto confirm
the presence of adry socket. The cases were also analyzed for
the presence of any of the 17 criteriamentioned above. Pertinent
positive and negative results for dry socket criteria were both
recorded for further analysis. The student then reviewed the
available literature on dry socket statistics to determine the
prevalence of symptomsin the literature. Both the positive and
negative criteria were compared to the baseline figures from
thisliterature.

Results

A total of 150 records with diagnostic Z codes were identified,
and another 787 records were identified by searching for a
mention of dry socket or alveolar osteitis in the notes (Figure
1). Both queriesresulted in anumber of duplicate cases, which
were removed. The dry socket/alveolar osteitis dataset had 11
duplicate cases, and the Z code data set contained 13 duplicate
cases. In addition, 101 of the remaining cases overlapped (ie,
had both diagnostic Z codes and dry socket or alveolar osteitis
in the notes). These overlapping cases were not counted twice
in the study. After removing duplicates and overlapping cases,
the final number of combined cases was 812.
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Figure 1. Breakdown of the reviewed cases. DS: dry socket; AO: alveolar osteitis; FU: follow-up; OMFS: Department of Oral and Maxillofacial

Surgery.
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Cases were then categorized based on the dental record content
(Table 1). An explicit diagnosis of dry socket wasfound in 278
EMRs. Another 18 EMRs had a diagnostic Z code and the
patient received treatment for dry sockets, but the dentist never
explicitly stated that the patient presented with a dry socket;
these were also included as definitive dry socketsfor the purpose
of this study. Totaly, 296 cases (of 812, 36.5%) were
categorized as definitive dry sockets, and 108 cases (of 812,
13.3%) of possible dry sockets had notes of treatment of dry
sockets, but the dentist did not include a diagnostic code or any
definitive diagnoses of dry socket in the note. This
misdocumentation is important, but could not be included in
the data, as there is no way to confirm the patient had a dry
socket from the records. The remaining cases were classified
asfollows:

«  Follow-up treatment of both definitive dry sockets and
possible dry sockets (226/812, 27.8%).

»  Cases that were definitively classified as nondry sockets:
These patients' records wereincluded in the query because
they contained the key word to rule out the diagnosis,
history of previousdry socket, mention of dry socket paste,
or similar reference (117/812, 14.4%).

» Referralstotheord surgery clinic: Suchreferralsfor further
eval uation were also acommon finding. Thereferralswere
not followed up to determine if these patients were later
seen in Columbia (43/812, 5.3%). An additional segment

http://medinform.jmir.org/2019/1/€13008/
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of charts belonged to patients whose only encounter
populated in our search was for a follow-up in our clinic
for a dry socket (19/812, 2.3%). The final and smallest
group of charts contained aZ code, but no note was found
in the system for the encounter. This may have been akink
in the system or oversight by the provider (3/812, 0.4%).

Definitive dry socket cases were analyzed for correctness of
EMR documentation. The demographics of patients of the 296
records are outlined in Table 2. Women (196/296, 66.3%) were
affected by dry socket more frequently than men. The age group
with the highest frequency of dry socket included adults between
the ages of 20 and 39 years (146/296, 49.3%). Table 3
demonstrates the extraction characteristics of the definitive dry
sockets studied. Molars were the most frequent sites for dry
socket, with the third molar represented in 37.5% of the cases
(111/296). Tooth extraction was performed under the
supervision of faculty from the Department of Oral and
Maxillofacial Surgery in 82.8% (245/296) cases. About half of
the tooth extraction procedures were carried out by predoctoral
students (145/296, 46.3%) and the remaining extractions were
performed by postdoctoral students, the majority of whom were
represented by residents of the Department of Oral and
Maxillofacial Surgery. A similar pattern was observed for
location and provider type for the tooth extraction follow-up
visits during which dry socket was diagnosed and treated.
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Table 1. Categories of classifications.
Category Description n
Definitive dry socket Diagnostic code with signs, symptoms, and treatment, or explicit clinical diagnosis 296
Dry socket follow-up Follow-up to case classified as definitive dry socket, possible dry socket, or other treatment 230
Possible dry socket Presented with symptoms and treated for dry socket, but no explicit diagnosisor Z code 108
Referra Referred to the Department of Oral and Maxillofacial Surgery 43
Not dry socket Diagnosis excluded by provider, history of previousdry socket in notes, or similar finding 117
Dry socket treatment follow-up or missing  Only the follow-up on previous treatment was contained in the query 15
other documentation
Incomplete notes Notes were not populated but contained the Z code 3

Table 2. Patient demographics.

Characteristic n (%)
Gender
Male 100 (33.7)
Female 196 (66.3)
Age (years)
<20 11(3.7)
20-39 146 (49.3)
40-59 82 (27.7)
60-79 53 (17.9)
>80 4(1.4)
Ethnicity
African American 23(7.8)
Asian 4(1.4)
Caucasian 9(3.0
Hispanic 120 (40.5)
Other 139 (47.0)
Not disclosed 1(0.3)
Language
English 195 (65.88)
Spanish 68 (22.97)
Other 30(10.14)
Arabic 2(0.68)
Russian 1(0.34)

Two general types of misdocumentation were encountered and
calculated while analyzing the 296 cases of definitive dry socket
(Table 4). The first was any missing gross documentation
necessary for diagnosis of dry socket to support the clinical
diagnosis of this condition and to provide documentation
necessary for patient follow-up and care continuity. These
included documented pain, visible bone, or lack of blood clot.
We al so included the missing socket position when diagnosing

http://medinform.jmir.org/2019/1/€13008/

a dry socket. Of the 296 cases, 220 (74.3%) were missing at
least one of the abovementioned factors. The second type of
misdocumentation was the number of caseswithout adiagnostic
Z code. Of the 296 cases, 232 (78.4%) did not contain the
diagnostic code. All cases analyzed were documented after the
Columbia University College of Dental Medicine implemented
diagnostic codes.
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Characteristics n (%)
Extracted tooth
Third molar 111 (37.5)
First and second molars 125 (42.2)
Premolars 40 (13.5)
Department of extraction treatment
Department of Oral and Maxillofacial Surgery 245 (82.8)
Periodontics 13 (4.9)
Other 38(12.8)
Provider group for extraction
Student 145 (46.3)
Department of Oral and Maxillofacial Surgery 65 (24.1)
General practice residency 23(8.5)
Advanced education in genera dentistry 18 (6.7)
Periodontics 14 (5.2)
Other 31(10.4)
L ocation of dry socket treatment
Department of Oral and Maxillofacial Surgery 242 (81.8)
Advanced education in general dentistry 17(5.7)
Periodontics 14 (4.7)
Other 23(7.8)
Provider groupsfor dry socket diagnosis
Student 143 (48.3)
Department of Oral and Maxillofacial Surgery 49 (16.55)
General practice residency 42 (14.19)
Advanced education in genera dentistry 26 (8.78)
Periodontics 13 (4.39)
Other 23(7.8)

Possible misdocumentation was also found in the remaining
516 cases that were not labeled as definitive dry socket. There
were 108 cases of patients who presented with symptoms of
dry sockets and received treatment for dry sockets. However,
their chartsdid not include aZ code or any definitive diagnoses
by the provider. Although many of these patients fulfilled the
requirements to be classified with a dry socket, they could not
be included in the analysis because they lacked a basic
documented confirmation. Aspreviously stated, 206 caseswere
classified as follow-up appointments to initial treatment of
definitive dry socket. From these cases, another category of
misdocumentation emerged: 16 of the cases contained a
diagnostic Z code, athough the actual diagnosis and initial
treatment of the dry socket did not contain this code. The latter

http://medinform.jmir.org/2019/1/€13008/

type of misdocumentation does not have any direct
consequences, but reveals a reluctance to use dry socket
diagnosis or lack of education regarding diagnostic codes.

Thefinal group of misdocumentation wasfound inthe 19 cases
categorized as follow-up to the initial appointment for dry
socket, in which the patient’s first documented encounter with
the word dry socket or alveolar osteitis was in the follow-up.
Theclinical notein 14 of these 19 casesindicated that the patient
was previously seen in the clinic or emergency room to treat
the dry socket. The implication isthat these patients were seen
and treated for a dry socket previoudly in the clinic, but the
earlier documentation lacked any of the three search terms (dry
socket, alveolar osteitis, and Z code) used to identify cases for
thisanalysis.
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Table 4. Types of misdocumentation encountered (N=296).
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Type of misdocumentation n (%)
Missing documentation necessary for diagnosis (pain, bone visible, or socket position) 220 (74.3)
No Z codes 232 (78.4)
Treated for dry socket and had symptoms, but no definitive diagnosis 108 (36.5)2
Dry socket follow-up is Z code but no initial encounter 16 (5.4)2
Dry socket follow-up was searchable but not the original case 14 (4.nab

#These cases were categorized for purposes of misdocumentation but were not included in the analysis of misdocumentation of definitive dry sockets.

BIncludes 2 from the emergency room.

Definitive dry socket signs, symptoms, and treatments
completeness compared to the best values available in the
literature are presented in Figure 2. Presence of severe pain was
considered anecessary symptom for dry socket diagnosis. The
clinica notes only contained pain as a symptom in 94%
(279/296) of the cases. Bare bone [23], open socket [25], or
missing blood clot [26] was mentioned in 74% (35/47) to 100%
(329/329) of the dry socket cases. In our clinic, any of these
related terms were mentioned in 27% (80/296) of cases. In the
296 definitive dry socket cases, theword “bone” was only found
in 50 cases and “clot” was found only 25 times; some of these
cases overlapped. These terms are germane and necessary for
a diagnosis of dry socket, and the lack of documentation is
troublesome. Malodor [22] was documented in 33% (18/54) to
>50% of the dry socket cases in the literature [27]; however,
its documentation was only present in 7% (22/296) of our cases.
Radiating pain toward the ear was present in 56% (30/54) of
the cases in the literature [22], but was mentioned only in 7%
(24/296) of our cases (documentation of radiating pain alone

was included in this number, as we did not require ear or side
of face to be documented). Lymphadenopathy [22] was present
in 9% (5/54) of the casesin the literature [23], but in only 1%
(3/296) of our cases. Inflammation was present in 50% (27/54)
of the casesin theliterature [22]; however, in the dental record,
only 14% (42/296) of cases mentioned inflammation and 15%
(44/296) (with some overlap with inflammation cases)
mentioned erythema.

A comparison between the notes of predoctoral dental students
and postdoctoral faculty and residents is outlined in Table 5.
The nine selected signs, symptoms, and other documentation
related to dry socket diagnosis were analyzed. Predoctoral
students were more likely to properly document the location of
the dry socket, while postdoctoral students were morelikely to
document malodor, presence of debris, and anesthesia
administration during socket debridement. Misdocumentation
of the remaining categorieswas equal (both groupswerewithin
1% of one another for the other five categories) as compared to
the expected values (Figure 2).

Figure 2. Signsand symptoms in misdocumentation. DS: dry socket; CDM: clinical dental record.
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Table 5. Comparison between the notes of predoctoral dental students and postdoctoral faculty and residents.

Characteristic Predoctorate (n=143), n (%) Postdoctorate (n=151), n (%)
Severe pain 135 (95) 144 (94)

Bare bone/missing blood clot 31(22) 49 (32)

Malodor 6 (4) 16 (10)

Radiating pain to ear 12 (8) 12 (8)

Lymphadenopathy 1(2) 2(1)

Inflammation 21(15) 21(14)

Debris 12(8) 24 (16)

Dry socket site noted 140 (98) 143 (93)

Anesthesia mentioned during debridement 22(50) 18P (82)

&Total for this group is 4 students.
bTotal for this group is 22 faculty and residents.

Discussion

Our ultimate finding was that misdocumentation occursin EDRs
to varying degrees within a dental school clinic. The dental
records reviewed lack many signs and symptoms that are
necessary and expected to be recorded for a diagnosis of dry
socket. This misdocumentation was prevalent in the notes of
both predoctoral and postdoctoral students. Themajor limitation
of this study, as with other electronic record retrospective
studies, was our ability to confirm the diagnosis of dry socket.
We also could not confirm whether patients actually had the
symptoms omitted. We were forced to rely on the information
provided by the documenter.

Evaluation of completeness of symptom documentation in this
study followed recent guidance on EMR data quality—assessment
methodology [29] that promulgates the use of validated
population-based prevalence as a gold standard [30-31].
Following these guidelines, the comparison between the
validated symptom prevalence and symptom frequency found
in our EDR review was used to identify completeness of
symptom documentation in EDR in this study. This approach
has been successfully used in a number of previous studies to
identify completeness of smoking status records [32], obesity
reporting [33], hypertension records [34], and depression
prevalence [35]. To minimize bias toward inflating
misdocumentation rates, whenever several verified estimates
of apopulation-based frequency for aparticular symptom were
available, a comparison was made between the lowest
population-based frequency and the frequency found in the
EDR, as previously described [29-32].

Our findings of the demographics and tooth extraction
characteristics among patients with dry socket are congruent
with previous reports. As previously determined, women are
more likely to have dry socket then men [25,36]. The tooth
positionismost likely to be athird molar compared to any other
individual area[37]. Peopleintheir 20s and 30s are at a higher
risk for alveolar osteitis [38]. Two major types of
misdocumentation that were found and analyzed in this study
have been previously mentioned in theliterature, including lack

http://medinform.jmir.org/2019/1/€13008/

of supporting documentation for clinical diagnosis[25,28] and
absence of appropriate diagnostic codes[39].

Analysis of characteristics of providers who performed tooth
extraction and dry socket diagnosis confirmed the external
validity [40] of our study sample, astheresulting characteristics
accurately reflected routine dental care delivery patterns for
these types of procedures occurring in the student clinic. The
majority of the cases were carried out under supervision of a
preceptor from the Department of Oral and Maxillofacial
Surgery. About half of the extractions and dry socket diagnoses
were carried out by predoctoral students, and the rest were
performed by postdoctoral residents of whom approximately
half were represented by residents of the Department of Oral
and Maxillofacial Surgery. The fact that the predoctoral and
postdoctoral dental surgeons were equally presented in our
analysis supported the unbiased comparison between
documentation quality of predoctoral and postdoctoral students.

The results of documentation completeness in EDRSs in this
study are corroborated by the following reports. In Minnesota,
a discrepancy was found between the American Dental
Association’s recommendation for dental record accuracy and
the actual accuracy in dental practices [41]. In Finland,
researchers observed a discrepancy between the quality of
treatment a dentist believed he/she provided and the treatment
the patient actually received, as contained in the EDR [42].
EMRs have al so been shown to have issues with accuracy [43].
Inan adult cardiology clinic, researchersdiscovered “very poor”
completeness values for signs such as chest pain and shortness
of breath [44]. In a systemic review of EMR completenessin
primary care, Thiru [45] found that records of diagnoses with
clear clinical criteria had a higher rate of completeness than
those without clear criteria. This is relevant to dry socket, a
diagnosiswith unclear criteria. A traumacenter study also found
incompl eteness of certain categoriesinthe EMR [46]. Similarly,
astudy conducted with inpatient records at Menelik 11 Referral
Hospital, agovernment hospital in Addis Ababa, Ethiopia, found
“low” EMR completeness compared to the expected standard
of 100%[47]. Legal Medical Record Standards stated that “ Each
Medical Record shall contain sufficient, accurate information
to identify the patient, support the diagnosis, justify the
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treatment, document the course and results, and promote
continuity of care among health care providers’ [48]. Following
this simple instruction can vastly improve the delivery of care.

To resolve the issues with incomplete or inaccurate records,
dental education should emphasize more on proper
documentation and ensure its incorporation into the clinic
routine. Documenters need to remember that their records are
not simply for their own convenience, but may serve legal,
research-related, or forensic purposes [1,49]. To thisend, each
record must be complete, without implicit assumptions, and
follow a method that makes it easily accessible to any reader.
Thierer [50] found an improvement in EDR accuracy by
incorporating an in-service intervention for faculty members
and a Moodle site course on documentation for students.

Our findings have important implications for future research
that uses EMR data. Better understanding of the potential
limitations of electronic health record data use promotesfidelity
and reproducibility of secondary data analysis [51]. A variety
of approaches are being implemented to address the potential
limitations of EMR data[52] such as deep learning techniques
[53] for imputing missing data, symbolic operations for time
interval analytics [54], and calibration to reduce measurement
error in prevalence estimates based on EMR data [55]. A
growing number of studies employ common data models
combined with cross-linked semantic ontologies to harmonize

Levitinet d

EMR data[56] and confirm with the Findability, Accessibility,
Interoperability, and Reusability principles [57].

We believe there are three sequential steps necessary for
improving EDRs. Thefirst stepisadditional training predoctoral
and postdoctoral students on the importance of note
comprehensiveness. As per a systemic review by the
Accreditation Council for Continuing Medical Education, alive
intervention with interactive techniques is the most effective
way to change a physician’s behavior to influence patient
outcomes [58]. Interventions should therefore be constructed
accordingly. The next step is adding disease- and
condition-specific worksheets to the EDR. The worksheets
should contain categories pertinent to the specific diagnosis,
with drop-down boxes for the practitioner to complete. This
preventstheinadvertent omission of crucial categories. Thelast
stepisadding aclinical decision support tool to EDRs. Thetool
embodies evidence-based dentistry, an approach being adopted
by an increasing number of dental schools and practitioners.
However, thistool operates properly only if practitioners enter
complete and accurate datainto EDRsin away that computers
can easily analyze. Thus, strict compliance with the first two
steps is critical. This will result in refined EDRS, which can
potentially lead to superior and safer delivery of care at alower
cost [59]. Although someinformationin EDRsmay seem largely
irrelevant, the EDR isacritical depository of data, with limitless
research possibilities. If properly executed, it may improve
diagnoses, treatment, and dentistry as awhole.
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Abstract

Background: Concernsabout privacy and personal data protection resulted in reforms of the existing legislation in the European
Union (EU). The General Data Protection Regulation (GDPR) aims to reform the existing directive on the topic of personal data
protection of EU citizens with a strong emphasis on more control of the citizens over their data and in the establishment of rules
for the processing of personal data. OpenEHR is a standard that embodies many principles of interoperable and secure software
for electronic health records (EHRS) and has been advocated as the best approach for the development of hospital information
systems.

Objective: This study aimed to understand to what extent the openEHR standard can help in the compliance of EHR systems
to the GDPR requirements.

Methods: A list of requirements for an EHR to support GDPR compliance and also a list of the openEHR design principles
were made. The requirements were categorized and compared with the principles by experts on openEHR and GDPR.

Results: A total of 50 GDPR requirements and 8 openEHR design principleswere identified. The openEHR principles conformed
to 30% (15/50) of GDPR requirements. All the openEHR principles were aligned with GDPR requirements.

Conclusions: This study showed that the openEHR principles conform well to GDPR, underlining the common wisdom that
truly realizing security and privacy requiresit to be built in from the start. By using an openEHR-based EHR, the institutions are
closer to becoming compliant with GDPR while safeguarding the medical data.

(JMIR Med Inform 2019;7(1):€9845) doi:10.2196/medinform.9845

KEYWORDS
health information interoperability; electronic health record; data protection; GDPR; openEHR

great volume of data, as their activities are heavily dependent
on information accessed, as well as the way it is processed,
managed, and made available.

Introduction

The computer-based patient record has been considered an

essential technology for health careinthelast 25 years[1] even  |nformation technology (IT) development has enabled health
though their cost-effectiveness still needs more research to be  care ingtitutions to improve the collection and processing of
fully assessed [2]. Currently, health care activitiesstrongly rely  health data, raising new concerns regarding the sensitivity of
on collected patient dataand are feeding big data-driven health  theinformation processed by information systems (1Ss), namely,

care projects that, among other aims, seek reliable predictors  the risks concerning patient data protection and privacy.
of health outcomes [3]. Health care professionals deal with a
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Although easy accessto informationiscrucia to routineclinical
practice, privacy, and security of medical information, it cannot
be neglected, considering the consequences the misuse of
medical information can present to the patient’s personal life.
The Health Insurance Portability and Accountability Act privacy
and security rules clearly emphasize the need of privacy of
health information of the patient while allowing for sharing
among different agencies[4].

One example of patient datamisuseisthe use of medical records
for research without consent. This misuse is unfortunately
widespread in the institutions that we have contact with. Often,
thisisaconcern after the patient data are already accessed and
just before the research is sent for publishing. Thisattractslittle
scrutiny compared with, for instance, biospecimen research,
where concerns about genomic privacy prompted recent US
federal proposads to mandate consent [5]. Moreover,
cybersecurity threats against health care organizationsarerising
in numbers and severity [6,7]. New threats include hacktivism
and organized crime, targeting individual identified data stored
in hospitals and offices. New technologies and policies are
needed to address the risks [8].

Health care data standards such as HL7 v2, HL7 FHIR [9],
DICOM [10], or openEHR are centra in the quality of the
implemented patient records and have also tried to address
security issues.Nevertheless, the pressure on health care to
comply to new data protection rulesisrising, so these standards
must also be revisited taking this into consideration.

General Data Protection Regulation

The European Union (EU) General Data Protection Regulation
(GDPR) isthe most important changein data privacy regulation
in 20 years [11]. The GDPR replaces the Data Protection
Directive 95/46/EC in an increasingly data-driven world that is
vastly different from the time in which the 1995 directive was
established. The GDPR was designed to harmonize data privacy
laws across Europe to protect and empower al EU citizens
data privacy and to reshape the way organizations across the
region approach data privacy. Although the key principles of
data privacy still hold true to the previous directive, many
changes have been proposed to the regulatory policies. The
GDPR was adopted on 27 April 2016. It becomes enforceable
from 25 May 2018, after a 2-year transition period at which
time those organi zations in noncompliance will face heavy fines.
So, it is of utmost importance for health care ingtitutions to
acknowledge the regulation’s requirements, analyze what is
imposed in the obligations, and verify the compliance of the
organization and its ISs, as well as, when necessary, to define
strategies to adopt necessary measures.

Regarding principles relating to processing of personal data,
the GDPR includeslawfulness and transparency toward the data
subject; there must be a clear purpose for data collection and
limitation regarding the further processing of data other than
archiving; data processing should be adequate, relevant, and
limited to what is necessary, fulfilling the principle of data
minimization; personal data should be accurate and, when
necessary, kept up-to-date (accuracy); personal data should be
kept in aform, which permitsidentification of data subjectsfor
no longer than is necessary (storage limitation); personal data
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should be processed in a manner that ensures its appropriate
security (integrity and confidentiality); and the controller shall
be responsible for and be able to demonstrate compliance with
the regulation (accountability).

Regarding the rights of the data subjects, the GDPR definesthe
rights that controllers must make possible, such asthe rightsto
be informed, of access by the data subject, to rectification, to
erasure (commonly known as the right to be forgotten), to
portability, to limitation to processing, to restriction of
processing, to not be subject to automated individual decision
making, including profiling, and to withdraw consent for
processing of data. The controllers are obliged to implement
technical and organizational measures that can answer to the
data subject’s request, regarding their rights, but also at a
security level.

Organizations must incorporate concepts such as privacy by
design and by default in the development of their systems, to
comply with GDPR requirements related to the protection of
the personal datathey process. Even though these requirements
are seen as arestriction for medical research, there are pointers
in the literature to the standardization of the datain Europe and
uniformization of a digital single market together with the
GDPR, which will facilitate medical research when theresearch
is considered in the public interest [12].

OpenEHR

OpenEHR presentsaset of principlesfor an interoperable EHR
systems architecture based on a multilevel, single source
modeling approach. OpenEHR’s specifications are published
by the openEHR Foundation, an entity responsible for the
devel opment of the specifications and the availability of specific
tools enabling the standard’s use. One of the main goals of
openEHR is to enable the development of EHR systems to be
able to communicate with each other, without |oss of meaning,
thus achieving semantic interoperability.

Modeling in openEHR relieson a 2-level schemethat separates
the content from the form in which it is defined. The openEHR
Architecture Overview states that, under the 2-level approach,
the first level is a stable reference information model, which
defines basic concepts for logical data representation, which
also act as primitives for the second layer of models. These
primitives include data types, structures, and the connections
between them controlling how they can be assembled to create
clinical content definitions in the second level. The clinica
content definitions consist of data points, and groups are defined
in the form of constraint structures, known as archetypes, on
thefirst layer primitives. Archetypes can be used to create other
more complex archetypes and also templates which are
representations of datasetsfor specific domain use cases. Thus,
an openEHR Archetypeisthemodel (or pattern) for the capture
of clinical information—machine-readabl e specification of how
to store patient data using the openEHR Reference Model
whereas archetypes describe complete domain-level data
structures such as diagnosis or test result, and a template
provides the means for grouping archetype-defined data points
for particular business purposes.
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With this 2-level approach, the clinical content is structured
outside the software, allowing EHR systemsto be moreflexible,
as the modifications concerning the clinical knowledge are
realized solely by the modifications of the archetypes, without
compromising the integrity of the software or data of an EHR
repository which is based on the Reference Model [13].

OpenEHR offers anew paradigm of systems modeling, relying
on avery stable model at the software level and avery flexible
modeling that reflects the evolution of knowledge at the domain
level. There are tools to help the modeling process such as the
Clinical Knowledge Manager which isaWeb-based repository
that contains archetypes and templates developed by an
international group of specialists. This platform supports
collaboration open to everyone (specialy clinicians, IT
professionals, and software engineers), where participants can
author, review, trandlate, and maintai n archetypes and templ ates.

Aim

Given the nature of openEHR as a standard being used to build
EHR systems, it is important to understand to what extent the
openEHR principles address the requirements mandatory to

GDPR. This research aimed to study if and how openEHR
addresses the GDPR requirements.

Methods

The study was performed in 3 steps. (1) identify the
requirements for a health information system (HIS) compliant
with GDPR; (2) identify the openEHR security principles
regarding the functionalities of an HIS; and (3) determine the
correspondence of the openEHR principles to the GDPR
requirements.

General Data Protection Regulation Requirements

Thelist of the GDPR requirements was created by reading the
legislation by specialists (authors of this paper: LFA and MS).
The list of requirements was built with a strong input on the
global description of the system, focusing on the identification
of the GDPR goas and the later trandlation to system
functionalities. The requirements were described using the
Ingtitute of Electrical and Electronics Engineers Guide for
Developing System Requirements Specifications [14].

A search was conducted on the PubMed database for papers
related to the GDPR using the GDPR keyword. The search
returned a list of 29 papers from which the ones without an
abstract aswell asthe onesthat did not relate specifically to the
subject in hand were removed. We were |eft with 5 papers that
were reviewed to obtain higher level groups for the GDPR
reguirements.

OpenEHR Principles

The list of openEHR architectural features relevant to GDPR
was compiled from the openEHR Architecture Overview [13]
by specidists (authors of this paper: GB and SF), aiming to
identify its main principlesin view of the functionalities of an
openEHR-based system. A description of each principle was
agreed upon by the specialists.
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We identified and listed the openEHR features, with a strong
focus on the functionalities of a system rather than the
implications of the architecture.

Matching Gener al Data Protection Regulation
Requirements With OpenEHR Features

Each feature can match more than one requirement, and a
requirement can be matched by more than one feature. To be
considered as a match, the openEHR features should meet the
GDPR requirements in a straightforward way by the smple
implementation of its architecture.

Results

The results section presents the (1) list of the GDPR
requirements, (2) the openEHR GDPR—elated features, (3) a
table that matches the requirements with the features, and (4) a
list of requirements not met by openEHR GDPR-related
features.

General Data Protection Regulation Requirements

The article review on the GDPR in PubMed left us with alist
of 5 articlesthat wererelevant for the subject of GDPR in health
care. Moreover, 2 of the 5 articles focus on data sharing
[15,16]and set Consent, Privacy, Security Measures, Adequacy
of use, and Oversight as a high-level grouping of GDPR
concerns in health care data sharing. Furthermore, another 2
articles were related to the concerns of the GDPR in research
[17] and in the area of radiology [10]. Although the first focus
was on areview of the GDPR for medical research, it does not
provide ausable division of the requirements, focusing instead
on the changes GDPR brings to researchers; the second focus
was on term definitions such as portability of health care data,
personal data breaches, anonymization, pseudonymization, and
encryption, in which requirements affect the lawful processing
of data for research. The final article describes a system that
focuses on the audit and traceability helping institutions fulfill
the need that GDPR imposes in the institution to know who,
when, and what is done with their data [18]. On top of these
articles, we analyzed an article by Mense and Blobel [9] where
the authors analyze the GDPR requirements, extract some key
factors from the legislation, and match them against multiple
HL7 standards including CDA, FHIR, and HL7 v2. They
synthetize the GDPR legidation into 7 key factors that we
enumerate next:

Data protection by design and by default.

Data portability.

Right to be forgotten—notification requirement.
Unambiguous consent.

Privacy notices.

Right to Access and Records of processing activities.
Explicit and formally represented policies.

No gk~ wDdE

In our analyses of the GDPR legidation [11], we identified a
total of 50 requirements grouped into 7 groups. The
reguirements were aggregated into the following groups:

1 Limitationsto data processing, which include requirements
directly related with data processing limitation for the
institution.
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2. Dataquality and accountability, which include requirements
related with integrity, accuracy, and audit.

3. Consent by data subject, requirements related with consent
and authorization.

4. Empowerment of data subject, requirements that increase
the rights of the data subjects on their data.

5. Data breaches, requirements directly related with data
breaches and how to proceed in case of a data breach.

6. Data portability and interoperability, requirements related
to authorized data sharing.

7. Privacy control and impact assessment, requirementsrelated
with Privacy Impact Assessment (PIA) and privacy by
default and by design.

The complete list of the requirementsis defined in Textbox 1.

OpenEHR Design Principles

The following 8 features were identified in openEHR as being
relevant to GDPR:

Feature 1: 2-Level Modeling

2-level modeling promotes the separation of the reference model
(stableinformation model that definesthe logic structure of the
EHR and the demographic data) from the content model (the
definition of clinical domain as archetypes and templates
modeled by clinical professionals. Essentially, archetypes and
templates are datasets external to any system'’s software). The
Reference Model isimplemented at the software level, whereas
the Domain Model is set through the archetype and template
modeling. This results in the separation and independence of
software structure from its content, enabling flexible,
interoperable, and scalable health systems. Fundamentally, all
openEHR systems support the same data structure and remain
ableto communicate, regardless of how many changes are made
to domain information definitions.

Feature 2: Separation of Clinical and Demographic
Information

One of the openEHR design principlesisto enable the complete
separation of the EHR from identifiable demographic
information viaseparated repositorieswith flexible referencing.
In case of a data breach of the EHR repository, it allows the
identity of the data subject to be preserved, unless the
demographic repository is also breached. This principle
strengthens the data subject’s anonymization regarding the
information intheir EHR, asitisused asan instanceinthe EHR,
called Party_Self, to make areference to the data subject. This
information works as an optional external reference, such that
the EHR can be set to provide 3 levels of separation. The
external identifier is determined in the instance Party_Self by

« Nowhere in the EHR (every Party Self instance is left
empty). This is the safest way, and it means that the
connection between the EHR and the patient needs to be
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made outside the EHR, by connecting the EHR identifier
(EHR.ehr_id) and the subject’s identifier.

« Only onceinthe EHR _STATUSobject (subject’s attribute)
and nowhere else. It is a very safe measure if the
EHR_STATUS object is protected in any way.

« Inany Party Self instance, thisis areasonable solution in
a safe environment appropriate to copy parts of the record
on demand.

Feature 3: Service Mode

openEHR service model [19,20] specifies a formal, abstract
definition of interfaces to be implemented in an openEHR
system. Implementations can follow these abstract definitions
to alow interoperability between variousimplementations. The
servicemodel currently consists of the EHR Service, the Query
Service, and the Definitions Service. The EHR Service allows
the consultation of datamade available by the EHR Application
Programming Interface (API). The detail level of the consulted
data may vary, allowing the access to more complex records,
such as changes in versions, or it may allow the search of
simpler elements, such as single clinical data items, patient
identifications, etc. The Definitions Service allows accessto an
archetype repository, acting as an important tool for access to
important information by medical professiona s (eg, if they need
an archetype that is not on his’her local repository for certain
medical treatment). The service model thus takes on an
important role in controlling the availability of data, aswell as
the possibility of consultation, allowing the definition of safe
and intuitive views.

Features 4 and 5: Version Control—Versioning and
Digital Signature

Important openEHR features related to GDPR relate to data
integrity support. The EHR or demographic repository is
managed using Veersioned Objects. Versioned Objects are used
to contain the versions of a Composition or Party structure,
which in turn contain fine-grained clinical and demographic
data, respectively. The set of changesto itemsin any update to
the system is called a Contribution (more commonly known as
achange set). Each change set works as a transaction, ensuring
the consistency and integrity of the data repository. Changes
made by users (creating new records, deleting records,
modifying records, and transferring records) are not performed
at the item/record level but at the level of the repository as a
whole. This means that no version is deleted or modified; all
the changes are physically implemented as new versionsin the
repository. This principle ensures indelibility (no information
is deleted). Version control includes the possibility of each
version having a digital signature, created as a primary-key
encrypted of a hash of a representation approved of the
compromised version. In a versioned system, the digital
signature acts as a verification of integrity, a measure of
authentication and also as a measure of nonrepudiation.
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Textbox 1. List of General Data Protection Regulation requirements.

1. Limitationsto data processing

Purpose limitation: The system shall admit the definition of a purpose for the limitation of processing.
Data minimization: The system must allow the definition of the minimum of data fields required for processing.

Period of storage limitation: The system must allow the definition of deadlines for the processing of specific personal data, in order with
the purpose of processing.

Method storage limitation: The system must allow the storage of datain a way that only identifies the data subjects during the necessary
time relative to the purpose.

Limitation of processing of personal data: The system must be able to limit the processing of personal data according to the consent given
by the data subject.

2. Dataquality and accountability

Accuracy: The system must alow the update of the personal data whenever necessary.

Integrity and confidentiality: The system must support the adoption of technical and organizational measures that ensure the security of
processing, namely, the protection against unauthorized processing or against the loss, destruction, or accidental harm of personal data.

Accountability: The system must allow the demonstration of compliance with the data processing principles.
Statement of accountability: The system must support the demonstration of compliance with codes of conduct and certified procedures.
Conditions of processing: The system must record data describing the legal context that allows the processing of data.

Record of processing: The system shall be able to keep an up-to-date and accurate record of all the processing activities and must alow the
record of processing to be written in an electronic format.

Availability of records of processing: The system must allow access to consult its records of processing.

Location of data: The system must be able to identify and locate a subject’s data that must be limited inside the system.

3. Consent by data subject

Explicit consent: The system must be able to record and show the consent of the data subjects for the collection of personal data and the
purpose for collecting.

Management of consent: The system must allow changes to the consent by the data subject.
Record of consent: The system must be able to keep arecord of consent or consents to distinguish it from other content.

Withdrawal of consent: The system must ensure the ability to withdraw consent (opt-out) in an easy and clear way, using the same means
in which the consent was obtained.

Features of the consent: The system must ensure that the consent provision by a subject is active, not obtained through silence, inactivity,
or prechecked boxes, and that it is confirmed in words.

Lawfulness of processing after withdrawal of consent: The system shall be able to ensure the lawfulness of data processing after the withdrawal
of consent.

Objection to processing: The system must support the cessation of processing in response to arequest by the data subject.

4. Datasubject empowerment

Information provided to data subject: The system must inform the data subject about the conditions and rules relating to data processing
and privacy.

Means to provide information to data subjects: The system must have a means of providing such information.

Verification of the identity of the data subject: The system must allow the verification of the identity of data subjects upon the request.
Data subject request: The system must support the receipt of data subject’s request.

Response to request: The system must enable the solicitation to the data subject’s request by the same means the request was made.

Data subject access: The system must provide a copy of the data subject’s personal data at processing on request.

Data subject request action: The systems must support the means for the data subject to request access to the subject’s data.

Information accessed by the data subject—The system must enabl e access to the data subject’sinformation and actions such asthefollowing:
o Purpose of processing.

«  Categories of personal data held by the system.

«  Therecipients or categories of recipients to whom personal data have been or will be disclosed.
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5. Databreaches

6. Data portability and interoperability

7. Privacy control and impact assessment

o  Theperiod for which personal datawill be stored.

«  Theexistence of the right to request from the controller rectification or erasure or restriction of data processing.

« Right to lodge a complaint with a supervisory authority.

« Availableinformation as to the source of data collection, if personal data were not collected from the data subject.

«  Existence of automated decision making, including profiling.

Response to data subject request: The system must allow the response to the data subject’s request in a commonly used means.
Data subject direct access: The system must provide a secure method for the direct access of the data subject to their personal data.
Personal data rectification: The system must allow the rectification of inaccurate personal data by the data subject.

Personal data erasure: The system must allow the erasure of personal data when consent isremoved or when the purpose on which the data
were gathered is no longer valid.

Legitimate interest: The system must be able to demonstrate to the data subject the legitimate interest for the processing, including retrieval ,
modification, and sharing.

Confirmation of dataprocessing: The system must be ableto confirm the processing of the data subject’s personal datain each case requested
by the subject.

Records of data breaches: The system must keep arecord of data breaches that were detected.
Records of data breaches nature: The system must register information regarding the nature of data breach.

Data breach description: The system must keep arecord of information regarding the nature of data breach in aformat subject to be sent to
the supervisory authority.

Data breach notification deadline: The system must enable the notification procedure of the supervisory authority in 72 hours.

Data breaches notification procedures: The system must support the development of procedures for the report of internal breaches.

Portability of personal data: The system must alow the portability of personal datain a structured, common, automatic format.
Portability of personal data between controllers: The system must be able to transfer personal data to another controller.
Interoperability of systems and formats: The system must enable interoperability for the transfer and portability of personal data.

Communication between ingtitutions: The system must allow the communication between institutions involved in the processing of the
same personal data.

Cross-border data transfers: The system must allow the transfer of personal datato other countries.

Cross-border data transfers guarantee: The system must enable the recording of the proper measures presented by the third country or
international organization that allows the transfer of personal data.

Privacy by design: The system must alow the pseudonymization and encryption of data and must be able to apply data minimization
measures, storing only minimal needed data.

Privacy by default: The system must ensure the processing of personal data relevant to the purpose and it must ensure that no personal data
are made available without human intervention.

Access control measures: The system must make data unintelligible in case of unauthorized access.
Data Protection Impact Assessment (DPIA) records preservation: The system must allow the preservation of DPIA.

DPIA consultation: The system must allow the consultation of the DPIA when the controller requiresit.

Features 6 and 7: Access Control—Access Control List
and Configurations

list, indicating the identified individuals and their categories.
The definition of the access control list should consider
relevance of the user’s identity access either in terms of time

openEHR access control is set through the object named
EHR ACCESS. This object works as a gate to all access
information, being that any decision regarding access
information should be based on the policies and rules established
init. OpenEHR’s EHR allowsthe definition of an access control

http://medinform.jmir.org/2019/1/e9845/

or duration of access. When creating an EHR, openEHR alows
the definition of a gatekeeper responsiblefor the access control
configurations. The gatekeeper becomes an identity recognized
in the EHR, usually being the own patient (in case of mentally
competent adults) or arelative or legal tutor (in case of being
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a child or mentally incapable). The gatekeeper sets who can
make changes in the access control list, being that all changes
are kept in the audit trail. These features could make use of
recent developments in security technologies referred to in the
literature[21,22], although they still need field validation in the
health care area.

Feature 8: Audit Trailing

All changesthat are made, at al levels, inthe EHR arerecorded
in the audit trail, with data related to the identity of the user,
timestamp, purpose (of the alterations performed), digital
signature, and relevant version information.

Matching Gener al Data Protection Regulation
Requirements With OpenEHR Principles

Table 1 presents the existing matches between the GDPR
requirements and the openEHR principles.

The results obtained showed that openEHR GDPR—related
features satisfied at least 1 identified GDPR requirement.

The GDPR requirement Method Storage Limitation (1.4), listed
in Textbox 1, is fulfilled by the Separation of EHR and
demographic information, allowing a separate storage of
demographic and clinical data. The identity of the data subject
is automatically preserved when the clinical and demographic
information are separated. In that way, although the clinical
data are stored for treatment, the demographic data are only
connected to the EHR through an external identifier, allowing
the identification of the data subject only during the necessary
period of the purpose of processing (typically only on adevice
used by an authorized health professional during a health care
process).

Integrity and Confidentiaity (2.2), listed in Textbox 1, is a
complex requirement in the GDPR and is thus fulfilled by a
group of openEHR architectural features. Dataversioning allows
the creation of new EHR versions, ensuring indelibility, and is
thus an important measure against the loss, destruction, or
accidental corruption of EHR data, guaranteeing trustworthy
and reliable information at al moments of processing. The
digitar signing of data ensures the authentication,
nonrepudiation, and integrity of the EHR, acting asan important
security and integrity measure of the personal data and its
processing. The access control rules are included in the
openEHR architecture by design, and it ensures the
confidentiality of the patient’s data by limiting the occurrence
of an unauthorized or illicit processing, because of the definition
of who is authorized to access the data. There is also a
component that identifies who can access or change the access
control rules, it sets the individuals who can change the
configurations of the access list, contributing to legitimate and
justified accesses and ensuring the integrity of processing. On
top of these preventive features, the openEHR services
architecture [23] includes a System Log service that records
access actions, as well as identity of the users, date and time,
and justification of the action, ensuring the integrity of the data
and postaccess analyses. (This service is not defined by
openEHR but assumed to be an implementation of, eg, IHE
ATNA.) These design features ensure the security of processing,
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correctly identifying when, who, what, and how data were
accessed, and allowing a postaccess audit.

Accountability (2.3), Record of processing (2.6), and
Auvailability of records of processing (2.7), listed in Textbox 1,
are fulfilled by the audit trail feature, which allows the system
to keep arecord of al information related to the processing of
data. This way, it is possible to demonstrate compliance with
the principlesand obligation of the requirements, asitispossible
to see information related to access and actions taken in the
EHR. Due to its traceability, it alows the creation of a record
of personal data processing that can become available to the
data authorities.

The regquirement Verification of theidentity of the data subjects
(4.3), listed in Textbox 1, is fulfilled by the separation of
demographic and clinical data that ensures the separation of
identifiable information from the clinical data. The EHR has
an identifier associated to a single patient, ensuring the
identification of the data subject’s identity if necessary.

Data subject access (4.6) and Data subject direct access (4.10),
listed in Textbox 1, are two of the requirements that we
identified for the GDPR and can be fulfilled by the Access
control feature of the openEHR. The data subject can be granted
access using the access control list and can manage this list
through the Access control configurations. Data subject direct
accessisfulfilled by an extrafeature, the Service Model feature
that allowsthe creation of direct accessreferenceto the subject’s
data by the subject.

Confirmation of data processing (4.14), listed in Textbox 1,
requirement is fulfilled by the audit trailing feature of the
openEHR principles. In the audit trail, systems can store every
action that is done on the subject’s data. Also, it is possible to
check what changes were done to the data through the different
versions crested in each action.

Data portability and interoperability are, by design, akey focus
of the openEHR architecture and 2-level modeling, sothe GDPR
requirements 6.1, 6.2, 6.3, and 6.5 can be matched by these
features. The interoperability point of the requirement 6.3 is
also fulfilled with the integration of another of the openEHR
principles, the Service Model that allowsthe creation of different
interfaces, in different systems around the institution, using the
same data. By supporting different views that allow the
consultation of the same EHR, therecord maintainsitsintegrity
and structure, ensuring interoperability.

Privacy by design and by default wereidentified asrequirements
7.1 and 7.2 in Textbox 1. The separation of demographic and
clinica data by design improves the protection of the data
subject identification by separating the EHR from the
identifiable demographic information, only relating them by an
external identifier. By default, during health care, only the EHR
data should be considered. Privacy by default is also matched
by the Access control list and its configuration that enduresthe
access and availability of information and ensures that the data
areonly processed and accessed for the purpose settled, by those
authorized to do it, safeguarding the patient’s data privacy.
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Table 1. List of the 17 General Data Protection Regulation (GDPR) requirements that are met by openEHR principles.

GDPR requirements openEHR principles

Separationof EHR  Service
and demographic ~ model
information

2-level
modeling

Audit
trailing

Access con-
trol—config-
urations

Access con-
trol—access
control list

Version con-
trol—digital
signature

Version con-
trol—versioning

Method storage limitation  __a xb

Integrity and confidentiality —
Accountability —
Record of processing

Availability of records of
processing

Verification of the identity
of the data subjects

Data subject access

Data subject direct access
Confirmation of data pro-
cessing

Portability of personal data

Portability of personal data
between controllers

Interoperability of systems
and formats

Cross-border data transfers
Privacy by design
Privacy by default

X X X

X X X X

@Represents no match.
bx represents amatch in the table.

General Data Protection Regulation RequirementsNot
Met by OpenEHR Principles

Textbox 2 presents the 35 GDPR requirements that are not met
by openEHR principles.

Regarding requirements from group 3, athough none of the
openEHR principles identified could match this requirement,
theimplementation of openEHR architecture could help to fulfill
the requirement related to explicit consent through the creation
of an archetype Consent. This archetype would alow the

http://medinform.jmir.org/2019/1/e9845/

recording and management of Consent, allowing the controller
to keep all the information necessary.

Regarding requirement 4.13, the information regarding the
legitimate interest of processing could be included in an
archetype, although even without this, the system can often
infer legitimate access by analyzing, for example, hospital
admission and discharge dates and association of subject to the
general practitioner’s clinic. Regardless, better methods are
needed in the future. In case of consent being the legitimate
interest for the processing, this information could be recorded
along with the consent.
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Textbox 2. Reguirements that are not met by openEHR principles. DPIA: Data Protection | mpact Assessment.
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1. Limitations to data processing
«  Purposelimitation
o  Dataminimization
«  Period of storage limitation

«  Limitation of processing of persona data

2. Dataquality and accountability
e  Accuracy
«  Statement of accountability
«  Conditions of processing

« Location of data

3. Consent by data subject
«  Explicit consent
«  Management of consent
« Record of consent
o Withdrawal of consent
«  Features of the consent
o  Lawfulnessof processing after withdrawal of consent

«  Objection to processing

4. Data Subject empowerment
« Information provided to data subject
«  Meansto provide information to data subjects
.  Datasubject request
e Answer to request
«  Datasubject request form
« Information accessed by the data subject
«  Response to data subject request
o Personal datarectification
o  Personal data erasure

o Legitimate interest

5. Databreaches
»  Records of data breaches
«  Records of data breaches nature
o  Databreach description
«  Databreach notification deadline

«  Databreaches notification procedures

6. Data portability and interoperability
o Communication between institutions

«  Cross border data transfers guarantee

7. Privacy control and impact assessment

. Access control measures
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«  DPIA records preservation

« DPIA consultation

Discussion

Principal Findings

OpenEHR acts mainly on requirements that either shape the
functional layer of the system or relate to data traceability,
integrity, and confidentiality. Data protection by design,
portability, and interoperability are ensured by openEHR's
architecture because of the 2-level modeling and separation of
clinica and demographic data. Personal data integrity and
confidentiality are mainly addressed by the access control,
versioning, and audit trail features.

Nevertheless, openEHR isavaluabletool for the fulfillment of
requirements that are not directly met, such as definition of
notification forms (for data subjects and data authorities), the
creation of a means of communication for records, and
preservation of Data Protection Impact Assessment and records
of compliance with codes of conduct and certifications.

These requirements need to be addressed from an organi zational
point of view, either through the reform of existing processes
or the definition of new ones. However, the versioning and audit
trail features can support the recording of important information
related to the data processing and data breaches.

Apart from the clinical content models (archetypes and
templates), openEHR does not support the automatic creation
of other needed documentation for GDPR such as a structure
to store the consent but can be backed up by the principles
(namely the traceahility of the data, actions, and users).

OpenEHR’s architectural features can still help fulfill
requirements related to consent. Versioning and audit trailing
allow systems to record and verify any action or access made
inthe EHR. By acknowledging the deadline for the processing,
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it is possible to identify if there are any data being processed
without the consent of the data subjects. Thus, even if the
openEHR architecture does not include dedicated features for
some GDPR requirements, it presents itself as an important
support in relation to the processes that an institution must
implement.

It should be noted that some of the GDPR requirements, namely
the ones related to the organizational processes, are probably
not satisfiable by any EHR architecture. However, it isimportant
to note the organizational reformsthat must be conducted require
actions not only at the level of their organizational processes
and services but also specifically at the level of their systems.

Limitations

To our knowledge, thereisno formal list of GDPR requirements
for an EHR system. Thelist of requirements we proposein this
study is intended as a starting point for further discussion and
future work.

Conclusions

OpenEHR isapromising approach to the devel opment of EHR
systems compliant with GDPR, allowing institutionsto respond
to functional needsfocused on the privacy and security of health
data. It is also a strong solution for issues related to data
portability and data protection by default, which are now
required by the regulation.

Primarily, openEHR is a good solution for issues related to
privacy and data protection, the main goals of GDPR.

The use of IT has become essentia to health care delivery.
OpenEHR defines an integrated environment, focused on the
provision of health care and accessto quality information, which
hel ps ingtitutions conform to the GDPR requirements ensuring
the privacy and protection of personal data.
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Abstract

Background: Ciritically ill patients require constant point-of-care blood glucose testing to guide insulin-related decisions.
Transcribing these values from glucometers into a paper log and the electronic medical record is very common yet error-prone
inintensive care units, given thelack of connectivity between glucometers and the el ectronic medical record in many US hospitals.

Objective: We examined (1) transcription errors of glucometer blood glucose values documented in the paper log and in the
electronic medical record vital signsflow sheet in asurgical traumaintensive care unit, (2) insulin errorsresulting from transcription
errors, (3) lack of documenting these values in the paper log and the electronic medical record vital signs flow sheet, and (4)
average time for docking the glucometer.

Methods: This secondary data analysis examined 5049 point-of-care blood glucose tests. We obtained values of blood glucose
tests from bidirectional interface software that transfers the meters' data to the electronic medical record, the paper log, and the
vital signs flow sheet. We obtained patient demographic and clinical-related information from the electronic medical record.

Results: Of the 5049 blood glucose tests, which were pertinent to 234 patients, the total numbers of undocumented or untranscribed
testswere 608 (12.04%) in the paper log, 2064 (40.88%) in the flow sheet, and 239 (4.73%) in both. The numbers of transcription
errorsfor the documented tests were 98 (2.21% of 4441 documented tests) in the paper log, 242 (8.11% of 2985 tests) in the flow
sheet, and 43 (1.64% of 2616 tests) in both. The numbers of transcription errors per patient were 0.4 (98 errors/234 patients) in
the paper log, 1 (242 errors/234 patients) in the flow sheet, and 0.2 in both (43 errors/234 patients). Transcription errors in the
paper log, the flow sheet, and in both resulted in 8, 24, and 2 insulin errors, respectively. As a consequence, patients were given
alower or higher insulin dose than the dose they should have received had there been no errors. Discrepancies in insulin doses
were 2to 8 U lower dosesin paper log transcription errors, 10 U lower to 3 U higher dosesin flow sheet transcription errors, and
2 U lower in transcription errorsin both. Overall, 30 unique insulin errors affected 25 of 234 patients (10.7%). The average time
from point-of-care testing to meter docking was 8 hours (median 5.5 hours), with some taking 56 hours (2.3 days) to be uploaded.

Conclusions:  Given the high dependence on glucometers for point-of-care blood glucose testing in intensive care units, full
electronic medical record-glucometer interoperability is required for complete, accurate, and timely documentation of blood
glucose values and elimination of transcription errors and the subsequent insulin-related errorsin intensive care units.

(JMIR Med Inform 2019;7(1):€11873) doi:10.2196/11873
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Introduction

Background

Glycemic control incritically ill patientsisessential toimprove
clinical outcomes and decrease morbidity and mortality [1-8],
specifically for patients admitted to intensive care units (ICUs)
for more than 3 days [2] and for patients admitted to surgical
trauma ICUs (STICUs) compared with medical ICUs [7].
Critically ill patients require constant point-of-care tests
(POCTs) for blood glucose to guide initiation and titration
decisionsregarding continuousinsulininfusion following insulin
management protocols. Handheld blood glucose monitoring
devicesor glucometersarewidely used in ICUsfor this purpose
for convenience and portability [9,10].

Transcribing blood glucose readings from glucometers into a
paper log and different flow sheets in the electronic medical
record (EMR) by health care professionals is a very common
yet error-prone practice in ICUs, given the lack of
interoperability or connectivity between glucometers and the
EMR in many US hospitals [11]. Interoperability allows for
wireless transfer of blood glucose values from glucometers to
the EMR without the need for manual data entry. Despite the
call for system interoperability and emerging research describing
frameworks and prototypes for seamlessintegration of medical
device datainto the EMR using different connectivity standards
[12-15], medical device-EMR connectivity is limited in the
United States. In a national survey of 825 US hospitals, the
Health Information and Management Systems Society Analytics
team reported a lack of any interface between EMRs and
medical devices in 70% of the hospitals. The remaining 30%
of the hospital s reported an interface of an average of 2.6 device
types (out of 11 devices) with their EMRs. Interestingly, none
of the hospitals provided an interface between glucometersand
the EMR [11].

Extensive literature exists on the use of glucometersin ICUs.
However, most studies focused on the glucometers’ accuracy
in comparison with other blood glucose analytical measures
[16-24]. Research on transcription errors is also available
[25-27]; however, thereisapaucity of research on transcription
errors of blood glucose values obtained by glucometersinto the
EMRs and the subsequent insulin errors [28]. Although the use
of glucometers with high specificity and sensitivity is essential
in critical care settingsto prevent harmful effects of erroneous
blood glucose readings and the subsequent underdose or
overdose of insulin therapy, accurate and instant documentation
of blood glucose values abtained by glucometersinto the EMR
is equally important to inform glycemic control and insulin
management decisions.

Objective
This study examined (1) transcription errors of blood glucose

values obtained by a glucometer that were documented in the
paper log by technicians and in the EMR vital signs flow sheet

http://medinform.jmir.org/2019/1/€11873/

by nurses in the ICU, (2) insulin errors resulting from
transcription errors of blood glucose values, (3) lack of
documenting blood glucose valuesin the paper log and the EMR
vital signs flow sheet, and (4) meter docking time.

Methods

Design, Sample, and Setting

Thissecondary dataanalysis study examined 5049 blood glucose
testsfor transcription errors, insulin errors, lack of documenting
blood glucose valuesin the paper log and the EMR, and meter
docking time. The study took placein a 30-bed STICU located
in a 705-bed university teaching hospital with a large referral
base in the southwestern United States. The STICU has an
annual admission rate of 1600 patients and an approximate
monthly admission rate of 133 patients. At thetime of the studly,
there were 46 full-time and 11 part-time nurses and 13
technicians working in the unit. The average range of blood
glucose POCTs performed on patients in the unit is 4200 to
4300 tests per month.

After obtaining ingtitutiona review board approval from the
University of Texas and the University Health System (number
20140330H), we performed the audit of blood glucosetestsand
insulin datain a 20% stratified sample of al blood glucosetests
available in the meters for patients admitted during 4 months
(July to October 2016). Stratification was based on the working
shift (day or night) asthe only possible factor that may introduce
transcription errors of blood glucose readings as a result of
fatigue expected at the end of each working shift and on the
night shift. Additionally, when we selected ablood glucosetest,
we also included all blood glucose tests pertinent to the same
patient within the same episode of admission to evaluate errors
per patient. Thisresulted in atotal of 5049 blood glucose tests.

Description of the Point-of-Care Testing of Blood
Glucose

The point-of-care glucose testing device is Accu-Chek Inform
Il (Roche Diagnostics Corporation, Indianapolis, IN, USA).
Figure 1 depicts a functional workflow model for this process
of testing. The process starts by the physician ordering a POCT.
The nurse informs the technician about the order, who in turn
performsthetest using the glucometer and transcribes the result
into a paper log—a grid that includes the patient’s name, visit
identification number (VIN), room number, time and date of
the test, and the result. The VIN is a unique number for each
patient episode of admission that is obtained by scanning the
patient’s wristband at the time of performing the test.

Nurses then manually enter the readings for each patient into
the EMR vital signs flow sheet and use this information to
inform their insulin management decisionsfollowing physician
orders and insulin management protocols. Clinical decisions
include whether to continue to monitor, repeat the test to verify
critical blood glucose values, inform the physician, giveinsulin,
and titrate the insulin drip based on the insulin management
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protocol. The blood glucose values entered by nurses into the
EMR vital signs flow sheet can be obtained (1) from the
glucometer itself by manually searching the readings using the
time of the test and the patient VVIN to locate the test value, (2)
from the technician, who verbally endorses the value to the
nurseif he or sheisavailablein the unit, or (3) by checking the
value transcribed by the technician into the paper log.

Thetechnician docksthe meter by placing it into the meter base
unit within 24 hours after the time of the first test for a given
day. Meters maintain log data for up to 2000 readings. Since
the meter can be docked after 24 hours of use, nurses usually
base their insulin management decisions on the readings
transcribed by the techniciansinto the paper log or the readings
entered by the nursesinto the vital signsflow sheet. By docking
the meter, readings are automatically uploaded into the
RAL S-Plus database, which interfaceswith the EMR laboratory

Sowan €t al

flow sheet. These data include the examiner's employee
identification number, patient identification (name, VIN), date
and time of the test, time the meter was docked, and blood
glucose values. It is worth noting that there is no direct link or
seamless transfer of data in the EMR between the vital signs
flow sheet and the EMR laboratory flow sheet.

The RALS-Plusv1.5.1 (Alere North America, LLC, Orlando,
FL, USA) is a bidirectiona interface software for in-hospital
glucometers that uploads meter data into the EMR laboratory
flow sheet only. The software also generates different types of
reports for quality improvement. Data can be generated based
on criteria such as the start and end date of the test, blood
glucose values, patient VIN, sample type, and test location.
Reports can be emailed, printed, saved, or exported into an
Excel, rich text (rtf), or pdf file format.

Figure 1. Workflow model of the point-of-care-testing of blood glucose. PC: personal computer.
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Main Outcome Variables

Transcription Errors

Since the focus of this study was transcription errors, we
assumed that technicians follow best practices in obtaining
blood samples and in meter use according to the unit policies
and procedures and the glucometer’s user manual. Blood glucose
values uploaded into RALS-Plus are those in the meters and
they are transferred to the EMR laboratory flow sheet. These

Sowan €t al

valuesare accurate. Transcribing blood glucose valuesfrom the
metersto the paper log and the EMR vital signsflow sheet may
result in 3 potential types of errors (Table 1). The
“corresponding values’ (Table 1) in the paper log and the EMR
vital signsflow sheet are based on the same patient VIN, same
date of the test, and within a 1-hour time frame from the POCT
(time in RALS) to the time the test was transcribed into the
paper log or the EMR vital signs flow sheet.

Table 1. Types of errorsin transcribing blood glucose values from meters to the paper log and the electronic medical record (EMR) vital signs flow

sheet.

Paper log EMR vital signs flow sheet
Flow sheet correct Flow sheet wrong

Paper correct No error: The blood glucose value in the RALS database Vital signs flow sheet error: Any discrepancy regardless of the
matches the corresponding value transcribed by techniciansand  magnitude between blood glucose value in the RAL S database
nurses into the paper log and the EMR vital signs flow sheet for  and the corresponding value transcribed by nursesinto the EMR
agiven test in agiven date and time. vital signs flow sheet.

Paper wrong Paper log error: Any discrepancy regardless of the magnitude  Paper log and vital signs flow sheet error: The 2 blood glucose

between blood glucose value in the RAL S database and the cor-
responding val ue transcribed by thetechnician into the paper log.

va ues transcribed by technicians and nurses into the paper log
and the EMR vital signs flow sheet for agiven testin agiven
date and time do not match the value in the RAL'S database.

Undocumented Values of Blood Glucose Tests

Untranscribed or undocumented blood glucose values arethose
available in RALS database but were not transcribed into the
paper log or entered into the EMR vital signs flow sheet.

Insulin Errors Related to Erroneoudy Transcribed Blood
Glucose Values

For each transcription error, we also examined whether that
error resulted in giving thewrong dose of insulin. We evaluated
thewrong insulin dose based on administering a higher or lower
insulin dose, regardless of the magnitude of the difference, than
the one recommended by the protocol for the correct blood
glucose value (the value in the RALS system) or not giving
insulin when it should be administered to the patient according
to the insulin management protocol based on the correct blood
glucose value.

Meter Docking Time

As mentioned above, we considered a 1-hour time frame from
the POCT (time in RALS or glucometer) to the time the test
result was transcribed into the paper log or the EMR vital signs
flow sheet when we retrieved the time for transcribing blood
glucose values. Meter docking time was retrieved from the
RALS database and is the time from the POCT to the time
meters were docked (readings were uploaded into the EMR
laboratory flow sheet).

In addition to these outcomes, we aso collected patient
demographics and clinical-related information such as age, sex,
diagnosis, diabetes status, admission and discharge dates, and
total number of POCTSs the patient underwent during the ICU

stay.

http://medinform.jmir.org/2019/1/€11873/

Data Collection Procedure

Wetook thefollowing stepsin the sequenceidentified to collect
thedata. Three nurse educators collected the datafrom the paper
log and the EMR vital signs flow sheet to enhance objectivity.

First, we accessed the RALS database for the selected study
months and downl oaded the Excel file (Microsoft Corporation).
The file included the patient’s name, VIN, EMR number, test
date and time, blood glucose value (meter value), and time of
docking the meter.

Second, we selected a stratified sample of 20% of the blood
glucose readings and the related information from RALS from
the Excd file. In addition to the 20% sample of readings, we
went back and selected all pertinent blood glucose tests within
the episode of admission for all VINsincluded in the stratified
sample.

Third, for each test selected from RALS, we accessed the EMR
and obtained patient demographics and clinical-related
information based on the VIN, as well as the corresponding
values of blood glucose transcribed into the vital signs flow
sheet and time of documentation. We also accessed the
laboratory flow sheet to make sure that the testsin RALS were
pertinent to that patient.

Fourth, for each test selected from RALS (step 2) for each
patient and based on the VIN, we accessed the paper log using
the patient’s name and VIN as the identifiers. We obtained the
corresponding blood glucose value for each test using the date
and a 1-hour time frame from the POCT (timein RALS) asthe
matching codes. We also obtained the actual time of the test
documented in the paper log.

Data Analysis

We used R statistical computing software v3.5.1 (R Foundation)
to analyze the data. Patients' characteristics and all types of
errorswere presented using descriptive statistics. We examined
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the difference in number of POCTs between diabetic and
nondiabetic patients using Student t test with significance set
at P<.05.

We limited the analysis of transcription errors to cases where
the results of the blood glucose tests were transcribed by
clinicians and nurses. For example, the denominator for the
paper log transcription errors was the number of blood glucose
readingstranscribed into the paper log, excluding missing values
(ie, when the readings were not transcribed).

Table 2. Patient characteristics (N=234).

Sowan €t al

Results

Patient Characteristicsand Number of Point-of-Care
Tests

The 5049 blood glucose tests analyzed for transcription errors,
undocumented blood glucose readings, and meter docking time
were pertinent to 234 unique patients, each with aunique VIN.
Table 2 presents the patients characteristics. Most of the
patients with documented diabetes status in the dataset did not
have diabetes (93/234). Of the 234 patients, 97 were with
unknown diabetes status. The average number of POCTs
performed on diabetic patients (Table 3) was significantly higher
than on nondiabetic patients (t,,=—2.17, P=.03). One of the
patients had 792 POCTs during his stay (Table 3). The median
number of POCTsfor diabetic patients was 12 tests.

Petient characteristic Statistics
Agein years, mean (SD) 57.5(17.4)
Length of stay in days, mean (SD) 24.8 (48.3)
Number of point-of-care tests per patient, mean (SD) 25.5(67.9)
Male sex, n (%) 131 (56.0)
Diabetes status, n (%)

Yes 44.(32.1)

No 93 (67.9)

Missing 97 (41.5)

Table 3. Comparison of the number of point-of-care tests between diabetic and nondiabetic patients.

Diabetes status Minimum Median Mean (SD) Maximum
Diabetes (n=44) 1 12 60 (126) 792
No diabetes (n=93) 1 6 19 (40) 344

Missing Documentation and Transcription Errors

Table 4 describes the number of tests that were not transcribed
into the paper log or the EMR vital signs flow sheet, or both,
as well as the number of transcription errors. In the vital signs

flow sheet, 40.88% of the tests (2064/5049 tests) were not
transcribed. Of the blood glucose tests, 4.73% (239/5049 tests)
were not transcribed in the paper log and inthe EMR vital signs
flow sheet at the same time.

Table 4. Number of undocumented blood glucose tests and number of transcription errors among the 5049 tests analyzed.

Source Undocumented tests, n Testsanalyzed for errors, Errorsamong testsana-  Range of error, mg/dL Error rate per patient
(%) n lyzed, n (%) (mmol/L)2 (N=234)

Paper log 608 (12.04) 4441 98 (2.21) 921092 (-5.1t05.1)  0.4(98/234)

Vital signs 2064 (40.88) 2985 242 (8.11) -110t0 80 (-6.1t04.4) 1.0(242/234)

flow sheet

Both 239 (4.73) 2616 43 (1.64) N/AP 0.2 (43/234)

8Range of difference between the correct blood glucose value and the erroneously transcribed value.

BNI/A: not applicable.

We analyzed al types of transcription errors when the blood
glucose value was transcribed (Table 4). Of the transcription
errors among the 4441 transcribed testsin the paper logs, there
were 98 (2.21%) errors. These errors were related to 30 of the
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234 patients (12.8%). Of the 2985 transcribed valuesin thevital
signs flow sheet, there were 242 (8.11%) errorsrelated to 63 of
the 234 patients (26.9%). The total number of paper log and
vital signsflow sheet transcription errors among the 2616 tests

JMIR Med Inform 2019 | vol. 7 | iss. 1 |e11873 | p.133
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS

analyzed was 43 (1.64%), related to 24 of the 234 patients
(10.3%). Overall, among the 234 patients, there were 68 (29.1%)
unique patients involved in all types of errors.

Errorsin the paper log resulted in transcribing a blood glucose
valuethat was up to 92 mg/dL (5.1 mmol/L) lower or 92 mg/dL
(5.2 mmol/L) higher than the correct value (theoneinthe EMR
laboratory flow sheet or RALS). However, most errors, those
between the 25th and 75th percentiles, were 12 mg/dL (0.7
mmol/L) lower to 7 mg/dL (0.4 mmol/L) higher than the

Sowan €t al

accuratevalue. Inthe EMR vital signsflow sheet, the difference
between the correct blood glucose value and the erroneously
transcribed value was 110 mg/dL (6.1 mmol/L) lower to 80
mg/dL (4.4 mmol/L) higher. Most errors, those between the
25th and 75th percentiles, were 3 mg/dL (0.16 mmol/L) lower
to 4 mg/dL (0.2 mmol/L) higher than the accurate values.

There were no significant differences in the number of
transcription errors between the day shift and night shift (Table
5).

Table 5. Difference in transcription errors between the day shift and night shift.

Source Total errors, n (%) Day shift, n (%) Night shift, n (%) Chi-square  df P value
Paper log 98/4441 (2.21) 53/2790 (1.90) 45/1651 (2.73) 29 1 .09
Vital signs flow sheet 242/2985 (8.11) 163/1847 (8.83) 79/1138 (6.94) 31 1 .08
Both 43/2616 (1.64) 24/1639 (1.46) 19/977 (1.94) 0.6 1 44

Insulin Errors

The 242 transcription errorsin the EMR vital signs flow sheet
resulted in 24 insulin errors. These errors resulted in giving 10
U lower to 3 U higher insulin dose than the dose that should
have been given had there been no transcription errors. The 98
transcription errorsin the paper log resulted in 8 insulin errors
and giving 2 to 8 U lower insulin dose than the dose that should
have been given had there been no transcription errors. The 43
errorsinthe EMR vital signsflow sheet and paper logsresulted
in 2 insulin errors, both with 2 U lower than the correct insulin
dose. Overall, there were 30 unique insulin errors that affected
25 of the 234 patients (10.7%).

Documentation Time

The average time from the POCT to the time meters were
docked (readings were uploaded into the EMR laboratory flow
sheet) was 8 hours with amedian of 5.5 hours. Most readings,
between thefirst and the third quartiles, took 1.3 to 12 hoursto
be uploaded into the EMR laboratory flow sheet. Some of the
readings took 56 hours (2.3 days) to be uploaded into the EMR
laboratory flow sheet.

In addition to these outcomes, we found 40 readings that were
documented to some patients’' EM Rs and the paper |og after the
date of discharge.

Discussion

Principal Findings

This study examined transcription errors of blood glucose tests
obtained by a glucometer and documented in the paper log by
ICU technicians and in the EMR vital signs flow sheet by ICU
nurses. Insulin errorsresulted from transcription errors of blood
glucose values, the number of undocumented blood glucose
tests in the paper log and the EMR vital signs flow sheet, and
the average meter docking time. Research on the use of
glucometersin ICU and non-1CU settingsisextensive. However,
most of these studies focused on precision and accuracy of the
glucometers, sources of glucometer measurement errors, and
the differencein sensitivity and specificity between glucometer
devices from different vendors [16-29]. Nevertheless,

http://medinform.jmir.org/2019/1/€11873/

glucometers are commonly used handheld devices to measure
blood glucose at the point of care, specificaly in ICUsto inform
timely clinical decisions regarding insulin therapy. To our
knowledge, thisisthefirst study to examine transcription errors
of blood glucose tests obtained by glucometers and to focus on
the urgent need for EMR-glucometer interoperability.

Transcription errors ranged from 2% for paper log errorsto 8%
for vital signsflow sheet errors. These errorsresulted in atotal
of 30insulin errors and affected 11% of the patients. The higher
percentage of transcription errors in the vital signs flow sheet
than in the paper log might be explained by aclinical workflow
that has nurses obtain the results of blood glucose tests from 3
different sources, which are the paper log, the technicians, or
the glucometers, while the technicians obtain the values only
from the glucometers. Transcription errors in the vital signs
flow sheet are clinically more significant than transcription
errors in the paper log because they inform nurses' insulin
management decisions. These errors affected 63 (27%) patients.

It isimportant to note that we examined transcription errors and
the associated insulin errors only when the blood glucose test
results were transcribed by technicians and nurses. The very
high percentage of untranscribed values (ie, up to 41%
untranscribed into the vital signs flow sheet, n=2064) could
mask the actual rate of transcription errors. Possible explanations
for not transcribing blood glucose values might be workload
issues and the assumption that all readings eventualy will be
availablein the laboratory flow sheet in the EMR after docking
the meter. In addition, finding 40 readings documented to some
patients EMRs and the paper log after the date of dischargeis
alarming. This means that technicians were not scanning the
patient bracelet but probably asticker that remained on the paper
log or the patient monitor or bed. Although eliminating the use
of apaper log viaafull EMR-glucometer interoperability could
decreasethis error, adherence to the unit policies and procedures
for safetesting iscritical for complete elimination of thiserror.

Although a partia interface exists in our hospital between
glucometers and the EMR through the RALS bidirectional
interface software, this interface transfers the data only to the
EMR central laboratory flow sheet. Additionally, based on the
unit policies and procedures, the meters should be docked within
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24 hours by technicians. This long time period hinders the
availability of thetests' valuesat the point of care, making these
data unusable for immediate clinical decisions. Furthermore,
our results showed that, in reality, docking the meters might
take up to more than 2 days. Therefore, thereis an urgent need
for full glucometer-EMR connectivity to allow for seamless
transfer of meter datainto other fields of the EMR (ie, the vital
signs flow sheet) in order to eliminate data transcription errors
and the associated insulin errors.

Thefew available studies on medical devices-EMR connectivity
have focused on vital signs monitors in ICUs and supported
improved efficiency and elimination of transcription errorswhen
vital signs monitoring devices are connected to the EMR [14].
The results of our study support the urgent need for a
comprehensive and instant connectivity to transfer glucometer
datato all fields of the EMR to better inform clinical decisions
and eliminate insulin errors associated with transcription errors.
On the other hand, from an engineering perspective,
interoperability challenges do exist. These may include lack of
research describing successes and challenges, the complexity
of data elements, and the difference in type of information and
formats in which information is stored and displayed. Most
important, studies supported the potential for new typesof errors
in device connectivity, such as transferring the data into the
wrong patient’s EMR, in addition to the slow speed of the
interface attributed to the slow speed of older medical devices
and computers [12]. Therefore, the process of and errors
associated with interoperability should be carefully examined.
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Limitations

The results of this study should be interpreted in light of the
following limitations. First, since workload, admission rate, and
the large number of monthly POCTSs are inherent factors that
may affect transcription errors, our results can only be
generalized to STICUs with a similar workload and rate of
POCTSs. Second, we limited the errors examined in this study
to transcription errors; measurement errors of blood glucose
values that may result from inappropriate testing or scanning
the wrong patients were beyond the scope of this study. Third,
because we collected retrospective data, our risk assessment
was limited to identifying the number of insulin errorsresulting
from transcription errors without identifying the clinical
consequences or adverse events of insulin errors. On the other
hand, insulin is a high-alert medication and errors in its
administration may cause serious hypoglycemia and
hyperglycemia, seizures, coma, ketoacidosis, and even death
[30].

Conclusions

Transcription errors of blood glucose values obtained by
glucometersdo exist and result ininsulin errors. Given the high
dependence on glucometers for POCTs of blood glucose in
ICUs, full EMR-glucometer interoperability is required for
complete and accurate documentation of blood glucose values,
and elimination of transcription errors and the subsequent
insulin-related errorsin ICUs.
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Abstract

Background: Geriatric syndromes in older adults are associated with adverse outcomes. However, despite being reported in
clinical notes, these syndromes are often poorly captured by diagnostic codes in the structured fields of electronic health records
(EHRs) or administrative records.

Objective: We aim to automatically determine if a patient has any geriatric syndromes by mining the free text of associated
EHR clinical notes. We assessed which statistical natural language processing (NLP) techniques are most effective.

Methods: We applied conditional random fields (CRFs), a widely used machine learning algorithm, to identify each of 10
geriatric syndrome constructs in a clinical note. We assessed three sets of features and attributes for CRF operations: a base set,
enhanced token, and contextual features. We trained the CRF on 3901 manually annotated notes from 85 patients, tuned the CRF
on avalidation set of 50 patients, and evaluated it on 50 held-out test patients. These notes were from a group of US Medicare
patients over 65 years of age enrolled in a Medicare Advantage Health Maintenance Organization and cared for by alarge group
practice in Massachusetts.

Results: A final feature set was formed through comprehensive feature ablation experiments. The final CRF model performed
well at patient-level determination (macroaverage F1=0.834, microaverage F1=0.851); however, performance varied by construct.
For example, at phrase-partial evaluation, the CRF model worked well on constructs such as absence of fecal control (F1=0.857)
and vision impairment (F1=0.798) but poorly on malnutrition (F1=0.155), weight loss (F1=0.394), and severe urinary control
issues (F1=0.532). Errors were primarily due to previously unobserved words (ie, out-of-vocabulary) and alack of context.

Conclusions: This study shows that statistical NLP can be used to identify geriatric syndromes from EHR-extracted clinical
notes. This creates new opportunities to identify patients with geriatric syndromes and study their health outcomes.

(JMIR Med Inform 2019;7(1):e13039) doi:10.2196/13039
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Introduction

Geriatric syndromes encompass multifactorial health conditions
in older adults that generally do not fit into specific disease
categories[1,2]. Geriatric syndromes, such aswalking difficulty,
falls, and incontinence, are often associated with adverse
outcomes, such as morbidity, mortality, hospitalizations, and
nursing home admissions [3]. Measuring geriatric syndromes
at apopulation level is of great interest to health care providers
and researchers to determine correlates of adverse outcomes.
Hazraet a [4] contrasted health status, as measured by geriatric
syndromes, of men and women aged 100 years or older. In
addition, Anzaldi et a [5] measured prevalence of geriatric
syndromes among individuals aged 65 years or older who had
amention of frailty in their clinical notes.

However, the multifactorial nature of geriatric syndromes
complicates commonly accepted definitionsfor the recognition,
diagnosis, and coding of these syndromes[1]. Asaconsequence,
geriatric syndromes are often poorly captured by diagnostic
codes (eg, International Classification of Diseases [ICD]9/10
codes) in the structured field of electronic health records (EHRS)
[5], thus limiting research opportunities. Yet the unstructured
clinical note (ie, free text) of EHRs contains rich information
that describes geriatric syndromes. Considering the high
adoption rate of EHRs among health care providers, unlocking
information from clinical noteswould yield avaluableresource
for geriatric research and patient- and population-level
interventions.

We propose a method to automatically identify patients
exhibiting geriatric syndromes by analyzing text in clinical
notes. We focus on 10 geriatric syndrome constructs: falls,
malnutrition, dementia, severe urinary control issues, absence
of fecal control, visual impairment, walking difficulty, pressure
ulcers, lack of social support, and weight loss. We present
methods based on natural language processing (NLP),
specifically information extraction, that identify spans of text
(ie, phrases) that attest to ageriatric syndrome. Previously, such
clinical NLP has been leveraged to extract medical entitiesand
concepts [6], such as disorder entity [7,8], medication [9],
adverse drug reaction [10], smoking status[11], and risk [12].

Clinical NLP techniques can beroughly divided into two types:
rule-based systems and machine learning (ie, statistical)
techniques. Rule-based systems, which have long been thenorm
in the clinical setting, rely on manual definition of rules (eg,
regular expressions) that identify phrases of interest in notes.
For example, Anzaldi et a [5] and Kharrazi et al [13] developed
a set of regular expressions to extract 10 geriatric syndrome
constructs from clinical notes. The performance of rule-based
approaches, however, requires significant domain expertise and
is limited by the inflexibility of rule-based pattern matching.
Therefore, statistical NLP methods based on machine learning
techniques have long become the norm in the NL P community,
with both academic research and industry systemsrelying almost
exclusively on these methods [6]. Statistical methods rely on
the construction of a manually annotated dataset to train a
machine learning model; the trained model is then applied to
extract entities and concepts from unannotated notes.
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We propose to extract geriatric syndrome constructs from
clinica notes using the conditional random field (CRF), a
supervised statistical machine learning model that shows
superior performance in many general and clinical information
extraction tasks [3,7,8]. However, unlike most work in clinical
NLP that focuses on well-defined entities and concepts (eg,
based on Unified Medical Language System concepts), geriatric
syndromes are often open-ended without clear definitions. For
instance, the text spans of the geriatric syndrome constructs are
much longer (ie, average length of 3.3 words) than well-defined
entities and concepts (eg, average length of disorder entitiesare
1.8 tokens [ie, words]) [14]. Additionally, a lack of a clear
coding standard for some of the geriatric syndrome constructs
[1] means annotations are inconsistent, often including or
excluding adjacent terms in the annotated construct mention.
These challenges call into question the ability to develop a
statistical NLP system for identifying patients with geriatric
syndromes.

The objective of this paper isto explore the efficacy of a CRF
model and variousfeature (ie, attribute) setsfor theidentification
and classification of geriatric syndromes from clinical text. We
consider the use of three feature sets: a base feature set, a
token-enhanced set, and a set that includes contextual
information. We evaluate the effectiveness of the model at
identifying specific mentions (ie, phrases) aswell asthe overall
ability to associate a construct with a patient (ie, aggregation
over multiple notes). We report results on each of the 10
individual constructs and examine the factors that cause the
accuracy of the trained model to vary over these constructs.

Methods

We begin with a description of the dataset followed by the
clinicl NLP model used to identify geriatric syndrome
constructs. We then describe our data and experimental setting.

Dataset

We used anonymized EHR data shared with us by a large
multispecialty medical group from New England, United States,
for acohort of elderly patients enrolled in aregional Medicare
Advantage Health Maintenance Organization. We utilized a
cohort of 18,341 members aged 65 years or older who received
health insurance coverage between 2011 and 2013 and were
assigned to thismedical group astheir primary source of medical
care from this health plan. Clinical notes are documentations
associated with patients' encounters; the top five encounter
types were phone calls (37.8%), office visits (30.2%), refill
(11.6%), letter (3.2%), and notation (2.6%). All datawere stored
on a secured network approved by the Institutional Review
Board (IRB) of Johns Hopkins University School of Public
Hedlth (IRB number 6196).

For the analysis reported here, we randomly selected a small
sample of 185 patients from the above cohort and included all
of their unstructured clinical notes, resulting in adataset of 8442
notes. These notes were manually annotated by three physicians
to indicate mentions of the 10 constructs. All the physicians
went through atraining phase and coded asimilar text to ensure
an acceptable agreement could be reached before conducting
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the annotation. Each note was annotated by one of the
physicians. Table 1 shows a few example annotations. The
clinical noteswere structured into sectionsindicated by asection
header (eg, Patient Medical History and Current Outpatient
Prescriptions). We segmented the notes by section using alist
of keywords [15] and applied sentence segmentation and
tokenization using the clinical Text Anaysis Knowledge
Extraction System (cTAKES) (Apache) [16], a clinica
text-processing tool.

Clinical Natural Language Processing Algorithm

We modeled the construct identification and classification as a
sequence labeling task. In a sequence labeling task, the model
identifies and types spans of text according to established
guidelines. Common sequence labeling tasks include
part-of-speech taggings (ie, identifying each word as a noun,
verb, or adjective) and named entity recognition (ie, identifying
spans of text that refer to people, organizations, and locations
by name). CRFs [17] are widely used statistical models for
sequence labeling tasksin both traditional NLP[18] and clinical
NLP [6-8]. In addition, CRFs were used by several validated
systems in clinical note information extraction shared tasks
[7,8]. We utilized the linear-chain CRF implementation from
the CRFSuite software package developed by Naoaki Okazaki
[19] for our work.

Asasupervised machinelearning algorithm, the CRF estimates
(ie, learns) model parameters based on an annotated dataset (i€,
training set). The trained model can then predict the labels of
sequences without annotation. A key input to the model isaset
of features:. attributes of the input upon which the CRF builds
amodel and estimates parameters. Feature choicesareacritical
factor in determining the resulting performance of the model

[17].

We designed and eval uated three sets of featuresto extract from
the clinical note. These features capture basic information of
the tokens (ie, words), enhanced information of the token, and
the global context:

1. Basic Features: This set of featuresincludes the lowercase
of the token, the part-of-speech tag of the token, as
identified by cTAKES, and three orthographic features that
indicate whether the token is numeric, in uppercase, or in
title case. In addition, we captured the local context of the
token by incorporating these features from the previousand
next token. In total, each token has 18 feature types.

2. Enhanced Token Features: This set of features captures
additional features about the token. Many studies show that
the stem of the token is a useful feature for information
extraction tasks[20], thus we encoded it as another feature
and explored how these features perform in the EHR
domain. We used another two orthographic features to
indicate whether thetokenisan ICD9 code [21] (hereafter,
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Is-ICD9-Code; we could not evaluate ICD10 code, as our
dataset predates the release of 1ICD10 code in 2015) and
whether the token is a medical measurement unit (eg, kg
or mL; hereafter, Is-Medical-Unit). To obtain these two
features, we compared the token against the ICD9 codes
[21] and common medical measurement units and encoded
them as two binary features. The mention of a construct
may not necessarily indicate the associated geriatric
syndrome for the patient. The mention may be negated or
reflect uncertainty in the diagnosis or could refer to another
individual (eg, patient's family member). To identify such
cases, we used cTAKES to obtain three attributes: negation,
uncertainty, and subject of the construct entity mention.
We encoded these as three features for each token
(hereafter, Entity-Attributes).

3. Glabal Context: Our final feature set captures high-level
context based on characteristics of the patient or clinical
note. Wefirst consider the section in which atoken appears,
as some section headers may suggest the mention does not
refer to the patient (eg, Family History). Our second global
context feature uses |CD9 codes mentioned in thetext. Prior
work [5,13] identified a list of 295 ICD9 codes that are
indicative of the 10 constructs; Table 2 details the number
of 1CD9 codes per construct. We leveraged this list to
encode 10 binary featuresto indicate the mapping of atoken
to the 10 constructs (hereafter, ICD9-Annotation). That is,
one binary feature that corresponds to the construct will be
true when the token is in the list; otherwise, all 10 of the
binary features are false. Alternatively, we utilized thislist
to modify the prediction from the CRF as a postprocessing
step. When the token is present in the list, we atered its
label to reflect the construct label from thelist, even if the
CRF failed to identify a corresponding construct mention
(hereafter, |CD9-Annotation-Post).

Experimental Setting

Following standard evaluation conventions, we randomly split
the 185 annotated patientsinto atraining set (N=85), validation
set (N=50), and test set (N=50). From Table 3, we see the 10
constructs have skewed distributions. In the training set, the
two most dominant constructs were walking difficulty and lack
of social support, which were present in 66% (56/85) and 62%
(53/85) of patients, respectively; the two rare constructs,
mal nutrition and pressure ulcers, were present in only 9% (8/85)
and 11% (9/85) of patients, respectively. We estimated model
parameters on thetraining set, tuned the hyperparameters of the
training algorithm, chose features to include on the validation
set, and evaluated our final trained model on the held-out test
set. Thisevaluation procedure ensuresthat test set performance
reflects real-world system accuracy, as choices of algorithm
design and parameter estimates are made blind to the test set
data
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Table 1. Example sentences from clinical notes that contain a construct: annotated construct phrases are italicized.

Construct

Example sentence from clinical notes (verbatim)

Absence of fecal control

She has also been experiencing urinary incontinence and a few episodes of fecal incontinence too.

Patient has dementia and daughter feels as though it has worsened since Labor day.

Sed rate had been mildly elevated except the last one over 70 but in setting of acute illness and weight loss.

Dementia

Fals She suffered a fall this past Tuesday and then was complaining of left shoulder pain.
Weight loss

Malnutrition Inadequate energy intake as evidenced by weight loss.

Pressure ulcers Shehas 2 intragluteal decubitus.

Lack of social support She is alone at home much of the day.
Severe urinary control issues
Visual impairment

Walking difficulty

Ambulates slowly, uses vital signs as above.

She has a suprapubic catheter in (placed under interventional radiology at) because she was having pain on urination.

Has been seen by vision rehab and is registered with of blind.

Table 2. Statistics related to the 10 constructs.

Construct Number of ICD9?codesthat  Average number of tokens  Average number of mentions  peypjexity on test set?
indicate a construct (n) per construct per patient in the test set

Absence of fecal control 2 2.98 2.67 11.30
Dementia 58 2.76 13.00 26.28
Falls 45 3.37 9.04 57.68
Weight loss 15 3.01 13.53 33.80
Malnutrition 26 2.04 13.92 100.64
Pressure ulcers 35 3.48 5.67 66.90
Lack of social support 14 4.03 15.23 29.96
Severeurinary control issues 14 294 13.71 117.48
Visual impairment 55 3.62 9.31 57.68
Walking difficulty 31 343 12.59 84.27

% CD9: International Classification of Diseases 9.

bPerple(ity is computed on the test set based on the construct-specific language model trained on the training set: detailed in the Error Analysis section.

We performed feature ablation experiments on the validation
set to assess the effectiveness of the proposed features. In each
experiment, we trained the CRF on the training set using basic
features and one or more features from the proposed feature
sets, evaluating the trained model on the validation set. For each
experiment, we used the validation set to tune model
hyperparameters in a grid search manner. Example
hyperparameters are L2 regularizer and maximum number of
iterations; the learning rate of stochastic gradient descent (SGD)
is automatically determined by CRFSuite. We also assessed
both the limited-memory Broyden-Fletcher-Goldfarb-Shanno
(L-BFGS) algorithm and SGD optimization methods, selecting
SGD as our final training algorithm for its better performance.
Finally, wetrained the model with the best feature combination
and hyperparameter settings and reported thefinal performance
on the test set.

We consider four different evaluation metricsfor our CRF. The
most restrictive evaluation measure is phrase-exact, in which
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we mark a prediction as correct only if the extracted and
identified phrase exactly matched the labeled phrase. Under this
metric, for the sentence “ This patient walks with awalker,” an
answer would only be correct if it identified the phrase “with a
walker” (ie, the provided annotation) as walking difficulty but
not if it selected “walks with a walker.” While this type of
evaluation is standard in many information extraction tasks, it
istoo strict considering that our goal isto associate a geriatric
syndrome with the patient. On the other hand, we al so observed
our three annotators sometimes exhibiting inconsistency in
including or excluding unimportant words (eg, prepositions and
verbs) inthe annotated phrase (eg, “with awalker,” “walkswith
a waker,” or “waker”). Therefore, we consider a partial
matching metric (ie, phrase-partial), which marks a prediction
as correct if the predicted phrase overlaps with the manual
annotation. In this setting, the above prediction for walking
difficulty would be correct. Such partial matching hasalso been
adopted in other clinical information extraction tasks[7,8].
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Table 3. The construct and nonconstruct distribution among three datasets based on manual annotation.

Construct Training set (3901 notes) Validation set (1739 notes) Test set (2802 notes)

Token? Patient? Token (N=435,851), Patient Token (N=638,694), Patient

(N=1,083,670), n (%) (N=85),n (%) n (%) (N=50), n (%) n (%) (N=50), n (%)
Absence of fecal control 126 (0.01) 12 (14) 126 (0.03) 4(8) 34 (0.01) 3(6)
Dementia 631 (0.06) 15 (18) 276 (0.06) 9(18) 403 (0.06) 10 (20)
Falls 1419 (0.13) 37 (44) 293 (0.07) 21 (42) 748 (0.12) 23 (46)
Weight loss 365 (0.03) 21 (25) 263 (0.06) 14 (28) 752 (0.12) 19 (38)
Malnutrition 115 (0.01) 8(9) 82 (0.02) 5(10) 312 (0.05) 12 (24)
Pressure ulcers 308 (0.03) 9(11) 18 (0.00) 4(8) 126 (0.02) 6(12)
Lack of social support 2026 (0.19) 53 (62) 1410 (0.32) 30 (60) 1691 (0.26) 30 (60)
Severe urinary control issues 694 (0.06) 16 (19) 81 (0.02) 4(8) 323 (0.05) 7(14)
Visual impairment 324(0.03) 16 (19) 141 (0.03) 6(12) 395 (0.06) 13 (26)
Walking difficulty 2253 (0.21) 56 (66) 1315 (0.30) 26 (52) 1423 (0.22) 34(68)
Nonconstruct 1,075,409 (99.24) 85 (100) 431,846 (99.08) 50 (100) 632,487 (99.03) 50 (100)

@Denotes the number of tokensin the dataset that were |abeled as certain constructs.
PDenotes the number of patients in the dataset who were identified containing certain constructs.

Since our goal was to associate constructs with patients, we
considered two additional metrics. First, we identified the
prediction of a construct as correct if that construct appeared
anywhere in the clinical note (ie, note-level), which may occur
when an annotator missed a construct mention. We also
considered a patient-level evaluation, in which we marked a
prediction as correct if the patient had the associated construct
(eg, an annotator identified it somewherein an associated note).

We computed the popular information extraction metrics of
precision (ie, true positive/[true positive + fal se positive]), recall
(ie, true positive/[true positive + false negative]), and their
harmonic mean (F1 or F measure). These metrics are related to
sengitivity (ie, true positive rate) and specificity (ie, true negative
rate). We provide these metrics for each of the four evaluation
types and report model performance on each of the 10
constructs. We aso report micro- and macroaveraged results,
where microaveraging computes the average over every
construct mention and macroaveraging gives equal weight to
every construct. The difference reflects the variations of
preval ence among the constructs. For all validation set choices,
we used microaveraged F1 on the phrase-partial matching
metric.

Error Analysis

To gain more insights, we performed an in-depth analysis on
the system’s errors. We quantified the chances that the CRF
model would confuse the mention of one construct with another.
Additionally, wetrained 10 construct-specific bigram language
models (ie, a probability distribution to estimate the relative
likelihood of text) using the construct’s mention texts from the

http://medinform.jmir.org/2019/1/€13039/

training set. We then computed the perplexity (ie, ameasurement
of how well aprobability distribution predictsasample) of each
construct language model on mentions of the construct in the
test set. In short, the perplexity captures how “surprised” the
model would be by a construct reference in the test data based
on how the construct was referenced in the training data.

Ethical Consider ations

This study was approved by the IRB of Johns Hopkins
University School of Public Health (IRB number 6196).
Participant consent was not required as data was deidentified
prior to analysis.

Results

We measured the micro- and macroaverage phrase-partial results
of modelswith optimal hyperparameters on the validation data
(see Table 4). Using the basic feature set aone, the CRF
achieved amacroaverage F1 score of 0.583 and amicroaverage
F1 score of 0.727. Most additional features improved the F1
score. Of these, the most effective single feature was the stem,
which improved the macroaverage F1 score by 0.103, arelative
improvement of 17.7%, and improved the microaverage F1
score by 0.033, arelativeimprovement of 4.5%, when compared
to the basic model using basic features. The two exceptions
were  token-enhanced features: 1sICD9-Code and
Is-Medical-Unit. Though the two features did not improve the
F1 score, they did increase the microaverage precision from
0.93t00.959 (Is-ICD9-Code) and 0.948 (Is-Medical-Unit). This
suggeststhat they could till contributeto overall improvements
when combined with other featuresfocused onimproving recall.
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Table 4. Phrase-partial evaluation on the validation set.
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Feature set and features P value? Macroaverage Microaverage
Precision  Recall F1 Precison  Recall F1

Basic features

Basic N/AP 0.828 0.450 0.583 0.930 0.597 0.727
Enhanced token features

BS+151CDY%-Code <.001 0.874 0472 0613 0887 0.640 0.744

B+Is-Medical-Unit <.001 0.828 0.402 0.541 0.959 0.538 0.689

B+Entity-Attributes <.001 0.823 0.398 0.537 0.948 0.528 0.678

B+Stem .03 0.856 0.572 0.686 0.864 0.678 0.760
Contextual features

B+Section <.001 0.783 0.544 0.642 0.874 0.682 0.766

B+ICD9-Annotation <.001 0.888 0.462 0.608 0.928 0.598 0.727

B+ICD9-Annotation-Post <.001 0.823 0.478 0.605 0.912 0.604 0.727
Combination (B+Enhanced+Context)

B+all Enhanced (Ce+Uf+Eg+Sh)+a| | Context <.001 0.793 0.633 0.704 0.757 0.714 0.735

(T+AI+APY)

B+Enhanced (C+E+S)+all Context (T+A+AP) <.001 0.837 0.483 0.613 0.895 0.546 0.678

B+Enhanced (C+E+S)+Context (A+AP) <.001 0.874 0.529 0.659 0.906 0.630 0.743

B+all Enhanced (C+U+E+ S+ Context (A+AP) <.001 0.862 0567 0684  0.880 0.681 0.768

B+Enhanced (C+S)+Context (A+AP) <.001 0.799 0509 0622  0.89% 0.616 0.730
Non-CRF™ model

Only uses annotated ICD9 codes asaruletoidentify ~ <.001 0.803 0.139 0.236 0.885 0.059 0.111

constructs

A\e conducted McNemar's test to measure the difference between the results of using basic features and other features.

BN/A: not applicable.

B: basic.

4CDO: International Classification of Diseases 9.
€C: 1sICD9-Code.

fU: I1sMedical-Unit.

9E: Entity-Attributes.

hs: stem.

T section.

IA: 1CD9-Annotation.

KAP: 1CD9-Annotation-Post.

The best-performing model isitalicized.
MCRF: conditional random field.

In contrast, the section feature leads to a significant
improvement on recall but lowers the precision by a large
margin. Therefore, we further evaluated combinations of these
three features and other features on the validation set. The
best-performing model (L2 regularizer=0.2, maximum number
of iterations=100) on validation data was trained with all the
features except section and achieved a macroaverage F1 score
of 0.684 and a microaverage F1 score of 0.768. This model
significantly (P<.001 via McNemar's test) outperformed the
basic model with a macroaverage F1 score of 0.101, arelative
improvement of 17.3%, and amicroaverage F1 score of 0.041,

http://medinform.jmir.org/2019/1/€13039/

arelativeimprovement of 8.8%. Additionally, we implemented
asimple rule-based method that only uses the annotated ICD9
codes to identify constructs in a sentence. As expected, this
method achieved avery low recall (0.139 at macroaverage and
0.059 at microaverage) and F1 score (0.236 at macroaverage
and 0.111 at microaverage), which further validatesthat geriatric
syndromes are poorly captured by diagnosis code. This also
demonstrates the importance of developing models to identify
constructs by mining unstructured text.

We evaluated this best-performing CRF model on the test set
and report per-construct results in addition to overall averages
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(see Table 5 and Figure 1). The CRF obtained macroaverage
F1 scores of 0.394 for phrase-exact, 0.666 for phrase-partial,
0.759 for note, and 0.834 for patient. Microaverage F1 scores
were 0.410 for phrase-exact, 0.661 for phrase-partial, 0.787 for
note, and 0.851 for patient. Acrossall constructs, precision was
higher than recall, meaning that the model favored accurate
predictions over coverage of construct mentions. By relying on
this high-precision approach and the repetition of construct
mentions in patient’s clinical notes (see Table 2) (eg, the lack
of social support was mentioned, on average, 15.23 times per
patient), our model obtained a much higher performance on
patient than on the other three evaluations—phrase-exact,
phrase-partial, and note.

Performance varied widely for different constructs (see Table
5 and Figure 1). On a phrase-partial analysis, seven constructs
generated an F1 score of over 0.7, of which absence of fecal
control was the best (0.857), while the three worst
constructs—mal nutrition, weight loss, and severe urinary control
issues—obtained scores of 0.155, 0.394, and 0.532, respectively.
To understand the F1 variance across the constructs, we
performed an in-depth error analysis of system errors. Overall,
97.0% of errors were caused by missing the constructs; the
model seldomly confused mentions of one construct for another.

Table 5. The evauation results of the best-performing model on the test set.

Chenet a

One primary cause of low recall was the limited training
instances, which limited the variations observed during training.
Thetraining set contains 3901 notes from 85 patients, but only
0.76% of tokens indicated any of the 10 geriatric syndromes.
For the three poorly performing constructs, we found that both
malnutrition and severe urinary control issues had a high
out-of-vocabulary (OOV) rate in the test set (ie, many of the
words used to refer to these constructs were unobserved during
training).

We measured the perplexity scoresfor each construct (see Table
2). This score measures how unprepared the model would be
by the construct’s mention in the test set. Malnutrition (100.64)
and severe urinary control issues (117.48) showed amuch higher
perplexity score than the other constructs, confirming higher
OOV rates as compared to the other constructs. However, the
poor performance of weight loss was primarily caused by
confusion between intentional weight loss (ie, nonconstruct;
patients who are overweight and thustrying to lose weight) and
unintentional weight loss (ie, our construct). Since intentional
weight lossis dominant, the CRF identified incidents of weight
loss as honconstruct, yielding avery low recall (0.272) and F1
score (0.394).

Construct Phrase-exact Phrase-partial Note Patient

Precison Recdl F1 Precison Recall F1 Precison Recal F1 Precison Recal F1
Absence of fecal con- 0.833 0.625 0714 1 0.750 0857 1 0.714 0833 1 0.667 0.800
trol
Dementia 0.324 0.350 0.337 0.703 0.759 0.730 0.604 0.873 0.714 0.625 1 0.769
Falls 0.387 0.279 0324 0.942 0.651 0.770 0.926 0.719 0.809 0.864 0.826 0.844
Weight loss 0.571 0.215 0312 0.714 0.272 0.394 0.866 0.586 0.699 0.857 0.632 0.727
Malnutrition 0.577 0.090 0.155 0.577 0.090 0.155 0.680 0.288 0.405 0.700 0.583 0.636
Pressure ulcers 0.304 0.200 0.241 0.957 0.629 0.759 0.929 0.722 0813 1 0.667 0.800
Lack of social support  0.551 0.541 0.546 0.707 0.706 0.706 0.923 0.845 0.882 0.935 0.967 0.951
Severeurinary control  0.207 0.124 0.155 0.690 0.433 0.532 0.682 0.556 0.612 0.857 0.857 0.857
issues
Visual impairment 0.687 0.456 0548 1 0.664 0798 1 0.765 0867 1 0.846 0.917
Walking difficulty 0.517 0.394 0.447 0.842 0.689 0.758 0.894 0.781 0834 0912 0.912 0.912
Macroaverage 0.496 0.327 0.394 0.813 0.564 0.666 0.850 0.685 0.759 0.875 0.796 0.834
Microaverage 0.493 0.351 0410 0.785 0.571 0.661 0.806 0.726 0.787 0.868 0.834 0.851
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Figure 1. The F1 scores of the best-performing model on the test set. BC: absence of fecal control; DE: dementia; FL: fall;, WL: weight loss; ML:
malnutrition; PU: pressure ulcers; SS: lack of social support; UC: severe urinary control issues; VI: visual impairment; WD: walking difficulty; Macro:

macroaverage; Micro: microaverage.
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Discussion ( ) P

Principal Findings

Geriatric syndromes are often not captured in EHRS' structured
fields, which requires examining of EHRS' free text to identify
older adults with such syndromes [5,13]. We applied NLP
techniques to identify patients who have geriatric syndromes
by analyzing their clinical notes. We trained CRF models with
three sets of features to identify phrases that indicate geriatric
syndromes and aggregated identified phrases to make
patient-level determinations. Our best-performing model
obtained a macroaverage F1 score of 0.834 and microaverage
F1 score of 0.851 for identifying 10 geriatric syndrome
congtructsfor patients. Our system identified most patientswith
geriatric syndromes by mining EHRS' clinical notes and could
support research on geriatric syndromes.

Technical Challenges and Opportunities

Extracting and identifying geriatric syndromes is much more
difficult than well-defined entity extraction. For instance, inthe
disorder entity extraction task of the 2013 Shared Annotated
Resources/Conference and Labs of the Evaluation Forum
(ShARe/CLEF) eHealth Evaluation Lab [22], a shared task
focusing on clinical NLP, the best-performing system [23] also
relied on CRF models but obtained much better results
(phrase-partial  F1=0.873) than did ours (macroaverage
F1=0.666, microaverage F1=0.661). Our model heavily favors
precision over recal (eg, macroaverage precision=0.813 vs
macroaverage recal|=0.564 at phrase-partial) and exhibitsvaried
performance on different constructs; it works well on the

http://medinform.jmir.org/2019/1/€13039/
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(F1=0.798), and fall (F1=0.770), but poorly on manutrition
(F1=0.155), weight loss (F1=0.394), and severe urinary control
issues (F1=0.532). These variations are primarily caused by the
high OOV rates of malnutrition and severe urinary control issues
as well as the confusion between intentional weight loss (ie,
nonconstruct) and unintentional weight loss (ie, our construct).
These challenges may limit statistical NLP modelsin geriatric
syndrome research since the models will miss a large portion
of patientswith malnutrition, severe urinary control issues, and
weight loss.

Our error analysis suggests severd directions of future work.
We can lower OOV rates by obtaining additional annotated
clinical notes. However, manua annotation istime-consuming
and costly (eg, it took approximately 240 person-hoursin total
for the three experts to annotate 185 patients); we thus prefer
other solutions. One approach would be to generaize
representations away from lexical forms, replacing words or
phrases with embeddings. Embeddings are a form of
high-dimensional dense vector representation where similar
words or phrases tend to be close to each other. Such
embeddings could be trained with alarge number of unlabeled
notes in an unsupervised fashion [24,25], which have shown to
be effective in clinical NLP tasks [26,27]. Since we can learn
embeddings even for words unseenin training, thismay mitigate
the OOV problem. In addition, we should identify the larger
context of the mention to differentiate intentional and
unintentional weight loss. For example, if the note discusses
obesity, itisastrong indicator that the weight lossisintentional.
This contextual information may be reflected in the diagnostic
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codes in the structured field of EHRs or the larger context in
the free text. We could incorporate the contextual information
into the extraction model through the use of learned
representations of the context (ie, embeddings). Finally, recent
interest in deep learning model architectures [28] have shown
promise on clinical data [29,30]. These models may provide
added benefits over CRFs.

Clinical and Population Health Implications

Our work has implications for managing older adult patients
by enabling clinicians and researchers to identify a broader set
of patients with geriatric syndromes using EHRS' freetext. For
example, awider identification of geriatric syndromes enables
clinicians to adjust interventions and provides researchers the
opportunity to expand study cohorts [13]. However, extracting
geriatric syndromes from clinical notes may require dealing
with multiple EHR issues, such as lack of data-quality
specificationsfor EHRs and increased rate of missing dataover
time [31], challenges with incorporating questionnaires within
the EHRS' architecture (eg, geriatric frailty questionnaires) [32],
and variation of EHR use and maturation across different health
delivery systems[33].

Population health management efforts are increasingly using
EHR datafor risk stratification of patient populations [34-38].
Our model increases the coverage of risk stratification models
developed specifically for an older adult population.
Identification of new cases of geriatric syndromes will enable
care coordinators and case managers to better manage patient
populations [34], which can lead to more streamlined and
efficient workflows. Furthermore, our work has implications
for extracting nonclinical information, such as socia
determinants of health (SDH)—an open-ended construct similar
to geriatric syndromes—from EHRS free text. SDH is a
combination of lifestyle, behavioral, social, economic, and
environmental factors that are powerful drivers of health and
well-being [39]. Similar to geriatric syndromes, SDH are poorly
captured by diagnostic codes in EHRs [40-42]. More broadly,
our success with NLP techniques for geriatric syndromes
suggests that other areas that actively use SDH information to
bridge the gap between population and public health may
similarly benefit from EHRS' free text and NLP techniques
[43-48].
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Limitations

This work has several limitations. First, given the evolving
concept of geriatric syndromes and their varied contextual
information mentioned in clinical notes, and despite therigorous
training of the annotators, annotationswere dightly inconsistent
in including or excluding unrelated contextual wording (eg,
including or excluding the location of afall in addition to the
event of a fal). Additionaly, from error anaysis, we aso
observed afew caseswhere our CRF model correctly identified
the construct mentions but were missed by human annotators.
Theseissues could be alleviated when soliciting multiple experts
to repeatedly annotate the notes. Second, we only experimented
with the 185 annotated patients, while our dataset contains a
large portion of unlabeled notes (ie, 18,156 patients). It will be
interesting to apply our CRF model to the unlabeled notes and
see how these 10 geriatric syndromes distribute in the larger
population. Third, we limited our study to 10 constructs of
geriatric syndromes, but many other types of geriatric syndromes
(eg, delirium and functional decline) exist. We planto generalize
our model to extract other geriatric syndromes when their
annotations are available. Finally, we did not analyze the
temporal patterns of the geriatric syndrome constructs. Future
studies should investigate whether the temporal patterns of a
construct, especialy if deemed resolvable over time such as
lack of socia support, will be atered differently by different
NL P solutions (eg, measuring temporal accuracy).

Conclusions

We have presented an NLP solution for the automatic
identification and classification of patients exhibiting geriatric
syndromes by analyzing free text in patient clinical notes. We
formulated the problem as an information extraction task and
trained a CRF model to identify geriatric syndrome constructs
from text. We presented enhanced features for this task and
created afinal system that obtains a microaverage F1 of 0.851
for patient-level determination of constructs. Our error analysis
revesaled that new words and a lack of context account for the
worst-performing constructs. Future work should develop
strategies that do not require additional training annotations to
mitigate these errors.
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Abstract

Background: The National Health and Family Planning Commission (NHFPC) in China organized a nationwide survey to
investigate the informatization in hospitals and regional Health and Family Planning Commissions (HFPCs) in 2017. The survey
obtained valid results from 79.69% (2021/2536) of major hospitals and 81% (26/32) of provincia and 73.1% (307/420) of
municipal HFPCs. The investigated topics covered hardware infrastructure, information resources, applications, systems, and
organizations in health informatics.

Objective: This study aimed to provide evidence collected from the survey regarding China's health informatization and assist
policy making regarding health informaticsin the 13th Five-Year Plan of China.

Methods: Based on the survey, the paper presented the status quo of China's health informatization and analyzed the progress
and potentia problemsin terms of the country’s health information devel opment policies.

Results: Related policies have helped to construct 4-level information platforms and start converging the regional data to the
3 centralized databases. The principle of informatics has been transiting from finance-centered to people-centered. Alternatively,
the quality, usability, and interoperability of the data still need to be improved.

Conclusions: The nationwide survey shows that China's health informatization is rapidly developing. Current information
platforms and databases technically support data exchanging between all provinces and cities. As Chinais continuing to improve
the infrastructure, more advanced applications are being devel oped upon it.

(IMIR Med Inform 2019;7(1):€12238) doi:10.2196/12238

KEYWORDS
health policy; health informatization; electronic health record

Instructionsfor Accelerating Population Health Informatization
[1], emphasized that health informatization was a crucial part

In May 2011, the 12th Five-Year Plan and its corresponding of the national informatization framework and an important
subplans made by the State Council of the People's Republic  @Pect of continuing reform of medical health in China. The
of China (PR China) were approved. One of the subplans, difficulty of making a comprehensive plan of hedth

Introduction

http://medinform.jmir.org/2019/1/€12238/ JMIR Med Inform 2019 | val. 7 | iss. 1 |e12238 | p.150
(page number not for citation purposes)

RenderX


mailto:hujp@nhfpc.gov.cn
http://dx.doi.org/10.2196/12238
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

informatization for a country with 1.4 billion people was
probably beyond imagination. In China, the National Health
and Family Planning Commission was responsiblefor proposing
the plan and therelated policies. In 2010, the NHFPC initialized
the 3521 Project, which was known as Chinds health
informatization road map and later upgraded to the 4631-2
Project in 2013 [1,2]. Figure 1 illustrates the planned 4631-2
Project and its numeric representations:

« The 4 stands for the 4-level information platforms, which
include the national information platforms, provincial
information platforms, municipal information platforms,
and county-level information platforms. On each platform,
the medical data from different regions are integrated and
shared.

- The6 standsfor 6 primary types of applications, including
public health, medical service, medical guarantee, drug
administration, family plan, and integrated management.
The 6 types of applications are deployed on each of the
4-level information platforms.

Figure 1. The 4631-2 Project framework of health informatization.
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The 3 stands for 3 demographic health information
databases (DHID) constructed on each of the 4-level
information platforms, including ademographic information
database (DID), electronic medical record database
(EMRD), and electronic health record database (EHRD)
[3]. The DID containsfundamental population information,
family planning service management information, and
floating population management information, etc. The
EMRD stores all information from the electronic medical
record. The EHRD regards the residents persona health
information as the key and stores all information from the
electronic health record (EHR), which is defined as
“digitally stored health care information about an
individual’s lifetime with the purpose of supporting
continuity of care, education, and research and ensuring
confidentiality at all times’ [4].

The 1 stands for one efficient and centralized network
covering al kinds of health care institutions at all levels
(including Chinese medical institutions).

The 2 stands for health information standards, security,
regulations, and legislation.
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In October 2016, the State Council of PR Chinaissued the Plan
for Healthy China, in which the importance of informatization
in health care wasreemphasized [5]. Subsequently, the NHFPC
released the National Population Health Informatization
Development Plan (NPHIDP13) in January 2017 containing
thefundamenta policies[6]. At the beginning of the NPHIDP13,
NHFPC conducted a nationwide survey requiring the
participation of thousands of hospitals and al provincial and
municipal health and family planning commissions (HFPCs).
Based on the survey and its analysis, the paper discussed health
informatization progressin Chinaand its challenges. It showed
that although the country’s health informatization had been
initialized relatively later than many countries, it has been
developing at a rapid and steady pace. The initial goal of
constructing the EHR systems and sharing data among regions
had been achieved. With the construction of the EHRD, the
development of health informatization had started transiting
from finance-centered to people-centered. Some prominent
problems remain: low data quality, data usability, and
interoperability are yet to be solved, and the national structure
of 4-level information platforms has been really challenging.
The survey investigated the progress of health informatization
and would support policy- and strategy-making. To our
knowledge, this paper is the first on research about health
informatization based on a nationwide survey in China, and
similar research israre.

Methods

The survey consists of 3 comprehensive questionnairesincluding
the Hospital Informatization Questionnaire, the Regional HFPC
Informatization Questionnaire, and the Big Data Technology
in Health Informatization Questionnaire. Each questionnaire
was developed by a group of 8 experts and covers a range of
key aspects of informatization, including administration,
applications, hardware infrastructure, big data applications,
information exchange platforms, information security, and
related standards. In all, 32 provincia HFPCs, 420 municipal
HFPCs, and 2536 major hospitalswereinvited. Valid responses
came from 81% (26/32) of provincial HFPCs, 73.1% (307/420)
of municipal HFPCs, and 79.69% (2021/2536) of hospitals.

The NHFPC is the state administrative department for
health-related affairs in the State Council of PR China. The
provincial and municipal HFPCs are local district branches
under the supervision of the NHFPC. A provincial HFPC was
responsiblefor the health affairs of the corresponding province,
including ensuring public health; implementing health policies,
promoting health care reform; and managing affiliated medical
administrations, hospitals, and schools. Similarly, the municipal
HFPC hasthe sameresponsibility at the municipal level. Among
2021 hospital respondents, there were 42 NHFPC-&ffiliated
hospitals, 371 provincial NHFPC-affiliated hospitals, and 1608
municipal NHFPC-affiliated hospitals.

Similar research regarding health informatization has been
carried out inanumber of countries[7-10]. Compared with this
research, our information was collected from an official survey
conducted by the country’s health ministry (NHFPC), and the
survey covered a wider range about health informatization,

http://medinform.jmir.org/2019/1/€12238/
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including hardware and software of health infrastructure,
national data exchanging platforms, health informatization
applications, investment, and staffing.

Results

Three Phases of I nfor matization

The 4631-2 Project, the guidance of health informatization in
China, consisted of 3 phases. The first phase was to improve
health information technology (1 T) hardwareinfrastructure and
the application systems of routine businesses and set up the
information standards and security systems. The second phase
was to construct the information platform levels according to
region levels. The hierarchy and mechanism enabled data
exchange between different regions and applications. Thethird
phase was to apply big datatechnologies, artificial intelligence
(Al), and Internet Plus (China's plan to manage its information
superhighway) proposed in a government work report from
March 5, 2015, that refersto the application of the internet and
other IT in conventional industries [11] and enables advanced
applications (eg, predictive modeling, clinical decision support,
disease or safety surveillance, public hedth, and research)
[2,12].

People-Centered Health Information Infrastructure

Thevarious medica information systems, such asEHR systems,
were the fundamental data resources. The continuously
improved EHR systems and 3 DHIDs converged the data and
gradually became the central resources. The NHFPC had
promoted nationwide deployment of EHR systems and regular
data synchronization into the EHRD to compile a complete
EHR for each citizen regardless of where the original datawere
generated. Each region’s local HFPC was responsible for the
implementation of the EHRD. The survey showed that 86%
(18/22) of provincial HFPCs and 75.6% (232/307) of municipal
HFPCs had established the EHRD as of March 2017.
Meanwhile, 71% (15/21) of provincial HFPCs and 70.4%
(216/307) of municipal HFPCs had EHRs for 70% population
in the corresponding regions. In addition, 16.19%
(3,880,879/23,956,343) of provincid and 14.31%
(271,920/1,900,209) of municipal HFPC EHRs were built in
2016 alone.

Data from 6 types of applications and related systems were
organized into the other 2 core databases, the DID and EMRD.
The survey showed that 96% (22/23) of provincial HFPCs had
built DIDs and 48% (10/21) of provincia and 31.6% (97/307)
of municipal HFPCs had started constructing EMRDs. The
NPHIDP13 had explicitly required the datafrom 6 applications
and other related systems to be available to 3 DHIDs. It had
also required that the 3 DHIDs should be integrated following
the people-centered principle. Meanwhile, NPHIDP13 had
explicit criteria about system consistency, accuracy, and

integrity.

Data Exchanging on the Four-L evel I nformation
Platforms

Centralized medical data had significant potentia for

applications and research. Enabling information sharing within
and across regions had been attempted by afew countries and
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was demonstrated to be difficult for various reasons [13-17].
The 4631-2 Project supported regional informatization that
collected datafrom 6 primary types of applications, 3 population
health information databases (PHIDs), and other public health
systems. Systematic informatization also promoted sharing data
within and across regions. As the development of 4-level
information platforms was the core task of regional
informatization, the platforms construction had been one of
the key tasks in the Instructions for Accelerating Population
Health Informatization [1]. In the 4-level information platforms,
most data were generated at the provincial and municipal
platforms, so these 2 levels of the platforms naturally became
the focuses of the survey. As of March 2017, 32% (7/22) of
provincial and 35.2% (108/307) of municipal HFPCs had built
the information platforms. All provincial and all but 17 (6%)
of the municipal HFPCs had started establishing information
platforms. More importantly, all 32 provincial platforms had
been connected with the national platforms.

The 4-level information platforms offered 2 advantages. The
first was centralization of storing and sharing health information.
The 4-level information platforms also connected public health
information systemswith medical and health serviceingtitutions
within regions. The integration and sharing within the
information platformswould directly improve the management
efficiency of health administrations, for example, by providing
panoramic information of the entire country during an epidemic
breakout. The second was to unify management for EHRS.
Based on theinformation platforms, unified management could
facilitate various nationwide standardization.

Advanced Applications

Advanced applications based on the converged data and
technologieslikebig data, Al, and Internet Pluswere considered
to have great potential to benefit the people and the health care
industry [18-20]. The NPHIDP13 plan had been designed with
this consideration. The survey showed that 67% (16/24) of
provincial and 31.8% (100/314) of municipal HFPCs and
32.35% (647/2000) of hospitals had implemented various big
dataapplications. Businessintelligence reports, medical quality
control warnings, clinical medical records, and related data
retrieval had been well received by the users. A poll within the
survey showed that clinical quality control and chronic disease
management based on big data were most appreciated by
medical professionals. At the same time, the poll showed that
1180 (59.00%), 1062 (53.10%), and 944 (47.20%) of the 2000
hospitals expected more funds, consistent standards, and
interinstitution cooperation, respectively, regarding big data
research and application development.

The combination of big data, Al, and Internet Plus still needed
to overcome technical and technological challenges to revea
the true potential and support the most demanded applications
(eg, precision medicineand Al-assisted clinical decision support
systems) [21-23]. One of the issues was the collection and
processing of multimodel data from various sources. The
NPHIDP13 had tried to structure the data as much as possible.
The Big Data Technology in Health Informatization
Questionnaire showed that 45.10% (902/2000) of hospitals had
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structured health big data, 41.40% (828/2000) had
semistructured el ectronic medical record health big data, 28.50%
(570/2000) had unstructured medical image data, and 6.00%
(120/2000) had unstructured omics data. For regional HFPCs,
24% (5/21) of provincial and 15.9% (50/314) of municipal
HFPCs had unstructured medical image data, and 48% (10/21)
of provincial and 1.9% (6/314) of municipa HFPCs had
unstructured omics data. Meanwhile, the unstructured data,
which could be 80% or 85% of overall data, needed more
professional curating staff and technologieslike natural language
processing and image processing to automatically process it
[24,25].

I nvestment and Staffing

The national health informatization project was extremely
complex and expensive, but the Chinese government played an
essential and supportive role in the project: increases were not
seen in local medical service prices and data privacy and
usability were better assured. As of March 2017, the 32
provincial platformsreceived ¥1.87 billion (US $276.6 million)
from the central government (not including funds from local
governments). During the 12th Five-Year Plan, the central
government invested more than ¥10 billion (US $1.5 billion)
into health informatization [1,3,6].

Since health care reform in 2009, the number of doctors
(approximately 1,730,000 in 2015) has increased by 3.3%
annually. The annual rate of new nurses is even larger (9.9%,
approximately 472,000 in 2015). The increasing rate of
pharmacistsis 3.1% (approximately 109,000 in 2015) [26-28].
In comparison with the increasing number of medical
professionals, the number of IT professionalsisrelatively low.
Often, the responsibility of the IT departments must be limited
in coordinating the needs with the health IT service providers
due to a limited number of IT staff. According to the survey,
19% (4/21) of provincia and 85.0% (267/314) of municipal
HFPCs had fewer than 9 IT staff members. For the hospitals,
only 7.00% (140/2000) had more than 20 full-time IT staff
members; the number of IT staff was not enough to meet the
actual work needs. The survey showed that 76.00% (1520/2000)
of medical institutions expressed the lack of IT staff and the
difficulty of recruitment.

Standards and Certification

Standards, motivation, and credibility were 3 keys to effective
interoperability of health information technology [29]. Standards
provided the possibility of efficient communications, motivation
promoted the usahility and consequently created more data, and
credibility ensured a trustworthy environment for using data.
China's information standardization framework comprises 3
parts: data standards, technology standards, and security and
privacy standards (Figure 2). Since 2010, 283 national health
informatization standardization projects had been approved and
initiated, ranging from data acquisition and exchange to
information management, storage, cataloging, and security, etc.
Among the approved standards, 33 have been adopted by
consortiums. Of 250 planned industry standards, 209 have been
published, 16 will be published soon, another 16 have passed
preliminary assessment, and 10 are under devel opment.
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Figure 2. Framework for information standardization.
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Informatization standards not only cover hardware-rel ated issues
such as data acquisition, storage, and transmission, called hard
standards, but also software-related issues such as metadata
standards, information usage standards, supervision and
certification, called soft standards. Generally, soft standards are
relatively immature compared with hard standards. Furthermore,
hard and soft standards should be better integrated within the
information standardization framework (Figure 2). Many
existing information standards still play separateroles, forming
the biggest barriersfor interoperability. With awareness of these
issues, the NHFPC is making efforts to improve the synergy of
health informatization standards to enhance interoperability.

To help the regional HFPCs and hospitals stay informed about
standardization and better implementation of standards, a series

http://medinform.jmir.org/2019/1/€12238/
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of certification programs has been launched by the NHFPC.
The National Medica Heath Information System’s
Interconnection and  Interoperability  Standardization
Certification was started in 2013. The certification covers a
wide range of data standards, document sharing, platform
functions, hardwareinfrastructure, information security, business
applications, etc [30]. As shown by the survey, 9.1% (24/263)
of municipal platforms participated in the certification in 2017.
Because the program for provincia platformsjust started, only
oneprovincial platform has participated. Meanwhile, 46% (8/17)
of provincial and 31.3% (77/246) of municipal HFPCs have a
clear timeline for taking part in the program. Figure 3 shows
the regional HFPCs' planned schedule of participating the
program.
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Figure 3. Schedule of regional Health and Family Planning Commissions obtaining certifications.
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Principal Findings

Compared with 59.9% of eligible nonprofit hospitals that get
funding in the United States [31], ailmost all major hospitalsin
China are public and nonprofit. The Chinese government is
responsible for funding support and therefore plays a more
active role in health informatization.

One of the key achievements in recent years was the
development of nationwide 4-level information platforms. It
was an ambitious and challenging task that established acertain
level of connectivity between HFPCsin the country. Thismight
enhance information sharing and collaboration and may directly
support allocating health care resources according to regional
differences. For medical professionals, it largely improved
information accessibility—for example, to be ableto makerapid
diagnoses based on more complete information or reduce the
number of reexamination cases. For patients, it improved the
accessibility of health information and enabled interregional
medical health and insurance services. For health
administrations, it delivered real-time intelligence of dynamic
situations about health service resources to support scientific
management, such as inspecting and maintaining reasonable

2016
years

26

2017 2018 2019 2020

medical expenses. The potential of converged datawas still far
from being fully exploited and many more data applications
were still under development. The survey showed that 71% of
provincial HFPCs regarded developing and improving
applications as a main task for the future.

Another more serious problem is low data quality. According
the analysis of the survey, empty or invalid data, disorders of
disease description language, lack of retrieval tools, lack of
metadata management, and inability to handle the text data of
electronic medical records are prominent problemsin China's
health informatization. Only 66.8% of municipa NFPCs
implements or plans to implement data quality management
system standards. The problem is serious and may cause
unexpected barriers for the usability of the 3 databases and the
platform. Without high-quality local data, centralized medical
dataon the 4-level information platformswon't play areal role
and advanced applications based on converged data and
technologies like big data and Al will not have a solid
foundation. The survey also reported that 74% of provincial
HFPCs put this at the top of the list of problems to be solved.
To summarize, we list the best practices and corresponding
barriers and successes of the national health informatization
implementation in Table 1.

Table 1. Best practices and corresponding main barriers and successes in the implementation of national health informatization.

Best practices Main barriers

Successes

Three demographic health information databases Low data quality
Four-level information platforms
Advanced informationalized applications

Established standards

Difficultly exchanging data
Unstructured data processing

Lack of synergy of standards

Large enough coverage for population

National health data exchanging

Big data, Al, and Internet Plus applications

A total of 283 national standardizations were approved
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Conclusions

Health informatization in China started in the relative recent
years and has developed at avery rapid pace. Its objectiveisto
enable advanced clinical research and applications at the

Lietd

According to NPHIDP13, personalized health care services and
products based on perception technology will start being applied
and promoted by 2020; DHIDs storing individual lifelong
records for the entire population will be eventually built; and

novel technologies, which might bring revolutionary outcomes
in health care and research, were considered while designing
the current systems and planning future advanced applications.
Generally, NPHIDP13 planned the projects for the period of
2016 to 2020 to solve remaining problems. They include
upgrading current systems with new technologies, continuing
development of applications of key businesses, improving
coverage of the population in 3 DHIDs, and improving
interconnection and interoperability between the 4-level
platforms.

beginning while the IT infrastructure is built. Initialy,
informati zation aimed to improve efficiency and administration
of finances. Gradualy, informatization transited from
finance-centered to people-centered in order to bring full
potential in terms of health outcomes. The transition was
naturally occurring while the goal of informatization was
explicitly set to bring more benefits for every patient in
NPHIDP13.
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Abstract

Background: The rapid aging of the Taiwanese population in recent years has led to high medical needs for the elderly and
increasing medical costs. Integrating patient information through electronic health records (EHRS) to reduce unnecessary
medications and tests and enhance the quality of care has currently become an important issue. Although electronic datainterchanges
among hospitals and clinics have been implemented for many years in Taiwan, the interoperability of EHRs has not adequately
been assessed.

Objective: The study aimed to analyze the efficiency of data exchanges and provide suggestions for future improvements.

Methods: We obtained 30 months of uploaded and downl oaded data of EHRs among hospitals and clinics. The research objects
of thisstudy comprised 19 medical centers, 57 regional hospitals, 95 district hospitals, and 5520 clinics. We examined 4 exchange
EHR forms: laboratory test reports, medical images, discharge summaries, and outpatient medical records. We used MySQL
(Oracle Corporation) software (to save our data) and phpMyAdmin, which is a Personal Home Page program, to manage the
database and then analyzed the data using SPSS 19.0 statistical software.

Results: The quarterly mean uploaded volume of EHRs among hospitals was 52,790,721 (SD 580,643). The quarterly mean
downloaded volume of EHRs among hospitals and clinicswas 650,323 (SD 215,099). Theratio of uploaded to downloaded EHRs
was about 81:1. Thetotal volume of EHRs was mainly downloaded by medical centers and clinics, which accounted for 53.82%
(mean 318,717.80) and 45.41% (mean 269,082.10), respectively, and the statistical test was significant among different hospital
accreditation levels (F,=7.63; P<.001). A comparison of EHR download volumes among the 6 National Health Insurance (NHI)
branches showed that the central NHI branch downloaded 11,366,431 records (21.53%), which was the highest, and the eastern
branch downloaded 1,615,391 records (3.06%), which wasthe lowest. The statistical test among the 6 NHI brancheswas significant
(F5=8.82; P<.001). The download volumes of laboratory tests reports and outpatient medical records were 26,980,425 (50.3%)
and 21,747,588 records (40.9%), respectively, and were much higher than medical images and discharge summaries. The statistical
test was a'so significant (F=17.72; P<.001). Finally, the download time showed that the average for x-rays was 32.05 seconds,
which wasthelongest, and was 9.92 seconds for el ectrocardiogram, which wasthe shortest, but there was no statistically significant
difference among download times for various medical images.

Conclusions: After years of operation, the Electronic Medical Record Exchange Center has achieved the initial goal of EHR
interoperability, and data exchanges are running quite stably in Taiwan. However, the meaningful use of EHRs among hospitals
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and clinics dtill needs further encouragement and promotion. We suggest that the government’s leading role and collective
collaboration with health care organizations are important for providing effective health information exchanges.

(JMIR Med Inform 2019;7(1):€12630) doi:10.2196/12630
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Introduction

Background

Many US studies have shown that electronic health records
(EHRS) reduce repeated exams and medications, which can
cause unnecessary costs, thereby improving patient safety and
quality of care[1-8]. The American Recovery and Reinvestment
Act of 2009 authorizes the Centers for Medicare and Medicaid
Services (CMS) to award incentive payments to eligible
professionals (EPs) and hospital s that demonstrate meaningful
use of certified EHRs. The CMS EHR Incentive Program
encourages EPs and hospitals to adopt EHRs and apply their
meaningful usein 3 stagesover 5years. Clinically, the definition
of meaningful useisusing certified EHR technology toimprove
the quality, safety, and efficiency, which resultsin better clinical
outcomes. Meaningful use sets specific objectives that EPsand
hospitals must achieve to qualify for the CMS incentive
programs. These specific objectives are divided into core and
menu setsto check and pay those who meet these requirements,
as detaled in the Clinical Quality Measure, such as
electronically capturing health information in a standardized
format, engaging in rigorous health information exchanges, and
improving health outcomes [9].

Taiwan'sEHRswereinitially developed by the National Health
Informatics Project in 2004. The EHR exchange was
implemented in 3 stages: stage 1 (2008-2011) began and
promoted the EHR plan, stage 2 (2010-2012) accelerated EHR
adoption in hospitals and clinics, and stage 3 (2013-2015)
subsidized the interoperability and application of EHRs.
According to statistics of the Electronic Medical Record (EMR)
Exchange Center (EEC) in 2016, 411 of 496 hospitals (80.4%)
and about 5244 of 9782 private clinics (53.6%) were certified
as having interoperable EHRs [10].

On the basis of the configuration of the EHR data exchange
system in Taiwanese hospitals (Figure 1), patients are allowed
to useaNational Health Insurance (NHI) integrated circuit (1C)
card and can ask their physician to retrieve their medical
information from hospitalsthey have previoudly visited. Patients
have to sign a written consent form to authorize the physician
before retrieving their medical records. The EEC functionsonly
as an EHR index generation and search service platform for
hospitals and clinics. Hospitals' information systems are
connected to the EEC through an EMR gateway. The hospital

http://medinform.jmir.org/2019/1/€12630/

converts laboratory test reports, medical images, discharge
summaries, and outpatient medical recordsin its EMR system
into standardized files and saves them on the EMR gateway.
The EEC generatesanindex of all XML fileson EMR gateways
of all hospitals and provides search and retrieval services for
hospitals and clinics. In this system, Heath Level 7
(HL7)/Clinical Document Architecture, Release 2 (CDA R2)
standards are used to generate clinical documents and the
Integrating the Healthcare Enterprise (IHE) Cross-enterprise
Document Sharing (XDS) profile for the communication
infrastructure. The EMR gateway receives clinica documents
from the hospital information system, registers the metadatain
the document registry (EEC), and storesthem for 6 months. An
example of a patient who asked a hospital to retrieve and
download his discharge summary for receiving continuous care
isillustrated in Figure 2.

Some large hospitalsin Taiwan have met level-6 requirements
of the EMR Adoption Model, which was built by the Healthcare
Information and Management Systems Society [11,12]. Taking
EMR information of Taichung Veterans General Hospital
(TVGH) [12] as an example, almost 90% of medical records
for outpatients, emergency visits, examinations, operations, and
inpatientsin thismedical center were digitalized. As 80%-90%
of patients registered before their visit to TVGH, drug
duplications and interactions can automatically be detected by
the exchange records through the EEC. Therefore, it can
effectively aert physicians and prevent them from prescribing
unnecessary medications and treatments.

In addition to continuously implementing paperless and
interoperable medical records, Taiwan launched the Smart
Hedlthcare plan in 2009, which uses information and
communications technology (ICT) to provide a Pharma Cloud
System [13] to reduce therapeutic duplications and enhance
public medication safety. The Personal Health Bank [14,15], a
set of personal health records applied in 2014, allows patients
to access their heath data for various health-enhancing
applications. Under these innovative services, the delivery of
integrated health care in Taiwan can become more convenient
and effective.

Objective
The study aimed to analyze the efficiency of data exchanges
and provide suggestions for future improvements.
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Figure 1. Configuration of the electronic health record data exchange system in Taiwanese hospitals. CDA: Clinical Document Architecture; DICOM:
Digital Imaging and Communications in Medicine; EHR: electronic health record; HIS: hospital information system; MOHW: Ministry of Health and

Welfare; NHI-VPN: National Health Insurance-Virtual Private Network.
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Methods

Dataof thisstudy provided by the EEC of the Ministry of Health
and Welfare consisted of 19 medical centers (>500 beds), 57
regional hospitals (>300 beds), 95 district hospitals (>100 beds),
and 5520 clinics. The study period was from January 2015 to
June 2017, for atotal of 30 months. A total of 4 EHR exchange
forms consisted of discharge summaries, outpatient records
(including medication sheets), laboratory tests, and medical
images. We used MY SQL software to save our data and used
phpMyAdmin to manage them. Finally, we used SPSS 19.0

http://medinform.jmir.org/2019/1/€12630/
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RenderX

statistical software to analyze the variables, such as EHR
exchange forms, accreditation level, geographic area, and time
required for the EHRs to be downloaded.

Results

Descriptive Data of Uploaded and Downloaded
Electronic Health Record Volumes
We used 3 months (1 quarter) as the analytical unit of EHR

upload and download volumes, and the study period was from
January 2015 to June 2017. The mean hospital uploaded EHR
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volume was 52,790,721, with an SD of 580,643, a maximum
of 58,546,658, and a minimum of 45,549,300 records (Figure
3). The line in Figure 3 illustrates that the volume of uploads
by hospitals tended to be stable. However, the volume of
downloads by hospitalsfluctuated (Figure 4). The mean hospital
download volume was 650,323, with an SD of 215,099, a
maximum of 1,085,665, and a minimum of 59,087 records. In
the first quarter of each year, the download volume was
significantly lower than the average because of the lunar new
year vacation. Theratio of uploaded to downloaded EHRs was
about 81:1.

Variables Affectingthe Uploaded Volume of Electronic
Health Records

Hospital upload and download volumes of EHRswere analyzed
by hospital accreditation level, NHI branch, and EHR format,

Wen et a

asshown in Table 1. First, average volumes of uploaded EHRs
ranked by hospital accreditation of medical centers (>500 beds)
with 200,927,617, regional hospitals (>300 beds) with
223,199,389, and district hospital (>100 beds) with 10,378,021
records, which reached dtatistical significance (F=154.81,
P<.001). A comparison of the 6 NHI branches representing 6
different geographical regions of Taiwan showed that the Taipei
branch had the highest average volume with 18,031,142,
whereas the eastern branch had the lowest with 1,615,391
records, and the statistical test was significant (F=360.52;
P<.001). Moreover, the 4 EHR exchange forms indicated that
the highest volume was for laboratory tests with 26,980,425.5
records. Discharge summaries were the lowest with 675,093.5
records, and thiswas significant according to the statistical test
(F=887.23; P<.001).

Figure 3. Electronic health record (EHR) volumes uploaded by hospitals from 2015 to 2017.
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Table 1. Uploaded and downloaded volumes of electronic health records for different accreditation levels, National Health Insurance branches, and

electronic health record forms.

Variable and category Mean (SD) F value (degrees of free- P value Scheffe test
dom)
Uploaded EHRs?
Accreditation level
Medical centers (A); District hos-  20,092,761.7 (1,169,657.3); 154.8 (2) <.001 A>C;B>A,C
pitals (B); Regional hospitals (C) 22 319,938.9 (2,300,920.9):
10,378,021.1 (1,073,403.2)
NHI® branch
Taipel (A); Northern (B); Central  18,031,142.3 (1,771,219);  360.5 (5) <.001 A>B,C,D, E,F, B>F; C>B,
I(EC;)S;teSrcr)1u(t2)ern (D); Kaoping (E); 6,444,815.4 (636,379.5); D,E, F, D>B,F, E>B,D
11,366,431.6 (60,1067.2);
7,453,093.0 (708,056.1);
7,898,723.0 (790,655.7);
1,615,391.7 (125,642.2)
EHR form
Laboratory tests (A); Discharge  26,980,425.5(2,053,721.2); 887.2(3) <.001 A>B, C, D; C>B; D>B, C
wmmaries_(B); Medical images 675,093.5 (81,408.80);
(C); Outpatient records (D) 3,406,489.6 (302,759.2):
21,747,588.4 (1,853,264.3)
Downloaded EHRs
Accreditation level
Medical centers (A); Regional 318,717.8 (332,577.7); 7.63(3) <.001 A>B, C, D; B>C; D>B, C
hospita_ls_(B); District hospitals 2,523.4 (1623.5);
(C); Clinics (D) 2,286.3 (996.2);
269,082.1 (199,866.6)
NHI branch
Taipei (A); Northern (B); Central  130,172.5 (62,431.2); 8.82 (5) <.001 A>B,D,E, F;B>D, E,F;
I(E(;)s;écr)]u(tgern (D); Kaoping (E); 69,089.4 (37,708.3); C>A,B,D,E F,D>E FF
305,230.0 (272,800.0);
58,500.3 (44,413.6);
15,463.7 (12,255.4);
14,173.4 (8116.1)
EHR form
Laboratory tests (A); Discharge ~ 242,572.3 (168,448.7); 17.72 (3) <.001 A>B, C; C>B; D>A, B, C
summarieﬁ_(B); Medica images 10,081.2 (4778.7);
(C); Outpatient records (D) 42,038.8 (19,924.8);
297,937.0 (132,678.9)

3EHRs: electronic health records.
BNHI: National Health Insurance.

Variables Affecting the Downloaded Volumes of
Electronic Health Records

Table 1 shows that the highest average volume was 318,717.8
downloads by medical centers, followed by clinics with
269,082.1, and the statistical test among hospital accreditation
levels was significant (F=7.63; P<.001). In a comparison of
EHR downloaded volumes among the 6 NHI branches, the
central NHI branch had the highest volume with 305,230

http://medinform.jmir.org/2019/1/€12630/

downloads, and the eastern branch had the lowest volume with
14,173.4 downloads, and it was aso statistically significant
among the 6 NHI branches (F=8.82; P<.001). In addition, anong
downloaded volumes of the 4 EHR forms, outpatient medical
records was the highest with 297,937.0 downloads, followed
by laboratory testswith 242,572.3, which were both much higher
than those for medical images and discharge summaries, and
the statistical test was also significant (F=17.72; P<.001).
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Furthermore, we focused on the average downl oad times of the
6 medical images. Table 2 shows that x-rays took the longest
at 32.05 seconds, and electrocardiogram (EKG) took 9.92
seconds, which was the shortest, but there was no statistically
significant difference. Finally, when each district was compared
with the other 5 districts according to the geographical location

Wen et a

in Taiwan, al the highest download volumes occurred within
that district asillustrated in Table 3. Thisindicates that patients
tended to obtain treatments within their daily living sphere
instead of crossing into a different area, possibly to avoid the
extra cost and inconvenience of transportation.

Table 2. Required download times for different medical images. F value (degrees of freedom)=0.29 (5); P=.91.

Medical images Mean (SD)
Ultrasound 21.3(10.4)
X-ray 32.1(42.8)
Computed tomography 20.3(7.9)
M agnetic resonance image 31.3(35.4)
Endoscopy 23.6 (13.2)
Electrocardiogram 9.9(9.9)

Table 3. Download volumes of electronic health records among six different districtsin Taiwan.

Downloaded by Districts
Taipei Northern Central Southern Kaoping Eastern
Taipel 1,093,087 169,168 23,674 18,851 9793 6428
Northern 95,138 562,343 31,288 4856 4248 2509
Central 12,773 9415 787,002 23,384 4865 889
Southern 8154 4188 19,085 540,814 15,266 549
Kaoping 1503 1861 1194 5329 146,179 278
Eastern 4671 1640 655 353 1025 133,664
Discussion upload volumes of EHRs by medical centers (>500 beds) and

Upload Volumes of Electronic Health Records Among
Hospitals Tended to Be Steady

The vision of Taiwan's ECC is that hospitals and clinics
physicians can view patients’ most recent 6 months of medical
records with the patient's consent and the physician’'s
authorization using the patient’sNHI 1C card and the physician’'s
professional 1C card. Hospitals' upload volumes of EHRs were
about 4.5 million to 60 million quarterly (average 52,790,721)
during the study period from January 2015 to June 2017. Inthe
beginning, we estimated that upload volumes would slowly
decrease asthe government’s subsidy ended. However, hospital
upload volumes of EHRs were quite stable. A possible reason
isthat the EHR project management office[16], an official EHR
exchange standards task force in Taiwan in charge of EHR
training, education, demonstration, awards, and subsidies for
hospitals and clinics, continued monitoring hospitals
compliance by publishing their weekly upload volumes.
Therefore, hospitals had to conduct EHR uploads as a daily
operation, and many hospital s used the application programming
interface (API) [12] to automatically meet the requirements of
the EEC. Figure 3 illustrates that hospital uploads were well
maintained and tended to be steady.

Moreover, based on the service capacity and investment of
hospital information systems, it is understandable that the total

http://medinform.jmir.org/2019/1/€12630/

regional hospitals (>300 beds) were significantly higher than
those by district hospitals (>100 beds).

Download Volumes of Electronic Health Records
Among Hospitals and Clinics Fluctuated

The average quarterly volume of EHR downloads by hospitals
and clinics was 592,629 records. Compared with the upload
volume listed above, the ratio was about 81:1. In other words,
when hospitals uploaded 81 EHRS, only 1 was downloaded by
physicians for medical purposes. Under the current policy of
the NHI, athough the integrated medical care and referral
system was strongly promoted and encouraged, the download
volumes of EHRs among hospitals and clinics fluctuated. On
the basis of physicians practice behaviors and hospital
accreditation, Table 1 shows that medical centers (>500 beds)
and clinics downloaded 318,717.8 and 269,082 records,
respectively, which accounted for more than 95% of the total
download volume. This means that more efforts are needed to
implement 2-way referrals among hospitals and clinics for
patients' continuous care. Moreover, Table 3 illustrates that
each district’s internal download volume was significantly
higher than that of the other 5 different districts. We believe
that patients were constrained by time and costs, so seeking
cross-regional medical treatment israrein Taiwan, and thisalso
proved aresident life circle existsin local people.
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In Taiwan, in addition to EHR exchanges provided by the EEC,
the NHI administration also launched a Pharma Cloud system
in 2015[17]. Physiciansin hospitals and clinicswere requested
to inquire into patients medications during previous visits
throughout this system. Under the single-payer NHI system,
hospitals and clinics have to comply with regulations of the
NHI administration, or otherwise, their reimbursements will be
denied. However, download volumes of EHRs did not decline
because of the NHI administration’s service. On the contrary,
as Figure 4 illustrates, volumes significantly increased in 2016
because of the APl for the EEC. It facilitated hospitals
automatically downloading EHRs aday before apatient’svisit.
Especially in the third quarter of 2016 (Figure 4), the download
volume surged because medical centers put alot of effort into
EHR exchanges to meet the requirements of hospital
accreditation.

We believethat effective health information exchange can avoid
repeated examinations and medications [18,19] and reduce
unnecessary medical expenses [6,20]. Thus, the CMS of the
United States requires health care providers who accept
government subsidiesto achieve the criteria of meaningful use
[9]. Although the volume of EHRs exchanged by hospitals and
clinics gradually increased in Taiwan, whether it really
contributesto the continuous care of patientsisstill unclear and
worthy of further study.

Download Times of the 4 Electronic Health Record
Forms Required by Hospitals and Clinics Did Not
Significantly Differ

Table 2 illustrates that download times for ultrasound, EKGs,
computed tomography, magnetic resonance imaging, and
endoscopic images, and x-rays were between 9.92 and 32.05
seconds. When hospitalsand clinics downloaded different types
of medical images, therequired timesdid not significantly differ
(P>.914). However, when we interviewed some physicians,
they complained that the waiting times for downloads were too
long, especially for x-rays, and it definitely affected their
intention to use this service. The gap between our data and
physicians experiences may come from the time measurement.
We counted the time from when the EEC received a request
from a hospital to when the gateway at the hospital received
the downloaded medical image. Due to high outpatient service
volumes and a variety of physician practice styles, it was
difficult for us to detect how much time elapsed from the
hospital gateway to the physician’sterminal when these medical
images were being checked. Moreover, in some hospitals, the
computing priority of theinformation system may have affected
download speeds, so physicianswere unableto promptly review
downloaded images.

Building Up an Integrated Cross-Hospital Health Care
Model

Data exchanges among health organizations are based on
interoperable EHRs. The services provided by EEC met the
requirements of functional and semantic interoperability. We
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adopted the HL7/CDA R2 and Digital Imaging and
Communications in Medicine standards to generate clinical
documents and IHE XDS profile for the communication
infrastructure. Therefore, a physician can read laboratory test
reports, medical images, discharge summaries, and outpatient
medical records through these interoperability standards by
EHR exchanges. Taiwan has invested more than 10 years in
building up the EHR infrastructure and legal system [21]. The
final goal of the government is to provide continuous care for
patients and achieve cross-hospital integrated health care. Many
similar examplesin the United States and Europe have actively
implemented cross-hospital integrated health care. Regional
Health Information Exchange Organizationsin the United States,
which are in charge of cross-regional data exchanges, have
focused on the meaningful use in various health care settings.
Kaiser Permanente Health Connect [22] provides continuous
care to 1.1 million insured persons through EHRs from its 38
hospitals and 650 clinics and gives patients the latest medical
information. SmartCare[23] in Europe has devel oped astandard
interoperable platform to share data with 23 regional
stakeholders to provide integrated health care services. A
LinkCareproject called NEXES, anintegrated health care shared
knowl edge community, supports healthy and independent living
by chronically ill patients and the elderly by health care
professionals. It is an ICT-enabled integrated care program in
large-scale trials (5200 patients), targeting prevalent chronic
conditions (mainly chronic obstructive pulmonary disease,
chronic heart failure, and diabetes) and isbeing runin Barcelona
and Alicante, Spain, and Athens, Greece, in Europe [24]. We
believe that the interoperability and connectivity of EHRs are
not only the future of health care but they are also big challenges
around the globe. Thus, the government has to play aleading
role in defining policies and offering incentives to encourage
health care organizationsto engagein cross-hospital integrated
health care.

Limitations

Due to high outpatient service volumes and a variety of
physician practice styles, we could not detect how much time
it took from hospital gateways to physicians' terminals when
medical datawere being checked. We suggest that future studies
measure the time physicians actually spend on data review
except on data only from the ECC.

Conclusions

After yearsof operation, volumes of EHRs uploaded to the EEC
by hospitals were stable but download volumes of EHRs
fluctuated. The primary goal of the EEC for promoting
cross-hospital data exchanges was achieved. However, the
meaningful use of EHRs among hospitals and clinics needs
further encouragement and promotion for reducing unnecessary
medi cations and examinations and enhance the quality of care.
We suggest that the government’s leading role and collective
collaboration with health care organizations are important keys
to providing effective health information exchanges.
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Abstract

Background: Defining clinical phenotypesfrom electronic health record (EHR)—derived data proves crucial for clinical decision
support, population health endeavors, and translational research. EHR diagnoses now commonly draw from a finely grained
clinical terminology—either native SNOMED CT or a vendor-supplied terminology mapped to SNOMED CT concepts as the
standard for EHR interoperability. Accordingly, electronic clinical quality measures (eCQMS) increasingly define clinical
phenotypes with SNOMED CT value sets. The work of creating and maintaining list-based value sets proves daunting, as does
insuring that their contents accurately represent the clinically intended condition.

Objective: The goal of the research was to compare an intensional (concept hierarchy-based) versus extensional (list-based)
value set approach to defining clinical phenotypes using SNOMED CT-encoded data from EHRs by evaluating value set
conciseness, time to create, and compl eteness.

Methods: Starting from published Centers for Medicare and Medicaid Services (CMS) high-priority eCOMs, we selected 10
clinical conditions referenced by those eCQMs. For each, the published SNOMED CT list-based (extensional) value set was
downloaded from the Value Set Authority Center (VSAC). Ten corresponding SNOMED CT hierarchy-based intensional value
setsfor the same conditions wereidentified within our EHR. From each hierarchy-based intensional value set, an exactly equivalent
full extensional value set was derived enumerating all included descendant SNOMED CT concepts. Comparisonswere then made
between (1) VSAC-downloaded list-based (extensional) value sets, (2) corresponding hierarchy-based intensional value sets for
the same conditions, and (3) derived list-based (extensional) value sets exactly equival ent to the hierarchy-based intensional value
sets. Value set conciseness was assessed by the number of SNOMED CT concepts needed for definition. Time to construct the
value setsfor local use was measured. Value set compl eteness was assessed by comparing contents of the downloaded extensional
versus intensional value sets. Two measures of content completeness were made: for individual SNOMED CT concepts and for
the mapped diagnosis clinical terms available for selection within the EHR by clinicians.

Results: The 10 hierarchy-based intensional val ue sets proved far simpler and faster to construct than exactly equivalent derived
extensional value set lists, requiring amedian 3 versus 78 conceptsto define and 5 versus 37 minutesto build. The hierarchy-based
intensional value sets also proved more complete: in comparison, the 10 downloaded 2018 extensional value sets contained a
median of just 35% of the intensional value sets SNOMED CT concepts and 65% of mapped EHR clinical terms.
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Conclusions:

Chuet a

In the EHR era, defining conditions preferentially should employ SNOMED CT concept hierarchy-based

(intensional) value sets rather than extensional lists. By doing so, clinical guideline and eCQM authors can more readily engage
specialistsin vetting condition subtypes to include and exclude, and streamline broad EHR implementation of condition-specific
decision support promoting guideline adherence for patient benefit.

(JMIR Med Inform 2019;7(1):€11487) doi:10.2196/11487

KEYWORDS

SNOMED CT; value sets; clinical phenotypes; population health; pragmatic clinical study

Introduction

Overview

Given widespread adoption of electronic health records (EHRS)
certified to follow terminology standards, why does achieving
interoperableclinical phenotype definitionsremain challenging?
Practical approaches to analytic interoperability among
EHR-originated datasets would provide value both for
population health analytics and clinical research [1-3]. Clinical
registries define most patient subpopul ations—important clinical
phenotypes—by either a shared condition or a shared exposure
(eg, to atype of procedure or medication) [4]. EHRs now encode
patient conditionsin clinica terminol ogies mapped to SNOMED
CT, aninternational comprehensive clinical terminology [5-7].
By federal standard, exchanging patient conditions (problems)
between EHRs via health information exchanges employs
SNOMED CT concepts.

Accordingly, clinical quality measures derived from EHR data
increasingly define clinical phenotypes with SNOMED CT
concept val ue sets, analogousto the International Classification
of Diseases (ICD) code value sets traditionally defined for
claims data. Initial SNOMED CT value sets primarily have
taken an “extensiona” form—that is, an enumerated list of
terms—in keeping with the long-standing structure of ICD code
value sets [8]. But SNOMED CT, being a polyhierarchical
ontology, affords the powerful option of employing rule-based
or “intensional” value sets leveraging the relationships within
the ontology. Such intensional value sets can more concisely
identify included and excluded subtypes of aclinical condition
by referring to SNOMED CT's hierarchical “is &
supertype-subtype (parent-child) relationships. Those subtype
relationships can be a close match to clinicians' thinking about
clinical phenotypes and the subtypes of conditions they wish
to be included or excluded. In a report on 125 such
hierarchy-based value sets, we've shown they also are simple
to create in an EHR and employ in an anaytic data warehouse

[9].

In the United States, the governmental Centers for Medicare
and Medicaid Services (CMS) employs public quality measures
to help assure the quality of hedth care for Medicare
beneficiaries, primarily the elderly or disabled. In this study,
we examined value sets defining 10 conditions referenced by
2018 Centers for Medicare and Medicaid Services (CMS)
high-priority electronic clinical quality measures (eCQMs) for
adults. We compare corresponding intensional versus
extensional SNOMED CT value setsfor their conciseness, time
to construct, and completeness of SNOMED CT concept
inclusion. We also compare their completenessin covering the

http://medinform.jmir.org/2019/1/€11487/

SNOMED CT-mapped clinical terms selectable by clinicians
within the EHR as patient Problem List entries and encounter
diagnoses, since those selections ultimately drive clinical
phenotypes for population health activities and pragmatic
clinical studies employing EHR source data.

Extensional SNOMED CT Value Sets

Why Value Sets?

Transactional source data from administrative and clinical
information systems typically include diagnosis information
encoded in either ICD or SNOMED CT. Value sets of specified
ICD or SNOMED CT terms define conditions (clinical
phenotypes) for use in clinical guideines, clinical quality
measures, and patient registries[4]. Two categories of conditions
commonly need to be defined: (1) one or more primary,
population-defining conditions and (2) comorbid conditions
used for exclusions and/or risk stratification.

Why SNOMED CT Value Sets?

To be certified for the Meaningful Use program in the United
States, EHRs must be able to transmit patient diagnosis
information to another EHR using SNOMED CT—encoded
concepts [10,11]. Thus, in most EHRS clinicians enter patient
conditions onto their Problem List by using either SNOMED
CT directly, or, more commonly, a clinician-friendly clinical
terminology premapped to SNOMED CT concepts. Both
methods enable preserving ahigher level of clinical fidelity and
relevant clinical detail than ICD does due to the enhanced
clinical specificity of SNOMED CT [9].

Why Extensional SNOMED CT Value Sets?

Extensional value setsrefer to simplelists of codes or concepts.
ICD value sets traditionally have been constructed thisway, in
keeping with the structure of ICD [12,13]. As the need for
SNOMED CT vaue sets arose, the same approach was
continued. The innovative Vaue Set Authoring Tool made
available in 2013 by the Value Set Authority Center (VSAC)
initially supported only creation of extensional value sets[14].

Challengeswith Extensional SNOMED CT Value Sets

Extensional value sets, as specifically enumerated lists, are
brittle and proneto “break” or become stale with updatesto the
underlying terminology. SNOMED CT updates can include
addition of new clinical conceptsor refining an existing concept
by creating or expanding its* descendant” concepts. Preexisting
extensional value set lists cannot handle these automatically
and may require frequent reupdating after new SNOMED CT
version releases, followed by reimportation or copying into
every EHR or other system employing the value set.
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Some extensional value setsinclude many items, which inhibits
rapid human comprehension of exactly which subtypes of a
given clinical condition are being included and excluded. Thus
clinical vetting of such value setsbecomeslaborious. Similarly,
construction of the value set and performing quality assurance
are correspondingly difficult and labor-intensive. Inaccuracies
in value sets can significantly affect clinical quality measure
calculations[15].

Intensional Value Sets of SNOMED CT Concept
Hierarchies

SNOMED CT intensional value sets, by contrast, are rule-based
and leveragethe polyhierarchy structure of SNOMED CT. That
is, one can include or exclude an entire “tree” of real-world
condition subtypes via a single reference to a SNOMED CT
concept and all its descendants. Combining such treereferences
with simple Boolean logic (or with SNOMED CT Expression
Constraint Language) enables efficient definition of a desired
clinical phenotype [9]. For instance, osteoporosis and al of its
subtypes can be defined by reference to one SNOMED CT
concept (SCT ID 64859006 Osteoporosis) and all its
descendants. The corresponding extensional list would require
42 SNOMED CT conceptsto fully define. In turn, in our EHR
2287 diagnosis clinical terms map to thissingle SNOMED CT
concept hierarchy; a clinician selecting any one of these for a
patient’s diagnosis would automatically include them in the
broad computable clinical phenotype of osteoporosis.

Possible benefitsof SNOMED CT intensiona value setsinclude
closely matching how clinicians think about what condition
subtypesto include or exclude from agiven clinical phenotype.
Being ableto reference the entire tree of aconcept’s descendants
enablesfar simpler, succinct value set definitionsthat are easier
to understand and construct. Additionally, they should be more
resilient to change and lesslikely to omit descendants and break
with future SNOMED CT concept additions. Consequently,
intensional value sets have potential to be simultaneously
simpler and more complete and thus more useful for population
health analytics and clinical research using EHR data.

Objective of the Study

For each of 10 conditions (clinical phenotypes), evaluate the
differences between an intensional (concept hierarchy-based)
versusextensional (list-based) SNOMED CT value set approach
in (1) conciseness, (2) time to create, and (3) completeness of
both SNOMED CT concepts included and relevant clinical
terms available for clinician selection in an EHR.

Methods

Selection of Value Sets

Value sets included in this study were identified starting from
the CM Swebsite for choosing Merit-Based I ncentive Payment
System (MIPS) quality measures [16]. MIPS measures were
filtered for high-priority measures and data submission method
of EHR, yielding 21 candidate measures. Four measures
covering the following 4 common adult conditions were
selected: hypertension, diabetes mellitus, depression, and
prostate cancer.

http://medinform.jmir.org/2019/1/€11487/
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Next, the online VSAC “search value sets’ feature was
employed to find condition-defining SNOMED CT value sets
for these measures [17]. Value sets were first filtered for CMS
eCQM Release = “eCQM Update 2018 EP-EC and EH” and
Code System =“SNOMEDCT.” Then each of the eCQMs was
selected individually, displaying therelated SNOMED CT value
sets. Any value sets specifying a condition (diagnosis) were
included, yielding an initial tota of 12 SNOMED CT
extensional value sets (see Multimedia Appendix 1).

Software

Creation of EHR vendor-neutral SNOMED CT intensional value
sets and automatic derivation of extensiona value sets were
both done using Symedical (Clinical Architecture LLC), a
clinical terminology management and mapping software tool
for health care professionals. SNOMED CT intensional value
sets (groupers) for EHR-based registry and clinical decision
support functionality were created using the grouper
management features of our EHR, Epic (Epic Systems
Corporation). The clinical terminology vocabulary within
University of Texas Southwestern Medical Center’s Epic EHR
during this study was the proprietary IMO Problem IT
terminology, version 2018 R1 (Intelligent Medical ObjectsInc),
mapped to the SNOMED CT International Edition July 2017
release and the SNOMED CT US Edition September 2017
release.

Procedures

Using the VSAC website's “export value set results’ feature,
the list of codes for each SNOMED CT extensional value set
was exported to Excel (Microsoft Corp) for subsequent
comparison.

Comparable intensional (rule-based) value set diagnosis
groupersfor these conditions were established in our EHR. The
majority already existed, having been created for disease
registries and/or clinical decision support [1]; two were newly
created for thisstudy (pain related to prostate cancer, personality
disorder). Identically matching intensional value setswerethen
constructed in Symedical (in addition to Epic), and the timeto
construct each intensional value set recorded. Intensional value
setswere defined using a“ search, drill-up, drill-down” approach
previously described [9]. Existing and newly-defined intensional
value setswere vetted by medical informaticiansand clinicians
by deriving the full list of included SNOMED CT concepts for
review.

To enable meaningful direct comparison with intensional value
sets, two combinations of VSAC value sets were performed
prior to comparing the SNOMED CT concept lists: (1) chronic
kidney disease, stage 5, (CKD-5) was combined with end-stage
renal disease (ESRD) since clinically they refer to the same
condition, and so only one intensional value set covered both,
and (2) major depression including remission was combined
with dysthymia, as together they constitute the condition of
depressive disorders covered by a single intensional value set.
Thisyielded afinal set of 10 clinical conditionsfor comparison.
TheeCQMs, VSAC value set identifiers, and extensional value
set contents are available in Excel format in Multimedia
Appendix 1.
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The pregnancy value set (2.16.840.1.113883.3.526.3.378)
downloaded from V SAC was found to include conceptsfocused
on pregnancy itself but in general did not include concepts for
complications or disorders of pregnancy. Our existing
EHR-based intensional value set for pregnancy deliberately
included the latter to provide a broad net for identifying any
pregnant patients via EHR-entered diagnoses and problems.
Accordingly, to better match the V SAC contents, we constructed
a second narrow intensional value set for pregnancy based on
the pregnancy conditions listed in the VSAC extensional value
set by deliberately omitting SNOMED CT concepts for
pregnancy-rel ated conditions (eg, complication occurring during
pregnancy, disorder of pregnancy). The VSAC extensional
preghancy value set was compared separately with both the
broad and the narrow intensional pregnancy value sets.

For each intensional value set, a corresponding extensional
value set list was automatically derived using Symedical (ie, a
list of al included SNOMED CT concept descendants). These
derived extensional value sets were downloaded and stored for
subsequent analysis. The intensiona value sets and
corresponding derived extensional value sets are available in
Excel format in Multimedia Appendix 2.

M easures and Outcomes

Value Set Definition Conciseness

Conciseness of value set definition was measured simply by
the number of SNOMED CT concepts needed to fully define
the set, either as alist (extensional value set) or the number of
concepts in the defining rule (intensional value set). A
dimensionlessratio to define was cal culated in two forms:

Ratio to define (download) = (# concepts in
VSAC-downloaded extensional value set) / (#
conceptsin intensional value set defining rule)

Ratio to define (derived) = (# concepts in derived
extensional value set) / (# concepts in intensional
value set defining rule)

Time to Construct

The purpose of the “Time to Construct” measure is to gauge
the time needed at each healthcare organization to construct in
their local systems, such as their EHR, an approved value set
definition received from a defining group such as VSAC (or a
local clinical terminology committee). The preceding upfront
“timetodefine” thevalue set, including iterative clinical review,
is purposefully not included.

Thetimeto construct in Symedical each of 11 intensional value
sets (including both pregnancy value set versions) as well as 3
of the extensional value sets (CKD-5 & ESRD; prostate cancer;
pain related to prostate cancer) was measured. From this a
best-fit linear equation was derived: time (min) = 0.4177* (#
SNOMED CT concepts) + 3.8707. This corresponds to an
obligate time of just under 4 minutes to construct any value set
(eg, for configuring basic common settings), plus approximately
0.42 minutes (25 seconds) to add each SNOMED CT concept.
Thetime to construct the remaining extensional value sets was
estimated using this equation.

http://medinform.jmir.org/2019/1/€11487/
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The difference in time to construct an extensional versus an
intensional value set was calculated as (time to construct
extensional value set) — (timeto construct intensional value set),
expressed in minutes. The dimensionless ratio was calculated
as (time to construct extensional value set) / (time to construct
intensional value set).

Completeness: SNOMED CT Concepts

For each of 10 conditions, the list of SNOMED CT concepts
included in the VSAC-downloaded set and the
intensional-derived set were compared. The total number of
concept discrepancies present in one set and not the other was
assessed by summing two discrepancy types:

«  Number of concepts present in the V SAC-downloaded set
but not in the intensional-derived set

«  Number of concepts present in the intensional-derived set
but not in the V SAC-downloaded set

Since virtually al of the SNOMED CT concepts in the
downloaded extensional value sets were included in the
corresponding intensional-derived val ue set, theratio of thetwo
was calculated as. (# concepts in intensional-derived set) / (#
concepts in VSAC-downloaded set), expressed as a humber
greater than 1. The percentage of SNOMED CT concepts
included in the downl oaded extensional value set was calculated
as. (# concepts in VSAC-downloaded set) / (# concepts in
intensional-derived set), expressed as a percentage.

Completeness: Electronic Health Record Clinical Term
Coverage

To evaluate theimpact of condition-specific discrepancies, value
sets were created in the EHR in both an intensional form
(existing) and an extensional form (to exactly match the VSAC
list of concepts, without including descendants). The EHR
automatically creates a compiled list of IMO-sourced clinical
terms mapped to the SNOMED CT value set. These IMO
clinical terms comprise the diagnoses visible to clinicians for
selection as Problem List entries and as diagnoses to associate
with patient orders, encounters, and professional charges. The
number of clinical terms compiled for each intensional and
extensional value set was recorded. Comparisons were then
performed on the number of clinical termsavailablefor selection
by clinicians in the EHR that would result in patient inclusion
inagiven clinical phenotype.

Just asfor SNOMED CT concept compl eteness, theratio of the
two was cal culated as (# clinical termsfrom intensional-derived
set) / (# clinical termsfrom V SAC-downloaded set), expressed
asanumber greater than or equal to 1. The percentage of clinical
terms covered by the downloaded extensional value set was
calculated as (# clinical terms from V SAC-downloaded set) /
(# clinical terms from intensional-derived set), expressed as a
percentage.

Results

Overall Format of Result Tables

Tabulated comparisons by each of the 10 conditions follow.
Summary calculated measures are included at the bottom of
each table. In addition to overall sums and ratios, the median
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of the 10 condition-specific values was selected as the primary
measure of central tendency. This method was chosen a priori
to avoid the potential for skew if one or more conditions
exhibited marked difference from the others or contained many
more concepts. The minimum, maximum, and range across the
10 conditions are al so reported.

For pregnancy, both the narrow and broad definitions are shown
in tabular form; however, only the more narrow intensional
value set based on the CM S extensional value set was used in
all summary calculations (to avoid double-counting). Use of
the narrow pregnancy definition reducesthe reported differences
between intensional and extensional value sets so that the
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summary findings and conclusions shown are conservative.
Were the broad pregnancy definition selected instead, the
magnitude of effects would be larger. All tables are available
in Excel format in Multimedia Appendix 3.

Value Set Conciseness

We expected that intensional val ue sets should be more concise
to construct by leveraging the hierarchical supertype-subtype
structure of SNOMED CT. Table 1 shows that the median
number of SNOMED CT concepts employed to define a
condition with the VSAC value sets was 21.5 concepts versus
only 3.0 for intensional value sets.

Table 1. Clinical phenotypeswith value set definition conciseness and time to construct.

Condition name SNOMED CT concepts to define

Time to construct

Extensional® |ntensional  Ratiotodefine pyengonal? Raioto  Extensiona? Intensiona  Diff Ratio
n) (n (download) n) define (min) (min) min (ext/int)®
(derived)
cKD-5% and ESRDE 5 3 17 27 9 17 3 12 5
Hypertension 12 3 4 233 7.7 101 3 81 27.9
Kidney transplant 8 8 1 36 45 19 15 3 12
Pregnancy, narrow 35 6 5.8 156 26 69 4 54 145
Pregnancy, broad’ 35 20 18 1262 63.1 531 12 415 356
Bipolar disorder 99 2 495 109 545 49 5 37 85
Depression and dys- 72 2 36 151 75.5 67 5 51 11.3
thymia
Personality disorders 26 2 13 48 24 24 5 17 4.4
Diabetes 89 6 14.8 441 735 188 6 147 255
Prostate cancer 12 3 4 19 6.3 10 7 5 18
Pain related to prostate 17 14 12 20 14 12 7 6 18
cancer
Overall sum, ratio, or % 375 49 75 1240 253 556 60 413 7.9
Set of 10 conditions
Overall median 215 3 4.9 78.5 25 36.7 5 272 6.7
Overall minimum 5 2 1 19 14 10 3 3 12
Overall maximum 99 14 495 441 .7 188 15 147 27.9
Overall range 94 12 48,5 422 76.2 178 12 144 26.7

8Download from Value Set Authority Center.
bDerived from intensional.

CExt/int: extensional/intensional

dcK D-5: chronic kidney disease, stage 5.
®ESRD: end-stage renal disease.

fNot included in summary calculated measures (overall sum, median, minimum, maximum, range).

For the full extensional value sets derived from the intensional
rules, the median number of concepts-to-define was 78.5
concepts. The median ratio of concepts needed to fully define
an equivalent extensional value set was 25 times that needed
for the intensional value set rule.

Asone example, the clinical phenotype of personality disorder
is specified by 26 SNOMED CT concepts in the downloaded

http://medinform.jmir.org/2019/1/€11487/

extensional value set (Figure 1). In contrast, the corresponding
intensional value set rule (inferring intent of subtypes desired
from examining the V SAC downloaded list) includes just two
concepts: (1) Persondlity disorder (SCT 1D 33449004), including
descendants, AND NOT (2) Organic personality disorder (SCT
ID 36217008), including descendants. Thisruleincludesall 26
SNOMED CT conceptsin the VSAC extensional value set plus
an additional 22 closdly related conceptsthat reasonably belong,
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for 48 included concepts and a concept ratio-to-define of 48/2
or 24.0.

Timeto Construct

Not surprisingly, more concise value sets are easier and faster
to construct, perform quality assurance on, review, and update
as needed. Asshown in Table 1, it takes 6 to 8 times longer to
construct an extensional value set completely equivalent in
contents to an intensional value set (median 6.7, overall ratio
7.9). In this set, constructing intensional value sets (groupers)
for al 10 conditions was accomplished in just 1 hour (60
minutes) of keyboard time, while constructing the equivalent
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extensional value sets required nearly 11 hours (650 minutes).
The median construction time for these 10 conditions was 5
minutes for an intensiona value set and 37 minutes for an
equivalent extensional value set.

Completeness: SNOMED CT Concepts

SNOMED CT is updated twice yearly [18] and an intensional
rule-based approach presumably should be more resilient to
updates by automatically including new descendants within an
existing included hierarchy, for instance. Accordingly, we
examined the rel ative compl eteness of downl oaded extensional
versus corresponding intensional value sets.

Figurel. (8) SNOMED CT extensional value set list (26 items) downloaded for the condition personality disorder, shown as green-colored members
of aSNOMED CT hierarchy (partial diagram only). Red-colored items aren’t on the list, downloaded from the Value Set Authority Center. (b) Matched
intensional value set combining SNOMED CT hierarchies with Boolean logic: personality disorder (disorder; 33449004), including descendants AND
NOT organic personality disorder (disorder; 36217008), including descendants. (c) Implementation of intensional value set in an electronic health record
(EHR) (Epic Systems). (d) Implementation of intensional value set in an EHR-agnostic terminology software program (Symedical). Also shown is part
of the exactly equivalent extensional value set (containing 48 SNOMED CT concepts), automatically derived from the intensional logic.
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Table 2 compares the number of SNOMED CT concepts
included inthefull extensional list derived from the intensional
rule versus the extensional 2018 list downloaded from VSAC.
Acrossthe 10 conditions, thefull derived list included amedian
of 3.3 times as many SNOMED CT concepts as the
corresponding downloaded list (range 1.1 t0 19.4). In percentage
terms, amedian of only 35% of SNOMED CT conceptsin the
full derived extensional list were present in the corresponding
downloaded extensiona list (range 5% to 91%), as shown in
Figure 2 (Ieft pandl).

The vast mgjority of discrepancies between the two sets of
extensiona lists (877/889, 98.7%) were present in the
intensional-derived list only and missing from the
VSAC-downloaded list (Table 2); 1.3% (12/889) of concepts
in the VSAC download were not in the intensional -derived list.
Of these 12, 6 were kidney transplant procedural conceptsrather
than disorder or condition concepts and had no corresponding
diagnosis clinical terms defined in the EHR's clinical
terminology. The remaining 6 were judged clinically relevant
omissions from the intensional -derived list.
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Completeness: Cover ageof Relevant Electronic Health
Record Clinical Terms

Pragmatic clinical trials, registries, and other research projects
that rely on EHR data for clinical phenotypes need the most
accurate and compl ete val ue sets possible to define primary and
comorbid conditions. We thus compared the number of EHR
clinical terms(sourced from IMO, overall n>800,000) selectable
by cliniciansthat arein extensional versusintensional value set
compiled lists (see Table 3 and Figure 2, right panel).

In 9 of 10 conditions, the number of EHR clinical terms
identified using the downloaded extensional value set was less
than when using the corresponding intensional value set, in
some cases dramatically so. In this subset of 10 conditions, a
median 65% of the EHR diagnostic clinical terms selectable by
cliniciansin acommonly used EHR are included when using a
published list-based extensional value set compared with using
a corresponding concept hierarchy-based intensional value set.
That is, amedian of 35% of clinician-selectable diagnosisterms
in the EHR for defining aclinical phenotype are missing when
using a 2018 downloaded extensional value set.

JMIR Med Inform 2019 | vol. 7 | iss. 1 |e11487 | p.173
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS Chuetd

Table 2. Comparison of downloaded versus derived SNOMED CT value set contents.

Condition name SNOMED CT concepts included in value set Extensional concept discrepancies
Extensional® Extensional® Ratio (derived SNOMED CT  Tota (n)  Onlyin Only ininten-
) ) VSAC) conceptsinclud- VSAC sional-derived
edin VSAC download (n)
download (%) (n)
CKD-5° and ESRDY 5 27 54 19 22 0 22
Hypertension 12 233 194 5 223 1 222
Kidney transplant 8 36 45 22 40 6 34
Pregnancy, narrow 35 156 45 22 121 0 121
Pregnancy, broad® 35 1262 36.1 3 1227 0 1227
Bipolar disorder 99 109 11 91 10 0 10
Depression and dysthymia 72 151 21 48 79 0 79
Personality disorders 26 48 18 54 22 0 22
Diabetes 89 441 5 20 358 3 355
Prostate cancer 12 19 16 63 11 2 9
Pain related to prostate cancer 17 20 1.2 85 3 0 3
Overall sum, ratio, or % 375 1240 33 30 889 12 877

Set of 10 conditions

Overall median 215 785 33 35 31 0 28
Overall minimum 5 19 11 5 3 0 3
Overall maximum 99 441 19.4 91 358 6 355
Overall range 94 422 18.3 86 355 6 352
8Download from Value Set Authority Center (VSAC).
PDerived from intensional.
€CKD-5: chronic kidney disease, stage 5.
dESRD: end-stage renal disease.
®Not included in summary cal culated measures (overall sum, median, minimum, maximum, range).
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Figure 2. Left: SNOMED CT concepts included in 2018 extensional value sets as a percentage of those in intensional value sets. Right: Electronic
health records clinical termsincluded using the 2018 extensional val ue sets as a percentage of those using intensional value sets. CKD-5: chronic kidney
disease, stage 5; ESRD: end-stage renal disease; Ca: cancer.
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Table 3. Number of diagnosis clinical terms selectable by cliniciansin the electronic health record by source of value set.

Condition name Extensional® (n) Intensional (n) Ratio (intensional/VSAC)  EHRP glinical termsincluded
in VSAC download (%)
CKD-5¢ and ESRDY 485 586 12 83
Hypertension 131 5473 41.8 2
Kidney transplant 49 708 144 7
Pregnancy, narrow 23,429 24,043 1 97
Pregnancy, broad® 23,429 47,812 2 49
Bipolar disorder 1640 1744 11 94
Depression and dysthymia 978 1946 2 50
Personality disorders 401 724 18 55
Diabetes 11,997 33,707 2.8 36
Painrelated to prostate cancer 149 149 1 100
Overall sum, ratio, or % 39,445 69,332 18 57
Set of 10 Conditions
Overall median 443 1234 16 65
Overall minimum 49 149 1 2
Overall maximum 23,429 33,707 41.8 100
Overall range 23,380 33,558 40.8 98

3Download from Value Set Authority Center (VSAC).

PEHR: dlectronic health record.

®CK D-5: chronic kidney disease, stage 5.

dESRD: end-stage renal disease.

€Not included in summary calculated measures (overall sum, median, minimum, maximum, range).
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Discussion

Principal Results

For 10 conditions referenced by the CMS 2018 high-priority
clinical quality measures, we compared extensional SNOMED
CT listsof codesdownloaded in thefall of 2018 fromthe VSAC
with intensional (rule-based) value setsfor the same conditions.
Intensional value set definitionswere far more concise (median
number of concepts needed for equivalent value sets 3 vs 75),
faster to construct (median 5 vs 37 minutes each), and more
complete. V SAC-downloaded val ue setswere missing amedian
65% of the SNOMED CT concepts included in the intensional
rule-based value sets and 35% of the mapped diagnosis clinical
terms selectable by clinicians within the EHR.

The conciseness of intensional val ue sets expedites construction
in the EHR. This should also streamline vetting with busy
clinica experts and harmonizing multiple value set
specifications of the same real-world condition. Many systems
will directly import large extensional value set files, mitigating
the value set construction time/workload difference for those
organizations. Still, someone must create the source value sets
initially and periodically update them, and some customer
organizations will have to enter them manually as well. For
those, the large time reduction offered by intensional value set
definitions remains an advantage. Because intensional value
setsare rule-based and can include referencesto al descendants
of aparent concept, they are more likely to include all relevant
concepts than an enumerated list. That is, they are less likely
to inadvertently omit descendant concepts and more likely to
remain complete following future SNOMED CT updates.

Clinical Phenotypingfor Clinical-Trandational Studies
Using Electronic Health Record Data

Pragmatic clinical trials, registries, and other clinica and
trandlational research studies employing EHR data for
computableclinical phenotypes (rather than manual abstraction)
rely on having as accurate and complete value sets to define
primary and comorbid conditions as feasible [19,20]. Concern
typically arises about missing diagnosis data not yet entered in
the EHR by clinicians on the patient’s Problem List or as
Encounter Diagnoses. While Problem List completeness in
particular remains a subject of activeinquiry and improvement
efforts [21-26], this study raises a different concern for
completeness of value set definitions when physicians and
advanced practice providers have conscientiously recorded their
patients specific diagnoses in the EHR. In this subset of 10
conditions, amedian 35% of the EHR diagnostic clinical terms
selectable by clinicians in a commonly used EHR are missing
when using a published extensional value set compared with
using a simpler rule-based intensional value set. Patients for
whom those missing EHR terms are selected by clinicians will
fail to be included in the selected population with the clinical
phenotype. Controlling for comorbid conditionsin multivariable
modeling will similarly be negatively impacted by missing
clinica EHR terms. Defining clinical phenotypes more
completely with rule-based intensional value sets leveraging
SNOMED CT'’s hierarchical structure advances the feasibility
and reliability of pragmatic clinical studies and learning health

http://medinform.jmir.org/2019/1/€11487/
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care system cycles conducted with EHR data produced during
normal clinical care [27-29].

Analytic Interoperability for Population Health

With the expansion of clinicaly integrated networks and
cross-institution specialty registries to provide and measure
value-based care, definition of subpopulations of patients
becomes crucial for risk assessment and tailored interventions
[1,30-32]. Many networks encompass avariety of EHRs. Since
the designated interoperability language between EHRs for
diagnoses (conditions) is SNOMED CT, employing SNOMED
CT value sets enables EHR-agnostic consistent definition of
subpopulations for registries, clinical decision support to
promote best practices within the EHR, care gap closure, and
quality measurement [9]. This provides analytic interoperability
across disparate EHRs even if using clinical terminologiesfrom
different vendors. The populations that would most benefit from
intervention may change over time, thus generating requests
for new computable clinical phenotype definitions. The
conciseness and clinical understandability of intensional value
sets streamline rapid-cycle definition and vetting by specialists,
as well as more facile and consistent implementation across a
broad range of EHRs, population health tools, and clinical
settings. These advantages make employing SNOMED CT
concept rule-based intensional value setsahigher quality, better
fit-for-purpose method for defining computable clinical
phenotypes for population health than traditional extensional
lists.

Authoring Practice Guidelinesand Electronic Clinical
Quality Measuresfor Streamlined I mplementation

With the expansion in medical knowledge and appreciation of
the complexities of achieving optimal care for subpopulations
of patients with a wide variety of conditions, the number of
clinical practice guidelines continues to grow [33,34].
Significant effort and expense (in terms of experts' time) goes
into writing consensus guidelines and optimal practices for a
condition. Achieving real-world practice change takes a long
time and is often incomplete [35-37]. EHR-based clinical
decision support has been shown to improve clinical process
measures across multiple clinical domains [38-48].

Yet current guidelines can be difficult to implement as
point-of-care clinical decision support to help “make the right
thing the easy thing to do” for busy clinicianswithin their daily
work tool, the EHR [49-53]. Non—val ue-added work can include:

- Trandating prose definition of conditions covered by
guideline, conditions excluded, and comorbid conditions
into value sets implementable in EHRSs to cover clinical
terms/codes present in EHRs in practice

- Trandating prose definitions of medication types and/or
procedure types into EHR-implementable value sets

- Trandating prose descriptions (and some flow charts and
decision trees, if constructed ambiguoudly) into
implementable decision algorithms for clinical decision
support logic [54]

EHRs have local codes that can hamper implementation, but
increasingly these are mapped to standard terminology codes
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to achieve interoperability with other EHRs as organizations
participate in health information exchanges [27].

To accelerate implementation, we propose that specialty
guideline and eCQM writing committees include a medical
informaticist (as either a consultant or a formal member of the
writing group representing a clinical informatics specialty
society). During initial guideline development discussion and
through subsequent detailed specification, the medical
informaticist could then assist specialist experts on the
committee in expressing the clinical conditions relevant to the
guideline or eCQM inaSNOMED CT supertype-subtypeform,
readily implementable in an EHR or other internet-accessible
repository asaconcise, easily shareableintensiona rule (Figure
3).

Doing so would avoid the considerable extra work of
constructing a de novo extensional value set, vetting the full
list with clinical experts, distributing it, and having multiple
teams of EHR analysts and clinical informaticists around the
country independently reverse-engineer the list into a
supertype-subtype rule-based form to gain its benefits of
conciseness, maintainability, completeness, and
understandability for their local EHR implementation. In lean
terms, that extra work (red arrows in Figure 3) could be
considered non-value-adding waste. In contrast, coproducing
concise, shareable SNOMED CT intensional value sets
contemporaneously with the guideline and/or eCQM
specification would expedite practical dissemination of clinical
decision support to promote the new best practicein aconsistent
subpopulation of patients across the country, matching the
guideline writing specialists’ intent.

Limitations
Challenges When Using SNOMED CT

Navigating the SNOMED CT Hierarchy and Selecting
Conceptsfor an Intensional Value Set

Because of the polyhierarchical structure of SNOMED CT,
potential existsfor inadvertently including descendant branches
and/or individual concepts which do not belong. The “search,
drill-up, drill-down” approach employed mitigates that risk by
explicitly exploring if the currently-selected concept in a
SNOMED CT hierarchy browser is too general or too narrow
[9]. A helpful additional mitigation strategy is to expand the
intensional rule to show al included SNOMED CT concepts
as a derived extensiona list (we used Symedical for this
purpose), then having aclinician view thislist for any additional
concepts which should be excluded. These then similarly can

http://medinform.jmir.org/2019/1/€11487/
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be evaluated with the “search, drill-up, drill-down” method to
find the optimal concept in the hierarchy for exclusion along
with its descendants.

Changesto SNOMED CT

Importantly, although intensional value setsretain accuracy and
completeness across many updatesto SNOMED CT’scontents,
they are not impervious to changes [55-57]. With intensional
rules referencing SNOMED CT's hierarchical structure,
additions of new descendants are generally automatically
included. Some value sets may need clinical vetting for updates
after new SNOMED CT releases, perhaps particularly when an
intensional ruleincludes some, but not all, of aparent concept’s
children. To enhance rapid re-vetting when needed, automated
detection of new SNOMED CT concept additionsthat arewithin
the span of a given rule-based grouper would be useful. One
guestion to explore further is whether a specific inclusion
strategy (include these specific siblings) versus an exclusion
strategy (include all the children of the parent except these
specific children) proves moreresilient (remains more complete
and accurate).

Migrations of existing SNOMED CT concepts to a different
locationin the hierarchy dueto cleanup of SNOMED CT quality
issues [58] pose a different challenge, although in many cases
an intensional value set will handle the correction gracefully
[9]. As clinicians and medical informaticists work with
intensional value sets to define important clinical phenotypes,
iterative improvements in SNOMED CT's hierarchical
arrangement will likely ensue, following the data quality
aphorism “what gets used, gets better” [1].

Scope of ThisPaper’sAnalysisand Differencesin Value
Set I ntent

One limitation of this paper is that the comparable intensional
value sets were developed and vetted only at one institution
(University of Texas Southwestern Medical Center) and cannot
be considered to represent national specialty society views.
However, our experience demonstrates feasibility for amedical
informaticist to build an initial candidate rule for defining a
condition, then identify any clinica inclusion/exclusion
guestions for vetting with a clinician speciaizing in the
condition [9]. For multi-institutional and/or specialty society
vetting, a Modified Delphi technique can be employed as was
successfully used by Buchanan [59] previously to gain working
consensus across ingtitutions. Our vision is that increasingly
intensional value sets are produced as a byproduct of clinical
guidelineand eCQM authoring, dramatically reducing the need
for individua ingtitutions to reinvent the wheel (Figure 3).
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Figure 3. Clinicians thinking about type/subtype inclusion criteria matches SNOMED CT concept hierarchy implementation in electronic health
records (EHRs). Deriving flat codelists (red arrows) requiresreverse engineering by each EHR team to achieve the benefits of aconcept hierarchy-based
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This study only covers 10 conditions and may not be
representative of al and so should be considered merely as a
deep diveinto one set of conditionsfor CM S-designated eCQM s
(as described in the Methods section). We took a conservative
approach in  matching intensional  definitions to
VSAC-downloaded extensional  definitions, otherwise
differences reported between intensional and extensional value
set completeness would have been even greater. Specifically,
for pregnancy we did not use our existing broad pregnancy
intensional value set: instead we constructed a new, much more
narrowly defined value set intended to match the scope of the
V SAC-released pregnancy value set. Similarly, for pain related
to prostate cancer, we lacked an existing intensional value set
and constructed our new intensional value set closely mirroring
the contents of the VSAC extensional value set. Both result in
minimizing differences between the extensional and intensional
approaches.

On the other hand, for hypertension our existing intensional
value set includes all forms of hypertension (meant to represent
the scope covered by recent hypertension guidelines [60-62]),
whereas the VSAC-downloaded extensional value set was
specific to essential (primary) hypertension. The latter did not
include SNOMED CT concepts for the general concept of
“Hypertensive disorder, systemic arterial (disorder)” not
specified to be primary or secondary, for secondary
hypertension, or for “Complication of systemic hypertensive
disorder (disorder)”. Replacing our existing hypertension
intensional value set with one mirroring the contents of the
V SAC-downloaded essential hypertension value set would have
increased this condition’s values for % completeness of both
SNOMED CT concepts and EHR terms. However, our
pre-specified use of mediansinstead of means (averages) results
in no change in the overall median values reported of 35%
completenessfor SNOMED CT concepts and 65% compl eteness
for EHR clinical terms.

http://medinform.jmir.org/2019/1/€11487/

Inconsistenciesin SNOMED CT polyhierarchy “isa’ definitions
may lead to inadvertent inclusion of unwanted descendants of
aseemingly wholly-appropriate SNOMED CT concept. Use of
the “search, drill-up, drill-down” method during intensional
value set definition can reduce the likelihood of this, as can
clinical review of thefull list of included SNOMED CT concepts
derived from theintensional definition [9]. Asdiscovered, such
unwanted descendants can be specifically excluded in the
intensional rule. Also requeststo update the “isa’ relationship
in SNOMED CT to a more specific parent(s) can be made
through the SNOMED CT Content Request Service. Once the
subsumption has been updated in SNOMED CT, the value set
intensional rule typically can be further simplified.

Conclusions

Although extensiona lists of codes have long been used for
| CD-based value sets, the use of extensional lists of SNOMED
CT codes is suboptimal and fails to leverage the capabilities
and clinica relevance of ontological relationships within
SNOMED CT. Compared with SNOMED CT extensiona (list)
value sets, intensional (rule-based) value sets are far smpler to
create, maintain, understand, and vet with specidist clinicians.
For the 10 conditions studied here from the 2018 CMS
high-value eCQMs for the MIPS program, intensiona value
sets also proved substantially more complete than their
corresponding extensiona list versions. a median 35% of
diagnosisterms selectablein the EHR by cliniciansweremissing
when using a downloaded extensional value set, with risk of
failing to identify patients with a given clinical phenotype
despite physician-entered discrete diagnosesin the EHR.

Consequently, in the EHR era we believe defining conditions
ascomputabl e clinical phenotypes preferentially should employ
SNOMED CT concept hierarchy-based (intensional) val ue sets
rather than extensional lists. By doing so, clinical guidelineand
eCQM authors can streamline broad EHR implementation of
condition-specific decision support promoting guideline
adherence and patient benefit.
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Abstract

Background: In 2015, the Department of Veterans Affairs (VA) nationally implemented a transgender e-consultation (e-consult)
program with expert clinical guidance for providers.

Objective: This mixed-methods project aimed to describe providers program experiences, reasons for nonuse of the program,
and ways to improve the program use.

Methods: From January to May 2017, 15 urban and rural VA providers who submitted at least one e-consult in the last year
participated in semistructured interviews about their program experiences, which were analyzed using content analysis. From
November to December 2017, 53 providers who encountered transgender patients but did not utilize the program participated in
abrief online survey on the reasons for nonuse of the program and the facilitators encouraging use.

Results: Qualitative analysis showed that providers learned of the program through email; colleagues; the electronic health
record (EHR) system; and participation in the VA Leshian, Gay, Bisexual, and Transgender committees or educational trainings.
Providers used the program to establish care plans, hormone therapy recommendations, sexual and reproductive health education,
surgical treatment education, patient-provider communication guidance, and second opinions. The facilitators of program use
included understandable recommendations, ease of use through the EHR system, and status as the only transgender resource for
rural providers. Barriers to use included time constraints, communication-related problems with the e-consult, impractical
recommendations for underresourced sites, and misunderstanding of the e-consult purpose. Suggestionsfor improvement included
addition of concise or sectioned responses, expansion of program awareness among providers or patients, designation of a
follow-up contact person, and increase in provider education about transgender veterans and related care. Quantitative analysis
showed that the common reasons for honuse of the program were no knowledge of the program (54%), no need of the program
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(32%), and receipt of help from a colleague outside of e-consult (24%). Common suggestions to improve the program use in
guantitative analyses included provision of more information about where to find e-consult in the chart, guidance on talking with
patients about the program, and e-mail announcements to improve provider awareness of the program. Post hoc exploratory
analyses showed no differences between urban and rural providers.

Conclusions: The VA transgender e-consult program is useful for providers, but there are severa barriers to implementing
recommendations, some of which are especially challenging for rural providers. Addressing the identified barriers and enhancing

the facilitators may improve program use and quality care for transgender veterans.

(JMIR Med Inform 2019;7(1):€11695) doi:10.2196/11695

KEYWORDS

teleconsultation; telemedicine; transgender persons; veterans; veteran health

Introduction

Transgender is an umbrella term that encompasses individuals
with gender identities (ie, the core sense of self asmale, female,
both, or neither) that conflict with societal prescriptions of
masculinity and femininity associated with sex assigned at birth.
Transgender individuals experience numerous health disparities
[1] including health risk (eg, victimization [2]), health outcomes
(eg, depression and HIV [3]), and barriersto health care access
[4], dl of which can create complex care needs. In addition,
they often require medical care specific to their gender
affirmation (ie, gender experience reflecting their gender
identity) including mental health services, evaluations for
hormone therapy; prescription and monitoring of hormones;
gender-affirming surgery and postoperative care; and specialty
services such as urology, endocrinology, and speech therapy
[5]. In addition to specific services, there are unique needs
related to documentation, particularly sex assigned at birth,
which health systems often link to other important medical
services including laboratory test values, medication dosages,
and critica hedth screens such as breast or prostate
examinations. Although awareness of care for transgender
patients is growing, health system-level efforts to improve
transgender patients' care are limited. There is a paucity of
formative research on how providers can collaborate with
specidists to obtain  expert clinical guidance on
transgender-specific care for their transgender patients[6].

Achieving equity in health and health care, irrespective of
gender, is a specific objective for the Department of Veterans
Affairs (VA) [7]. The VA has a higher rate of transgender
individuals than the United States (US) population [8], and the
transgender veteran population has increased annualy in the
VA over the last decade [9]. Recognizing the need to serve
transgender veterans, in 2011, the VA issued a national policy
on health care for transgender veterans. To increase the VA's
capacity to provide high-quality care to transgender veterans,
the Lesbian, Gay, Bisexual, and Transgender (LGBT) Health
Program in the VA Office of Patient Care Services developed
a transgender e-consultation (e-consult) program to provide
expert clinical guidance for VA health care providers; the
program was implemented nationally in April 2015 and was
described previously [10].

Generally, e-consults provide a technology-based platform
through which teams of providers with expertise in a specific
medical condition or process of care can assist providers in

http://medinform.jmir.org/2019/1/€11695/

medical centers where experts may not exist locally [11]. The
VA program allows transgender veterans to receive health care
fromtheir local providers, with remote support from expertsin
transgender health care, thus reducing or eliminating the need
for veteransto travel to tertiary VA sitesfor care. The program
includes interdisciplinary teams with expertise in transgender
health care at three sites: Minneapolis, Tucson, and LomaLinda.
Each expert team comprises at least 4 members (eg, primary
care physician, psychologist, socia worker, nurse,
endocrinologist, and pharmacist). Consultationstypically address
4 main topics: mental health evaluation and hormone readiness
(eg, questions about diagnosis of gender dysphoria and
assessment of readiness for gender-affirming surgery and
hormone therapy); psychotherapy (eg, gender counseling and
gender-informed treatment for comorbid conditions); primary
medical questions (eg, addressing expected outcomes, ng
medical risks, and recommended monitoring of gender
affirmation pharmacol ogically and medically); and prescription
of hormone therapy (eg, how to safely prescribe hormone
therapy for gender affirmation).

Since the e-consult is a relatively new resource for VA
providers, there is a critical need for formative evaluation that
can guide future implementation research [ 12] to, for example,
examine how this program serves system needs and explore
how the program can be improved through minor adjustments.
Ultimately, understanding the processes and outcomes of the
VA transgender e-consult program is critical for measuring its
impact on enhancing care for transgender veterans. This project
aimed to describe providers' program experiences through
qualitative analysis, determine the reasons for nonuse of the
program, and identify methods for improving program use
through a quantitative survey.

Methods

Ethical Considerations

All qualitative activities were conducted as part of a
quality-improvement initiative by the directors of VA'sLGBT
Health Program in the Office of Patient Care Services; therefore,
no subject approval or informed consent to participate was
required. The quantitative analyses were approved by the
Ingtitutional Review Board of the VA Pittsburgh Healthcare
System.
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Qualitative Methods

We received the LGBT Health Program’s list of unique VA
providers who used the VA transgender e-consult program,
from the program’s national launch in April 2015 through
December 2016. We categorized the provider roster by urban
and rural sitesbased on urban-rural definitions of the VA Office
of Rura Health [13]. Subsequently, we randomly selected 32
users from urban sites and 34 users from rura sites. In January
2017, the selected providers received arecruitment email from
the LGBT Health Program that explained the project goalsand
invited them to participate in a20- to 30-minute semistructured
phoneinterview to discusstheir experienceswith the transgender
e-consult program. Approximately 1 week |ater, a project team
member sent a follow-up email to the pertinent providers and
reached out via direct phone calls. These efforts resulted in
interviews with 3 urban and 6 rural providers. In May 2017,
this process was repeated for providers who had not yet
participated in theinterviews, resulting in additional interviews
with 1 urban and 5 rural providers (atotal of 4 urban and 11
rura provider interviews).

With guidance from personnel who direct and administer the
e-consult program, we developed a semistructured interview
guide based on the most-germane needs identified. The initial
set of guiding questions were as follows: How did providers
learn about the availability of e-consultation? How useful was
the e-consultation response? How did the treatment plan change
as a result of the consultation? Were there provider-perceived
changes in patient outcomes as a result of the consultation?
What were the challenges or limitations of the e-consultation
program? From the guiding questions, the project team
developed and finalized an interview guide with open-ended
guestions and additional probesto direct in-depth inquiry. From
January to May 2017, a trained interviewer conducted
interviews, which were audio-recorded and transcribed for
analysis.

Microsoft Word 2016 (Microsoft Corp., Redmond, WA) was
used to transcribe the audio recordings verbatim to identify
categories across interviews. The interviews were analyzed
using conventional qualitative content analysis [14]. Using
inductive analysis, the narrative text was reviewed using open
coding. The coder read the interview transcripts multiple times
to devel op and refine categoriesin order to describe health care
providers experiences using the e-consult program. The lists
of categories were sorted and grouped according to similar
content for various aspects of providers experiencesin using
the program under higher-order headings, with reduction of the
data by content areas.

We performed quality control and bias mitigation in severa
ways. First, an experienced qualitative researcher reviewed the
codebook prior to completion of the coding process. Second,
the sameresearcher reviewed 20% (4 transcripts) of the samples
of coded transcripts to ensure transparency and
comprehensibility in the application of codes. The resultswere
subsequently reviewed and discussed by three of the authors
before their finalization.
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Quantitative M ethods

For the survey portion of our project, VA's administrative data
were extracted from April 1, 2015, through April 1, 2017, for
all inpatient and outpatient visitsin which atransgender-rel ated
International Classification of Diseases (ICD)-9 or ICD-10
diagnosis code was noted for the visit (eg, gender-identity
disorder, transsexualism, and personal history of sex
reassignment). For each visit, the names of all unique providers
who noted the diagnosis code were extracted to create a census
of providers who encountered a transgender patient during the
study period. Thelist of providerswho had used the transgender
e-consult program during the study period was cross-referenced
with the total list of providers who encountered a transgender
patient, and the providers who used the e-consult were removed.
The remaining providers represented the eligible sample of
providers who had encountered transgender patients during the
study period, but did not utilize the e-consult program
(n=14,502). Of the eligible providers, arandom sample of 300
providers was selected, regardless of the provider type (eg,
social worker or primary care physician). Email addresses of
all providers were manually collected from the VA's global
contact list, and addresses of 279 providers (of 300, 93%) were
available, which comprised the analytical samplefor thisproject.
Providers received arecruitment email on November 13, 2017,
which explained the purpose of the research project and provided
alink to a brief 9-item survey on VA's internal network via
REDCap (Vanderbilt University, Nashville, TN). Two weeks
later (November 27), asecond recruitment email was sent to all
providers who had not completed the survey.

In the brief online survey, VA providers were asked to identify
their discipline from socia work, psychology, psychiatry,
primary care, primary care nursing, endocrinology, speech
therapy, nursing, and other. Providers indicating “other” were
asked to elaborate on their answer. Before beginning the project
with the VA, providers were asked if they ever received any
training on providing health care to transgender patients;
response options were yes, >1 hour; yes, >1 to <3 hours; yes,
>3 hours; and no. Using the same response options, participants
were asked if they ever received training when working for the
VA. In addition, providers indicated the number of transgender
patients they had cared for in the last 12 months. Finaly,
providers were asked, “Based on your own perception of the
VA facility inwhich you do most of your work, how would you
classify your VA facility?’ The response options were urban,
rural, or highly rural.

Three questions focused on the transgender e-consult program.
First, providers indicated if they had ever used the program.
For individualswho indicated “yes,” they were thanked for their
participation, and the survey ended. Individuals who indicated
that they had not used the e-consult program received two
additional questions. The first queried the providers about the
issues that prevented them from using the program, and the
response options included the following: | did not know about
it, | do not know how to accessiit, | have not needed to use it
yet, | am comfortable with my level of knowledge with
transgender care, my patient(s) told me they did not want me
touseit, | haveacolleaguel can call onfor help, template takes
too long to complete, and other. The second item queried
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providers about the factors that would encourage them to use
the program. Response optionsincluded thefollowing: provision
of more information about where to find e-consult in the chart,
allotment of more time to complete an e-consult, encountering
moretransgender patients, VA-wide email announcements about
the program, guidance on how to talk with patients about the
program, and other. For both items, providers could choose
more than one option, and personsindicating “ other” were asked
to elaborate on their answer.

Univariate statistics were used to describe the sample.
Chi-sguare tests of independence and t-tests were used to
examine categorical and mean differences, respectively. All
guantitative analyses were conducted using Stataor SE, version
14.2 (StataCorp, College Station, TX). Values of P<.05 were
considered statistically significant.

Results

Qualitative Evaluation

Participant Characteristics

Of the 15 interview participants included, most were primary
care providers (12/15), practiced at VA for >10 years (7/15),
categorized their current VA facility as rural (9/15), had no
transgender-specific training (9/15), encountered 1 transgender
patient in the last year (6/15), and reported that the program
was 90%-100% useful for their specific needs (7/15) (Table 1).
In addition, 27 of the total consultations were e-consults, and
the magjority (9/15) of the providers used the program at least
once.

Fourteen VA hedlth care providers participated in a
telephone-based interview, of which 1 participant sent written
responses via email because they could not schedule an
interview. The longest interview lasted for 30 minutes 19
seconds, and the shortest was of 7 minutes 36 seconds; the mean
interview time was 18 minutes 9 seconds. Six major areaswere
identified: how providers learned about the e-consult program,
reasons for using the program, results of using the program,
facilitatorsfor using the program, barriersto using the program,
and suggestions for improving the program. Table 2 includes
exemplar quotes for each of the following categories identified
during qualitative analyses.

Ways Providers Learned of the E-Consult Program

Providers commonly received information about the program
through an email from the VA’'s LGBT Health Program. Local
providers or colleagues such as pharmacists, mental health
providers (eg, psychologists), and gynecologists also educated
interviewees before the e-consult as well as when another
provider asked for assistance or advice through “word of
mouth.” In addition, providers learned about the program by
seeing “Transgender E-Consultation” as an option in the VA
electronic health record (EHR). Some providers saw thisoption
when entering an e-consult request in adifferent specialty area,
whereas others saw it while going through orders. Other
providers learned about the program through participation in
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local VA LGBT-specific activities or educational lectures for
providers about transgender care.

Reasonsfor Using the E-consult Program

Providers used the program to create individual patient-care
plans, particularly providers with “extremely limited”
transgender care experience. Some examples focused on
gender-affirming medical care, including determining whether
the patient was a good candidate for medical transition and the
type of monitoring necessary during the transition process.
Others sought recommendations about hormone therapies.
Although there were “ general medication questions,” most asked
specific questions about appropriate medication doses and
adjustmentsto optimize therapeutic outcomes and address safety
concerns (eg, potential adverse effects). Furthermore, providers
used the consult for education about sexua and reproductive
health to help make care decisions such as those regarding
standard preventative health-screening tests (eg, mammograms
for transgender women) and gynecology for transgender men.
Others desired education about available surgical treatment
options (eg, breast augmentation and bilateral mastectomy).
Moreover, providers sought guidance for communication with
transgender patients on, for example, information about hormone
therapy they should provide their patients and the responses
they should expect. E-consults also provided a second opinion
when providers were uncertain about a health care decision,
especialy in complex cases or cases involving high risk. The
consults were found to be especialy helpful when they
confirmed what the provider aready informed the patient or
helped bol ster provider decisionsthat were made against patient
preferences.

Results of Using the E-consult Program

Providers sometimes modified care plans for their transgender
patients after obtai ning an e-consult response, including aformal
diagnosis. Moadifications included addition of recommended
gender dysphoria evaluations, health screenings, medication
monitoring, and meeting standard time frames for follow-up
care. Most treatment plan changes were related to dosage of
hormone therapy and addition of specialist referrals. Providers
who used the program became more comfortabl e and confident
in their assessments and in relaying testing and treatment
decisionsfor transgender patients. Some providersfelt confident
in their judgment before the e-consult, but a second opinion
confirmed what they discussed and decided with the patient.
E-consults helped improve patient-provider relationships by
placing those interactions and care provision in line with the
gender (ie, body, identity, and expression) of their patients. In
addition, the e-consults provided patients added motivation to
follow recommendations because experienced providers were
involved. Moreover, communication during clinic interactions
improved because the e-consult request requires providers to
answer a number of questions about the patient, which
encouraged them to collect additional relevant information from
the patient during their visit. Discussing recommendationswith
their patients allowed them to engage in informed, shared
decision making about their care.
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Table 1. Characteristics of the 15 Department of Veterans Affairs (VA) providers from qualitative interviews.

Characteristics Providers, n (%)

Type of VA health care provider

Primary care 12 (80)

Mental health 3(20)
Transgender-specific training (in VA and nonVA settings)

No 9 (60)

Yes 6 (40)

Yearsin practiceat VA

0-3years 3(20)
>3-5 years 2(13)
>5-7 years 1(7)
>7-10 years 2(13)
>10 years 7(47)
Number of transgender patientsin thelast year
1 6 (40)
2 3(20)
3 3(20)
4 2(13)
>5 1(7)
Number of e-consults performed
1 9 (60)
2 4(27)
3 1(7)
4 0(0)
5 0(0)
6 0(0)
7 1(7)
Usefulness of the e-consult program
>90%-100% 7(47)
>80%-90% 4(27)
>70%-80% 1(7)
>60%-70% 1(7)
>50%-60% 0(0)
<50% 1(7)
No answer 1(7)
L ocation of facility (participant self-report)
Rural 9 (60)
Urban 3(20)
Suburban or mixed 2(13)
No answer or not asked 1(7)
L ocation of facility (defined by the Office of Rural Health)
Rural 11(73)
Urban 4(27)
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Table 2. Qualitative findings among providers using the Department of Veterans Affairs (VA) transgender e-consult program.

Categories Quotation examples

Topic 1: Ways providerslearned of the program

Email notification

Informed by other staff members

Viathe EHR? system

Participationin VA LGBT® activities and edu-
cational trainings

Topic 2: Reasons for using the program

Establish a care plan

Recommendations about hormone-replacement
therapies

Education about sexual and reproductive health
care

Education about surgical treatment options

Guidance regarding patient-provider communi-
cation

Second opinion

Topic 3: Results of using the program

Care-plan modifications

Increased provider comfort with and confi-
dencein transgender care provision

Improved patient-provider relationships

Continued use of the e-consult program

Topic 4: Facilitators for using the program

Responses contain understandable and informa-
tive recommendations

Accessibility and ease of program use by
providers through the EHR

Quick response to e-consult request
Provider knowledge of the program’s existence

Only available transgender-specific resource
for providers at rural sites

Topic 5: Barriersto using the program

Time-consuming process for the provider to
submit an e-consult and read through recom-
mendations

Previous e-consult response did not answer the
question asked

Communication-related problems with e-con-
sult

“There was an email with aflyer.”
“My pharmacist or my mental health provider at the clinic showed me how to accessthat consult.”

“Through the VA Consult Program, ...through the orders, you can go to the e-consult request
and order sectionsin the records and there’s ‘ Transgender E-Consults’ you can click on.”

“Through one of those lectures that we got about transgender care”

“My experience with the gender reassignment is extremely limited.”

“1 was having too much testosterone and | needed to...see if | was doing something not quite
right. They gave me sometipslike, ‘ Yes, we want thislevel for the testosterone in order

) n

for...transition’.

“1 wasn't sure how to screen her because | didn’t know...how often to get her a mammaography.”

“What options we might have available for surgical interventions.”

“1 typically will ask about what types of responses should | expect...What should | tell patients
about what type of breast size increase they may expect.”

“Thisfellow isasenior and he's got multiple medical problems and he's on anticoagulants, and
lots of cardiac issues, and hormones would be areally bad idea. (I used the consult to) just eval-
uate him and see if he's a candidate.”

“It was helpful for outlining starting medicines and then following the intervals for following
those with laboratories.”

“They actually had atemplate to walk someone through it. And it was exceptional . Because,
while | have worked with this population before, | really, at that point, wasn't comfortable
starting from scratch in the assessment.”

“1 thought (the e-consult) did ask questions that kind of allowed me to ask the patient more
questions. So, it kind of delved a bit, so that if you are new to it...”

“I've only offered it to the one patient, but on multiple occasions.”

“1 do exactly what they say, and if it doesn’t work they say ‘ Thisis the next step you should
take’ They'll say, ' Go ahead and give us acall back.”

“Itwasjust on our primary (EHR) page, soit wasreally easy tofind... When we put in for consults,
it's on the very main screen.”

“They answered my inquiry right away.”
“Knowing it was out there.”

“1 don’t have much of achoice. The only resource we have isto use the e-consult.”

“They pull in parts of notes from the mental health evaluation, from my evaluation, from all sorts
of things. So, the noteisnot clear when it comes back... They probably have adozen pageswhere
they (explain) hormone levels, when they should be checked... It's meant to prevent re-consult,
which isfrustrating. It's very cumbersome...all that stuff just automatically gets tacked onto the
bottom of the consult.”

“One of the responses | received in the e-consult was that | should become an advocate and get
more programs. And, honestly, that answer |eft me feeling demoralized. It was just unrealistic
given my workload.”

“It’s not really clear from the consult, they want you to submit another e-consult...sometimes
you may, six months |ater, have a question...that may require the submission of a new e-consult
(rather than just adding a comment to the existing consult).”
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Categories

Quotation examples

Impractical e-consult recommendations

Provider misunderstanding of e-consult pur-
pose

Lack of provider understanding of transgender
patients and their specific health care needs

Topic 6: Suggestionsto improve the program

Adding concise and sectioned e-consult re-
sponses

Expanding provider and patient awareness
about the program

Designating a contact for follow-up after the
e-consult

Increasing provider education about transgen-
der veterans and transgender-specific health
care

Clarification for providers on e-consult opera-

“The recommendation (to) see the patient back in a couple months and the follow-up intervals
they recommended, to be honest | can’'t accommodate.”

“1 just don’'t know why they didn’t take the case and take over.”

“1 had been kind of thinking of her asamanin my head... | had been seeing her for about ayear
before | had even thought about this... | think it wasjust alack of awareness.”

“Appropriate hormone levels, intervals for checking labs, any changes in preventative care, if
those were in separate sections. Because now...it's just kind of merged into one on-going para-
graph.”

“Perhaps market it more...I"m pretty sure not alot of people know it exists.”

“To have a contact person who | could have more of adialogue with. There were multiple people
contributing to the e-consult, but no one contact person that | could ask logistical questions.”

“Maybe alittle more education on the consult...the consult education was provided after they...look
at things and then they werelike, * Oh, well, thiswaswhat you needed to do.’ But if, in the consult
itself, you list all of the pre-requisites that are necessary (for transitioning).”

“Some idea of the turnaround process would have been helpful "

tional processes and timelines

3EHR: electronic health record.
BLGBT: lesbian, gay, bisexual, and transgender.

Facilitators for Using the E-consult Program

E-consult responses contained “timely and up-to
date-information” that was useful and easily understood because
it did not contain jargon. They appreciated the fact that the
e-consult was reviewed by an expert multidisciplinary team in
transgender care and saw them as “coaches” The
recommendations reportedly provided a clear “road map” for
where to start and how to proceed with care. The program was
said to be* easy to access’ and usethrough the VA EHR system,
which also made it “easier for continuity of care’ because
information such as test and treatment results can be added,
accessed together, reviewed, and incorporated into a patient’s
care plan.

Providers who used e-consults received responsesin a“timely
manner,” ranging from 2 days to 2 weeks, depending on the
question, which was much shorter than the time for other types
of consultations they requested in the past. The program made
providers aware of other existing health care services and
resources (eg, sexua and reproductive health care services).
Some rural providers said they used the e-consult program
because they believed it was their only available resource for
patient-specific transgender health. In particular, providers at
rural sites said there were no on-site providersor resourcesthey
could consult about care for transgender patients.

Barriersto Using the E-consult Program

The providers reported that entering the required information
to submit an e-consult and reading the responses could be time
consuming. For example, providers had to enter extensive
patient information, some of which was not directly relevant to
their question (eg, “Mental health things like suicide or
homicide, interpersonal violence”). Some providers thought the
template contained repetitive questions. Others said the

http://medinform.jmir.org/2019/1/€11695/

responses were too long (eg, “If you printed it off, it would
probably belike 20 pageslong”) and not user friendly, including
templated information and irrelevant information that they would
not use. One provider was frustrated when the response did not
address her question and suggested unrealistic and broad
changesin her practice.

Communication-related issues were noted with receipt of the
response and follow-up questions, some of which related to the
technology central to e-consults. For example, in a situation
with multiple e-consults for different questions about the same
patient over time, it was unclear whether providers should add
a new e-consult or add comments to their previous e-consullt.
Providerswere a so unableto follow recommendations because
they found them impractical or unfeasible (eg, too busy due to
their existing workload). Some providersat rural facilitiescould
not follow recommendations because they lacked the necessary
local resources, and the e-consult did not help them access the
required resources. A few providers misunderstood the e-consult
purpose, which led them to misuse the e-consult and question
why their request was not met. For example, some providers
thought areferral request would result in other providerstaking
over their patient’s care. Some providers did not use e-consult
due to a lack of understanding about transgender patients,
including dimensions of gender (ie, body, identity, and
expression) and transgender-specific health care needs.

Suggestions for I mproving the E-consult Program

Providers suggested streamlining responses into sections to
make them easier to read and understand. Redundant or
templated sections could be moved to a common share point
onthe VA intranet. Additionally, providers suggested increasing
provider and patient awareness of the program; for example,
“Getting information out that, if the veteran has concerns, they
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can go to their primary care clinics and get the process started,
so they don’'t have to go outside the VA" Providers also
suggested designating a point-person after an e-consult is
completed, so that providers can follow-up and discusstheissue,
and not just receive a one-sided, one-time response. Further,
they suggested provision of additional provider education about
transgender-specific health care needs through the e-consult
and the VA Specialty Care Access Network-Extension for

Blosnich et al

Community Healthcare Outcomes program. Creation of new
programs would help educate providers about transgender
veterans, including dimensions of gender and
transgender-specific health care. Providers suggested that
additional information and clarification be given to providers
about the e-consult program’s operational processesand timeline
for e-consults, including the estimated time required to enter
an e-consult request and average wait time for a response.

Table 3. Comparison between urban and rural providersin 53 provider surveys.

Parameter Urban (n=35)  Rura (n=18) P value
Discipline, n (%)
Social work 6 (17.6) 2(11.1) 82
Psychology 7 (20.6) 3(16.7) 2
Psychiatry 4(11.8) 3(16.7) —
Primary care 5(14.7) 3(16.7) —
Nursing 5(14.7) 4(22.2) —
Other 7(20.6) 3(16.7) —
Training in transgender health prior to working with the VAb, n (%)
Yes, 1 hour 5(14.7) 1(5.6) 72
Yes, >1 to <3 hours 8(23.5) 3(16.7) —
Yes, >3 hours 4(11.8) 3(16.7) —
None 17 (50.0) 11 (61.1) —
Training in transgender health while working with the VA, n (%)
Yes 19 (57.6) 7(38.9) 20
No 14 (42.4) 11 (61.1) —
Prior use of transgender e-consult, n (%)
Yes 2(5.9) 3(16.7) 33
No 32(94.1) 15 (83.3) —
Reasons for nonuse of the e-consult, n (%)
Did not know about it 17 (50.0) 12 (66.7) 25
Do not know how to access it 7 (20.6) 5(27.8) .56
Have not needed to useiit yet 12 (35.3) 5(27.8) .58
Comfortable with knowledge of transgender care 6 (17.6) 1(5.6) 40
Patient(s) told me they did not want meto use it 0 0 —
| have acolleague | can call on for help 11 (32.3) 2(111) .18
Template takes too long to complete 0 0 —
Suggestions to encour age use of the e-consult, n (%)
More information about where to find e-consult in the chart 18 (52.9) 11(61.1) .57
Have more time to complete an e-consult 6 (17.6) 4(22.2) 72
Seeing more transgender patients 10 (29.4) 5(27.8) .90
VA-wide email announcements about the program 14 (41.2) 9(50.0) 54
Guidance on how to talk with patients about the program 17 (50.0) 8(44.49) .70
Number of years working in VA, mean (SD) 7.0(0.8) 6.8 (1.4) 45

3N ot applicable.
byA: Department of Veterans Affairs
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Quantitative Evaluation

Overall Analysis

Comparison of the three demographic characteristics between
the census of providers who had encountered a transgender
patient during the study period and the random sample of survey
participants showed no significant differences in facilities
(P=.36), number of visits (P=.48), and number of patients
(P=.31) (data not shown). Of the 279 €ligible providers, 53
responded to the survey (19% response rate). Providers were
evenly distributed across disciplines (Table 3).

Among primary care practitioners, 5 were physicians, 3 were
nurse practitioners, and 10 were “other” (ie, nurse practitioner
in gynecology, art therapist, blind rehabilitation, clinical
pharmacy specialist, physician in physical medicine and
rehabilitation, nonspecific primary care provider, certified
nutrition specialist, psychiatric nurse practitioner, registered
dietitian nutritionist, vascular surgeon, or inpatient physician).
On an average, the practitionersworked in the VA for 6.9 years
(SD 5.3; range, <1-25 years). A total of 35 respondents (66%)
viewed their VA facility as urban; 15 (28%), as rural; and 3
(6%), as highly rural.

Over half (53%) of the sample had no training in providing
transgender health care beforeworking in the VA. Among those
who had prior training, 11% had 1 hour, 21% had >1 to <3

Figure 1. Reasonsfor not using e-consultation from 53 provider surveys.

Blosnich et al

hours, and 15% had >3 hours of training. In addition, half of
the sample (50%) indicated that while they were working for
the VA, they received some form of training on providing care
for transgender patients.

Nearly one-third (32%) of the providers encountered only 1
transgender patient in the previous 12 months, and 5 providers
(9%) did not encounter any transgender patients in the last 12
months. The majority of the providers (87%) had encountered
1-9 transgender patients over thelast 12 months, and 2 providers
encountered >10 transgender patients.

The most-common reasons for nonuse of the e-consult were as
follows: no knowledge about it, no need for it, and receipt of
help from a colleague (Figure 1). The most-common suggestions
toimprove the program use were provision of moreinformation
about how to find and access e-consult through the EHR,
VA-wide email announcements about the program, and guidance
on how to talk with patients about the program (Figure 2).

Urban and Rural Differences

Post hoc exploratory analyses were conducted on the basis of
the self-reported |ocale of the providers. Rural and highly rural
respondentswere combined in one category because of the small
number of providers in highly rural facilities. We found no
overal differences between urban and rural providers (Table
3).

60

55%
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24%

Percentage of Respondents
8

32%
23%
20
13%
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2%
0%
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A=did not know about program; B=did not know how to access; C=have not needed to use 1t vet;
D=comfortable with my knowledge of transgender care; E=patient did not want me to use it;
F=call on a colleague; G=template takes too long to complete
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Figure 2. How to improve use of e-consultation from 53 provider surveys. VA: Department of Veterans Affairs.
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A=more information about where to find e-consult in the chart; B=have more time to complete
an e-consult; C=seeing more transgender patients; D=V A-wide email announcements about the
program; E=Guidance on how to talk with patients about the program

Discussion

Principal Findings

Increase of provider knowledge about transgender patients
needs can reduce misconceptions and stigma and facilitate
high-quality care provision [1,15]. The VA has improved
transgender health care by becoming the first and largest US
health care system to design and implement anational e-consult
program for transgender health care to “respond to specific
inquiries on a case-by-case basis’ [10].

Because formal transgender health care isrelatively new to the
VA, itiscrucia to understand health care providers experiences
with a program designed to enhance their practice. Lessons
learned can guide improvement and inform other health care
organizations that may want to develop or replicate such a
program. Some large health care organizations have
implemented e-consult programs for several system needs,
mainly those facilitating low-cost connections with specialists
and continuity of care within the system [16-18]. The
implementation of e-consults as a relatively inexpensive,
structural service that consolidates clinical expertise into an
accessible resource can be an asset for vulnerable populations
and providers who serve them. Our study revealed the
abovementioned assets among providers caring for patientswho
are transgender (eg, increased provider comfort with and
confidence in transgender care provision) and elucidated the
importance of the program in ensuring flexibility in response
to provider’sdynamic needs (eg, structured responsesto reduce
response time).

Because the VA operates the single-largest health care system
in the United States, we were able to specifically examine the
experiences of providersat rural sites. Qualitative data showed
that rural providers who have used e-consult faced unique
challengesin providing quality careto transgender veterans. In
particular, they did not have on-site providers with knowledge

http://medinform.jmir.org/2019/1/€11695/

of and experience in transgender-specific care, who they could
consult about the veteran. At times, they were unable to follow
the e-consult recommendations they received for a specific
patient, because the recommendationswere not feasible at their
location. Thus, the e-consult program did not provide local
resources needed to follow providers advice. These themes
highlight aconundrum that required more directed inquiry, such
as exploring how providersin rural areas can deliver the same
quality of care as their urban peers, consolidating e-consult
responses to rura providers in order to develop tailored
guidelines for providing transgender care in underresourced
areas, or convening system-focused consensus meetingsto bring
together providersand administrators from both urban and rural
settings to discuss creative quality-improvement strategies.

Although our quantitative analyses showed no statistically
significant differentiation between urban and rural providers,
the results suggested that rural respondents may be less likely
than their urban peersto indicate that they have colleagueswho
can be informally called for help, reiterating that rural areas
generaly have limitations to health care infrastructure and
availability of providers [19-21], which could have negative
effects for care of unique minority populations such as
transgender individuals [22-24]. Further research is needed to
develop a better understanding of transgender health from the
inputs of both providers and patients, specificaly in rural
settings.

Our results are consistent with existing research findings that
highlight ongoing barriers to provision of quality transgender-
specific care in VA and nonVA settings [25-28]. Although
continually revised standards of care for transgender patients
have been availabl e through the World Professional Association
for Transgender Health for over 2 decades[29], the mgjority of
health care professionals do not receive training in transgender
health [1]. For instance, in a survey of 132 deans representing
medical schools in the United States and Canada, one-third
reported O hours of LGBT-related content delivered during
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clinical training yearsand only 30% reported inclusion of gender
transition in therequired curriculum [30]. In asample of nearly
250 third- and fourth-year medical students, only 56% chose
the correct definition of the term “transgender” [31].
Unsurprisingly, some of thefrequently cited barriersto accessing
care among transgender patients are the lack of knowledgeable
providers (regarding body, identity, expression, etc, for
transgender patients and transgender-specific care) [15,32,33]
or the need for the patient to educate the provider [4], which
may be magnified for patients in rural and remote locations
[22,34]. Although medical training and curriculum need to
include transgender topics [35], hedth systems face a
concomitant, immediate need to equip current providers with
necessary resources in order to provide transgender-specific
health care for transgender patients.

Limitations

We noted several limitations to our study. The qualitative
analyses relied on self-reported data from interviews with
providers who used the VA transgender e-consult program,
which may not replicate direct observational data. Although
our relatively small and homogeneous sample was suitable for
qualitative analysis, we may not have captured the full range
of provider experiences with the VA transgender e-consult
program. Notably, the mgjority of the sample had only used the
e-consult program once and one person had used it 7 times;
perceptions of the program could vary based on familiarity. In
addition, due to the qualitative nature of the study, our results
may not be representative or generalizable; thislimitation should
be considered when interpreting the results before applying our
conclusions to other providers and settings.

For the quantitative survey, we identified providers who
encountered transgender patients (ie, the use of 1ICD-9 and
|CD-10 diagnosis codes), which isaproxy method of identifying
transgender patients; therefore, the sampling may have resulted
in a conservative estimate of providers. The quantitative
response rate waslow, limiting the statistical power of analyses
and generalizability of findings. Moreover, because we did not
have dataon the disciplinesfor the 14,502 providersin the pool
that was sampled, we could not ascertain if providers from
certain disciplines were moreinclined to respond to the survey,
which may have introduced response bias. Future studies with
more-frequent and varied follow-up strategies to increase the
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response rate could alleviate issues of generalizability and
response bias. Furthermore, as a pilot study, the survey was
limited in scope and did not collect additional information about
providers (eg, sex, race or ethnicity, and granular dataregarding
specialty training).

Conclusions

This mixed-methods study offers insight into provider
experiences with the VA transgender e-consult program and
conveys lessons of implementation that can guide other health
care organizations to create similar programs (eg, better and
more-frequent advertising of the program, infographics or
examples about how to initiate an e-consult, or structured advice
for providersto talk with patients about e-consults). Our results
suggest that the program is useful for providers, but there are
several barriers to its use among providers. Additionaly, rural
providers face unique challenges in care provision for
transgender patients, including the lack of access to necessary
resources.

Future studies with alarger, more-diverse sample of urban and
rural health care providers as well transgender veterans who
were involved in the e-consult program (patients must consent
for their providers to submit an e-consult) are warranted. The
present study included only the providers who asked for
e-consults and not the providers who answered the e-consults.
Further research, probably via a dyadic approach, could better
investigate the entire course of e-consult use. Additionaly, a
global study of VA e-consults would allow comparisons across
consult content (eg, diabetes, dermatology-related, and
transgender care) to discern challenges that may be universal
to the e-consult format in contrast to challenges that may be
unique based on the health care need. Examining transgender
e-consultsfrom the patient’s perspective would allow the health
system and its providersto learn how consumer experience (eg,
patient-provider interactions, patient outcomes, or satisfaction)
may be influenced by the use of e-consults[36].

In summary, an e-consult is a relatively low-cost system
improvement that health care organizations can implement to
support providersin caring for transgender patients. Asexamples
of best-practice suggestions for transgender health accumulate
[37-39], feasible, in-house resources will be key for their
replication and adaptation across health care organizations.
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Abstract

Background: Successful models of information and communication technology (ICT) applied to cost-effective delivery of
quality care in low- and middle-income countries (LMIC) are an increasing necessity. Severe thalassemia is one of the most
common life-threatening noncommunicabl e diseases of children globally.

Objective: Theam wasto study theimpact of ICT on quality of care for severe thalassemia patientsin LMIC.

Methods: A total of 1110 patients with severe thalassemia from five centersin India were followed over a 1-year period. The
impact of consistent use of aWeb-based platform designed to assist comprehensive management of severethalassemia(Thal Care)
on key indicators of quality of care such as minimum (pretransfusion) hemoglobin, serum ferritin, liver size, and spleen sizewere
assessed.

Results: Overall improvementsin initial hemoglobin, ferritin, and liver and spleen size were significant (P<.001 for each). For
four centers, theimprovement in mean pretransfusion hemoglobin level was statistically significant (P<.001). Four of five centers
achieved reduction in mean ferritin levels, with two displaying asignificant drop in ferritin (P=.004 and P<.001). One of the five
centers did not record liver and spleen size on palpation, but of the remaining four centers, two witnessed a large drop in liver
and spleen size (P<.01), one witnessed moderate drop (P=.05 for liver; P=.03 for spleen size), while the fourth witnessed a
moderate increasein liver size (P=.08) and insignificant change in spleen size (P=.12).

Conclusions; Implementation of computer-assisted treatment planning and performance assessment consistently and positively
impacted indexes reflecting effective delivery of care to patients suffering from severe thalassemiain LMIC.

(JMIR Med Inform 2019;7(1):€9291) doi:10.2196/medinform.9291
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Introduction

Internet access has grown dramatically in low- and middle-
income countries (LMIC) [1]; however, whether improved
access to information and communication technologies (ICTs)
can improve outcomes is an ongoing debate [2-6]. In fact, the
application of information systems to improve access to health
carein developing countries has faced many failures related to
factors such as mismatch between ICT designs and local user
actual needs, system maintenance, upgrades, and repairs[7-9].
The shifting need in many LMIC from infectious diseases and
primary health care to chronic noncommunicable diseases
(NCD) requiring tertiary care and specialized medical
competencies underscores the urgent need to improve access
to qualified consultation, patient monitoring, and outcomes
assessment. Context-appropriate, friendly, and user-driven ICT
systems may play akey role in achieving those goals.

Health care continues to be a challenge in India with only 7
physicians and 17.1 nurses for every 10,000 people against a
global mean of 17.1 and 25.3, respectively [10]. Overburdened
and underfunded health care prioritizes situations requiring
acute medical care. The emergence of NCD in LMIC isdriving
many families into poverty (an estimated 40 million people a
year only in India [11,12]), and the issue of consistency and
value assessment in medical care becomesincreasingly critical
[13]. Last but not least is the need of data management to
strengthen health care systems, support governments and other
health-providing bodies, and improve research and higher
medical education [14,15].

In the pediatric age group, severe hemoglobinopathies, namely
severe thalassemia and sickle cell disease (SCD), represent the
most frequent life-threatening NCD globally and are a major
burden to affected families and health care systems [16-21]. It
has been estimated that if the survival rate of children with SCD
in Africaincreasesto only 50% from the current African norm,
more than 6 million Africans will be living with SCD [22]. In
India, severe thalassemia—a thalassemia syndrome with an
inability to spontaneously maintain hemoglobin levels at or
above 7 g/dL—is till the largest challenge in the spectrum of
hereditary disorders[23-25].

Significant improvements have been made in the care and
management of severe thalassemia in the last few decades
[26,27]. However, the World Health Organization estimated
that only about 9.6% of transfusi on-dependent patients suffering
from hemoglobin disorders are actually transfused in Southeast
Asia [28] and management decisions are often driven by
immediate short-term needs rather than established best practices
and guidelines. The cumulative impact of years of improper
management results in an avoidable morbidity and mortality
burden [24,29,30].

The primary objective of care and management of severe
thalassemia is to maintain adequate hemoglobin levels while
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controlling iron overload [31]. In the context of the developing
world, it also includes the need to reverse the impact of
ineffective and insufficient management from the past [32,33].
Pretransfusion hemoglobin level isthe marker for adequacy of
blood transfusions. Serum ferritin is a widely used and
acceptable marker for iron overload [34,31]. Liver and/or spleen
enlargement al so reflect inadequate management and are quite
easy to monitor by clinical examination; in fact, liver size on
pal pation remains one of the most relevant predictors of bone
marrow transplant outcome [35,36].

With over 10,000 new patientswith severe thal assemiaestimated
to be born in India alone every year [37], the challenge is to
create smart delivery systems that reduce the burden on health
care professionals while improving outcomes. We used
information technology as an enabler to assist delivery of care
to severe thalassemia patients.

Methods

Study Design

We measured the impact of computer-assisted treatment
planning and performance assessment in five centersin India
that adopted Thal Care between 2011 and 2017, namely Indira
Gandhi Institute of Child Hedth in Bangalore, Project
Samraksha (Rashtrotthana Parishat) in Bangal ore, Thalassemia
and Sickle Cell Society in Hyderabad, Rural Development Trust
in Ananthpur, and Jai Shivshakti Center for Thalassemia
(Jawaharlal Nehru Medical College) in Belgaum.

We selected four quality-of-care indicators: (1) pretransfusion
hemoglobin level, (2) seria serum ferritins, (3) liver size, and
(4) spleen size. First and fifth quarterly means of each parameter
where compared with theintent of quantifying theimpact made
after a year of use. A total of 4709 visits, 3782 liver
measurements, 3825 spleen measurements, and 957 ferritin tests
were included in the study. The setup of the centers, staffing,
patient age, and gender are summarized in Table 1.

Softwar e Platform Description

The Web-based health ICT platform ThalCare is designed
specifically to cater to data management and analytics needs of
centersinvolved in care of severethalassemia. It was built using
free and open-source tools including LAMP (Linux, Apache,
MYSQL, and PHP) and software stack using Drupal. This
cloud-hosted app is accessible through any internet-enabled
device with user-specific password-protected accounts. The
system was secured and maintained in line with best practices
for Web-based health care software. The app was remotely
backed up periodically, the software stack was kept updated
and guarded against known vulnerabilities, all user activity was
logged, and inactivity-triggered timeouts enforced. The users
had role-wisefiltered accessto datarelated to their own centers.
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Table 1. Details of the centers? and enrollment information.
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Category IGICH SAM TSCS RDT JSCT
Host institution Attachedtoamgjor Attachedto astand- Attached to astand- Attachedtoarural  Attached to amedi-
academic children’s alone blood bank alone blood bank hospital cal college
hospital
Setup Government Private (nonprofit)  Private (nonprofit)  Private (nonprofit)  Private (nonprofit)
Began using ThalCare Nov 2011 Aug 2013 Nov 2014 Aug 2015 Mar 2016
Doctors, n 1 part-time 1 2 1 part-time 1 part-time
Nurses, n 1 1 2 1 2
Coordinators, n 1 1 2 0 0
Patients, nP 154 144 668 88 185
Patient age (years), median® 6.5 9.1 6.6 8.4 84
Patient sex, n°
Male 9% 68 58 399 117
Female 58 76 30 269 68

4 GICH: IndiraGandhi Institute of Child Health; JSCT: Jai Shivshakti Center for Thalassemia; RDT: Rural Development Trust; SAM: Project Samraksha;

TSCS: Thalassemiaand Sickle Cell Society.
PData taken at the end of the fifth quarter of adoption of Thal Care.

The system allows capturing patient’s contact details,
demographic details, socioeconomic information, past severe
thalassemia management history, vaccination status, related
medical details of other members of the family, etc, at
enrollment. Thereafter every patient intervention, including
vital signsrecordings, clinical notes, blood transfusions, medical
prescriptions, |aboratory investigations, complications and their
management, and growth-related information, are captured on
the ICT platform. With comprehensive use of technology, the
units are essentially paperlessin their operations.

The majority of nurses and coordinators who entered most of
the data had never used computer systems before and started
using the system after one day of training. In theinitial stages,
datawere reviewed daily and feedback was provided by phone
or online sessions. A technology support team was aways
available on call and provided timely assistance. Within the
first month of using the system, all relevant medical data were
available on the system.

Scheduling

Reguests are sent to the blood bank specifying when blood will
be needed, and visits are scheduled sufficiently in advance to
match blood availability thus minimizing idle timefor patients.
An dert is generated for a missed appointment prompting the
staff to contact families and reschedule visits.

Treatment Planning

When a patient comes for review, the caregiver updates the
clinical record and reviews the system records for aerts on
required interventions. The staff plan the day based on theinputs
from patient indicators (Textbox 1). The system calculates the
volume of blood to be transfused for each child based on
preprogrammed configurableformulas; it enablesinvestigations
to be done at specified intervalsthusfacilitating early detection
of complications, generates |laboratory investigation forms and
labels, and interfaces with multiple external laboratory
information systems to place requests and retrieve reports.

Textbox 1. Indicators available on the information and communication technology platform.

Complete blood count: warns of cytopenia

outside the prescribed ranges

Vaccination: alerts on vaccination status

Biochemistry: displays parameters outside reference range and reminds of the need to repeat the test

Bone marrow transplant eligibility: checks if one or more healthy sibling is available and if age isless than prescribed cut-off age

Chelation: notifiesif chelation information is not available and indicates if there is a need to start chelation; also suggests if dose of the chelator is

Ferritin: aerts on the grading of the ferritin levels and give reminders for tests

Hemoglobin: aertsif the patient has been discharged with the inappropriate hemoglobin levelsin the past visits
Serology: aertsif the patient has one or more transfusion-transmitted infections and reminds for repeating the tests
Transfusion: aerts on the rate of fall of hemoglobin per week and warns of ineffective blood transfusion therapy

Ultrasound: alerts on hepatosplenomegaly as per grading and reminds to repest the tests
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Care M anagement

When meeting a patient, the caregiver has a summary of alerts
and the system suggests possible interventions. Centers can
deactivate certain alertsand only those which require action are
visible to avoid alert fatigue [2,38]. Categorized clinical notes
allows doctors to find context-appropriate details. Continuous
dose adjustment is critical to the success of iron chelation
therapy [39,40]: the system prompts if the medication doses do
not agree with treatment protocols based on laboratory results
and patient’s weight. The system aso tracks compliance to
treatment by tracking the purchasefissue of drugs[41] dispensed
directly by centers.

Change in patient’s growth, blood counts, and other |aboratory
values aretracked over time. The system automatically converts
height, weight [42,43], and ultrasound measures [44] into
age-adjusted z scores and presents them as charts for better
visualization. Laboratory values are color-coded using the
red-amber-green methodology, and tooltips provide reference
ranges. Subsequent patient visits are also scheduled based on
thevolume of blood transfused and the estimated posttransfusion
hemoglobin levels.

All complications are recorded and tracked on the system
enabling a comprehensive understanding of patient-specific
medical needs.

Networ king and Collaboration

The ICT platform enables point-of-care professionals to seek
advice from more experienced centers. Queries posted on the
system are answered asynchronously by experts who are part
of the network and have access to the entire clinical history.
This enables relatively junior local doctors to team up with
specialists and enhance clinical management. Periodic review
of the center’'s progress and challenges is also done through
online meetings.

Blood Bank Coordination

ThelCT platform allowsthe clinical team to monitor qualitative
and quantitative aspects of associated blood bank support
including time elapsed between collection and issue of blood,
leukoreduction/depletion, blood request processing time,
unavailability of blood locally, demand for replacement blood,
and transfusion reaction.

Outcomes and Performance M onitoring

In addition to severe thalassemia treatment planning and daily
workflow organization, the|CT platform can generate outcome

http://medinform.jmir.org/2019/1/€9291/

Agarwal et a

analysis and drive quality control. The Thal Report Card is a
periodic autogenerated | CT report which summarizesthe status
of the patients at the center and allows for aquick review of the
center’s performance. The report is automatically emailed to
the health care providers and administrators every week and at
the beginning of the month so that everyoneinvolved hasaclear
view of the status and challenges.

Adverse changesin metricsin thereport card act astriggersfor
quality improvement at the center. Objective evaluation allows
discussions to be based on quantified hard data. Most centers
have weekly meetings to discuss unit-specific issues and
monthly meetings to discuss overall direction and progress.
Transparent reporting isal so amotivator for involved personnel,
who get immediate visibility and recognition, and has allowed
nursing staff at these ingtitutions to take on a more active role
in patient care and monitoring. The centers also participate in
annual preview with peer benchmarking and sharing of best
practices.

Transparency, Accountability, and Community
Engagement

Another key aspect of the Thal Report Card is that it enables
data-driven communication with funding agencies, regulators,
administrators, and patient groupsto monitor progress. Positive
changes act as a catalyst to further aid resource mobilization,
while transparent reporting builds accountability leading to
continuous quality improvement.

Patient App

The ICT platform allows patients to log in and track their
medical progress, seelaboratory reports and appointments, and
interact with the treating team leading to enhanced awareness
and involvement (Figure 1). This helps maintain accurate and
updated personal medical information while eliminating the
need for paper documents and vastly simplifying record keeping.
However, this was useful only for the more educated
patients/families.

Statistical Analysis

Data collected from the ICT platform was summarized using
MS Excel. The mean values of the pretransfusion hemoglobin
levels and liver and spleen sizes were compared using Welch t
test (independent two-sampl e, two-tailed assuming unequal size
and unequa variance) and ferritin was compared using
matched-pair t tests using R version 3.3.2.
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Figure 1. Screenshot of the patient app.
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Results

Adequacy of Blood Transfusions

Overall improvement in pretransfusion hemoglobin was highly
significant (P<.001) and the same was seen in four centers
(Table 2). Theimprovement was statistically significant in four
(P<.001), whereas the fifth center saw a marginal drop of 0.1
gm/dL (P=.09).

The number of visits increased from a mean of 0.7 (range
0.5-1.5) visits per month to 1.1 (range 0.8-1.4) visits per month.
Four centers sourced all blood from the attached blood banks.
The need for patients to get blood from outside fell from 17%
to 11% in thefifth center. The mean duration between collection
and issue of blood was 4.3 (SD 2.9) days. In three centers, blood
was processed within 3 hours; one center did not measure this
time and the remaining center took 4.7 hours. Transfusion-
transmitted infection prevalence was 1.8% (range 0%-2.9%).
Of this, 1.7% was detected at registration with ThalCare and
0.12% was detected subsequently.

http://medinform.jmir.org/2019/1/€9291/
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Iron Overload M anagement

The overall reduction in mean ferritin levels was significant
(P<.001). Two centers achieved significant reduction in mean
ferritin levels (P<.001 and P=.004), two had an insignificant
drop (P=.80 and P=.50), and the remaining one had an
insignificant increase (P=.80) (see Table 2).

Of the 983 changes made to chelation drug doses, 521 (53.0%)
were made as a response to system-generated alerts for dose
change.

Responseto Liver and Spleen Size on Palpation

Overdll, there was highly significant improvement in liver
(P<.001) and spleen (P<.001) sizes. One center did not record
liver and spleen size. Two witnessed highly significant drops
in liver and spleen size (P<.01), one witnessed moderate drop
(P=.05 for liver; P=.03 for spleen), while the fourth witnessed
increasein liver size (P=.08) and insignificant changein spleen
size (P=.12) (see Table 2).
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Table 2. Changein the key parametersin the first year of adoption of ThalCare.

Group Pretransfusion Hb (g/dL) Ferritin (ng/mL) Liver size (cm) Spleen size (cm)
Mean (SD) n Pvalue Mean(SD) n Pvadue Mean(SD) n Pvaue Mean(SD) n P value
Quarter 1
Overal 8.0 (16) 1009 —2 4940 (4628) 427 — 24(2.4) 869 — 35(3.8) 863 —
IGICHP  7-1(14) 151 — 3856(3050) 95 «— 3.1(2.6) 154 — 3.1(3.3) 154 —
SAME 8.2(2.0) 232 — 5376(2843) 99 — 3.8(2.4) 161 — 5.6 (5.4) 161 —
Tscd 8.2(1.3) 405 — 3281 (1537) 42 — 12(1.3) 364 — 2.4(2.8) 361 —
RDT® 7.9(1.6) 21 — 3959 (4051) 29 — 29(2.7) 190 — 41(37) 187 —
et 75(L7) 369 — 5016 (6380) 162 — — - - — - -
Quarter 5
Overall 8.3(1.3) 2891 <.001 3517(2262) 530 <.001 1.6(20) 2802 <.001 2.2(3.0) 2798 <.001
IGICH 7.7 (1.4 214 <001 2849(1647) 151 .004 0.9 (1.9) 245 <001 08(L9) 245 <001
SAM 8.7(1.3) 374 <001  4569(2916) 130 .80 3.2(L9) 345 .01 2.3(35) 339 <001
Tscs 8.1(L3) 1985 .09 3363(2039) 88 .80 1.3(L7) 1886 .08 2.2(2.9) 1891 .12
RDT 9.1(1.3) 318 <.001 3404(2328) 54 50 2.4(2.6) 326 .05 34(32) 326 .03
JscT 9.5 (1.4) 440 <001 3363(1785) 107 <001 — - = — S —
3Not applicable.
5 GICH: Indira Gandhi Institute of Child Health,
CSAM: Project Samraksha.
4TSCS: Thalassemia and Sickle Cell Society.
®RDT: Rural Development Trust.
fJSCT: Jai Shivshakti Center for Thalassemia.
Other Changes Discussion

For each day of work at thethalassemiaclinic, amean 1.3 (range
1.0-1.7) users logged in with at least one record posted from
within the center. Multiple log-ing/posts by the same user were
counted as 1. The mean records posted per day was 30.6 (range
17.0-53.8).

Thetotal percentage of external consultations ranged from 0%
to 92% with a mean of 19.24% (786/4086). Nurses and
coordinators from three centers heavily relied on remote advice.
Involvement of remote hematol ogi sts hel ped identify 23 patients
with SCD and 7 patients with hereditary spherocytosis, all of
whom were being inappropriately treated with blood
transfusions. This was subsequently corrected.

No nurseinitially delegated to work in the thalassemiaday care
center changed job location during the study period.

Identification of candidates suitable for transplantation led to
391 patients getting human leukocyte antigen-typed and
prepared for bone marrow transplantation from these centers.
In al, 43 were transplanted with overall survival of 93% and
disease-free survival of 77% at a mean cost of US $13,000 per
transplant, including pretransplant preparation and late
complications [45,46]. For these patients, online software
specific for bone marrow transplantation was used [47].

http://medinform.jmir.org/2019/1/€9291/

The adoption of an electronic system for patient care was smooth
in all centers. The high degree of daily usage (1.3 user log-ins
per center and 30.6 posts per day) demonstrates that the ICT
platform was well received and operated by the users. We
believe that the use of information technology and outcome
measurement led to much-needed recognition of the impact
created by individuals in the team—especially at a junior
level—and may have contributed to the low professional
turnover observed in our centers [48].

The ICT platform integrates with the laboratory information
systems relieving both health care professionals and parents
from the effort of tracking and securing reports. Autogenerated
labels for samples, computer-generated blood request forms,
and electronic laboratory integration decreased work burden.
No additional manpower wasrecruited just for data management
and no additional compensation paid for ICT platform usage.
More patients were managed (increase of 0% to 83% with a
mean of 18% between centers) with the same staff after the
adoption of ICT platform. The cost of using ThalCare was less
than US $200 per month per center.

Of all amendments madeto chelation doses, 53% weretriggered
by the ICT platform. Unintended omissions of clinical
interventions such astimely dose modification were significantly
reduced, even as the clinicians devoted a similar amount of
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time. We observed better adherence to prescribed regular
investigations and better estimation of the blood volume to be
transfused.

Ensuring regular supply of blood isa considerable challengein
LMIC and often the family is made responsible to organize
blood [49]. The ICT platform helped improve the relationship
between treatment center and blood banks as pointed out by the
reduced need for third-party blood banks. Regular sharing of
data on the turnaround time for blood processing, time between
collection and issue of blood products, reporting of transfusion
reactions, and careful monitoring of transfusion-transmitted
infections alowed the blood banks to implement internal
changes meeting the specific requirements of the severe
thalassemia clinic.

Often the only medical record available for a child diagnosed
with severe thalassemia continues to be notebooks, files, or at
best a preprinted diary, which are often soiled, worn out, and
proneto being lost. The ICT platform relieves the family from
the burden of having to maintain the essential medical history
of the child. Unfortunately, so far the uptake of the patient app
has been very limited primarily for socioeconomic reasons. This
is an area of concern which we continue to work on.

Poverty, ignorance, and illiteracy continue to be significant
challengesin LMIC[12,50]. Often the responsibility of adhering
to treatment protocol, including getting regular tests done and
seeking appointments, is passed on to the family. The socially
better-placed familiesend up getting better quality of care—even
as the neglect of the most vulnerable ones continues [51].
Systematic monitoring of each patient’s clinical status allows
early identification of those patients who need more
attention—decoupling the family’s socioeconomic status from
the actual awareness and recognition of the patient’s needs. By
achieving this, the ICT platform has the potential to improve
equity in accessto care.

All blood components were provided free of charge [52] and
centers were largely supported by nonprofit organizations
mentioned in the Acknowledgment section. The mean overall
cost per child was about US $1000 per year. Thisis athird of
the cost of management estimated in India in 2008 (which is
likely to have increased with inflation) [53].

With NCD-related health care costs rising and becoming an
increasing concern globally, the need for judicious, accountable,
and traceabl e use of resources seemsincreasingly relevant. The
ICT platform enables measurability of the delivery of care,
provides a way to maintain an internal check, and to generate
outcome benchmarking.
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An example of the impact on strategic planning aided by the
ICT platform is the decision on purchasing deferoxamine
infusion pumps and loaning them to the patients. Similarly, data
continues to support the centers in their decision to select the
method for leukoreduction of blood products.

Theroleof ICT inenabling tertiary carein developing countries
has been described earlier [47] and challenges on the road to
sustainable implementation have been noted [54-56]. Our
experience shows successful adoption and sustained use of the
ICT platform across five centers in different settings with
enhanced outcomes.

Given the general shortage of qualified health care professionals,
the ICT platform may have acritical role enabling networking
and collaboration. Electronically maintained, well-structured
records help overcome wide gaps in the availability of
specialists. It isnotable that 19% of all consultationswere made
by health service providers outside the center; the number was
as high as 92% for aless experienced center. It isimportant to
highlight that when aided online, the less experienced centers
performed as well as their more experienced counterparts. The
fact that mismanaged patientswereidentified and their treatment
course corrected by peers from more experienced centersisan
example of the possibilities such amodel of collaboration brings
in. The system can enable that knowledge and best practices
are propagated seamlessly allowing centers to be involved in
more frequent and well-directed knowledge exchange with
peers.

A unique differentiator of this experience has been the fact that
unlike the usual practice of limiting the use of ICT to enable
collaboration between centersfor seeking advice on telemedicine
basis or specific periodic interactions, ICT was used for
asynchronousteamwork. Apart from being more traceable, this
makesit convenient acrossindividual schedulesand time zones,
thereby creating a sort of patient-specific forum.

In conclusion, our model suggests that computer-assisted
treatment planning and performance assessment can significantly
improve indexes associated with the effective delivery of care
to patients suffering from severe thalassemia. In our experience,
a focused context-appropriate, user-driven online IT
(Information Technol ogy) tool can have major impact on health
care delivery and, importantly, this can occur independently of
additional financial and professional resources. Finally, our
observation underscores how ICT assists objective outcome
reporting, which is the ultimate indicator of quality of care.
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Abstract

Background: The datamissing from patient profiles in intensive care units (ICUs) are substantial and unavoidable. However,
thisincompleteness is not always random or because of imperfections in the data collection process.

Objective: This study aimed to investigate the potential hidden information in data missing from electronic health records
(EHRs) in an ICU and examine whether the presence or missingness of avariable itself can convey information about the patient
health status.

Methods: Daily retrieval of laboratory test (LT) measurementsfrom the Medical Information Mart for Intensive Carel 11 database
was set as our reference for defining complete patient profiles. Missingness indicators were introduced as away of representing
presence or absence of the LTs in a patient profile. Thereafter, various feature selection methods (filter and embedded feature
selection methods) were used to examine the predictive power of missingness indicators. Finally, a set of well-known prediction
models (logistic regression [LR], decision tree, and random forest) were used to evaluate whether the absence status itself of a
variable recording can provide predictive power. We also examined the utility of missingness indicators in improving predictive
performance when used with observed |aboratory measurements as model input. The outcome of interest wasin-hospital mortality
and mortality at 30 days after ICU discharge.

Results: Regardless of mortality type or ICU day, more than 40% of the predictors selected by feature selection methods were
missingnessindicators. Notably, employing missingnessindicators as the only predictors achieved reasonable mortality prediction
on all daysand for al mortality types (for instance, in 30-day mortality prediction with LR, we achieved area under the curve of
the receiver operating characteristic [AUROC] of 0.6836+0.012). Including indicators with observed measurements in the
prediction models aso improved the AUROC; the maximum improvement was 0.0426. Indicators also improved the AUROC
for Simplified Acute Physiology Scorell model—awell-known I CU severity of illness score—confirming the additive information
of the indicators (AUROC of 0.8045+0.0109 for 30-day mortality prediction for LR).

Conclusions: Our study demonstrated that the presence or absence of LT measurements is informative and can be considered
apotential predictor of in-hospital and 30-day mortality. The comparative analysis of prediction models al so showed statistically
significant prediction improvement when indicators were included. M oreover, missing datamight reflect the opinions of examining
clinicians. Therefore, the absence of measurements can be informative in ICUs and has predictive power beyond the measured
datathemselves. Thisinitial case study shows promisefor morein-depth analysis of missing dataand itsinformativenessin ICUs.
Future studies are needed to generalize these results.

(IMIR Med Inform 2019;7(1):e11605) doi:10.2196/11605
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Introduction

Background

The increased adoption of electronic heath record (EHR)
systems has boosted interest in the secondary use of EHR data
[1]. Although the literature has introduced various dimensions
for EHR data quality, completeness and correctness have been
reported as the fundamental dimensions [1,2]. Although these
issues can al so be observed in paper-based records, EHR brought
us the opportunity to identify them faster and helped us with
addressing them. The data missing from clinical contexts are
substantial [3,4] and unavoidable[5]; many studies have focused
on resolving this issue [6-8]. Although many researchers treat
missing data as a challenge [9-18], others continue to debate
whether lack of completeness also provides useful information
[4,19-21]. Researchers do agree that a part of this
incompleteness is not random or because of imperfections in
the data collection process [21,22]. Recently, Angiel et al [21]
demonstrated that the laboratory ordering time (ie, the interval
between 2 orders of alaboratory test; LT) for some LT ismore
informative than the actual valuesin predicting 3-year survival.
Our study focuses on systematically investigating the
implications or possible value of lack of data, particularly in
intensive care units (ICUs) and proposes arepresentation method
for missing data to capture hidden information. In general, 2
reasons are given for missing datain EHRs:

« No intention to collect: the clinical variable was never
measured because there was no clinica indication to do
so—the patient was not suffering from arelevant symptom
or comorbidity [4] or it could not be measured [19].

« Intention to collect: records are missing although the
variables were measured [4].

Therefore, the health care process (eg, clinicians' decision to
order atest and nurse data entry) affects the recorded EHR and
can cause incompleteness in data.

Incomplete EHR data can complicate or prohibit the data
analysis process, as many machine learning (ML) agorithms
assume that there are no missing data in the dataset or require
usersto clean the datain the preprocessing stage and so provide
acomplete dataset. Therefore, from aresearch perspective, the
ideal situation isto increase the amount and accuracy of EHR
documentation by employing approachesthat focus onintention
to collect such as reducing the error in data entry or increasing
data documentation in terms of resolution. Although the current
amount of testing and bloodwork has been reported as actually
redundant in ICUs [23-25] and requires extra time and work
from clinicians [4], these approaches suffer from their own
shortcomings. Besides analytical methods that can handle
missing data (that are missing at random) such asdecision trees
(DTs) or mixed-effects models for longitudinal data, other
approaches usually assume missing data are missing completely
at random. In general, the literature proposes 3 analytical
approaches. complete case analysis (CCA) or deletion, available
case analysis (ACA), and imputation.

http://medinform.jmir.org/2019/1/€11605/

CCA dtarts with the list of variables included in the analysis
and discards records with missing data on any of the variables.
However, this subsample might not be a random sample of the
population. Although researchers argue that sample selection
based on the predefined digibility criteriain randomized clinical
trials can limit the external generalizability of these studies[26],
CCA in studies using EHR data can aso potentially threaten
the externa validity of a study [19] and cause bias as the
literature shows a statistically significant relationship between
severity of illness and data completeness [20]. A study [19] on
10,000 EHRsfrom patients receiving anesthetic service showed
that patients with an anesthesiologists physical status (ASA)
[27] class-4 fitness rating had 5.05 more days with laboratory
resultsand 6.85 more dayswith medication ordersthan patients
with ASA class 1, suggesting more data are recorded for sicker
patients than healthier patients. Thus, imposing complete case
requirementswhen using EHR datafor secondary use can cause
bias toward selecting patients with more severe conditions (or
several comorbidities). Despite this drawback, CCA has been
identified as the leading approach in studies on ICU data[28].
That said, CCA provides valid inference only when data are
missing completely at random (MCAR), which is unlikely in
practice [29].

The ACA (or pairwise deletion) uses all available data for a
given analysis. In other words, it maximizes the availability of
data by an analysis-by-analysis basis [30]. The advantage of
this method isthat more data are included in each analysis than
with CCA. It dso dlowsfor valid inference by likelihood-based
models when missing data are ignorable—often the case when
the data are missing at random (MAR) [29]. Although ACA is
animprovement to CCA [30], it also haslimitations. Asdifferent
samplesare being used in each analysis, not only iscomparison
of various analyses impossible [31] but aso using different
samples for estimating the parameters of interest has
occasionally led to biased or mathematically inconsistent results
[32-34].

Imputation methods, which try to draw inferences from
incomplete data, rely on knowing the mechanism of missingness,
which cannot be validated from the available data. Single
imputation methods suffer from 2 problems. First, an inference
based on imputed data can be biased if the underlying
assumptions are not valid. Second, because imputed data are
assumed to betrue, the model’s statistical precisionisoverstated.
Multiple imputation methods, in spite of their promising
performance, rely on parametric assumptions that, if not valid,
can lead to incorrect imputation. Due to these limitations,
imputation methods should be used with caution and checking
underlying assumptionswith cliniciansis highly recommended
[5]. However, Gorelick [35], in asimulation study, demonstrated
that either CCA or imputation could cause bias in predictive
modeling, and that assuming missing valuesto be normal when
missingness rates are high and substituting them with normal
values would also cause substantial bias. In brief, if primary
assumptionsare not fully satisfied, neither considering complete
or available cases nor imputating missing dataislikely toyield
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reliable results. Furthermore, these statistical methods on their
own are not sufficient to capture the hidden information about
the patient health status and care process in the complex EHR
data. Alternatively, we can try to learn from what is missing
rather than only dealing with missingness as a deficiency.
Objectives

This case study provides evidence that missing data in ICU
might be missing because of the patient’s health status or health
care process and introduces a new method for representing
patient profiles. In thisrepresentation, auxiliary variables, called
indicators, are used to represent the presence or absence of a
measurement and might convey the possible hidden information
in the missing data. Then, by employing various analytical
methods, this study attemptsto demonstrate the informativeness
of missing data. In the rest of the study, the term missing data
isused to describe not-at-random missing information in patient
profiles. In other words, the potential informativeness of data
that has not been recorded by choiceis of interest.

Methods

M easurement Protocol and Data Collection

As patient monitoring strongly relies on clinical needs, no
universal standards for ICU data completeness have been
established [36-38]. However, astudy by Frassicain 2005 [39]
published a list of the top 80% of LTs common to al ICU
patients within a university teaching hospital. We revised this
list based on the presence of these tests in our database and
updated it with input from an ICU clinician to reflect current
practices (Textbox 1).

Sharafoddini et al

The data for this study were collected from the Medical
Information Mart for Intensive Care Il (MIMIC-111) [40Q]
database which contains datafrom 38,597 distinct adult patients
admitted to the Beth I srael Deaconess Medical Center in Boston,
Massachusetts, between 2001 and 2012. For patient cohort
selection, atailored version of the generalized cohort selection
heuristics for retrospective EHR studies introduced by Harrell
et al [41] was used. The data for first admission to 1 of the 5
ICUs—medica 1CU, surgical ICU, cardiac care unit, cardiac
surgery recovery unit, and traumasurgical |CU—were extracted
for adult patients (aged 15 years or older). Included patients
must have had at least one data point in any of the variable
categories during the first, second, and third days of their ICU

Stay.
Data Preprocessing and Missing Data Representation

Each day’s extracted data were mapped into a matrix with
columns for measurements and rows for patients. Therefore,
we had a column for each daily measurement of LTs, resulting
in 36 columns for LTs. An auxiliary matrix was generated to
store binary values reflecting the presence (0) or absence (1) of
measurements. As many well-performing ML agorithms are
designed to work with a complete data matrix, 2
methods—predi ctive mean matching (PMM) [42] and hot deck
(HD)—were used to impute missing vaues. PMM is a
commonly used and well-accepted imputation method in public
health research [43] and is also robust against model
misspecification [44]. HD imputation is used commonly in
applied data analysis when missing data exist [45].

Textbox 1. A total of 36 laboratory tests used in investigating informativeness of missing data.

Variable category and variables
o Alanine aminotransferase (ALT)
«  Alkaline phosphatase (ALK)

o Aspartate aminotransferase (AST)

« Baseexcess(BE)

Top 80% laboratory tests and profiles common to all intensive care units [39] reviewed and revised by domain expert

« Arterid blood gases: pH, partial pressure of carbon dioxide (PCO,), and partial pressure of oxygen (PO,)

Basic metabolic panel: sodium (Na), potassium (K), chloride (Cl), bicarbonate (HCO3), anion gap (AG), blood glucose (BG), blood ureanitrogen
(BUN), and creatinine (Cr)

Complete blood count: white blood cells (WBCs), red blood cells (RBCs), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red cell distribution width (RDW), platelet
count (PLT), absolute monocytes (MO), absol ute eosinophils (EO), absol ute basophils (BA), absolute lymphocytes (LY'), and absol ute neutrophils
(NE)

Lactate (Lac)

Calcium (Ca)

Magnesium (Mg)

Phosphate (Phos)

Partial thromboplastin time (PTT)
Prothrombin time (PT)

Total bilirubin (TBIil)

http://medinform.jmir.org/2019/1/€11605/
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Given that imputed values are indistinguishable to the ML
algorithm from true values, we combined the original matrix
and auxiliary matrix to form an augmented matrix that directly
indicateswhere values wereimputed. Thiswas doneto mitigate
therisk of treating imputed values the same as actual values, in
a setting where the underlying reason for missing data is not
fully known (Figure 1). Missing data indicators in this
augmented matrix might also provide extra information about
the reliability of the values (actual and imputed values) and
potentially preserve any meaningful missing data patterns.
Missingnessindicators have been used as amethod of handling
missing data in epidemiological and clinical studies. However,
in the current use of indicators, missing values are set to afixed

Sharafoddini et al

value (0 or the normal value for the variable) and theindicators
are used as dummy variables in analytical models to indicate
that a value was missing [46,47]. Studies have shown that this
method causes bias as the missing values are imputed with a
single value [48]. In our study, we are not using indicators as
dummy variables; instead, we are introducing them as a source
of information to be used besides imputation methods.

Validation

Several validation techniques are availablein medical research.
In this study, for all experiments where applicable, we used
cross-validation technique (10-fold cross-validation). We also
repeated the cross-validation procedure several times (20 times)
to acquire more stabl e results as suggested in the literature [49].

Figure1l. Anexample of the augmented data matrix, the imputed data matrix (imputed values are underlined and italicized), and the auxiliary matrix

(containing the missingness indicators: O-present, 1-absent).

Imputed data matrix

Auxihary matrix

[ < 5 1G] T %
SJHABERE AHBREE
Patient #1 23 |117) ... | .. | Z5] 20 Patient #1 0 0 1 1
Patient #2 68 |67 .. | . | 73] 17 Patient #2 0 1 0 0
Patient #(n-1) | 56 | 100 74| 12 Patient#(n-1) | 0 o] .| .. 0 1
Patient #n 17178 .. | .- |72] 25 Patient #n 1 0 0 0
Augmented matrix

- =

513 o] 3 N S 513

< - [3) - o | < 7] I

Patient #1 23| 0 |117] 0 zs| 1 2] 1

Patient #2 68| 0 | 671 1 73] 0 171 0

Patient#(n-1) | 56 | 0 |100| O 74| 0 | 221 1

Patient #n 171 1178 0 721 0 251 0
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Assessments

Exploratory Analysis

First, the trends of missingness among LTswere visualized for
comparison. Afterward, pairwise correlation among indicators,
using Phi coefficient, was done to explore the general behavior
of missingness. The Elixhauser [50] and the Charlson [51]
comorbidity indices are the most common comorbidity scores
in clinical applications. The literature has shown that the
Elixhauser Comorbidity Index (ECI) in genera has the best
performance [52-55]. This better performance can be the result
of (1) including new comorbiditiesin ECI, (2) the differences
in the coding of variables common between both indices, or (3)
a combination of the first and second factors [53]. The
Simplified Acute Physiology Score Il (SAPS-1I) [56] scoring
system that has been widely used by most ICUs for predicting
illness severity was also chosen. Therefore, the association of
missingnessrateswith ECI and SAPS-I| wasinvestigated using
Spearman correl ation. Besidestheclinical information, SAPS-I|
also has the information about type of admission (scheduled
surgical, medical, or unscheduled surgical) and presence of 3
chronic diseases (metastatic cancer, hematologic malignancy,
and AIDS).

Feature Selection

After exploratory analyses, we assessed the importance of the
indicatorsas potentia predictors. First, we used feature selection
methods, which are widely used to determine which predictors
should be used in a model, particularly for high-dimensional
data [22]. Two copies of the augmented matrix (derived from
HD and PMM imputation) were fed to variousfeature selection
methods. Our study considered in-hospital and 30-day
postdischarge mortality as outcomes. Overal, we used 2
categories of supervised feature selection methods described
below.

First, filter techniques evaluated the importance of a predictor
by looking at data properties. Filter methods, in general, use a
metric to identify irrelevant features and filter out the redundant
predictors from the data matrix [57]. We selected 3 different
metrices: LR betavalue, relief algorithm [58], and information
gain (InfGain) [59]. Therelief a gorithm examinesthe relevance
of predictorsbased on their power to distinguish between similar
patientswith the same and different outcome. InfGain measures
the reduction in entropy of the class variable achieved by
partitioning the data based on the index predictor; relevant
predictors receive a high InfGain value [60]. This ensemble of
the scoring methods was then used to determine the normalized
informativeness of all predictors. Aggregating these methods
in one score provides a tool for comparing predictors from
different aspects.

Second, we used embedded techniquesto search for the optimal
set of predictors. In these techniques, feature selection is
embedded in the model’s construction and interacts with the
classifier. Least absolute shrinkage and selection operator
(LASSO), used in this study, is a penalizing method in this
category. LASSO regression inits objective functions considers
a penalty that equals to the sum of the absolute values of the

http://medinform.jmir.org/2019/1/€11605/

Sharafoddini et al

coefficients. Asabsolute function (L, norm) isnot differentiable,
the estimated coefficients are close to 0, and some will be
exactly 0 resulting in an automatic variable selection. For this
and the next experiments, 10-fold cross-validation with 20
repeats was used (leading to 200 repetitions in total). This
number of repetitions is recommended to achieve desired
accuracy for prediction performance estimation [49].

Predictive Modeling

In the last assessment, we first trained group of classification
models, including DT, logistic regression (LR), and random
forest (RF), on the indicator and imputed data matrices and
evaluate their performance for predicting desired outcomes
using the area under the curve of the receiver operating
characteristic (AUROC) validation metric. Thereafter, new
models were trained using the augmented data matrix and their
performance was compared with that of the original to determine
whether the indicators have predictive power and can boost the
models’ predictive accuracy. We also investigated the predictive
performance of SAPS-I1 score, and then we added indicators
to these scores to examine the impact of indicators beyond
SAPS-I score. It is worth mentioning that in this assessment,
the absolute accuracy of the models is not of our interest,
instead, the relative improvement in the performance when
including indicatorsasinput. That is, achieving the best possible
mortality prediction AUROC is not the objective of this study.

Results

Population

The analyses of the first 24 hours ICU stays included 32,618
patients but decreased to 20,381 for the second 24-hour interval,
as many patients were discharged after 24 hours. The third
24-hour period included 13,670 patients. Of these groups,
10.99% (3586/32,618), 13.59% (2769/20,381), and 16.19%
(2213/13,670) experienced death in-hospital and 15.12%
(4933/32,618), 18.26% (3722/20,381), and 21.32% (2915/
13,670) experienced death within 30 days of discharge,
respectively. Figure 2 demonstrates the retrospective study
design.

Exploratory Analysis

Missingness rates for LTs ranges from 1.36% (445/32,618) to
88.27% (12066/13,670) in the first 72 hours after admission.
Figure 3 shows the missingness rate for LTs over 3 days.
Absolute basophils (BA), absolute eosinophils (EO), absolute
monocytes (MO), absolute lymphocytes (LY), absolute
neutrophils (NE), alanine aminotransferase (ALT), alkaline
phosphatase (ALK), aspartate aminotransferase (AST), total
bilirubin (TBil), and |actate (L ac) were among the less-common
LTs and were missing in the profiles of more than 60% of
patients.

We calculated the association between each indicator and the
mortality flag. Although association values were small, on day
1, ALT, ALK, AST, and TBil stand out asthetop LTs associated
with both types of mortality.
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Figure 2. The retrospective cohort study design. LOS: length of stay.
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Figure 3. The average missingness rate among patients for laboratory testsin the first 72 hours of admission.
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On days 2 and 3, partial pressure of carbon dioxide (PCO,),
partial pressure of oxygen (PO,), and base excess (BE) were
thetop LTsassociated with both mortality types. Lac also joined
thetop tests on day 2 for 30-day mortality. Detailed association
values are provided in See Multimedia Appendix 1.

Figure 4 visualizes the pairwise correlations among indicators.
Intotal, 7 major groups of highly correlated (p =.95) indicators
were observed in the results using Phi coefficient: (1) BA, MO,
NE, EO, and LY; (2) mean corpuscular hemoglobin
concentration (MCHC), red cell distribution width (RDW) mean
corpuscular volume (MCV), red blood cell (RBC), and mean
corpuscular hemoglobin (MCH); (3) BE, PCO,, and PO,; (4)
TBIl, ALT, AST, and ALK; (5) Blood ureanitrogen (BUN) and
creatinine (Cr); (6) chloride (Cl) and bicarbonate (HCOy); (7)
partial thromboplastin time (PTT) and prothrombin time (PT).

The Spearman correlation between missingness rates and ECI
was also calculated daily. Results show astatistically significant
correlation between these variables (day 1: p=—233; day 2:
p=—196; day 3: p=184; P<.001). The same assessment was

Sharafoddini et al

done using SAPS-II. The resultswerein line with the previous
one and demonstrate higher correlation (day 1: p=—315; day
2: p=—277; day 3=—234; P<.001). Thesefindingsareinteresting
as they confirm that the missingness of data is associated with
patient severity of illness.

Feature Selection: Missing Data Indicators as
Important Predictors

Each of the imputation methods was applied to the original
dataset, and the potential informativeness of missingness
indicatorsin comparison with actual variableswasinvestigated
using an ensemble of the most representative filter selection
methods[61]: LR betavalue, relief, and InfGain. Table 1 shows
the top 18 variables selected on each day based on the
PMM-generated imputed matrix predicting 30-day mortality.
BUN, RDW, and anion gap (AG) were among the top variables
in all 3 days. Indicators for TBil, phosphate (Phos), calcium
(Ca), and Lac were selected on thefirst day, whereas indicators
for Lac, BE, PO,, and PCO, were among the top features on
the second and third days. PTT and pH indicators were also
among the important indicators on the third day.

Figure4. Visudization of the correlation matrix for variable indicatorsin first 72 hours.
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Table 1. The top 18 variables selected on each day after employing predictive mean matching imputation with regard to 30-day mortality. | at the
beginning of the variables’ names means indicator. Numbers represent the ranking after aggregating the ranking results from the 3 different feature

selection methods.
Day 1 Day 2 Day 3
Variable Score Variable Score Variable Score
BUN? 762397 AGP 795419 RDW® 748997
RDW .680087 HCOy" .783337 BUN .666667
MCHC® .668965 BUN 77677 HCO3 544964
AG 540484 BE 609532 BE 540542
I-Cad 1436429 RDW .608711 pH .488433
ol 436071 I-PO, 587151 AG 450426
HCOs 416741 I-PCO, 585947 I-Lad 418716
PO 404289 I-BE 585592 I-pH 40463
McV! .386964 cm 53158 Cr 400008
I-Phos” .374431 PT® 462085 Phos .387661
PTTP .353913 Lac 461869 I-PCO, .387019
HGBY .342786 Cr 451999 I-PO; .386739
pH 32767 PTT 424956 I-BE 385935
Lac .320339 Nal 422474 PCO; 367257
BE .320299 Phos 419171 NES 360791
I-Lac .318216 I-Lac 415475 MCV 351266
PCO, .316668 MCV .368343 I-PTT 338352
I-TBil* 31277 MCHC 363146 Lac 331205

3BUN: blood urea nitrogen.

BAG: anion gap.

CRDW: red cell distribution width.
dHCO3: bicarbonate.

®MCHC: mean corpuscular hemoglobin concentration.
"BE: base excess.

9CA: calcium,

ACr: creatinine.

iPOZ: partial pressure of oxygen.

ILac: lactate.

I‘PCOZ: partial pressure of carbon dioxide.
IMCV: mean corpuscular volume.

MCl: chloride.

"Phos: phosphate.

OPT: prothrombin time.

PPTT: partial thromboplastin time.

9HGB: hemoglobin.

'Na: sodium.

SNE: absolute neutrophils.

'TBIl: total hilirubin.

first and second day, respectively. Moreover, PTT and pH

Similar results were observed when using the HD imputation indicators were not among the important indicators on the third

method, except that ALT and Phos were also selected on the
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day. Detailed results of this assessment can be found in
Multimedia Appendix 1.

Results for in-hospital mortality were dightly different (Table
2). Although the selected indicators were almost the same as
for 30-day mortality, more indicators were selected on the first
day for in-hospital mortality, implying that indicators are more
associated with in-hospital mortality than 30-day mortality.
Detailed results are available in Multimedia Appendix 1.

To validate our previous results, we assessed the predictive
power of the indicators using embedded feature selection
methods. Each day, a LASSO model was trained on the
augmented data from HD and PMM imputation using 10-fold
cross-validation with 20 repeats. In general, the AUROC of
mortality prediction (in-hospital and 30-day postdischarge) and
number of selected variables decreased from days 1to 3 (Table
3).

Moreover, prediction of in-hospital mortality resulted in higher
AUROCSs than 30-day mortality. Regardless of mortality type,
on al days, more than 40% of the predictors selected by the
best-performing model were indicators. Moreover, more than
61% of selected predictors were indicators on the third day.
Sliding lambdato compromise the predictor number and model
performance led to almost the same results. Generally, more
than 40% of the selected predictors wereindicators, and on the
third day, this number increased to 61%.

Results in this section once more confirm the informativeness
of missing data as missingness indicators have been selected
by various feature selection methods. The high percentage of
selected indicators also implies that the actual value of an LT
isnot alwaysrequired in outcome prediction; instead, knowledge
about whether the test was performed would suffice.

Predictive Modeling: Missing Data I ndicatorsin
Predictive Maodeling

In the second assessment, we compared the performance of a
set of 3 classification models (DT, LR, and RF) using the
indicators, imputed and augmented data matrices, and SAPS-I|
score with or without indicators with 10-fold cross-validation
over 20 repeats. We investigated whether including indicators

http://medinform.jmir.org/2019/1/€11605/
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can improve prediction and whether indicators alone have
predictive power. For our LR, the iteratively reweighted least
square method was used to fit the model. The complexity
parameter (CP) for DT was tuned based on the model
performance. On the basis of some preliminary model fitting,
we set the CP value to vary from O (including all variables and
having a large tree) to .02 for each model and then we picked
the best performance model. In all models, the best-tuned model
had a CP greater than 0. Figure 5 shows the AUROC with 95%
Cl for al 3 days with regard to 30-day mortality (Multimedia
Appendix 1 provides the AUROC values for 30-day mortality
and in-hospital mortality).

Including indicators improved the AUROC in all modeling
techniques, on average by 0.0511; the maximum improvement
was 0.1209 (Figure 5). AUROC has been demonstrated as an
insensitive metric, for which an increase of 0.01 suggests
meaningful improvement and is clinically of interest [62-64].
Although using only indicators demonstrated reasonable
performance in all scenarios (AUROC=0.6019 [0.0862]>0.5),
conventional scores such as SAPS |l perform Dbetter
(AUROC=0.6390 [0.0853]) on their own. Therefore, models
trained only on indicators are not sufficient. However, including
indicatorswith conventional scores canimprovethe performance
(AUROC=0.7263[0.0578]). The SAPS-I1 score hasinformation
for age, heart rate, systolic blood pressure, Glasgow comascale,
temperature, mechanical ventilation administration, partial
pressure of oxygen in the arterial blood (PaO,), fraction of
inspired oxygen (FiO,), urine output, BUN, sodium (Na),
potassium (K), HCO,, TBil, white blood cells (WBCs), presence
of chronic diseases, and type of admission. These results
demonstrate that indicators have information beyond that
included in SAPS-II.

Figure 6 demonstrates the AUROC curves for LR 30-day
mortality prediction on day 1.

This combination of findings provides more support for the
informativeness of missing data. Employing the missing
indicators in mortality prediction modeling can improve the
results in comparison to not including them.
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Table 2. Thetop 18 variables selected on each day after employing predictive mean matching imputation with regard to in-hospital mortality. | at the
beginning of the variables names means indicator. Numbers represent the ranking after aggregating the ranking results from the 3 different feature

selection methods.
Day 1 Day 2 Day 3
Variable Score Variable Score Variable Score
BUN? 825715 BUN 1 RDWP 75246
AG® 668918 RDW 711852 BUN 635729
RDW 573188 HCOz .684191 BE® .633926
HCO3 531746 AG .664339 HCO; 62367
MCHC' 507343 BE 528778 I-BE 595553
PCO,? 489483 MCHC .503805 I-PCO, 595238
ol 480181 PT' 453111 I-PO, 594924
BE 452599 cik 429405 pH 556242
I-Lac 436382 I-Lac 425279 Phog™ 494694
Lac 415773 Cr .395266 AG 492864
HGB" 414263 [-PO, .382404 I-pH 470007
pH 402466 I-PCO, 381737 I-Lac 469215
I-TBil° .399363 I-BE 381448 Cr 415249
I-Ca .395278 PTTP 357339 Lac 396136
I-ALTY .376004 Phos .352738 NE' .338372
I-ASTS 375944 Na' 345109 PT 326491
LyY 375163 I-PT .333936 LY 319146
I-ALKY .366346 BG" .320047 Mcv* 314868

3BUN: blood urea nitrogen.
PRDW: red cell distribution widith.
CAG: anion gap.

dH003: bicarbonate.

®BE: base excess,

*MCHC: mean corpuscular hemoglobin concentration.
9PCO,: partial pressure of carbon dioxide.
her: creatinine.

ipT: prothrombin time.

J'POZ: partial pressure of oxygen.
KCl: chloride.

ILac: lactate,

MPhos: phosphate.

"HGB: hemoglobin.

OTBil: total bilirubin.

PPTT: partial prothrombin time.
YALT: alanine transaminase.

"'NE: absolute neutrophils.

SAST: aspartate transaminase

'Na sodium

ULY: absolute lymphocytes.
VALK: alkaline phosphatase.
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WBG: blood glucose.
*MCV: mean corpuscular volume.

Table 3. Results from feature selection by least absolute shrinkage and selection operator (LASSO) for 3 days (area under the curve of the receiver
operating characteristics are reported with the SE). The best performing model refers to the model with a lambda value associated with minimum
cross-validation error. The adjusted model refers to a LASSO model with the largest value of lambda such that the error remains within 1 SE of the
minimum.

Criteria, outcome, and imputation method Day 1 Day 2 Day 3

AUROC?for best performing model
30-day mortality

HDP 0.7858 (0.0033) 0.7685 (0.0041) 0.7302 (0.0043)
PMM® 0.7876 (0.0039) 0.7708 (0.0046) 0.7391 (0.0053)
I n-hospital mortality
HD 0.7983 (0.0040) 0.7804 (0.0046) 0.7476 (0.0042)
PMM 0.8007 (0.0047) 0.7838 (0.0049) 0.7582 (0.0054)
Indicators among selected predictors by the best performing model, n (%)
30-day mortality
HD 23 (43) 24 (48) 19 (707)
PMM 26 (45) 26 (47) 17 (68)
In-hospital mortality
HD 28 (46) 29 (48) 21 (60)
PMM 29 (47) 27 (49) 24 (62)
AUROC for adjusted model
30-day mortality
HD 0.7826 (0.0034) 0.7646 (0.0043) 0.7262 (0.0041)
PMM 0.7840 (0.0038) 0.7667 (0.0045) 0.7339 (0.0044)
I n-hospital mortality
HD 0.7944 (0.0043) 0.7762 (0.0047) 0.7439 (0.0041)
PMM 0.7961 (0.0049) 0.7793 (0.0050) 0.7536 (0.0045)
Indicators among selected predictors by the adjusted model, n (%)
30-day mortality
HD 20 (45) 16 (48) 22 (67)
PMM 19 (45) 16 (52) 31(62)
In-hospital mortality
HD 20 (47) 13 (42) 16 (64)
PMM 18 (50) 11 (41) 16 (62)

8AUROQC: area under the curve of the receiver operating characteristic.
PHD: hot deck.
°PMM: predictive mean matching.
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Figure 5. The 95% Cls of the area under the curve of the receiver operating characteristic for logistic regression, decision tree, and random forest
models on missingness indicators, simplified acute physiology score -1, and actua variables with and without the missingness indicators.
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Principal Findings

We used missingnessindicatorsto represent missing information
in patient profiles in ICU. The informativeness of these
indicators was demonstrated in 3 sets of assessments. First, our
exploratory analysis confirms that the missingness of data is
associated with patient severity of illness or comorbidities.
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power of the presence of an LT in the patient profile was found
to be more than the actual measured value. Finally, missingness
indicators noticeably improved the performance of mortality
prediction models. The high correlation observed among some
of the variable indicators suggests that al the variablesin a set
are typically measured or ordered together. Therefore, if a
patient is missing 1 variable of a set, he or she will likely be
missing the othersaswell. Thisfact iswell representedinall 7
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groups. Thefirst group comprises the differential WBC counts
(BA, MO, NE, eosinophil; EO, and LY), which itemizes the
number of basophils, monocytes, neutrophils, eosinophils, and
lymphocytes among present WBCs. The second group (RDW,
MCHC, MCV, RBC, and MCH) comprises tests that are used
to measure the actual number of RBCs and their physical
characteristics. The third group (BE, PCO,, and PO,) consists
of blood gas components and focuses on oxygen and carbon
dioxide pressure as well as excess or deficit of base levelsin
the blood. Thil, ALT, AST, and ALK in the fourth group are
liver enzymes [65] that are ordered when a patient is suffering
from or showing symptoms of aliver-related comorbidity. BUN
and Cr mainly focus on kidney function. Bicarbonate; HCO4
and chloride; Cl are the primary measured anions in the blood.
PT aong with PTT are used for investigating hemostasis and
are the starting points for looking into potential bleeding or
clotting complications. Therefore, the presence of a clinica
variable in a patient profile can represent a comorbidity in the
patient. Although LTs are mainly ordered for diagnostic and
prognostic reasons, studies have shown widely diverse
test-ordering behavior among clinicians for similar symptoms
[66-68]. Therefore, indicators could also reflect the opinions,
preconceptions, and biases of the treating clinicians. In other
words, by using the missingness indicators, we are learning
from practice patterns rather than physiologic patterns.
Therefore, indicators as introduced in this study can then be
used for modeling health care process in various applications
such asclinical care, clinical research, health care economics,
and health care policy [21,69].

Filter methods verified the importance of some indicators with
regard to our outcomes. Results also demonstrated that indicators
become more and moreimportant on ICU days 2 and 3 (Tables
1and 2). Thisobservation alignswith clinical practiceinwhich
ICU clinicians might try to get a complete dataset on day 1 to
fully investigate the patient and understand the situation but are
likely to be more selective with LT ordering on subseguent
days. The Lac indicator was associated with 30-day and
in-hospital mortality on the second and third day. Lactate is
usually used as a biomarker for shock states. The literature has
constantly reported an association between lactate levels and
mortality rates among criticaly ill patients [70]. Our study
demonstrated that just the presence of this information could
represent the severity of a patient’s illness, as patients with
profound shock have avery high mortality rate in hospitals and
ICUs [71]. Moreover, BUN [72-74], RDW [75-79], and AG
[80-83] have been repeatedly determined as a risk factor of
all-cause mortality and their indicators received a high scorein
our analysis. These results are consistent with those of Agniel
et a’'s [21] who demonstrated that the presence of these tests
have significant association with odds of 3-years survival.

The LASSO model selected indicators among the clinical
predictors of in-hospital mortality and 30-day mortality,
implying the predictive power of indicators. More indicators
than clinical variableswere selected on the third day (60%-70%
of selected predictors were indicators); the assessment
demonstrates that indicators from the third day are more
informative than those from the first, again supporting the idea
that the practice patternsdiverge later during ICU stays, so there

http://medinform.jmir.org/2019/1/€11605/
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ismore variability in what gets measured. In other words, care
on thefirst day islikely to be highly protocolized—all patients
get the same tests regardless of their condition because their
trajectory is still unclear. Astime goes on, the patterns become
more evident and ordering and prescribing practices change
according to clinical need. This high percentage of selected
indicators suggeststhat clinical variablesare not always required
in outcome prediction; instead, information about their presence
would suffice.

The last assessment demonstrated that models trained on
indicators alonein some scenarios have reasonabl e performance
(for instance, in 30-day mortality prediction with LR, we
achieved AUROC of 0.6836 [0.012]). These resultsimply that
by considering missing data as noise or a random artifact, we
can lose valuableinformation about patient outcomes. Moreover,
indicators improved the AUROCs in most scenarios.
Researchersin this field are looking for predictors that can be
included in the modelsto improve the prediction results. Having
alow-dimensional set of typical predictors plus these missing
data indicators can actually lead to performance comparable
with that achieved using typical predictors plusother potentially
useful predictors identified a priori by medical researchers:
First, in comparison with including extra numeric predictors,
the computational load for performing mathematical calculations
on binary values such as indicators is usualy less. Second,
binary data require less computational memory than numbers
when performing data mining techniques. Finally, for some
important clinical variables, storing the missing dataindicators
instead of the actual value better protects patient privacy while
preserving predictive power. In other words, less privacy
concern is expected in a situation when the type of test is
disclosed rather than the actual test result. The comparative
analyses on the predictive models showed that missing data
indicators could improve the prediction models' performance.
Although literature considersasmall increase (0.01) in AUROC
meaningful and of clinical interest (because of insensitivity of
AUROQOC) [62,64], including the indicators in our study could
improve the average AUROC by 0.0511. Thus, missing data
indicators can be introduced as informative predictors and be
used to learn from. In other words, these indicators can be
representative of physicians’ and patients' opinions during the
health care process. Furthermore, the overall model performance
decreased over time perhapsimplying that patients' data on the
first 24-hour has the highest level of information. The same
pattern was al so observed in the previous assessment. According
to these observations, we can infer that presence or absence of
avariable can be used in predicting patients’ severity of illness.

Strengths and Limitations of the Project

A significant strength of thisstudy isits new insight on missing
data in a rea-world ICU database. The results confirm the
predictive power of some indicators and their advantage over
actual valuesin predictive modeling. Thefindingsfurther clarify
the factors associated with lack of data collection such as the
healthier status of a patient or practice patterns of clinicians.
These insights, in turn, can be used to design models that
consider missing dataand benefit from the hidden information.
On the basis of our results, missingness indicators can be
introduced as potential predictors of ICU patients' outcome.
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Despite the strength, significance, and novel nature of this study,
there also exist limitations that cannot be overlooked. First,
because of the nature of 1CUs, the amount of missing data in
MIMIC is less than that from a general ward. Therefore, our
study may not fully demonstrate the informativeness of these
indicators. Moreover, adding the indicators of interest to the
actual data matrix increases the dimension of the matrix and
may become computationally burdensome. Using other
imputation methods, the power of missing data indicators may
vary but this was beyond the scope of our study, which focused
on providing evidence on missing data informativeness.

Per spectives for Future Work

Although our study demonstrates that missingness indicators
are informative and have predictive power in mortality
prediction in ICU, further studies are required to investigate
their power in predicting other clinical outcomes. Future
researchers can investigate the association between missingness
patterns and patient diagnosis. They can aso consider more
sensitive criteria such as net reclassification or integrated
discrimination improvements while preserving improvement
in the AUROC as the first criterion. Moreover, as this study
looked at the 3 days in the ICU independently, one can
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investigate if the missing data on a particular day are still
informative given al the clinical and indicator variables from
previous days. These future studies should a so investigate the
effect of missing rate on the predictive power of indicators.
Another area of future work is examining the test-ordering
behavior among clinicians, by using missingness indicators.

Conclusions

Our study has demonstrated that the missingness of data itself
might be informative in ICU and might have added predictive
value beyond observed data alone. Moreover, indicators for
variables with higher missingness rates had more predictive
power. In practice, the lack of a set of symptoms might lead
health professionals to conclude that a particular set of testsis
not required at the current stage. Therefore, these missing data
are not arandom occurrence. Thisstudy showed that the number
of comorbiditiesis associated with a decreased rate of missing
data. Therefore, rudimentary treatments of missing data (eg,
CCA) can cause bias toward sicker patients. The study is aso
notable because it provided new insight about the
informativeness of missing data and described how this
information could be used in predicting mortality.
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Abstract

Background: Many intensive care units (ICUs) utilize telemedicinein response to an expanding critical care patient population,
off-hours coverage, and intensivist shortages, particularly in rural facilities. Advancesin digital health technologies, among other
reasons, have led to the integration of active, well-networked critical care telemedicine (tele-ICU) systems across the United
States, which in turn, provide the ability to generate large-scale remote monitoring data from critically ill patients.

Objective: The objective of this study was to explore opportunities and challenges of utilizing multisite, multimodal data
acquired through critical caretelemedicine. Using apublicly availabletele-ICU, or electronic ICU (el CU), database, weillustrated
the quality and potential uses of remote monitoring data, including cohort discovery for secondary research.

Methods: Exploratory analyseswere performed on the el CU Collaborative Research Database that includes deidentified clinical
data collected from adult patients admitted to 1CUs between 2014 and 2015. Patient and ICU characteristics, top admission
diagnoses, and predictions from clinical scoring systems were extracted and analyzed. Additionally, a case study on respiratory
failure patients was conducted to demonstrate research prospects using tele-1CU data.

Results:. The elCU database spans more than 200 hospitals and over 139,000 ICU patients across the United States with
wide-ranging clinical data and diagnoses. Although mixed medical-surgical ICU was the most common critical care setting,
patients with cardiovascular conditions accounted for more than 20% of 1CU stays, and those with neurological or respiratory
illness accounted for nearly 15% of 1CU unit stays. The case study on respiratory failure patients showed that cohort discovery
using the el CU database can be highly specific, albeit potentially limiting in terms of data provenance and sparsity for certain
types of clinical questions.

Conclusions: Large-scale remote monitoring data sources, such as the el CU database, have a strong potential to advance the
roleof critical caretelemedicine by serving asatestbed for secondary research aswell asfor devel oping and testing tools, including
predictive and prescriptive analytical solutions and decision support systems. The resulting tools will aso inform coordination
of carefor critically ill patients, intensivist coverage, and the overall process of critical care telemedicine.

(JMIR Med Inform 2019;7(1):€13006) doi:10.2196/13006
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Introduction

Critical care telemedicine, or tele-ICU, is broadly defined as a
collaborative, interprofessional care model for critically ill
patients where the bedside intensive care unit (ICU) team and
patient are networked to acentralized and often remotely located
critical care team using telecommunication and computer
systems [1,2]. Applications of tele-ICU include quality
improvement, continuous monitoring of patients for early
warning of deterioration, and varying degrees of clinical decision
support, interventions, and consultations [3,4]. Although there
exist several tele-ICU models[5,6], we refer to tele-ICU in the
context of continuous patient monitoring and subsequent data
generation from application of telemedicine in intensive care
settings as opposed to more active models involving
computer-generated alerts or those with interventions such as
audio and video consultations.

Advancesin datamanagement infrastructure, biomedical sensors
and devices, and computational methods, coupled with the
current trend of consolidation of hospitalsinto large health care
delivery systems, provide unique opportunities for not only
enhancing tele-ICU capabilities to improve patient, physician,
and system-level outcomes but also leveraging tele-ICU data
for research and evaluation purposes. The full benefit of the
influx of tele-ICU data, however, has yet to be realized.

The objective of this study was to explore opportunities and
challenges of using multisite, multimodal data acquired through
critical care telemedicine. Using a publicly available tele-ICU
database (el CU Collaborative Research Database), weillustrate
the quality and potential uses of remote monitoring data[7]. In
addition, we present a case study on extraction of multiple
respiratory failure patient cohortsto illustrate various strengths
and limitations of the database. Specifically, we present 3 patient
cohorts—endotracheal intubation patients, patients requiring
other noninvasive ventilation therapy, and patients with both
invasive and noninvasive treatments in the same visit—and
attempt to generate relevant questions for further research.

Methods

The electronic ICU (elCU) database consists of deidentified
data collected from patients admitted to adult ICUs between

http://medinform.jmir.org/2019/1/€13006/

Essay et a

2014 and 2015. It consists of a wide array of data from
admission diagnosis, patient severity scores, standard and
custom lab values, nurse charting, physiological data, and
treatment records through discharge status. Clinical scoresin
the database include the Acute Physiology Score (APS) 111 and
the Acute Physiology and Chronic Health Evaluation
(APACHE) IV and 1Va, both of which are examples of existing
instruments that have been widely used in critical care settings
for assessment of disease severity and outcome prediction [8].

Hospital data were extracted along with patient demographics,
diagnoses, length of stay and mortality outcomes, and treatment
records. APACHE |Va severity scores and prediction values
were also extracted. Development of respiratory failure cohorts
utilized multiple record types in the database that contain
respiratory chart and treatment data. The specific cohorts were
created using intubation and ventilator-type records. We then
attempted to verify patientsthat required endotracheal intubation
or noninvasive respiratory therapy with a redundant record
within the database to validate that patients actualy required
ventilation. For example, one can confidently say that a patient
with a record of endotracheal tube and a treatment record of
endotracheal tube insertion was in fact intubated during their
ICU stay compared with a patient who has ventilator setting
records but no other indication of airway type or noninvasive
respiratory therapy.

Data from the el CU database were extracted and preprocessed
in Python version 2.7.14 using the Pandas [9] and Seaborn
libraries [10], versions 0.23.4 and 0.9.0, respectively. A
complete evaluation of all data tables in the el CU database is
available [11].

Results

Participant Characteristics

The el CU database consists of 200,859 adult ICU stays at 208
hospitals including 139,367 unique patients with nearly equal
numbers of male and female patients. The mgjority of patients
are white. A high-level overview of the database is shown in
Figure 1 and additional patient characteristics are presented in
Table 1.
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Figure 1. Infographic overview of the el CU Collaborative Research Database. |CU: intensive care unit.
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Table 1. Basic patient characteristicsin the critical care telemedicine (tele-| CU) database.
Variable Level Overall
Unique patients, n -2 139,367
Distinct ICUP admissions, n — 200,859
Age, years, mean (SD) — 62.1 (16.7)
Gender, n (%)
Male — 108,379 (53.96)
Female — 92,303 (45.95)
Other — 134 (00.09)
Race, n (%)
White — 155,285 (77.31)
African American — 21,308 (10.61)
Hispanic — 7464 (3.72)
Asian — 3270 (1.63)
Native American — 1700 (0.85)
Unknown or unspecified — 11,832 (5.90)
ICU length of stay in days, mean (IQR®) ICU 3.00 (2.32)
ICU mortality, % of ICU admissions ICU 5.79
Hospital length of stay in days, mean (IQR) Hospital 8.06 (7.04)
Hospital mortality, % of admissions Hospital 9.24

@Not applicable.
bICU: intensive care unit.
YIQR: interquartile range.

The ICU types covered in the database are wide ranging, with
mixed medical-surgical ICU as the most common critical care
setting (Figure 2). This is likely because of the configuration
and workflow of 1CUs within each hospital. The majority of
hospitals in the elCU database are primarily nonteaching
hospitals across most of the United States (Figure 3).

There were 431 admission diagnoses with several additional
diagnosisrecordsin the database that provide context and higher

http://medinform.jmir.org/2019/1/€13006/

granularity to the reasons for admission. Patients with
cardiovascular conditions accounted for more than 20% of ICU
stays, and those with neurological or respiratory illness
accounted for nearly 15% of ICU unit stays. Table 2 shows
further details on the most frequent admission diagnosis by
number of ICU stays and the associated percent of the total
visits in the database with corresponding mortality rates and
average |CU length of stay.
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Figure2. Frequency of admission to each intensive care unit type within the el CU Collaborative Research Database. | CU: intensive care unit; Med-Surg
ICU: medical surgical ICU; CTICU: cardiothoracic ICU; SICU: surgical ICU; CCU-CTICU: coronary care/CTICU ICU; MICU: medical ICU; Neuro
ICU: neurological ICU; Cardiac ICU: cardiological 1CU; CSICU: cardiac surgery |CU.
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Table 2. Most frequent admission diagnosis categories with corresponding intensive care unit (ICU) mortality rate and average |CU length of stay.

Admission diagnosis name

ICU stays, n (%) Average length of stay, days Mortality, n (%)

Cardiovascular

Neurologic

Respiratory

Gastrointestinal

Sepsis, pulmonary

Metabolic or endocrine

Infarction, acute myocardial
Trauma

Cerebrovascular accident or stroke

Congestive heart failure

79,560 (20.6) 2.97 4861 (7.33)
31,113 (8.07) 2.83 949 (3.64)
25,813 (6.69) 3.68 1408 (7.00)
17,726 (4.60) 2.95 681 (4.63)
8862 (2.30) 431 904 (12.26)
8025 (2.08) 1.88 72 (1.06)
7228 (1.87) 2.09 180 (2.93)
7136 (1.85) 359 303 (5.01)
6647 (1.72) 277 290 (5.20)
6617 (1.72) 3.13 302 (5.67)

Table 3. Overview of Acute Physiology Score and Acute Physiology and Chronic Health Evaluation (APACHE) scores in the tele-ICU (critical care

telemedicine) database with APACHE |Va predictions.

Variable Overall Predicted® Actual

Acute Physiology Score, mean (I QRb) 4363(27.000 —° —

APACHE Score, mean (IQR) 55.49 (31.00) — —

Intensive care unit (ICU) length of stay in days, mean (IQR) — 3.87 (3.02) 3.00 (2.31)

ICU mortality, % of ICU admissions? — 5.49 5.79

Hospital length of stay in days, mean (IQR) — 9.44 (5.88) 8.06 (7.04)
d — 384 9.24

Hospital mortality, % of admissions

Prediction values taken from APACHE version IVa
bIQR: interquartile range.
°N/A: not applicable.

predicted ICU and hospital mortality values are the averages of percent chance of dying of all patients.

Severity and Predictive Scoring Systems

Severity of illness and prognosis are captured in the elCU
database as a function of the APACHE |Va score and consists
of 288,090 entries. The APACHE evaluation also provides
predictions of patient outcomes soon after ICU admission and
includes probability of mortality, length of stay, and ventilation
daysandisused in conjunction with APS. An overview of APS
and APACHE scoresis presented in Table 3. The distributions
of patient severity within the elCU database as a function of
APACHE |Va stratified by discharge status of alive or expired
isshown in Figure 4.

http://medinform.jmir.org/2019/1/€13006/

The APACHE mortality prediction distributions were
normalized and segregated by discharge status as shown in
Figure 5. This illustrates existing model deficiencies where
predicted mortality is not reliable at higher severities [12,13].
Although the predictions for the survivors are reasonably
accurate, the predictions for nonsurvivors are not. We include
this to illustrate that although predictive models are useful in
certain situations, they may not perform well in others because
of the dynamicsinvolved or issueswith source data[14]. These
results are consistent with evaluations of earlier versions of
APACHE predictions [15] and are an area of improvement for
tele-ICU to provide the best possible decision support for the
fast-paced |CU environment.
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Figure 4. Kernel density estimate (KDE) of Acute Physiology and Chronic Health Evaluation (APACHE) |Va scores within the el CU Collaborative
Research Database stretified by actual intensive care unit mortality outcome.
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Figure 5. Kernel density estimate (KDE) of predicted hospital mortality in the el CU Collaborative Research Database stratified by actual intensive

care unit (ICU) mortality outcome.
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Case Study on Respiratory Failure Patients

The selected respiratory failure patient cohorts and
corresponding number of patientswithin each group devel oped
from treatment records are shown in Figure 6. Possible
noninvasive ventilation therapy failure was determined using
treatment timestamps. Many endotracheal intubation records
correspond to continuous positive airway pressure (CPAP) and
positive end expiratory pressure (PEEP) records at the same
time. However, it is possible that patients with intubation

http://medinform.jmir.org/2019/1/€13006/

RenderX

treatment recorded after CPAP or PEEP treatment required
intubation after failure of noninvasive respiratory therapy.

Asademonstration of database coverage and specificity within
a particular patient cohort, we selected the 1004 patients that
have definitive records of both endotracheal tube insertion and
removal. Using the associated treatment time stamps for tube
insertion and removal, intubation times were estimated as was
the distribution of admission diagnoses across the same cohort
(Figures 7 and 8).
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Figure 6. Number of patients with particular respiratory-type treatment records in the el CU database. CPAP: continuous positive airway pressure;
PEEP: positive end expiratory pressure.
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Figure 8. Fifteen most frequent admission diagnoses for patients with record of endotracheal tube insertion and tube removal. AMI: acute myocardial
infarction; CABG: coronary artery bypass grafting; CHF: congestive heart failure.
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Discussion

Principal Findings

Investigation of the elCU Collaborative Research Database
showsawiderange of illnessesfrom alarge number of hospitals
that span the continental United States. Organized asarelational
database, it is highly versatile for narrowing research focus to
specific critical care patient populations, and it allowsfor robust
and generadlizable analysis and modeling across multiple
institutions and regions. The case study on respiratory failure
patientsillustratesthe potential for cohort discovery and analysis
of specific patient subgroups (see Figure 6) using unique
identifiersacrossthe database, coupled with the ability to query
multiple record types such as treatment records, respiratory,
medication, or laboratory data. For example, if using treatment
records, one would find 8565 unique patients that required
endotracheal intubation. If searching for patients with distinct
records of both endotracheal tube insertion and removal
treatments, the available cohort islimited to 1004 patients. Any
combination of these data with other record types may limit or
extend cohort size further.

Although the elCU database provides real-word critical care
data from a diverse sample of hospitals and practice settings to
evaluate interventions, there are some limitations to consider.
First, the granularity of the data can be limiting, given the nature

http://medinform.jmir.org/2019/1/€13006/
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of data collection. For example, despite continuous collection
of hemodynamic data, interventions such astracheal intubation
may be recorded with amargin of error because of arequirement
for manual entry of events into the electronic medical record.
Narrowing the window between when the intubation was
performed and when the event was recorded could potentially
be accomplished by using drugs associated with intubation.
Regardless, this limitation makes studying peri-intubation
complications difficult as one does not know whether a
hemodynamic decompensation occurred before or after the
intubation procedure. In addition, manually entered data could
have deviations based on hospital -specific practices and protocol
variations.

Second, though the el CU databaseis considered tele-ICU data,
the mode of data collection and the origins of data are not well
defined. Specificaly, it is not clear which data are generated at
the bedside versus the remote unit and by whom. Third,
terminology variations acrossingtitutions and health information
systems pose an additional hurdle. A study of apreviousversion
of el CU data showed discrepanciesin standards for |aboratory
and microbiology datafor patientswith primary cardiovascular
diagnosis [16]. This suggests that cohort discovery on elCU
datamay also need to be reconfigured based on specific research
guestions.

Finally, amajor caveat to the el CU database isthat the absence
of arecord does not mean an event did not occur. Thisis true
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of other similar databases, however, missing records are
exacerbated in the el CU database because of data being from
many different hospitals, and not all participating hospitals have
interfaces in place to record all data types. Although there are
methods for handling data sparsity and missing data [17,18],
large quantities of missing data could negate the overall benefit
of having alarge number of hospitalsin the database.

Despite these limitations, the most critical component of future
tele-ICU operations and the elCU Collaborative Research
Database is that of advanced analytics and clinical decision
support. For example, cardiovascular complications arising
from traumatic brain injury are common and are linked to
increased morbidity and mortality [19]. Generally, monitoring
thevital signsof the patient and controlling primary intracranial
pathology are effective for proactive prevention of
complications. Tele-ICU not only offers continuous display of
vitals for remote monitoring but can also serve as a platform to
(1) develop, implement, and test clinical and subclinical markers
of patient decompensation and other adverse events and (2)
further define the role of tele-ICU in improving the precision
of electronic aerts[20]. For example, as alarm desensitization
creates additional risk, much of the monitoring and resolving
of aerts can be shifted to the tele-ICU [21].

Other large, publicly available databases, such as the
Multiparameter Intelligent Monitoring in Intensive Care
(MIMIC) database, have been widely used for secondary
research purposes. MIMIC includesinpatient critical care data,

Acknowledgments

Essay et a

spanning over 10 years from asingle ingtitution. An evaluation
of the MIMIC database highlights the successful role of the
database in risk assessment, medical personnel performance
evaluation, and supporting development of clinical decision
support systems [22]. The el CU database has strong potential
for advancing the role of critical care telemedicine as MIMIC
has been for bedside, inpatient critical care.

Conclusions

This work, to our knowledge, is the first of its kind to
demonstrate the potential and versatility of apublicly available,
large, critical care telemedicine database. The ability to extract
and analyze wide-ranging patient subgroups from remote
monitoring data for secondary research is one of the key
strengths of such a resource. As highlighted through the case
study on respiratory patients, there are some limitations such
as data provenance and sparsity, which are typical of such
resources. Nonetheless, tele-1CU dataare particularly useful to
catalyze efforts around developing robust clinical decision
support systemsfor critical care that can be distributed between
bedside and remote care teams, as well as identifying specific
patient populations and associated clinical events that would
be appropriate for such distributed care. Secondary insults, in
particular, stand to benefit from remote monitoring and advanced
analytical support because they are highly time sensitive and
potentially reversible in critically ill patients, if mitigated
promptly. The el CU database and the resulting tools will also
inform coordination of care, intensivist coverage, and the overall
process of critical care telemedicine.
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Abstract

Background: In children below the age of 2 years, bronchialitis is the most common reason for hospitalization. Each year in
the United States, bronchiolitis causes 287,000 emergency department visits, 32%-40% of which result in hospitalization. Due
to alack of evidence and objective criteria for managing bronchialitis, clinicians often make emergency department disposition
decisions on hospitalization or discharge to home subjectively, leading to large practice variation. Our recent study provided the
first operational definition of appropriate hospital admission for emergency department patients with bronchiolitis and showed
that 6.08% of emergency department disposition decisionsfor bronchiolitis wereinappropriate. An accurate model for predicting
appropriate hospital admission can guide emergency department disposition decisions for bronchiolitis and improve outcomes,
but has not been devel oped thus far.

Objective: The objective of this study wasto devel op areasonably accurate model for predicting appropriate hospital admission.
Methods: Using Intermountain Healthcare data from 2011-2014, we devel oped the first machine learning classification model
to predict appropriate hospital admission for emergency department patients with bronchiolitis.

Results:  Our model achieved an accuracy of 90.66% (3242/3576, 95% CI: 89.68-91.64), a sensitivity of 92.09% (1083/1176,
95% CI: 90.33-93.56), a specificity of 89.96% (2159/2400, 95% CI: 88.69-91.17), and an area under the receiver operating
characteristic curve of 0.960 (95% CI: 0.954-0.966). We identified possible improvements to the model to guide future research
on thistopic.

Conclusions: Our model has good accuracy for predicting appropriate hospital admission for emergency department patients
with bronchialitis. With further improvement, our model could serve as afoundation for building decision-support tools to guide
disposition decisions for children with bronchialitis presenting to emergency departments.

International Registered Report Identifier (IRRID): RR2-10.2196/resprot.5155

(JMIR Med Inform 2019;7(1):e12591) doi:10.2196/12591
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Introduction

Bronchiolitis refers to inflammation of the bronchioles, the
smallest air passagesin the lungs, mainly seenin children below
the age of 2 years [1]. More than one-third of children in the
United States have been diagnosed with bronchiolitis by the
age of 2 years [1]. In children below the age of 2 years,
bronchioalitisis responsible for 16% of the hospitalizations and
is the most common reason for hospitalization [2-5]. In the
United States, bronchiolitis annually leads to approximately
287,000 emergency department (ED) visits [6], 128,000
hospitdizations[2], and US$1.73 billionin total inpatient costs
(2009) [2].

About 32%-40% of ED visits for bronchiolitis result in
hospitalization [7-9]. Current clinical guidelinesfor bronchiolitis
[10,11] acknowledge that dueto alack of evidence and objective
criteria for managing bronchialitis, clinicians often make ED
disposition decisions of hospitalization or discharge to home
subjectively [4,12]. This uncertainty in bronchiolitis
management leads to large practice variation [3,12-23],
increased iatrogenic risk, suboptimal outcomes, and wasted
healthcare resources resulting from unnecessary admissionsand
unsafe discharges [15,21,24]. Approximately 10% of infants
with bronchiolitis experience adverse events during hospital
stay [25]. By examining the distributions of multiple relevant
attributes of ED visits for bronchiolitis and using a data-driven
method to determine two threshold values, we recently
devel oped thefirst operational definition of appropriate hospital
admission for ED patients with bronchiolitis [26]. Appropriate

Luoet al

admissions cover both necessary admissions (actual admissions
that are necessary) and unsafe discharges (Figure 1). Appropriate
ED discharges cover both safe discharges and unnecessary
admissions. Unsafe discharges are defined based on early ED
returns. Unnecessary admissions are defined based on brief
exposureto certain major medical interventions (Figure 1). Brief
exposure was defined as exposure of <6 hours, with the
threshold value of 6 hours chosen conservatively based on the
median duration of major medical interventions received by a
subset of patients who tended to have been admitted
unnecessarily. Based on the operational definition, we showed
that 6.08% of ED disposition decisions for bronchiolitis were
inappropriate [26].

Thusfar, several models have been built for predicting hospital
admission in ED patientswith bronchiolitis[7-9,27-29]. Asour
review paper [30] pointed out, these models have low accuracy
and incorrectly assumethat actual ED disposition decisionsare
always appropriate. An accurate model for predicting
appropriate hospital admission can guide ED disposition
decisionsfor bronchiolitis and improve outcomes. This model,
which is yet to be built, would be particularly useful for less
experienced clinicians, including junior clinicians and those in
genera practice who attend to children infrequently [31]. The
objective of this study was to build the first model to predict
appropriate hospital admission for ED patients with
bronchialitis. The dependent variable of the appropriate ED
disposition decision is categorical and has two possible values:
appropriate admission and appropriate ED discharge.
Accordingly, the model uses clinical and administrative datato
conduct binary classification.

Figure 1. The operational definition of appropriate hospital admission for emergency department patients with bronchioalitis.

Unsafe discharges: Actual emergency department discharges followed by an
emergency department return within 12 hours with admission for bronchiolitis.

Unnecessary admissions: Actual admissions with exposure to one or more major
medical interventions listed as follows for <6 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 Ethical Approval

In this study, we performed secondary analysis of retrospective
data. The Ingtitutional 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 consisted of children below the age of 2 years
who visited the ED for bronchiolitisin 2013-2014 at any of the
22 Intermountain Healthcare hospitals. Intermountain Healthcare
isthe largest healthcare system in Utah, with 22 hospitals and
185 clinics delivering ~85% of pediatric care in Utah [32].
Similar to our previous paper [26], we adopted the approach
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used in Flaherman et al [33-35] to identify as many ED visits
for bronchiolitis as possible. This approach included
patients with an ED or hospital International Classification of
Diseases, Ninth Revision, Clinical Modification (ICD-9-CM)
primary discharge diagnosis code of bronchioalitis or bronchitis
(466.x), viral pneumonia (480.x), adenoviral infection (079.0),
rhinovirus infection (079.3), respiratory infection due to
influenza (487.0 or 487.1), respiratory syncytial virus (079.6),
H1N1 influenza (488.1, 488.11, or 488.12), influenza due to
identified avian influenzavirus (488, 488.0, 488.01, or 488.02),
or influenza due to novel influenza A (488.81 or 488.82). Any
of these discharge diagnosis codes, rather than only the
discharge diagnosis code of bronchialitis, could be assigned to
an ED visit for bronchiolitis. In addition, this approach included
al patients with any of the abovementioned codes as a
nonprimary diagnosis code, as long as the ICD-9-CM primary
diagnosis code was any of the following: apnea (786.03),
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shortness of breath (786.05), tachypnea (786.06), wheezing
(786.07), other respiratory abnormalities (786.09), cough
(786.2), fever (780.60 or 780.61), acute nasopharyngitis (460),
acute upper respiratory infections (465.x), other specified viral
infection (079.89), urinary tract infection (599.0), pneumonia
unspecified organism (486), unspecified vira infection (079.99),
volume depletion (276.5x), or respiratory failure (518.81 or
518.82) [26]. The ED visits for bronchialitis captured by this
approach in 2013-2014 are the focus of our study.

Data Set

From Intermountain Healthcare's enterprise data warehouse,
we extracted a clinical and administrative data set containing
information of our patient cohort’s inpatient stays, ED visits,
and outpatient visits at Intermountain Healthcarein 2011-2014.
Our patient cohort included children below the age of 2 years
who visited the Intermountain Healthcare ED for bronchiolitis
in 2013-2014. By starting the data set in 2011, we ensured that
for each ED visit by atarget patient in 2013-2014, the data set
included the patient’s compl ete prior medical history recorded
within Intermountain Healthcare and necessary for computing
features (also known as independent variables).

Features

The 35 candidate patient features fal into two digoint
categories. Category 1 includesall known predictors of hospital
admission in ED patients with bronchiolitis, which were
consistently recorded at I ntermountain Healthcare facilitiesand
available as structured attributes in our data set [30,31]. These
15 predictorsare agein days, gender, heart rate, respiratory rate,
peripheral capillary oxygen saturation (SpO,), temperature,
coinfection, rhinovirusinfection, enterovirus infection, history
of bronchopulmonary dysplasia, history of eczema, prior
intubation, prior hospitalization, prematurity, and dehydration.
For any vital sign that was recorded more than once during the
ED visit, we used its last value as its feature value. Among all
recorded values, the last value most closely reflected the
patient’s status at the time of ED disposition.

Category 2 consists of 20 features suggested by our team's
clinical expertsBLS, MDJ, and FLN: race, ethnicity, insurance
category (public, private, or self-paid or charity), the ED visit's
acuity level (resuscitation, emergent, urgent, semiurgent, or
nonurgent), chief complaint, number of consults during the ED
visit, number of laboratory tests ordered during the ED visit,
number of radiology studiesordered during the ED visit, number
of X-rays ordered during the ED visit, length of ED stay in
minutes, hour of ED disposition, whether the patient is
up-to-date with his’her immunizations, diastolic blood pressure,
systolic blood pressure, weight, wheezing (none, expiratory,
inspiratory and expiratory, or diminished breath sounds),
retractions (none, one location, two locations, or three or more
locations), respiratory syncytial virusinfection, language barrier
to learning, and whether the patient has any other barrier to
learning. For either attribute of wheezing and retractions that
was recorded more than once during the ED visit, we used its
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last value as its feature value. Among all recorded values, the
last value most closely reflected the patient’s status at ED
disposition time.

Based on the timestamp, all candidate features were available
as structured attributes in our data set before the time of ED
disposition. We used these features to build predictive models.

Data Analysis

Data Preparation

For each ED visit by a patient below the age of 2 years for
bronchialitisin 2013-2014, we used our previously developed
operational definition of appropriate admission [26] (Figure 1)
to compute the dependent variable's value. For each numerical
feature, we examined the data distribution, used the upper and
lower bounds given by our team’s ED expert MDJ to identify
invalid values, and replaced each invalid value with anull value.
All temperatures<80°F or >110°F, all weights>50 pounds, all
systolic blood pressure values of 0, al SpO, values>100%, all
respiratory rates>120 breaths/minute, and all heart rates<30 or
>300 beats/minute were regarded as physiologically impossible
and invalid. To ensure that al data were on the same scale, we
standardized each numerical feature by first subtracting itsmean
and then dividing by its SD. We focused on 2 years of datafor
ED visitsfor bronchiolitis (2013-2014). Datafrom thefirst year
(2013) were used to train predictive models. Data from the
second year (2014) were used to evaluate model performance,
reflecting use in practice.

Performance Metrics

As shown in Table 1 and the formulas below, we used six
standard metrics to measure model performance: accuracy,
sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), and area under the receiver operating
characteristic curve (AUC). For instance, false negative (FN)
is the number of appropriate admissions that the model
incorrectly predicts to be ED discharges. Sensitivity measures
the proportion of appropriate admissions that the model
identifies. Specificity measures the proportion of appropriate
ED discharges that the model identifies.

Accuracy=(TP+TN)/(TP+TN+FP+FN)

Sensitivity=TP/(TP+FN)

Specificity=TN/(TN+FP)

PPV=TP/(TP+FP)

NPV=TN/(TN+FN)
TPistrue positive, TN istrue negative, and FPisfal se negative.
For the six performance metrics, we conducted 1000-fold
bootstrap analysis [36] to compute their 95% Cls. On each
bootstrap sample of the 2014 data, we computed our model’s
performance metrics. For each of the six performance metrics,

the 2.5th and 97.5th percentiles in the 1000 bootstrap samples
specified its 95% ClI.
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Table 1. Theerror matrix.
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Class Appropriate admission  Appropriate emergency department discharge
Predicted admission True positive False positive
Predicted emergency department discharge False negative True negative

To show the sensitivity-specificity tradeoff, we plotted the
receiver operating characteristic curve. The caibration of a
model refers to how well the predicted probabilities of
appropriate admission match with the fractions of appropriate
admissionsin subgroups of ED visitsfor bronchiolitis. To show
model calibration, we drew a calibration plot [36]. A perfect
calibration curve would coincide with the diagona line. In
addition, we used the Hosmer-L emeshow goodness-of-fit test
[36] to evaluate model calibration.

Classification Algorithms

We used Weka [37], a widely used open-source machine
learning and data mining toolkit, to build machine learning
classification models. Machine learning studies computer
algorithms that learn from data, such as random forest, support
vector machine, and neural network, and has won most data
science competitions [38]. Weka integrates many commonly
used machine learning algorithms and feature-selection
techniques. We considered all 39 machinelearning classification
algorithms in the standard Weka package and adopted our
previously developed automatic machine learning model
selection method [39] and the training data of 2013 to
automatically select the algorithm, feature-sel ection technique,
and hyperparameter values among al the applicable ones. In a
machinelearning a gorithm, hyperparameters are the parameters
whose values are traditionally manually set by the machine
learning software user before model training. An example of a
hyperparameter isthe number of decision treesused in arandom
forest classifier. Our automatic machine learning model selection
method [39] uses the Bayesian optimization (also known as
response surface) methodology to automatically explore
numerous combinations of algorithm, feature-selection
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technique, and hyperparameter values and performs three-fold
cross-validation to select the final combination maximizing the
AUC. Compared to the other five performance
metrics—accuracy, sensitivity, specificity, PPV, and NPV—
AUC has the advantage of not relying on the cutoff threshold
for deciding between predicted admission and predicted ED
discharge.

Demographic and Clinical Characteristics of the
Patient Cohort

Tables 2 and 3 show the demographic and clinical characteristics
of our patient cohort: children below the age of 2 years who
visited the ED for bronchiolitisin 2013 and 2014, respectively.
The characteristicsare mostly similar between both years. About
40.78% (1640/4022) and 38.26% (1368/3576) of ED visits for
bronchiolitis ended in hospitalization in 2013 and 2014,
respectively. About 35.80% (1440/4022) and 32.89%
(1176/3576) of ED visits for bronchiolitis were deemed to be
appropriate hospital admissionsin 2013 and 2014, respectively.

Based on the x* two-sampletest, for the 2013 data, the ED visits
discharged to home and those ending in hospitalization showed
the same distribution for gender (P=.49) and different
distributionsfor race (P<.001), ethnicity (P=.01), and insurance
category (P<.001). For the 2014 data, the ED visits discharged
to home and those ending in hospitalization showed the same
distribution for gender (P=.94) and race (P=.61) and different
distributions for ethnicity (P<.001) and insurance category
(P<.001). Based on the Cochran-Armitage trend test [41], for
both the 2013 and 2014 data, the ED visits discharged to home
and those ending in hospitalization showed different
distributions for age (P<.001).
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Table2. Demographic and clinical characteristics of children under the age of 2 yearswho visited the emergency department at | ntermountain Healthcare
hospitals for bronchiolitisin 2013.

Characteristic Emergency department ~ Emergency department visitsdis- Emergency department visitsending
visits (N=4022), n (%)  charged to home (N=2382), n (%) in hospitalization (N=1640), n (%)
Age
<2 months 518 (12.88) 211 (8.86) 307 (18.72)
2 to <12 months 2424 (60.27) 1498 (62.89) 926 (56.46)
12 to 24 months 1080 (26.85) 673 (28.25) 407 (24.82)
Gender
Male 2369 (58.90) 1414 (59.36) 955 (58.23)
Female 1653 (41.10) 968 (40.64) 685 (41.77)
Race
American Indian or Alaska native 51 (1.27) 26 (1.09) 25(1.52)
Asian 49 (1.22) 20 (0.84) 29 (1.77)
Black or African American 124 (3.08) 78 (3.27) 46 (2.80)
Native Hawaiian or other Pecific ISlander 321 (7.98) 160 (6.72) 161 (9.82)
White 2940 (73.10) 1784 (74.90) 1156 (70.49)
Unknown or not reported 537 (13.35) 314 (13.18) 223 (13.60)
Ethnicity
Hispanic 1321 (32.84) 826 (34.68) 495 (30.18)
Non-Hispanic 2687 (66.81) 1549 (65.03) 1138 (69.39)
Unknown or not reported 14 (0.35) 7(0.29) 7(0.43)
Insurance
Private 2436 (60.57) 1338 (56.17) 1098 (66.95)
Public 1422 (35.36) 933 (39.17) 489 (29.82)
Self-paid or charity 164 (4.08) 111 (4.66) 53(3.23)
Asthma 207 (5.15) 72(3.02) 135(8.23)
Chronic complex condition [40] 296 (7.36) 60 (2.52) 236 (14.39)
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Table3. Demographic and clinical characteristics of children under the age of 2 yearswho visited the emergency department at | ntermountain Healthcare

hospitals for bronchiolitisin 2014.

Characteristic Emergency department ~ Emergency department visitsdis- Emergency department visitsending
visits (N=3576), n (%)  charged to home (N=2208), n (%) in hospitalization (N=1368), n (%)
Age
<2 months 454 (12.70) 186 (8.42) 268 (19.59)
2 to <12 months 2079 (58.14) 1379 (62.45) 700 (51.17)
12 to 24 months 1043 (29.17) 643 (29.12) 400 (29.24)
Gender
Male 2059 (57.58) 1273 (57.65) 786 (57.46)
Female 1517 (42.42) 935 (42.35) 582 (42.54)
Race
American Indian or Alaska Native 47 (1.31) 31 (1.40) 16 (1.17)
Asian 68 (1.90) 40 (1.81) 28 (2.05)
Black or African American 104 (2.91) 70 (3.17) 34 (2.49)
Native Hawaiian or other Pacific ISander 284 (7.94) 180 (8.15) 104 (7.60)
White 2795 (78.16) 1708 (77.36) 1087 (79.46)
Unknown or not reported 278 (7.77) 179 (8.11) 99 (7.24)
Ethnicity
Hispanic 1071 (29.95) 727 (32.93) 344 (25.15)
Non-Hispanic 2484 (69.46) 1464 (66.30) 1020 (74.56)
Unknown or not reported 21 (0.59) 17 (0.77) 4(0.29)
Insurance
Private 2175 (60.82) 1241 (56.20) 934 (68.27)
Public 1256 (35.12) 860 (38.95) 396 (28.95)
Self-paid or charity 145 (4.05) 107 (4.85) 38(2.78)
Asthma 210 (5.87) 67 (3.03) 143 (10.45)
Chronic complex condition [40] 252 (7.05) 43 (1.94) 209 (15.28)

Results

Our automatic machine learning model selection method [39]
chose the random forest classification algorithm. Random forest
can naturaly handle missing feature values. Our model was
built using this algorithm and the 33 features shown in Table
4. These features are sorted in descending order of their
importance val ues, which were automatically computed by the
random forest algorithm in Weka based on average impurity
decrease. In general, the features related to the patient’s history
areranked lower than those reflecting the patient’s statusin the
current ED visit. This intuitively makes medical sense. Two
candidate patient features—ethnicity and the ED visit's acuity
level—were not used in our model because they did not increase
the model’s accuracy.

Figure 2 shows the receiver operating characteristic curve of
our model. Weka uses 50% as its default probability cutoff
threshold for making binary classifications. Table 5 shows the
error matrix of our model. Table 6 compares our model and the
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ED clinician’s disposition decision. Our model achieved an
accuracy of 90.66% (3242/3576; 95% Cl: 89.68-91.64), a
sensitivity of 92.09% (1083/1176; 95% Cl: 90.33-93.56), a
specificity of 89.96% (2159/2400; 95% CI: 88.69-91.17), an
AUC of 0.960 (95% CI: 0.954-0.966), a PPV of 81.80%
(1083/1324; 95% Cl: 79.67-83.80), and an NPV of 95.87%
(2159/2252; 95% Cl: 95.00-96.65). If we removed theinsurance
category feature, our model achieved a lower accuracy of
90.32% (3230/3576; 95% Cl: 89.37-91.28), alower sensitivity
of 90.22% (1061/1176; 95% ClI: 88.30-91.79), a specificity of
90.38% (2169/2400; 95% ClI: 89.15-91.57), an AUC of 0.960
(95% Cl: 0.955-0.966), a PPV of 82.12% (1061/1292; 95% CI:
79.94-84.15), and a lower NPV of 94.97% (2169/2284; 95%
Cl: 93.97-95.78). In comparison, the ED clinician’s disposition
decision achieved an accuracy of 93.68% (3350/3576; 95% CI.:
92.87-94.49), a sensitivity of 98.55% (1159/1176; 95% CI:
97.85-99.24), a specificity of 91.29% (2191/2400; 95% CI:
90.05-92.46), an AUC of 0.949 (95% CI: 0.942-0.956), a PPV
of 84.72% (1159/1368; 95% Cl: 82.83-86.69), and an NPV of
99.23% (2191/2208; 95% CI: 98.86-99.59).
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Table 4. Features used in our model and their importance.

Feature Importance based on average impurity decrease
Hour of ED? disposition 0.42
Ageindays 0.40
Whether the patient has any other barrier to learning 0.39
Length of ED stay in minutes 0.38
Number of laboratory tests ordered during the ED visit 0.37
Heart rate 0.37
Diastolic blood pressure 0.36
Gender 0.35
Temperature 0.35
Respiratory rate 0.34
Number of radiology studies ordered during the ED visit 0.34
Insurance category 0.34
Number of X-rays ordered during the ED visit 0.34
Systolic blood pressure 0.34
Weight 0.33
Chief complaint 0.32
PO 0.32
Wheezing 0.32
Retractions 0.29
Number of consults during the ED visit 0.28
Whether the patient is up-to-date with his’her immunizations 0.27
Race 0.27
Enterovirus infection 0.25
Respiratory syncytial virusinfection 0.24
Coinfection 0.24
Prior hospitalization 0.22
Prior intubation 0.22
Dehydration 0.20
Language barrier to learning 0.20
Rhinovirus infection 0.20
Prematurity 0.18
History of bronchopulmonary dysplasia 0.16
History of eczema 0.15

3ED: emergency department.
bSpoz: peripheral capillary oxygen saturation.
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Figure 2. Thereceiver operating characteristic curve of our model.
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Table5. The error matrix of our predictive model.
Class Appropriate admission  Appropriate emergency department discharge
Predicted admission 1083 241
Predicted emergency department discharge 93 2159

Table 6. A comparison of our model and the emergency department clinician’s disposition decision.

Accuracy (%)  Sensitivity (%)  Specificity (%) AUC® PPVP(%) NPVC (%)
Our model 90.66 92.09 89.96 0960 81.80 95.87

The emergency department clinician’s disposition decision  93.68 98.55 91.29 0.949 84.72 99.23

8AUC: area under the receiver operating characteristic curve.
bppy: positive predictive value.
°NPV: negative predictive value.
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Figure 3. The calibration plot of our model by decile of predicted probability of appropriate admission.
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Figure 3 shows the calibration plot of our model by decile of
predicted probability of appropriate admission. The
Hosmer-Lemeshow test showed imperfect calibration of the
predicted probabilities and the actual outcomes (P<.001). When
the predicted probability is<0.5, our model tendsto overestimate
the actual probability. When the predicted probability is >0.5,
our model tends to underestimate the actual probability.

Discussion

Principal Results

We developed the first machine learning classification model
to accurately predict appropriate hospital admission for ED
patients with bronchiolitis. Our model is a significant
improvement over the previous models for predicting hospital
admission in ED patients with bronchiolitis [7-9,27-29]. Our
model has good accuracy, with five of the six performance
metrics achieving a value >90% and the other metric achieving
a value >80%. Although our model attained a 3.02% lower
accuracy than Intermountain Heathcare clinicians ED
disposition decisions (90.66% vs 93.68%), we still view our
model asastep forward with great potential. Within 0.01 second,
our model can output the prediction result for a new patient.
With further improvement to boost its accuracy and
automatically explain its prediction results [42,43], our model
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could be integrated into an electronic health record system and
become the base of a decision-support tool to help make
appropriate ED disposition decisions for bronchiolitis. At that
time, a clinician could use the model’s output as a point of
reference when considering the disposition decision. Thiscould
provide value, improve outcomes, and reduce health care costs
for bronchialitis, regardless of whether our future final model
can achieve a higher accuracy than Intermountain Healthcare
clinicians' ED disposition decisions. Our faith in this model
stems from the following considerations:

1 Intermountain Healthcare has severa collaborative
partnerships among its EDs and hospitals to facilitate
coordination of pediatric specialty care and has completed
multiple quality-improvement projects for bronchiolitis
management. About 52.16% (3963/7598) of ED visits for
bronchiolitis within Intermountain Healthcare occur at a
tertiary pediatric hospital with an ED staffed by
pediatric-specific clinicians. On average, the ED disposition
decisionsfor bronchiolitismade at Intermountain Healthcare
could be more accurate than those made a some other
healthcare systems, especially those systems with general
practice physicians or fewer pediatricians working in their
EDs. Our model can be valuable for those systems, if it
reaches a higher accuracy than the clinicians ED
disposition decisions made at those systems. Thereis some
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evidenceindicating this possibility. Most inappropriate ED
disposition decisions are unnecessary admissions [26]. In
our data set, 14.36% of hospital admissions from the ED
were deemed unnecessary [26]. In the literature [44,45],
this percentage is reported to be larger (20%-29%). To
understand our model’s value for other systems, additional
studies need to be conducted using data of those systems.
Thisis an interesting area for future work.

Figure 4 showsthe degree of missing values of each feature
with missing values. Figure 5 shows the probability mass
function of the number of features with missing valuesin
each data instance. In our data set, several attributes have
numerous missing val ues because those values were either
recorded on paper or occasionally undocumented and
therefore were not available in Intermountain Healthcare's
electronic health record system. In particul ar, wheezing and
retractions values were missing for 73.56% (5589/7598) of
ED visits for bronchiolitis. Systolic and diastolic blood
pressure values were missing for 46.49% (3532/7598) of
ED visits for bronchiolitis. This could lower the model’s
accuracy. In the future, these attributes are expected to be
recorded more completely in Intermountain Healthcare's
newly implemented Cerner-based electronic health record
system. After retraining our model on more complete
Intermountain Healthcare data from future years, wewould

Luoet al

expect its accuracy to increase. In addition, multiple other
healthcare systems like Seattle Children’s Hospital have
been using the Cerner electronic health record system to
record these attributesrel atively completely for many years.
Our model could possibly achieve a higher accuracy if
trained with data from those systems. Both of these areas
are interesting for future work.

3. When making ED disposition decisions for bronchialitis,
clinicians often face some level of uncertainty and would
prefer to obtain a second opinion by areasonably accurate
predictive model, particularly if some techniqueis used to
automatically explain the model’s prediction results. For
this purpose, we can use our prior method [42,43] to
automatically provide rule-based explanations for any
machine learning model’s classification results with no
accuracy loss.

When reporting the performance metrics, we used the default
cut-off threshold that Weka chose in order to decide between
predicted admission and predicted ED discharge. Different
health care systems could emphasize different performance
metrics and provide divergent weights to FPs and FNs. Asis
the case with predictive modeling, in general, a health care
system can always adjust the cut-off threshold based on the
system’s preferences.

Figure 4. The degree of missing values of each feature with missing values. SpO,: peripheral capillary oxygen saturation.
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Figure 5. The probability mass function of the number of features with missing values in each data instance.
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Comparison With Prior Work

Previously, researchers constructed several models to predict
hospital admissionin ED patientswith bronchiolitis[7-9,27-29].
Table 7 compared these previous models with our model.
Compared to our model, which predicts the appropriate ED
disposition decision, the previous models are less accurate and
incorrectly assume that actual ED disposition decisions are
always appropriate. Our model uses data from more patients,
more predictive features, and a more sophisticated classification
algorithm than the previous models. As is the case with
predictive modeling, in general, al of these features help
improve our model’s accuracy.

Some aspects of our findings are similar to those of previous
studies. In our data set, 39.59% (3008/7598) of ED visits for
bronchiolitis ended in hospitalization. This percentageiswithin
the 32%-40% range of hospital admission rates on ED visits
for bronchiolitis reported in the literature [ 7-9].
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Limitations

This study has several limitations. First, it used data from a
single health care system, Intermountain Healthcare, and did
not test the generalizability of the results. In the future, studies
should validate our predictive models using data from other
healthcare systems. We are reasonably confident in our results,
as our study was conducted in a realistic setting for finding
factors generalizable to other US healthcare systems.
“Intermountain Healthcare is a large healthcare system with
EDs a 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 general hospitals in urban areas attended by
sub-specidlists. Each hospital has adifferent patient population,
geographic location, staff composition, scope of services, and
cultural background” [26].
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Table 7. A comparison of our model and several previous models for predicting emergency department disposition decisions for bronchiolitis.

Model gp?  Method for build-  Featuresincludedinthefinal model Accuracy Sensitivity Specificity ayct ppy® NPV
visits  ing the model (%) (%) (%) (%) (%)
(n)

Our model 7599  Random forest Aslisted in the Results section 90.66 92.09 89.96 0.960 81.80 95.87
Walsh et a 119 Neural network en-  Age, respiratory rate after initial 81 78 82 _e 68 89
[27] semble treatment, heart rate before initial

treatment, oxygen saturation before

and after initial trestment, dehydra-

tion, maternal smoking, increased

work of breathing, poor feeding,

wheezes only without associated

crackles, entry temperature, and

presence of both crackles and

wheezes
Marlaisetal 449 Scoring system Age, respiratory rate, heart rate, — 74 77 0.81 67 83
[7 oxygen saturation, and duration of

symptoms
Destinoetal 195 Single variable The Children’sHospital of Wiscon- — 65 65 068 — —
[28] sin respiratory score
Laham et al 101 Logisticregression Age, need for intravenous 80 81 7 087 88 66
(8l fluids, hypoxia, and nasal wash lac-

tate dehydrogenase concentration
Cornelietal 598 Decision tree Oxygen saturation, the Respiratory — 56 74 — — —
[9] Distress Assessment | nstrument

score computed from wheezing and

retractions, and respiratory rate
Walsh et a 300 Logisticregression Age, dehydration, increased work — — 91 83 — 62 —
[29] of breathing, and heart rate

3ED: emergency department

BAUC: areaunder the receiver operating characteristic curve
PPV positive predictive value

INPV: negative predictive value

®The performance metric is unreported in the original paper describing the model.

Second, despite being an integrated healthcare system,
Intermountain Healthcare does not have complete clinical and
administrative data on all of its patients. Our data set missed
information on patients health care use that occurred at
non-Intermountain Healthcare facilities. Inclusion of datafrom
thosefacilitiesmay lead to different results, but we do not expect
thisinclusionto significantly change our results. Intermountain
Healthcare delivers ~85% of pediatric carein Utah [32]. Hence,
our data set is reasonably complete with regard to capturing
health care use among bronchiolitis patientsin Utah.

Third, our operational definition of appropriate hospital
admission isimperfect and excludesfactors such as availability
of patient transportation, preference of the patient’s parents,
and hour of ED disposition [26]. Many of these factorsare often
undocumented in patient records. For some hospital admissions
from the ED that were regarded as unnecessary based on our

operational definition, the original admission decisions could
be made because of these factors.

Finally, besides the features used in the study, other features
could help improve the model’s accuracy. Finding new
predictive featuresis an interesting area for future work.

Conclusions

Our model can predict appropriate hospital admission for ED
patients with bronchiolitis with good accuracy. In particular,
our model achieved an AUC of 0.960. An AUC=09 is
considered outstanding discrimination [46]. With further
improvement, our model could be integrated into an electronic
health record system to provide personalized real-time decision
support for making ED disposition decisions for bronchialitis,
which could help standardize care and improve outcomes for
bronchioalitis.
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Abstract

Background: Central precocious puberty (CPP) in girls seriously affects their physical and mental development in childhood.
The method of diagnosis—gonadotropin-rel easing hormone (GnRH)—stimulation test or GhnRH analogue (GnRHa)—stimulation
test—is expensive and makes patients uncomfortable due to the need for repeated blood sampling.

Objective: We aimed to combine multiple CPP—related features and construct machine learning models to predict response to
the GnRHa-stimul ation test.

Methods: In this retrospective study, we analyzed clinical and laboratory data of 1757 girls who underwent a GnRHa test in
order to develop XGBoost and random forest classifiers for prediction of response to the GnRHa test. The local interpretable
model-agnostic explanations (LIME) algorithm was used with the black-box classifiers to increase their interpretability. We
measured sensitivity, specificity, and area under receiver operating characteristic (AUC) of the models.

Results: Both the XGBoost and random forest models achieved good performance in distinguishing between positive and
negative responses, with the AUC ranging from 0.88 to 0.90, sensitivity ranging from 77.91% to 77.94%, and specificity ranging
from 84.32% to 87.66%. Basal serum luteinizing hormone, follicle-stimulating hormone, and insulin-like growth factor-1 levels
were found to be the three most important factors. In the interpretable models of LIME, the abovementioned variables made high
contributions to the prediction probability.

Conclusions: The prediction models we devel oped can help diagnose CPP and may be used as a prescreening tool before the
GnRHa-stimulation test.

(JMIR Med Inform 2019;7(1):e€11728) doi:10.2196/11728
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central precocious puberty; GnRHa-stimulation test; machine learning; prediction model
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Methods

Precocious puberty is related to the devel opment of secondary
sexual characteristics in girls before the age of 8 years and in
boysbeforethe age of 9 years. In recent years, the age of puberty
onset has shown a decreasing trend, and puberty is related to
subsequent health outcomes such as breast cancer, diabetes, and
behavioral disorders[1]. Central precocious puberty (CPP), also
known as true precocious puberty, is caused by early activation
of the hypothalamic-pituitary-gonadal axiswith clinical pubertal
symptoms. CPP can influence final adult height and result in
psychological problems, which will cause inappropriate
behaviors. It is important for girls with suspected CPP to be
evaluated and diagnosed in atimely manner.

The gold standard in the confirmation of CPP is the positive
response of gonadotropin to agonadotropin-releasing hormone
(GnRH)-stimulation test. In the absence of GnRH, GnRH
analogues (GnRHa) are usually used instead [2]. However, the
stimulation test is time consuming and expensive. Besides, the
test is painful and make patients uncomfortable due to the need
for repeated blood sampling at different time points. Therefore,
another method to avoid the disadvantages of the
GnRHa-stimulation test will be of great help in the diagnosis
of CPP.

Several studies have focused on investigating a single
gonadotropin biomarker to identify patients with CPP
conveniently. Basal or peak serum luteinizing hormone (LH),
follicle-stimulation hormone (FSH), and the ratio LH/FSH are
the most common biomarkers reported [3-7]. However, the
cut-off values of these single biomarkers depend on the assay
used to measure the gonadotropin levels. As a result, cut-off
points in previous studies differed widely. Moreover, both the
Pasternak group [3] and the Mogensen group [8] reported that
asinglebasal serum LH measurement could verify the presence
of CPP, but could not confirm the absence of CPP. Therefore,
asingle gonadotropin parameter alone may not be sufficient for
the diagnosis of CPP, and clinical and laboratory factors that
can predict response to the GnRHa-stimulation test should be
combined [9,10]. Suh et al [10] found that accelerated growth
rate, advanced bone age, and increased basal gonadotropin and
insulin-like growth factor-1 (IGF-I) levels were correlated with
CPP. Traditional statistical analysisincluding t test and binary
logistic regression were used to select factors correlated with
the GnRH test [11-14]. Although remarkable progress has been
made in these studies, there is a long way to go for their
application in clinics due to the low sensitivity or specificity of
tests.

Considering the previous studies and the extensive application
of machine learning algorithms in the medical field, we aimed
to determinewhether combining multiple variableswith machine
learning classifiers could improve prediction of the
GnRHa-stimulation test and thus help diagnose CPP.

http://medinform.jmir.org/2019/1/€11728/

Population and Variables

We enrolled 1757 girls with CPP symptoms who visited the
Pediatric Day Ward of the Endocrinology Department at
Guangzhou Women and Children’s Medical Center from
January 2012 to March 2018. All subjects had undergone the
GnRHa-stimulation test. Girls with any other disorders or
intracranial lesions were excluded from the study.

Girlsfulfilling thefollowing eligibility criteriawere considered
to have a positive response to the GnRHa-stimulation test and
were diagnosed with CPP in our study: (1) peak LH level = 10
IU/L or peak LH level = 5 [U/L combined with aratio of peak
LH to FSH value = 0.6 and (2) onset of secondary sexua
characteristics at the age < 8 years. Girlswhose |aboratory tests
did not satisfy all the abovementioned criteriawere considered
to have anegative response. According to thelong-term clinical
practices, the first condition with apeak LH = 10 IU/L is used
as the diagnosing criterion in our hospital. Peak LH level = 5
IU/L combined with aratio of peak LH to FSH value= 0.6 is
widely used in China and some other countries for children
undergoing the GnRH-stimulation test [15,16]. Since the
stimulation effect of GnRHa is ailmost hundreds times that of
GnRH [17], acondition that affects the levels of sex hormones
due to GnRH would do the same with GnRHa. Our diagnostic
criteriaare an improved version of the existing criteriathat are
adapted to our population.

Information such as chief complaints, devel opment of secondary
sexual characters, and abnormal duration of puberty were stored
as free text in the clinical records of the electronic medical
records system. Laboratory test values were reported as
structured data in the laboratory information system. In total,
19 variables were extracted from the clinical records and
laboratory results for al the 1757 patients. Specifically, 10
variables extracted from the clinical records wereweight, height,
body massindex (BMI), abnormal duration of puberty in records
(History), menarche, core in breast (Core), pigmentation,
development stage of pubes (Pubes), development stage of |eft
breast, and development stage of right breast. Breast and pubic
hair development were evaluated using Tanner staging (stages
1 to 5). Nine variables extracted from the laboratory results
were age, basal serum LH, FSH, estradiol, prolactin,
testosterone, growth hormone, IGF-I, I1GF-binding protein-3
levels before the GnRHa test.

Among the 1757 patients, 436 girls had examination reports
available, including pelvic ultrasonography (for development
of the uterus and ovaries) and radiography of the left hand (for
bone age). Six variables extracted from the examination reports
were development of uterus, existence of follicle, uterine
volume, left and right ovary volumes, and bone age. Bone age
was measured by the Greulich and Pyle method [18]. The
variables from the clinical records and the examination reports
were extracted first with traditional regex match using Python
[19] and then examined manually by two endocrinologists.

This study was approved by the Ingtitutional Review Board of
Guangzhou Women and Children's Medical Center and
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conducted in accordance with the ethical guidelines of the
Declaration of Helsinki of the World Medical Association. The
reguirement to obtain informed consent was waived because of
the retrospective nature of the study. Data used in this study
were anonymous, and no identifiable personal data of the
patients were available for the analysis.

Data Preprocessing

Variables with more than 20% missing data, such as growth
rate of height and weight and heights of parents, were excluded
from this study. Missing values for continuous variables were
replaced with mean values of all the samples grouped by age.
Discrete variables like experience of menarche werefilled with
avaue of 0. Discrete variables like Tanner stage for breast and
pubes were filled with the least degree (stage 1).

Model Development and Assessment

Tree learning classifiers allow nonlinear interactions between
features and have good interpretability. Considering this, we
selected two tree-based ensemble binary classification
algorithms—extreme gradient boosting (X GBoost) and random
forest—to develop our models. We also used linear supported
vector machines (SVM) and decision treesfor the classification
to compare the performance between ensemble models and
nonensemble models. Themodelsaimed to identify relationships
between the input features and the output GhRHa test results,
thereby determining whether a patient responds positively to
the GnRHa test.

XGBoogt is a scalable tree boosting and effective learning
algorithm [20]. It trains a sequence of modelsto minimize errors
made by existing models. Modelsin XGBoost aredecision trees.
Many data scientists have applied this agorithm to solve
classification problems and achieved excellent results. X GBoost
has also been successfully used in medical studies[21,22]. As
XGBoost is essentially a gradient boosting tree model, which
isnot based on distance, normalization is not required. Random
forest is another classical ensemble learning algorithm with a
combination of a large amount of trees [23], which trains
decision trees in parallel by using data with replacement. It
applies bootstrap aggregating to tree learners, which leads to
better performance as variance decreases. Random forest has
the ability to handle nonlinear data and is robust to noise.
Besides, parameter tuning is not that complex for these two
algorithms compared to other ensemble learning algorithms.
SVM isabinary classifier with a maximum margin hyperplane
[24]. The decision tree classifier is a tree-like model used for
classification [25].

In order to obtain robust assessments and prevent overfitting,
we used a nested cross-validation with an outer Monte Carlo
cross-validation [26] (MCCYV, repeated 20 times) and an inner
k-fold cross-validation (k=5) for parameter tuning, yielding a
total of 20 times the five-fold cross-validation. In the outer
MCCV loop, the whole data set is randomly divided into the
training set (80%) and the test set (20%) for 20 times. For each
training set, the inner stratified five-fold cross-validation loop
isperformed asfollows. Thetraining set is split into five subsets,
where four subsets are used for training and oneis used for test.
Parameter tuning is performed with grid search in the inner

http://medinform.jmir.org/2019/1/€11728/
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cross-validation. Finally, amodel fitted on the training set with
parameters that has the best area under the curve (AUC)
evaluated on the inner test set is determined. The detailed
training and test process is presented in Figure 1.

Feature Importance

XGBoost and random forest classifier have the ability to
evaluate the importance of features. Feature importance is a
feature weight and can represent the contribution to prediction.
In XGBoost, feature importance is computed by the sum of
timesthat the featureis selected asatree node. In random forest,
feature importanceis cal culated based on the out-of -bag (OOB)
error. OOB error is the mean prediction error for training
observationsin the respective bootstrap sample. After randomly
adding noise perturbations to OOB samples, a feature with a
higher OOB error difference is more important, with higher
feature importance. For both models, each feature obtained 20
feature importance values with 20 times the MCCV. We
summed all the feature importance values for each feature and
obtained arank for all features.

Model Interpretation

One disadvantage of machinelearning isthat the model usually
runs as a black box. However, it is necessary for a doctor to
understand the reasons why a model makes such a prediction
in the clinic, especially when timely detection is necessary.
Tree-based models can provide feature importance at a global
level but not in a specific case. The loca interpretable
model -agnostic explanations (LIME) algorithm is developed to
identify an interpretable model that is locally faithful for each
individual prediction [27,28]. It provides relative feature
contributionsfor asingleinstance of the prediction result. LIME
generates neighborhood data by randomly perturbing features
from theinstance. It then learns|ocally weighted linear models
on this neighborhood data to explain each of the classesin an
interpretable way. Parameters in LIME mainly include the
maximum number of features in explanation, number of
neighborhood samples to generate, and machine learning
prediction function. We used the LIME library from the original
authors for the model interpretation. The number of
neighborhood samples is 5000 by default. The parameter
num_features (maximum number of features) is the number of
features shown in the explanation. The default value is 10. In
our study, thevaluewas 9 for aclear layout, asthe contributions
of features ranked after 9 were almost zero.

In our study, we used a submodular pick [27] instead of a
random pick to select a diverse, representative set of samples
from the test set for nonredundant explanations. For these
samples, we then obtained the class probabilities, and the
representative individuals were assigned with and average
weight contributed by each feature to display how the classifier
made a decision. Finally, we went over all these LIME results
together with the endocrinol ogiststo decide whether we should
trust the results of the mode!.

All computation and visualization were performed in Python
[19] using packages like Scikit-learn, Pandas, Lime, and
Matplotlib.
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Figurel. Trainingand validation process of prediction models. AUC: areaunder receiver operating characteristic; X GBoost: extreme gradient boosting.
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Subject Characteristics

Among the 1757 girlsincluded in our study, 966 were positive
for the GhRHa-stimulation test and diagnosed with CPP; the
remaining 791 girls showed a negative response to the test. As
shown in Table 1, 16 of the 19 variables were significantly
higher in the CPP group than in the non-CPP group (P<.05),
whereas prolactin, BMI, and pigmentation were similar in both
groups.

Evaluation for Models

First, we developed prediction models with the data of 19
clinical and laboratory variables (Table 1) fromall 1757 patients.

http://medinform.jmir.org/2019/1/€11728/
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classifiers, were used, and parameters with the best AUC were
selected for each model. The performance aswell asthe selected
parameters of the modelsarelisted in Table 2, and their receiver
operating characteristic (ROC) curves are plotted in Figure 2.
The performance was evaluated on the 20 test sets split with
MCCV. Both models had strong prediction powers, with a
specificity of >84.32%, a sensitivity of >77.91%, and an AUC
of >0.88. The XGBoost classifier isslightly more effective than
therandom forest classifier, especially interms of the specificity
(P<.01), whereas random forest is much more efficient in terms
of the computation speed with less model complexity.

JMIR Med Inform 2019 | vol. 7 | iss. 1 |e11728 | p.258
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS

Table 1. Basic characteristics of girls who underwent the GnRHa-stimulation test.
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Variables Non-CPP? (n=966), mean (SD) CPP (n=791), mean (SD) P value”
Age (years) 7.07 (1.11) 7.52 (0.99) <.001
LHC (1U/L) 0.12 (0.23) 0.93 (1.28) <.001
FsHY (1U/L) 1.82 (1.30) 3.01(1.62) <.001
GHE (ng/mL) 3.27 (3.26) 4.75 (4.69) <.001
1GF-I" (ng/mL) 231.35 (65.93) 317.87 (89.84) <.001
IGFBP-39 (ug/mL) 455 (0.52) 4.81 (0.55) <.001
Estradiol (pmol/L) 102.56 (50.96) 125.81 (60.97) <.001
Prolactin (ng/mL) 8.73(5.39) 8.59 (5.61) .52
Testosterone (nmol/L) 0.80 (0.39) 0.94 (0.49) <.001
History” (months) 7.67 (10.39) 9.27 (9.63) <.001
Menstruation/menarche (yes, no) N/AI N/A .03
Height! (cm) 127.16 (8.61) 131.61 (8.42) <.001
Weight! (kg) 27.32(5.32) 29.60 (4.95) <.001
BMIX (kg/m?) 16.73 (2.30) 16.91 (1.96) 34
Breast core (yes, no) N/A N/A .02
Pubed (1-5) 1.06 (0.27) 1.14 (0.44) <.001
Pigmentation (yes, no) N/A N/A .87
Left breast' (1-5) 2.33(0.84) 2.76 (0.92) <.001
Right breast! (1-5) 232 (0.84) 2.78(0.92) <.001

8CPP; central precocious puberty.

bThe equality of each indicator was evaluated by Chi-square or Student t test. P<.05 was considered significant.

CLH: luteinizing hormone.

dFSH: follicle-stimulation hormone.

€GH: growth hormone.

fIGF-I: insulin-like growth factor-1.
9/GFBP-3: insulin-like growth factor binding protein-3.

PAbnormal duration in records.
'N/A: not applicable.

JAt stimulation test.

Kemi: body mass index.
Tanner stage.
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Table 2. Predictive performance of classifiers and the corresponding parameters. A paired t test was performed on specificity and sensitivity for

comparison against XGBoost.

Algorithms/Variables Specificity? (%), Sensitivity® (%), AUCE, Parameters
mean (SD) mean (SD) mean (SD)

19 variables, 1757 patients
XGBoost! 85.39 (1.38) 77.94 (3.50) 0.89 (0.02) Learning rate=0.01, max depth=3, number of trees=500
Random forest 84.32 (1.88)° 77.91 (3.59)f 0.88 (0.02) Max depth=3, criterion=gini, number of trees=20
svMY 88.94 (1.76)° 62.36 (4.12)° 0.86(0.04)  Kernel=linear, penalty coefficient=5
Decision tree 75.90 (2.47)¢ 71.71 (3.99)° 0.74 (0.02) Criterion=entropy

19 variables, 436 patients
XGBoost 83.17 (5.29) 75.28 (6.43) 0.86 (0.04) Learning rate=0.01, max depth=3, number of trees=500
Random forest 83.46 (6.28)f 74.72 (6.43)f 0.85 (0.04) Max depth=3, criterion=gini, number of trees=20
SVM 88.94 (4.90)° 62.36 (7.73)° 0.86 (0.02) Kernel=linear, penalty coefficient=5
Decision tree 76.25 (7.07)¢ 68.06 (7.12)¢ 0.72 (0.04) Criterion=entropy

25 variables, 436 patients
XGBoogtd 87.66 (5.52) 76.64 (6.51) 0.90 (0.04) Learning rate=0.01, max depth=4, number of trees=500
Random forest 87.41 (4.22)f 75.03 (7.91)f 0.90 (0.05) Max depth=3, criterion=entropy, number of trees=20
SVM 89.81 (4.28)" 66.53 (7.01)€ 0.86 (0.02) Kernel=linear, penalty coefficient=5
Decision tree 76.35 (5.51)° 68.61 (7.16)° 0.72 (0.05) Criterion=entropy

1-3variables, 1757 patients, XGBoosgt
LH" IGF-I, FSH 83.17(1.62) 76.39 (3.57) 0.86 (0.02) Learning rate=0.01, max depth=3, number of trees=500
LHh, IGF-I' 83.27 (1.62) 75.69 (3.61) 0.86 (0.02) Learning rate=0.01, max depth=3, number of trees=500
LHh, FSH) 83.56 (1.94) 75.83(3.13) 0.84 (0.02) Learning rate=0.01, max depth=3, number of trees=500
LHh 83.37 (2.00) 75.97 (3.74) 0.84 (0.02) Learning rate=0.01, max depth=3, number of trees=500
IGF-Ii, FSH) 80.77 (2.47) 57.08 (3.29) 0.77 (0.02) Learning rate=0.01, max depth=3, number of trees=500
IGE-I! 80.19 (3.14) 53.19 (4.55) 0.73 (0.02) Learning rate=0.01, max depth=3, number of trees=500
EsH! 84.13 (3.87) 45.00 (5.34) 0.68 (0.02) Learning rate=0.01, max depth=3, number of trees=500

3Specificity=number of true negatives/(number of true negatives+number of false positives).
bSensitivity=number of true positives/(number of true positives+tnumber of false negatives).

CAUC, area under the receiver operating curve.
dX GBoost: extreme gradient boosting.

°P<.01

Not significant.

9SVM: supported vector machines.

PLH: luteinizi ng hormone.

IIGF-I: insulin-like growth factor-I.

IFSH: follicle-stimulation hormone.

In the data set, 436 girls had additional examination reports,
and we extracted six variables from these reports (see Population
and Variables subsection). To investigate whether adding image
features could enhance the prediction efficiency, we combined
the six variableswith the 19 variables and trained and eval uated
both the XGBoost and random forest model s on the 436 samples,
of which 180 patients belonged to the CPP group and 256
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belonged to the non-CPP group. For the ease of comparison,
we retrained the previous 19-variable models with the 436
samples. As shown in Table 2, the reduction in sample size led
to aserious declinein model performance, whereasthe addition
of six image featuresimproved their performance. Specifically,
for XGBoost in 436 samples, the specificity increased from
83.17% for 19 variables to 87.66% for 25 variables, the
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sensitivity increased from 75.28% to 76.64%, and the AUC
increased from 0.86 to 0.90. For random forest in 436 samples
with 25 variables, the specificity increased from 83.46% to
87.41%, the sensitivity increased from 74.72% to 75.03%, and
the AUC increased from 0.86 to 0.90 compared to the results
from 436 samples with 19 variables. Similarly, as seen in the
ROC curves shown in Figure 2, XGBoost performed slightly

better than the random forest classifier.

To compare performance between ensemble models and
nonensemble models, the SVM and decision tree classifiers
were used to devel op predictive model s for the abovementioned
settings. Higher specificities were achieved with the SVYM
models. However, sensitivities for the SV M models were much
lower than those for the ensembles models. The decision tree
models demonstrated significantly inferior performancein terms
of amost al the sensitivities, specificities, and AUCs. These
results suggest that the ensemble models are able to yield
excellent performance while maintaining a good balance

between sensitivity and specificity in the prediction of CPP.

Feature Importance

We computed the feature importance score for al the 19
variablesto identify important features used by the models. The

Pan et d

importance of each feature calculated by the modelsis plotted
in Figure 3. In both models, the most important predictive
variablewas LH level, followed by IGF-1 and FSH levels. The
fourth most important feature for the random forest model was
height, which ranked fifth in the XGBoost model. Prolactin is
the fourth most important feature of XGBoost, but it contributed
only alittle to random forest. These data suggest that different
machine learning algorithms attach importance to different
combination lists of variables, athough they yield similar
predictive performance.

In order to further verify the importance of the top 3 features,
we constructed X GBoost model swith these featuresindividually
or in combination (Table 2). Asexpected, the modelsusing one,
two, or three features had poorer performances than the models
using all features. Theresults showed that the higher the feature
ranked, the better the corresponding model performed.
Interestingly, LH alone or together with IGF-I and FSH is
sufficient to predict a response to the GnRHa test with afairly
good performance and an AUC between 0.84 and 0.86. These
data support the resultsfrom the feature importance cal cul ations.

Figure 2. ROC curvesfor classifiers with 19 variables for 1757 patients and 25 variables for 436 patients. ROC: receiver operating curve; AUC: area

under ROC.
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Figure 3. Featureimportance ranking for 19 variablesin two classifiers calculated by the models. LH: luteinizing hormone; IGF-I: insulin-like growth
factor-1; FSH: follicle-stimulation hormone; PRL: prolactin; GH: growth hormone; E2: estradiol; BMI: body mass index; TTE: testosterone; Rbreast:
right breast; Lbreast: left breast; IGFBP-3: insulin-like growth factor binding protein-3; PMT: pigmentation; MST: menstruation.
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A representative set of 200 samples, which accounted for more
than 50% of the test set and were enough to be the budget size
of individual instances to understand a model, were selected
with the submodular pick method [27] for the 19-variable
models. LIME was then applied to investigate feature
contributions for each prediction. Results with top 9 features
are presented in Figure 4 for one positive sample and one
negative sample (more representative samples can be seen in
Multimedia Appendix 1). In Figure 4, XGBoost predicts an
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instance where CPP positively respondsto the GnRHatest with
aprobability of 90%. Only the feature growth hormone supports
the negative prediction, whereas LH, prolactin, IGF-I, and
information about body development support the positive
prediction. This makes sense in the clinical diagnosis of CPP
and reveals that we can trust our prediction modelsto a certain
extent. In Figure 4, left and right breast at Tanner stage 3, FSH
level > 2 IU/L, and several other features support the positive
prediction with a probability of 16%. LH level of 0.07 IU/L,
prolactinlevel > 9.53 ng/mL, IGF-I level > 220 ng/mL, and age
< 7 years contribute to the negative prediction with a probability
of 84%. Similar results are observed in Figure 4.
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Figure4. Resultsof LIME with XGBoost and Random Forest classifiers applied to one positive (A, B) and one negative (C, D) instance. Theleft sides
are for XGBoost, and the right for Random Forest. Blue color is for the negative instance and orange is for the positive instance. The first column
represents the prediction probabilities of negative and positive results achieved from classifiers. The second column shows the features' contributions
to the probability. Only the top nine features are displayed for clarity. The third column displays the original data values. LIME: local interpretable
model -agnostic explanations; X GBoost: extreme gradient boosting; LH: luteinizing hormone; |GF-1: insulin-like growth factor-1; FSH: follicle-stimulation
hormone; PRL: prolactin; GH: growth hormone; E2: estradiol; BMI: body mass index; TTE: testosterone; Rbreast: right breast; Lbreast: |eft breast;
IGFBP-3: insulin-like growth factor binding protein-3; PMT: pigmentation; MST: menstruation; PMT: pigmentation.
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Overview

CPP mimics pubertal development ahead of time at an
inappropriate chronological age. It requires timely detection
and treatment in case of physical and physiological effect on
girls. The GnRHa-stimulation test is expensive and time
consuming and causes discomfort to patients. Here, we applied
machine learning algorithms to multiple clinical variables and
built two tree-based ensemble learning classifiers for the
prediction of response to the GnRHa-stimulation test. Both the
XGBoost and random forest model s achieved good performance
in distingui shing between positive and negative responses, with
the AUC ranging from 0.88 to 0.90, the sensitivity ranging from
77.91% to 77.94%, and the specificity ranging from 84.32% to
87.66%.

Comparisonswith Previous M odels

Severa previous models focused on determining optimal blood
sampling time points or appropriate cut-off values to ssimplify
the stimulation test. Kandemir et al [29] found that a single
sample of LH tested at the 40th minute after stimulation with
a cut-off of 5 IU/L could yield 98% sensitivity and 100%
specificity in the diagnosis of CPP. Yazdani et a [30] showed
that an LH concentration > 5 IU/L a 3 hours has optimal
sensitivity (83%) and specificity (97%). In the study of Catli et
al [7], 100% sensitivity and 84% specificity were obtained using
acut-off value > 0.24 for peak LH/FSH ratio in girls. Although
these models performed better than our models, they had to be
used after stimulation and therefore could not avoid the
disadvantages of the GnRH/GnRHa test completely.

Some models used only the basal sex hormone level. Yazdani
et a [30] found that a basal LH level of >0.1 |U/L, a basal
LH/FSH ratio >1, and basal estradiol level 21.5 ng/dL in girls
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have low sensitivity (10%-67%) but excellent specificity
(94%-100%). Catli et al [7] also reported model s with the basal
FSH or LH levels and achieved a sensitivity of 71% and a
specificity of 68% or 64%. Pasternak et al [ 3] reported that basal
LH levels< 0.1 IU/L weresufficient to rule out positive response
to the GnRH test with a specificity of 94% but a sensitivity of
only 64% in girls. In another model [4], the basal LH level with
a cut-off value of 0.35 IU/L was associated with a sensitivity
of 63.96% and a specificity of 76.3% based on the ROC with
an AUC of 0.77. These results varied a lot due to the different
settings and sample sizes. In this study, our models showed
better performance with more features before stimulation and
alarger homogeneous population, which isthe largest population
in such a study to our knowledge.

Predictive Features

Based on our machine learning models, basal LH, IGF-1, and
FSH levels are predictive factors with top ranks for the feature
importancein both models. Previous studies have demonstrated
that the measurement of LH could be better than that of other
sex hormones for initial evaluation of suspected puberty [3,8].
In our study, the LH level ranked first and was much more
important than other variables. Besides LH, another indicator
monitored in the stimulation test, FSH, was al so selected by the
models as the third most—important variable. Obviously, LH
and FSH are important to CPP because they are biomarkers of
the hypothalamic-pituitary-gonadal axis activation, which is
the essence of CPP. IGF-1, which is the second most important
variable in our models, is reportedly involved in GnRH
regulation [31,32] and is increasingly expressed in girls with
CPP [9,5]. Animal studies showed that the IGF-I signaling
pathways play important roles in the timing of puberty in girls
[32]. Although IGF-I has not been considered in previous
models, our study suggeststhat | GF-I may be avaluable marker
for diagnosing CPP.
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Several studies [12,33,34] suggested that image reports like
pelvic ultrasound and radiography of the hand have adjunct
diagnostic values in CPP diagnosis but provide no reliable
differentiation alone. Here, we found that adding features from
theimage reportsimproved the prediction results. Performance
of models built based on 1757 samples was better than that
based on 436 samples, suggesting a sample size effect.
Interestingly, in the case of 436 samples with additional six
image variables, the aforementioned sample size effect was
balanced. This suggests that more sampleswith image features
will produce better results. Thus, medical image examinations
like bone age radiography should be considered before the
GnRHa-stimulation test for girls with suspected CPP.

Interpretations of Models

We noticed that more variables were assigned with amoderate
value of feature importance in the XGBoost model than those
intherandom forest model. Thisisreasonable when considering
the different algorithms the two model s used for prediction and
importance evaluation. In X GBoost, trees are sequentially built
in a boosting manner to enhance the overall performance. The
estimates of feature importance are provided explicitly with the
frequency that the feature is selected as a tree node from a
trained predictivemodel. In contrast, treesare trained paralelly
in a bootstrapping way in random forest to vote for the final
decision. Thefeatureimportanceis estimated implicitly through
permuting the feature’'s values and calculating the change of
themodel’s prediction error. Obviously, XGBoost includes each
contribution of each feature to each tree into the feature
importance, whereas random forest only evaluates each feature
globally without specific contributions. It should be noted that
different combinations of variables may produce models with
similar predictive accuracy, relating to the uncertainty analysis
of the solutionsin any decision-making problem [35-37]. This
is not rare in machine learning models in medicine [38-40].
Moreover, the most important featuresin the clinic such asbasal
LH, IGF-1, and FSH levelswere al sorted out by both models,
demonstrating that they are both reliable and effective in
predicting response to the GnRHa test.

Pan et d

In order to provide endocrinology physicians a trustworthy
insight into the prediction models, we also used LIME to show
each feature’s contribution to predicting probabilities reasonably.
The most important features used by the models for individual
prediction have been proven to be significant in the clinic
[3-5,7,9,10], demonstrating that our models are credible. This
will greatly increase theinterpretability of the machinelearning
models and make it convenient for individualized diagnosisin
theclinic.

Limitations

There are some limitations to this study. First, growth velocity
is specialy related to physical development. Due to the lack of
height growth rate and weight growth rate, we did not include
growth velocity in our feature set. For further research, we will
focus more on medical imaging and growth velocity to identify
their diagnostic value with CPP. Second, our work included
only girls with suspected CPP from a single center in China.
The prediction modelsin this study may not be suitable for the
population in other districts or countries. Third, manual
inspection of values extracted through regular expression
matching from free text could reduce errors to improve the
model performance. However, this adds a considerable amount
of work and thus reduces the scalability of the model. We are
improving the matching algorithm with the manually inspected
datatoincreasethelevel of model automation. Finally, features
generated from laboratory results are more complete than those
extracted from free text, which may affect the rank of feature
importance. More efforts are required to enhance the dataquality
of unstructured featuresin the future.

Conclusions

Our study is the first one to apply both machine learning
algorithms and the explanation method to the diagnosis of CPP.
Our models can predict the response to the stimulation test
beforeinjection of GhnRHain girlswho are suspected of having
CPP and thus may be used as a prescreening tool to help
physicians make decisions in conjunction with the
GnRHarstimul ation test.
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Results of LIME with XGBoost and Random Forest classifiers applied to four positive and four negative instances. LIME: local

interpretable model-agnostic explanations.
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Abstract

Background: Pattern mining utilizes multiple algorithms to expl ore objective and sometimes unexpected patternsin real-world
data. This technique could be applied to electronic medical record data mining; however, it first requires a careful clinical
assessment and validation.

Objective: The aim of this study was to examine the use of pattern mining techniques on a large clinical dataset to detect
treatment and medication use patterns for childhood pneumonia.

Methods: We applied 3 pattern mining al gorithmsto 680,138 medication administration records from 30,512 childhood inpatients
with diagnosis of pneumonia during a 6-year period at a children’s hospital in China. Patients’ ages ranged from 0O to 17 years,
where 37.53% (11,453/30,512) were 0 to 3 months old, 86.55% (26,408/30,512) were under 5 years, 60.37% (18,419/30,512)
were male, and 60.10% (18,338/30,512) had a hospital stay of 9 to 15 days. We used the FP-Growth, PrefixSpan, and USpan
pattern mining algorithms. The first 2 are more traditional methods of pattern mining and mine a complete set of frequent
medication use patterns. PrefixSpan al so incorporates an administration sequence. The newer USpan method considers medication
utility, defined by the dose, frequency, and timing of use of the 652 individual medications in the dataset. Together, these 3
methods identified the top 10 patterns from 6 age groups, forming a total of 180 distinct medication combinations. These
medications encompassed the top 40 (73.66%, 500,982/680,138) most frequently used medications. These patterns were then
evaluated by subject matter experts to summarize 5 medication use and 2 treatment patterns.

Results:. We identified 5 medication use patterns: (1) antiasthmatics and expectorants and corticosteroids, (2) antibiotics and
(antiasthmatics or expectorants or corticosteroids), (3) third-generation cephal osporin antibioticswith (or followed by) traditional
antibiotics, (4) antibiotics and (medicationsfor enteritis or skin diseases), and (5) (antiasthmatics or expectorants or corticosteroids)
and (medications for enteritis or skin diseases). We also identified 2 frequent treatment patterns: (1) 42.89% (291,701/680,138)
of specific medication administration records were of intravenous therapy with antibiotics, diluents, and nutritional supplements
and (2) 11.53% (78,390/680,138) were of various combinations of inhalation of antiasthmatics, expectorants, or corticosteroids.
Fleiss kappafor the subject experts' evaluation was 0.693, indicating moderate agreement.

Conclusions; Utilizing a pattern mining approach, we summarized 5 medication use patterns and 2 treatment patterns. These
warrant further investigation.
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Introduction

Childhood pneumoniaremainsthe single largest cause of death
inyoung children worldwide[1,2]. According to arecent World
Health Organization (WHO) report, an estimated 922,000
children under the age of 5 passed away because of pneumonia
in 2015 alone, accounting for 16% of all deathsin thisage group
[2,3]. In China, it isan especially grave concern, driven in part
by environmental pollution [3] and abuse of antibiotics[4]. For
virtually al high-mortality settings, the WHO’s case
management plan uses algorithms as the basis for pneumonia
management [5]. Globally, there are many clinical
recommendations for treating pediatric pneumonia, but some
guidelines are outdated and can be vague [6]. Variation in
treatment regimens within the same clinic could indicate poor
clinical practice leading to increased recurrence rates that are
more likely to have complications [7,8]. Multiple medication
therapies are common practice and may provide more effective
treatment with alower concentration of individual components
lessening the risk of side effects and toxicity [9,10]. What is
missing, however, is the knowledge derived directly from
real-world clinical practice.

Electronic medical record (EMR) data represent a rich source
of information that includes 2 types of clinical knowledge
[8,11,12]. First, it reflects the medical knowledge- and
specialty-based clinical practice of agroup of doctorswithin a
certain time period. This encompasses medical solutions
originating from various clinical standards developed by
physicians as a professional group. Second, it represents the
clinical experienceof anindividual practicing clinician and their
prescribing style, aswell as external factors such as pricing and
regulation. Meaningful use of these data can yield information
that can guide clinical practice. Challenges of using EMR data,
however, haveincluded thelarge datavolume and the substantial
variations between different EMR systems.

Datamining techniques have great potential for usein exploring
EMR data. Pattern mining is an important subfield of data
mining. Its goal is to find all possible salient and persistent
patternsin adataset [13,14], including, but not limited to, direct
or indirect associations, trends, periodic patterns, sequential
rules, and high-utility patterns of real-life events. Pattern mining
is an overloaded term that is used to refer to different
technologiesin different domains. These techniques have been
used in economics, for example, to analyze the stock market
and supermarket sales, but have rarely been used in medical
research and, specifically, aiming to avariable length of hospital
stay is the first time. In one context, it means statistical
properties for handling continuous attributes, and in another
context, it refersto an ordina relation, usually based on temporal
or spatial precedence that exists among events occurring in the
data. Furthermore, the tools and evaluation methods used in
each context are different. We aimed to consider the sequential

http://medinform.jmir.org/2019/1/€12577/

information that may be valuable for identifying recurring
features of a dynamic system or predicting future occurrences
of certain events. In addition, most of the previous research on
discovering medication-using patterns involves text-based
methods and is limited to one or two medications [15,16]. In
this study, we explored the utility of a pattern mining approach
to the entire record of inpatient EMR-based medications
administered for childhood pneumonia in a large children’s
hospital in China across several years.

Methods

Study Population

The Children’s Hospital of Shanghai (CHS), one of the top
comprehensive children’'s hospitals in  China, admits
approximately 5000 inpatients annually from different parts of
the country and internationally. Formerly known as
Underprivileged Children’s Hospital, it is one of the oldest
children’s hospitalsin Asia.

We extracted 680,138 inpatient medication administration
recordsfrom 30,512 childhood patientswith aninitial diagnosis
of pneumonia, from January 1, 2010, to December 31, 2015, at
the CHS, China. The EMR dataset contains 18,419 males and
12,093 females, among which 60.10% (18,338/30,512) had a
hospital stay of 9to 15 days. If rehospitalized, the patients had
1 record for each hospitalization. Raw data were deidentified.
We pulled age and sex, initial diagnosis, and admission and
discharge dates, as well as routes and doses of administered
medications. According to Chineselegislation, ethical approval
from the regional ethical review board is not needed for this
type of study of deidentified EMR data. The data used in this
study were anonymous. Although ethical approval from the
regional ethical review board isnot needed for thistype of study
of deidentified EMRs according to Chinese legislation, we still
applied for and received approval from the Institutional Review
Board of the CHS.

Data Preparation

We first merged similar routes of administration for the same
medication, and then converted commonly used medicationsto
their shortened reference names as shown in Multimedia
Appendix 1. We then removed diluents (or carriers) from the
dataset after our expert panel determined that these were not
intended to have atherapeutic effect. The final dataset contains
652 individua medications (including traditional Chinese patent
medicine[17]), anong which the top 40 medications appeared
in 73.66% (500,982/680,138) of al the medication
administration records (Multimedia Appendix 1).

Selected Pattern Mining Algorithms; FP-Growth,
PrefixSpan, and USpan

Our initial goa was to generate sets of frequently appearing
items (ie, frequent item sets) to better understand medication

JMIR Med Inform 2019 | vol. 7 | iss. 1 |e12577 | p.269
(page number not for citation purposes)


http://dx.doi.org/10.2196/12577
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

use patterns. However, doing so would involve excluding too
many temporal data points. An example of this temporal
information is the time at which an item (eg, medication) was
prescribed by a physician. Thus, while the classic
frequency-based framework often leads to many patterns being
identified, most of them are not informative enough for further
clinical investigation. Recent efforts have been made to
incorporate utility into the pattern selection framework, so that
high-utility patterns, regardless of frequency, are mined. To
obtain more reliable and relevant results, we first developed a
unified platform to draw a parallel comparison among all
medication use patterns produced by 3 pattern mining algorithms
(FP-Growth, PrefixSpan, and USpan). We then asked the panel
of subject matter expertsto review these results based on their
clinical expertise and to make recommendations for meaningful
grouping. We also compared these results with what experts
found using summary statistics in our previous work [18].

The advantage of progressively using 3 algorithms instead of
applying only 1 istwofold: (1) the 3 methods allow for more
comprehensive data mining that includes frequency, timing,
and utility of dosing of medication administration and (2) it can
reduce approach-specific limitations. FP-Growth and PrefixSpan
are 2 classic pattern mining algorithms, which were commonly
used in business. The earliest and most classic example of their
use was examining the cosale of diapers and beer [19].
FP-Growth allows mining of acomplete set of frequent patterns
by pattern fragment growth without using candidate generations
[20]. PrefixSpan offers ordered growth and reduced projected
databases over a particular interval [21]. However, the 2
algorithms can only find patterns that appear with high
frequency. For example, if there is a medication use pattern of
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(a, b) where one of the medications (ie, a or b) was administered
with low freguency, the 2 algorithms would not be able to
discover this combination. It is possible that some interesting
patterns (eg, a medication prescribed at alow frequency but at
a high dose) may be filtered out of the results because of the
medication’s low frequency of appearance. To address this
problem, we used the more advanced USpan algorithm (first
proposed by Yin et al [22]) and proposed anew definition called
medication utility. The term utility originated from economics
and considers quantities, profits, and time orders of items
simultaneously [23]. The method is unique in its business
consideration in dollar valuefor customersin financial markets.
We define medication utility using both the dosage and
frequency of medication administration over time to obtain
more detailed evidence of medication use. USpan reflects a
recent effort to incorporate utility into the pattern selection
framework, so that high-utility (frequent or infrequent) patterns
are mined which address some of the concerns involved in
exploratory factor analysis, such asdollar value associated with
each pattern. To achieve this, we implemented the USpan
algorithm (see Multimedia Appendix 2 with its explanation).

Application of Pattern Mining Algorithmsto the
Electronic Medical Record Data

We summarized our approach in Figure 1, including (1) the
original format of the raw EMR data, (2) a diagram outlining
the 3-step data processing method, and (3) the steps taken by a
particular algorithm, and its input and output formats. The
thresholds used in the algorithms are as follows: the minimum
support of both FP-Growth and PrefixSpan is 0.15, and the
minimum utility of USpan is 30,000. We only utilized the top
10 results from our algorithmic outputs.

Figure 1. Application of algorithms to the dataset (medication A is a placeholder for a drug name and a indicates the frequency of appearance of
medication A). EMR: electronic medical record; D5W: Dextrose 5% in Water; NS: normal saline; ID: identification.

Original format of raw EMR data
The fields extracted from the database:
Patient Information | Patieni 1D, Age. Gender;
Initial Diagnosis:
Admission or Discharge Date | Time Stamp feg, 01012005 Iham) ;
Medication | F W, NS, Budesonide, fpratropium Bromide. ...

Routes of Administration | Swallow, Inkale, Inject by Phieboclsis, .. ;
Administration Schedule | Q8 fie. every 8 hours), THD fie. 3 times per day). ...

Preprocessing step (0)

Metge different routes of administration
for the same medication, unily
commonly used medication descriptions
with a shortened reference term, and
exclude diluents.

S

FQutput format 1 I ¢ t1 P . ten (1
(medication A, medication FP-Growth _opa urm:f . ply prucusmg_s P (1)
[ [ Patient 1D | medications | Group by Padient [D
Output formar 2 Input format 2 "
o . oo . P s step (2
<medication A, PrefixSpan [ Patient 11D | medications in mprnccsilll-ig step (2)
N . . Group by Time stamp
medication B8, > Jeguence over Hme ]
Same format {}
Qutput format 2
) P o . Input f(l]'llllﬂl 3. . Preprocessing step (3)
<medication A, USpan | Patient ID | medications in S _— S
L. X K ™ Define Medication utility
medication B, = = seguence over time with wilioe ] ’

N
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Step 1: Group by Patient | dentification

As FP-Growth disregards the quantity of items and time
information, we first simplified the raw EMR data to alist of
al the administered medications and their corresponding
patients. FP-Growth outputs an unordered pattern represented
by several medications enclosed in parentheses, for example,
(medication A, medication B, and medication C). For example,
consider 2 patients, one who used medication A on January 1
and medication B on January 2, and another who used
medication B on January 10 and medication A on January 21.
Inthis scenario, the output of FP-Growth would be (medication
A and medi cation B), meaning that medication A and medication
B were administered during the same hospitalization.

Step 2: Group by Time Stamp

To make a suitable input for PrefixSpan that includes
temporality, we took the results from Step 1 and determined
the sequence of medication administration over time. PrefixSpan
outputs atemporal order enclosed in a pair of angled brackets.
For example, the combination <(medication A, medication B),
medication C,...> means that there exists a temporal relation
between (medication A, medication B) and medication C. Put
another way, medication A and medication B were administered
at the sametime, and both were administered before medication
C. For example, if a patient uses medication A for thefirst day,
medication B for the first day, medication D for the fifth day,
medication A for the eighth day, and medication B for the ninth
day, while FP-Growth would output the grouping (medication
A, medication B, medication D) without considering the repeat
medications, PrefixSpan's output would be of the form
<(medication A, medication B), medication D, medication A,
medication B>.

Step 3: Define Medication Utility

We defined medication utility asfollows. Let [={iy, is,...,i,} be
theuniversal set of distinct medications. Eachitemi, I (1<k<n)
isassociated with autility value, denoted asP (i,), which shows
the utility of dosing of each specific medication to treat agiven
disease. A medication usage is represented as an ordered pair
(i O, where i, 01 isamedication and g is a positive number
representing the quantity of |, which shows how much of this
medication istaken (ie, dose). We thus define medication utility
asU(iy, q0=P(i) > g, representing asingle medication’s dosage
during one patient’s hospitalization.

Since USpan takes both the time sequence and medication utility
of each item into account, every administration record that
occurred at the same time will be enclosed in a pair of
parentheses, such as (medication A, a), in which medication A
is a single drug and a is the frequency of medication A's
appearance. Each medication is attached to its utility, and each
medication-utility pair is separated by time, indicated by a
comma. USpan results are in the same output format as
PrefixSpan.

Experts Reviewing of the Results

To determine which machine-identified patterns most accurately
reflect real-world clinical practice [24], we invited a panel of
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subject matter experts including 3 physicians (MD), 3
pharmacists, and 2 researchers (1 DSand 1 MPH). The panelists
were invited to review, adjusting process inputs and outputs if
needed, and offer opinionson the clinical validity of the patterns
obtained from the 3 algorithms. We then conducted a thorough
literature review (by putting the drug names seen in a specific
pattern into Googl€e's search engine to find related papers) to
further analyze the combinations that our panel considered
clinically interesting. Our expertsthen conducted afinal review
of the results of the literature search to further validate the
medication use patterns. We cal cul ated Flei ss kappato measure
interrater reliability for the experts shown in Multimedia
Appendix 3.

Results

Study Population

The mgjority (86.55%, 26,408/30,512) of the study population
(Table 1) was under 5 years of age. Among the under-5
population, 66.55% (20,305/30,512) were under 2 years of age
and 37.53% (11,453/30,512) were newborns. There were more
male (60.37%, 18,419/30,512) than female patients.

Simple Exploration of Frequency of Use of the Raw
Electronic Medical Record Data

To better understand the raw EMR data, we first examined the
top 40 most frequently prescribed medi cations across age groups
and found that 2 diluents (D5W, Dextrose 5% in Water and NS,
Normal Saline) wereranked thefirst- and second-most frequent
(Multimedia Appendix 4). After removing all diluentsfrom the
dataset, some nutritional supplements, such asfat emulsion and
vitamins, were ranked within top 10 medications for each of
the 6 age groups (Multimedia Appendix 5). Besides diluents
and nutritional supplements, antibiotics were also among the
top 10 most frequently prescribed in each age group. These
medications were present in 42.89% (291,701/680,138) of all
specific medication administration records and they were all
administered through intravenous (1V) therapy. Thus, treatment
pattern 1 is the combination of antibiotics, diluents, and
nutritional supplementsvialV therapy.

Due to the high frequency of antibiotic use, we then used
statistics on individual medications to examine the frequency
of use of the 7 commonly administered antibiotic monotherapies
over the study period (2010 to 2015) and found a dramatically
increased use of ceftriaxone (a third-generation cephal osporin
antibiotic) and cefuroxime (a second-generation cephal osporin)
over this period of time (Figure 2). Meanwhile, the use of a
more traditional first-generation antibiotic—augmentin—had
dramatically declined. In addition, we found that the
administration of certain types of antibiotics varied with
patients age (Figure 3). For instance, cefotaxime (a
third-generation cephalosporin) was more commonly used in
newborns under 3 months of age, but azithromycin was rarely
administered in that age group. This observation might reflect
the results of some published studies which reported an
increased risk of cardiovascular death associated with the use
of azithromycin, specifically, in infants [25,26].
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Table 1. Study population demographics.
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Characteristics Year
2010 2011 2012 2013 2014 2015
Total population (N) 4216 4062 3935 5080 6198 7021
Sex, n (%)
Mae 2602 (61.72) 2447 (60.24) 2411 (61.27) 3030 (59.65) 3718 (59.99) 4211 (59.98)
Female 1614 (38.28) 1615 (39.76) 1524 (38.73) 2050 (40.35) 2480 (40.01) 2810 (40.02)
Agegroups®, n (%)
0-3 months 1678 (39.80) 1617 (39.81) 1609 (40.89) 2075 (40.85) 2297 (37.06) 2177 (31.01)
3-6 months 356 (8.44) 413 (10.17) 360 (9.15) 351 (6.91) 410 (6.62) 549 (7.82)
6-12 months 441 (10.46) 491 (12.09) 386 (9.81) 482 (9.49) 580 (9.36) 716 (10.20)
1-2 years 426 (10.10) 421 (10.36) 421 (10.70) 504 (9.92) 723 (11.67) 822 (11.71)
2-5years 781 (18.52) 725 (17.85) 711 (18.07) 902 (17.76) 1279 (20.64) 1705 (24.28)
>5 years 534 (12.67) 395 (9.72) 448 (11.39) 766 (15.08) 909 (14.67) 1052 (14.98)
8age indicates the age at admission and was calculated as the difference between Admission Date and Birthday.
Figure 2. The historic proportion of antibiotics administered according to the calendar year.
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Using Pattern Mining to Explorethe Electronic
M edical Record Dataset

We utilized the 3 algorithms to produce the top 10 medication
use patterns from 6 age groups spanning from 0 to 17 years,
resulting in 180 distinct medication combinations (Multimedia
Appendix 1). On the basis of these results, our expert panel
summarized 5 clinically interesting medication use patterns as
shownin Table 2. Checkmarksindicate that the pattern appeared
in that age group. Pattern 1 is antiasthmatics (albuterol) and
expectorants (ipratropium bromide) and corticosteroids
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(budesonide). Pattern 2 is antibiotics and (antiasthmatics or
expectorants or corticosteroids). Pattern 3 is the only use of
third-generation antibiotics or the use of these medications
followed by traditiona antibiotics. Pattern 4 is antibiotics and
medicationsfor enteritis (probiotics: bifid triple viable, smectite,
and clostridium butyricum) or medication for skin diseases
(antiseptics: zinc oxide and drapolene). Finally, Pattern 5 is
(antiassthmatics or expectorants or corticosteroids) and
(medicationsfor enteritisor skin diseases). Detailed descriptions
of the patternsfor 3 major groups are provided in the following
sections.
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Figure 3. The historic proportion of antibiotics administered according to patient age group.
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Inhaled M edications

Medication use patterns 1 and 2 were both revealed by USpan,
because it takes into account a high medication utility for
administered medi cations (Multimedia Appendix 5). For pattern
1, we found that all 3 medications reflect nonsequential
medication administrations, indicating that they were
administered concurrently instead of the more traditional
sequential application of each medication. Our expert panel
confirmed that this medication pattern could shorten medication
administration durations, for example by combining and
administering multiple inhaled medications simultaneously via
nebulization. This approach was al so confirmed by the chemical
stability of such amixture[27,28]. Further investigation of the
route of administration of pattern 1 medication use indicated
that inhalation therapy accounted for 11.53% (78390/680138)
of the medication administration records, which we considered
as Treatment pattern 2. Medication pattern 2 was these inhaled
medi cations plus antibi otics indicating the management pattern
of difficult-to-treat infections in patients with pneumonia

Antibiotics

FP-Growth and PrefixSpan, the 2 classical agorithms, showed
a smilar pattern 3 (Table 2), that is, the only use of
third-generation antibiotics or the use of these medicationswith
(or followed by) traditional antibiotics. FP-Growth resulted in

http://medinform.jmir.org/2019/1/€12577/

2 combinations. One is the combination of 2 third-generation
cephalosporins (cefotaxime and cefixime). The other is the
combination of a third-generation cephal osporin (ceftriaxone)
with a traditional first-generation antibiotic (azithromycin).
Interestingly, PrefixSpan showed not only the same 2 medication
combinations but also similar timings. the average time gap
between the 2 medications was 7 and 5 days, respectively.

Medications for Enteritisor Skin Diseases

Patterns 4 and 5 showed a correlation between
pneumonia-specific medications and medications for 2 other
conditions: enteritis and skin diseases. For example, pattern 4
demonstrated a third-generation antibiotic (cefotaxime) and a
medication for skin rashes (zinc oxide) were followed by a
probiotic (bifid triple viable) that appears only in the 0 to 3
months age group. Pattern 5 showed that the 3 inhalation
medications (albuterol, ipratropium bromide, and budesonide)
were followed by probiotics without using antibiotics that
mainly appeared in the 3 to 6 months age group. Due to the fact
that PrefixSpan only determines the order of different
medications without considering a time window, we further
examined thetimeinterval between medicationsfor pneumonia
following medication for enteritis or skin diseases (Multimedia
Appendix 4). The findings revealed that the average time
intervals were similar (4 vs 6 days) in the abovementioned 2
examples for patterns 4 and 5.
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Table2. A select list of clinically interesting results produced by 3 pattern mining algorithms.

# Medicationusepat-  FP-Growth PrefixSpan USpan Age groups
terns
0-3m 36m 6-12m 12y 25y >5y
1 anti-asthmaticsAND  (Albuterol, Iprat-  (Albuterol, Iprat-  (Albuterol, Ipratropi- 2 O g O O g
expectorants AND ropium Bromide,  ropium Bromide, = um Bromide, Budes-
corticosteroids Budesonide) Budesonide) onide), (Pholcodine)
2 antibioticsAND (anti- __b — (Albuterol, Ipratropi- O O O O
asthmatics OR expec- um Bromide, Budes-
torants OR onide),
corticosteroid) (Azithromycin)
— — (Albuterol, lpratropi- d
um Bromide, Aug-
mentin, Budesonide),
(Azithromycin)
3 third-generation (Cefotaxime, Ce-  (Cefotaxime), (Ce- — O
cephalosporin antibi- ~ fixime) fixime)
|0t| cs with (or f_o_l i (Ceftriaxone, (Ceftriaxone), — O
owed by) traditional Adith - Azith :
antibiotics zithromycin) (Azithromycin)
4 anti-biotics AND (Bifid Triple Vi- (Cefotaxime, Zinc — g
(medicationsfor en-  able, Cefotaxime,  Oxide), (Bifid
teritis OR skin dis- Zinc Oxide) Triple Viable)
(Bifid Triple Vi- (Bifid TripleVi-  — O
able, Cefotaxime,  able, Cefotaxime)
Drapolene)
(Cefotaxime, Zinc  (Cefotaxime, Zinc — O
Oxide, Drapolene) Oxide, Drapolene)
(Smecitite, Bifid — — 0
TripleViable, Cefo-
taxime)
5  (antiasthmaticsOR  (Bifid TripleVi-  (Albuterol, Iprat- — O
expectorantsOR corti-  able, Albuterol, ropium Bromide,
costeroids) AND Ipratropium Bro-  Budesonide), (Bi-
(medicationsfor en-  mide, Budesonide) fid Triple Viable)
teritis OR skin dis-
€ases)

8] indicates that the pattern appeared within the specified age groups.
BNo result from the specific algorithm.

Discussion

Principal Findings

There is a considerable demand for appropriate and proven
approaches to expanding the use of medication analytics. By
simply checking the frequency of use of medicationsintheraw
EMR data, wefound that IV administration isthe most common
administration route (treatment pattern 1) for treating inpatient
childhood pneumonia in this hospital. This finding is in line
with concerns about heavy use of 1V therapy in Chinareported
by the WHO [29]. Even then, statistical analysisis limited in
its ability to discover relationships among medications, and it
typically only produces alist of monotherapies with frequency
rankings[30]. Indeed, one could argue that from the perspective
of treating a given disease, a medication administered with
higher frequency implies higher efficacy. However, our results
illustrate that thisis not always the case.

http://medinform.jmir.org/2019/1/€12577/

By utilizing 3 pattern mining algorithms (FP-Growth,
PrefixSpan, and USpan), which are commonly used for business
applications, we not only found 5 medication use patterns but
also identified an additional treatment pattern (treatment pattern
2), that is, medication administration viainhalation route.

Therewere differing opinionswithin our expert panel asto what
pattern 4 (antibiotics and medications for enteritis or skin
diseases) indicates. One possible explanation, offered by 4 US
experts, is that because of the immaturity of infant organs,
damage to one organ or organ system could cause reactionsin
other organs [31]. Furthermore, from a pharmaceutical
perspective, broad-spectrum antibiotics (eg, cefotaxime) cause
diarrhea by irradiating normal gastrointestinal (Gl) flora [32],
and physicians can treat this type of diarrhea in the pediatric
population with bifid triple viable, a probiotic used to
re-establish normal Gl flora. Additionally, diarrhea can cause
diaper rash that can be treated with zinc oxide. Chinese experts
believed that these findings support an underlying internal
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relationship between the lungs and large intestine (or the lungs
and skin), which is consistent with established theories of
traditional Chinese medicine (TCM) [33]. TCM believes that
the human body is an organic whole, that there is arelationship
between the lung and large intestine, and that the lungs govern
the skin and hair [34]. Despite this rationale, our expert panel
generally agreed that pattern 5 was unexpected (ie, the use of
medications for enteritis or skin diseases following inhalation
treatment, without concurrent use of antibiotics). The overall
Fleiss kappafor these 7 patterns was 0.693 (Table 2) indicating
moderate agreement [35]. Our findings neither contradict nor
confirm these hypothesized relationships as our data target
treatment protocols which cannot, on their own, speak to the
relationship between organ systems. However, according to a
recent study oninnate lymphoid cells, lung inflammation might
originate in the gut [36], and there exists a link between
intestinal microbiota and lung diseases (eg, asthma) [37].

Among the strengths of this study isits novel application of the
3 pattern mining algorithms to medical data. We determined 5
medication use patterns that can succinctly reflect prescriber
style among complex real-world hospital EMR use. This
prescriber style reflects decision factors beyond efficacy (eg,
availability and cost of amedication, frequency of administration
in a busy setting, and hospital formulary). Although patients
with an initial EMR diagnosis of pneumonia could include all
varieties of pneumonia to which various treatment protocols
may apply, most of our results correlated with our literature
searches regarding the medications use. For example, a
combination of 2 antibiotics produced by FP-Growth
(cefuroxime and azithromycin) was evaluated by Vergis et al
[38], who found no increased risk of mortality associated with
prescribing the 2 antibiotics continuously or simultaneously.
Another example is by Rubio et al [39], which evaluated the
sequential combination of cefotaxime and cefixime, finding
that prescribing them within 2 to 3 days of each other may result
in shorter hospital stays, a pattern that was also found by
PrefixSpan. Resultsthat have not been mentioned in the current
literature (eg, pattern 3) warrant further investigation.

Tang et a

One limitation of this study is that we focused on one source
of data from a single pediatric hospital in Shanghai, China.
Although other pediatric hospitals in China might not have
unigque medical practices, this Shanghai-based pediatric hospital
has been the leading medical institution with a strong link to
the international pediatric community; it contains up-to-date
technology, and its clinicians undergo continuous medical
training. Our findings provide firsthand insight into
understanding Chinese pediatricians’ experiences in the
treatment of pneumonia. Although our results may not be
generalizable across all demographics, especially in remote
areas of Ching, itislikely that most medication use patternsare
universal in the more populated areas of China.

Our work is the first step toward better synthesis of current
practice and establishing more realistic treatment protocolsfor
childhood pneumonia. Moving forward, we plan to expand this
study within and across childhood pneumonia groups from
multiple health care organizations. We also envision that a
knowledge base of medication use patterns will serve as an
informative guide to researchers and clinicians. Our discovered
treatment patterns have the potential for inclusion in treatment
protocols. We hope to further integrate clinical and nonclinical
information into our agorithms to help determine cost and
efficacy of treatments, as well as readmission, mortality, and
morbidity rates.

Conclusions

We used a pattern mining approach to automatically acquire
knowledge of prior medication treatment combinations for
childhood pneumonia. An expert panel summarized 5
medication use patterns. These, together with 2 identified
treatment patterns that also targeted skin disease and enteritis,
may warrant further investigation. Additionally, our findings
suggest the following starting points for further discussion: (1)
acomparison of |V therapy before and after the publication of
China's new deal on the rational use of medicines, the 2013
Principle of Rational Use of Medicines[40], (2) validation and
comparison of efficacy of various medication use patterns, and
(3) apotential relationship between the lungs and skin.
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Related Article:

Correction of: http://medinform.jmir.org/2018/2/e10264/

(JMIR Med Inform 2019;7(1):e11320) doi:10.2196/11320

The authors of “Health Information Technology in Healthcare
Quality and Patient Safety: Literature Review” (JMIR Med
Inform 2018;6(2):€10264) mistakenly provided revised figures
that were not identical in every way to the original onesin the
paper that they were meant to replace.

During proofreading, the authors were asked to provide updated
versions of Figures 4-7 becausethe versionsthat were originally
provided were not of sufficient resolution. When creating better
quality images, the authors accidentally omitted frequencies

https://medinform.jmir.org/2019/1/€11320/

(groundedness and densities) that were included in the original
images.

Theincomplete versions of Figures4-7 have been replaced and
can be viewed below.

The correction will appear in the online version of the paper
on the JMIR website on January 3, 2019, together with the
publication of this correction notice. Because this was made
after submission to PubMed, PubMed Central, and other full-text
repositories, the corrected article also has been resubmitted to
those repositories.
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Figure4. ACTION Network Diagram (G=groundedness, D=density).
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Figure5. OUTCOMES Network Diagram (G=groundedness, D=density).
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Figure 6. IDENTIFICATION Network Diagram (G=groundedness, D=density).
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Figure7. PREVENTION Network Diagram (G=groundedness, D=density).
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