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Abstract

Condition-specific registries are essential resources for supporting epidemiological, quality improvement, and
clinical trial studies. The identification of potentially eligible patients for a given registry often involves a manual
process or use of ad hoc software tools. With the increased availability of electronic health data, such as within
Electronic Health Record (EHR) systems, there is potential to develop healthcare standards based approaches for
interacting with these data. Arden Syntax, which has traditionally been used to represent medical knowledge for
clinical decision support, is one such standard that may be adapted for the purpose of registry eligibility
determination. In this feasibility study, Arden Syntax was explored for its ability to represent eligibility criteria for a
registry of very low birth weight neonates. The promising performance (100% recall; 97% precision) of the Arden
Syntax approach at a single institution suggests that a standards-based methodology could be used to robustly
identify registry-eligible patients from EHRs.

Introduction

The increased adoption of Electronic Health Record (EHR) systems for the management of patient data has largely
been touted for the ability to improve health care outcomes™ as well as to support research endeavors®’. An
essential first step in the enablement of EHR data to support research is the identification of patient cohorts that
match a specified set of criteria®®. Myriad approaches that leverage healthcare standards have been described for
identifying such types of patient cohorts within EHR systems to serve as subjects of prospective clinical trials®'°. By
contrast, there has been limited description of such types of vendor-agnostic approaches that may also be used to
populate condition-specific registries from EHR systems.

Condition-specific registries provide a population-level view of retrospective data that may originate from clinical
encounters™'2. Approaches that may be used for identification of eligible patients for clinical trials could potentially
be used for identifying patients that fit a specified set of criteria for inclusion in a registry. Previous work has
demonstrated the potential to develop automated approaches for identifying patients eligible for clinical trials based
on data that are available in an EHR system®®. The success of such approaches may also support the development of
systems that can further automate the process of populating registries, taking advantage of data that are available
within contemporary EHR systems.

Arden Syntax, which dates back to 1989, is a Health Level 7 (HL7) maintained standard for representing clinical
knowledge such that it may be used to support clinical decision-making'®. As an HL7 standard, it is regularly
updated and supported by a formal working group that oversees the advancement of the standard in accordance with
HL7 processes™. By maintaining algorithms in self-contained Medical Logic Modules (MLMs), Arden Syntax
provides a means to share decision-making rules independent from technical implementation across institutions or
environments'”*%. MLMs are organized into three major categories (maintenance, library, and knowledge) that store
information into “slots.”*® The maintenance and library categories have slots for metadata associated with the
management (maintenance category) and categorization (library category) of a given MLM. The knowledge
category contains slots that are used for representing the actual clinical knowledge. For example, the data and logic
slots within the knowledge category define the variables that will be used within the MLM (data slot) and the
procedural logic that is required for representing the clinical knowledge for the MLM (logic slot).

For an MLM written in Arden Syntax to function, it requires that the source data conform to a usable format. This
has historically required custom interfaces for accessing EHR-based data'’**#. By contrast, the secondary use of
EHR-based data for research purposes commonly involves the extraction of data into research data repositories.
Perhaps the most successful system demonstrating the value of EHR extracted data for secondary use is the
Informatics for Integrating Biology and the Bedside (i2b2) platform, which provides a standard and portable
interface for browsing health data that may have originated from an EHR?. The use of external frameworks, such as
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i2b2, therefore helps position research-motivated clinical enterprises to utilize health data for secondary uses®. There
remain other contexts, however, where the incorporation of such external systems into the health data ecosystem of a
clinical enterprise is not feasible or perhaps even permissible. To address this challenge, many EHR vendors provide
a “reporting database” that enables one to query data from the EHR using Structured Query Language (SQL).
Similar to how previous studies have demonstrated the potential to leverage Arden Syntax for identifying clinical
trial patient cohorts from EHR data®, there may be an opportunity to use similar techniques to identify registry-
eligible patient populations.

The Vermont Oxford Network (VON) is a non-profit collaboration that gathers and enables the study of neonatology
data from over 900 Neonatal Intensive Care Units (NICUs) that span the globe??. The data are gathered for
neonates from VON members that meet specified eligibility criteria into de-identified registries that have been used
to support a range of activities, including quality improvement projects, clinical trials, and outcomes research®.
VON members each develop a process for identifying eligible neonates according to specified VON criteria and
provide data systematically using common formats or interfaces that are maintained by VON. The source systems
increasingly include healthcare enterprises that utilize an EHR for primary clinical data gathering and analysis. Due
to the potential range of EHR options, including both vendor and homegrown systems, there is motivation to
develop a systematic and uniform process to identify eligible neonates whose data may be contributed into the VON
registries.

This study explored the potential to leverage Arden Syntax for identifying eligible patients from the EHR at an
academic health center EHR. Here, the process for adapting Arden Syntax to be used for identifying cohorts of
eligible records from contemporary EHR systems with reporting interfaces is described. The performance of the
approach is quantified based on an evaluation relative to a reference standard that included previously identified
records for a VON registry. The promising results provide the motivation for developing a comprehensive data
abstraction tool that can help automate the process of populating condition-specific registries.

Materials and Methods

The overall goal of this study was to explore the potential of using Arden Syntax for representing eligibility criteria
to identify patients whose data might be included in a condition-specific registry. The system and approach were
developed and evaluated in accordance with a human subjects protocol that was reviewed and approved by the
Committee of Human Research in the Medical Sciences at the University of Vermont. The proposed approach was
implemented using Java, making use of the ANother Tool for Language Recognition (ANTLR?*?") parser generator
to enable the processing of Arden Syntax. The evaluation of the system was carried out using data from Fletcher
Allen Health Care (FAHC), the clinical affiliate of the College of Medicine at the University of Vermont.
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Inborn
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Figure 1: VON VLBW Eligibility Criteria.
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VON VLBW Eligibility Criteria. This study focused on the VON Very Low Birth Weight (VLBW) registry, which
gathers information on approximately 85% of all VLBW infants born in the US each year. The VON VLBW criteria
for eligibility are graphically depicted in Figure 1. Briefly, the registry is focused on gathering data for live-born
infants, where status of life is defined as a neonate who breathes or has any evidence for living (e.g., heart beating,
umbilical cord pulsation, or definite voluntary muscle movement). Neonates are then categorized into two groups:
(1) inborn (where the birth occurs within a particular hospital) and (2) outborn (where the birth occurs outside this
hospital but is admitted within 28 days of birth without first having gone home). Additional criteria for inclusion
into the VON VLBW registry are defined by birth weight (between 401 and 1500 grams) or gestational age
(between 22 and 29 weeks).

Identifying Eligibility Data Fields in the EHR. The framework for the approach developed in this study utilized a
reporting database that contains data extracted from the EHR. First, all the data elements required for determining
eligibility within the MLM were manually identified from within the reporting database (i.e., date of birth, hospital
name, gestational age, birth weight, admission date/time, and admission source). The chosen data fields were
determined based on a manual review of the available data fields in the EHR and a validation of the chosen data
fields relative to the FAHC obstetric and neonatology

workflows that have been in place for more than a decade. A

SQL statement was then created that retrieved all the data Registry
elements in a single query from the FAHC EHR reporting N Eligibility
database (equivalent to generating a ‘report’ that included the Live

required data elements). el

Representing VON VLBW Eligibility Criteria in Arden Syntax. ?
Within the VLBW MLM data slot, a patient record object was \

created for storing the eligibility data elements needed as well _
as links to other data needed for retrieving additional e
information about the patient (i.e., patient identifier). The Re';;'r'zng Module
object was then populated using the aforementioned SQL Database

statement. The eligibility logic as represented by the flow
diagram shown in Figure 1 was then encoded into the logic slot
of the VLBW MLM using Arden Syntax. Conversions between
local system units to those used in the eligibility criteria were
also done within the logic slot (e.g., conversion of the birth
weight from imperial ounces to metric grams). To ensure
processing of all records retrieved from the EHR, a default
categorization of “unknown” was added for patients for whom
inborn/outborn status could not be determined (the first step in
the eligibility determination as shown in Figure 1 after birth);
these patients were automatically deemed not eligible.

Eligibility
Database
Developing a System to Process the VLBW MLM. After

eligibility criteria were encoded into the MLM, a Java-based Figure 2: Overview of Approach. (1) Eligibility

system was developed to interact with the FAHC EHR
reporting database using the jTDS? Java database connectivity
application programming interface. Eligibility status for
records subjected to the VLBW MLM was then stored into an
eligibility database (either “pass”[eligible], “fail”[not eligible],
or “unknown”[requires manual review]). For records deemed
eligible, an additional Java routine was used to gather
electronically available data from the FAHC EHR reporting
database using another set of SQL queries. The resulting
records were then transformed into a format that could be
transmitted to the VON VLBW registry. The overall approach
is shown in Figure 2.
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criteria are manually encoded into an Medical Logic
Module (MLM); (2) an ANTLR parser is used to
interpret the Arden Syntax; (3) SQL statements are
parsed by the Akiban SQL parser and used to send
queries to an SQL-92 compliant database using the
jTDS Application Program Interface (API), such as an
EHR reporting database that uses a relational database
model (which is populated from the live EHR
database that uses a hierarchical database model); (4)
the returned results of the SQL query are then used by
the MLM to determine eligibility; (5) eligible records
are recorded in a Eligibility Database; (6) the records
in the Eligibility Database are enhanced with
additional data needed for the registry by additional
SQL queries using the jTDS API.



maintenance:

mImname: von_vibw_eligibrlity_mim;;

arden: Version 2.8;;

version: 1.00;;

institution: University of Vermont and State Agricultural College;;
author: Cat Amount;;

specialist: ;;

date: 2014-03-13;;

validation: ;;

purpose: To or inclusion 1n VON VLBW registry;;
explanation: ;;

keywords: von; vibw; elrgibility;;

citations: ;;

Iinks: ;;

knowledge:

type: data_driven;;
data:

Record
records :

object [id, dob, hname, ga, bwgt, atime, source];
read_as Reconijselect distinct p.CL_FIELD_1 as 1D,
.CL_FIELD_2 as DOB,

_.CL_FIELD_3 as HNAME,

.CL_FIELD 4 as GA,

.CL_FIELD 5 as BWGT,

.CL_FIELD_6 as ATIME,

.CL_FIELD_7 as SOURCE

from CLARITY_TABLE p

where p.CL_FIELD_8 >= YYYY-MM-DD
and p.CL_FIELD_9 <= YYYY-MM-DD};

TTTOTOTT

reportDest:= destination {email:subject=VLBW Report,to:cat.amount@uvm.edu};
passDest:= destination {eligi itydatabase:source=VLBW, type=PASS};
failDest:= destination {eligibilitydatabase:source=VLBW,type=FAIL};
unknownDest:= destination {eligibilitydatabase:source=VLBW, type=UNKNOWN} ;

evoke:
every 1 day for 1 month starting 10 seconds;

['passList = ;
failList := ;
unknownList := Q;

for rec in records do...

Figure 3: MLM Parsing. A system was developed that (1) used an ANTLR parser generator to identify the MLM
categories (maintenance, library, and knowledge) and their contained slots; and (2) used an additional ANTLR parser
generator to process the slots and leveraged the Akiban SQL Parser to process SQL statements embedded within the
data slot. For this feasibility study, a SQL statement was used to retrieve data from the FAHC EHR reporting
database that were used for eligibility determination (ID = Patient identifier; DOB = patient date of birth; HNAME =
hospital name; GA = gestational age; BWGT = birth weight; ATIME = admission time; and SOURCE = admission
source) according to the criteria depicted in Figure 1.
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The actual processing of the VLBW MLM was done in a two-phased process, as depicted in Figure 3. First, an
ANTLR parser generator was used to extract the MLM categories and associated slots. ANTLR uses a context-free
grammar (expressed in Extended Backus-Naur Form) to recognize language, generate syntax trees, and process
those trees to create machine-interpretable actions®®. An additional ANTLR parser was then used to process the
syntax embedded within specific slots (e.g., the data and logic slots). For this study, version 2.8 of Arden Syntax
was used as the basis for the parsing grammar. Additionally, the Akiban SQL parser®® was used to interpret
embedded SQL-92 compliant SQL statements. The MLM parsing resulted in a parse tree for which a Java routine
was developed to interpret the retrieved data from the source database and apply the encoded eligibility rules.

System Evaluation. A reference standard was generated from VON VLBW registry records associated with eligible
records from the time that the Epic EHR at FAHC was fully deployed (2010) to a full complete calendar year prior
to the time of this study (2012). The records contained within the VON VLBW registry for this time period were
based on manual chart review and guided by a process workflow that has been in place for over a decade. The
VLBW MLM was then configured to determine the eligibility of infants born between January 1, 2010 and
December 31, 2012. True Positives (TP) were defined as patients who were deemed eligible by the VLBW MLM
and in the reference standard; False Positives (FP) were defined as patients who were deemed eligible by the VLBW
MLM but not in the reference standard; and False Negatives (FN) were defined as those patients who were in the
reference standard but not deemed eligible by the VLBW MLM. The metrics of precision (TP/TP+FP) and recall
(TP/TP+FN) were then used to assess the overall performance of the approach.

Results

All of the necessary fields for determining neonate eligibility for inclusion in the VON VLBW registry were
identified within the relational data schema used for the FAHC EHR reporting database. The SQL statement that
was used to identify the data for all neonates was then embedded within the Arden Syntax within the data slot of the
knowledge category of an MLM. The VON VLBW eligibility criteria were then manually encoded into the MLM
(within the logic slot of the knowledge category). Finally, the instructions for writing the status of a given processed
record were defined within the action slot of the knowledge category.

A Java-based system was developed to interpret MLMs written in Arden Syntax (version 2.8) as well as embedded
SQL-92 compliant SQL statements, utilizing a combination of the ANTLR parsing generator and Akiban SQL
parser. The developed VLBW MLM was then used to determine the eligibility of patients born between January 1,
2010 and December 31, 2012. In total, the system processed 12,025 neonates who were either born at or transferred
to FAHC for that period, of whom the VLBW MLM deemed 192 to be eligible for inclusion into the VON VLBW
registry. The evaluation was done relative to the reference standard, which contained 187 neonates that were
manually identified and entered in the VON VLBW registry. The total processing time used for the system to
determine the eligibility for all newborn records spanning the three-year period was less than five minutes. Of the
eligible patients, 187 were in agreement with the reference standard (TP), five were not found in the reference
standard (FP), and no patients in the reference standard were missing from the predicted eligible patient list (FN).
The overall precision and recall of the system was thus determined to be 97.4% and 100.0%, respectively.

Discussion

The primary motivation for use of Arden Syntax has historically been described in the context of clinical decision
support systems™. Previous studies have explored other potential applications for Arden Syntax, such as for clinical
trial eligibility”® and facilitating clinical quality studies®’; however, the majority of systems developed to date for
processing Arden Syntax have been done within the context of clinical decision support®3*. This study thus reflects
a first application of Arden Syntax for the identification of patient cohorts for inclusion in population registries. A
recent survey suggests complex clinical trial eligibility representation may require a combination of multiple
available formal standards®. In this study, the potential to leverage Arden Syntax for identifying registry-eligible
patients was explored, where the eligibility rules could be expressed through procedural statements. The promising
results suggest that the proposed approach can be used in place of time-consuming and manual processes to identify
registry-eligible patients using eligibility criteria that are compatible with machine-encoded logic (e.g., as can be
represented in Arden Syntax).

The use of an algorithm-based approach may provide a means to uniformly apply eligibility criteria for reliable data
gathering as required for population-level registries that support public health initiatives. Such uniform application
of eligibility algorithms may also be used to identify potential challenges in the use of applications. For example, in
the evaluation performed for this study, there were five patients identified by the VLBW MLM but not reported as
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eligible to the VON VLBW registry (classified in the evaluation as “False Positives”). On closer examination of the
data associated with these patients, it was determined that the strict definition of the VON VLBW criteria should
have included these individuals. These patients may have been excluded from the registry due to difficult situations
(e.g., how are stillborns or planned terminations registered?). While each institution may establish a culture around
certain criteria, it can be difficult to ensure consistency when gathering data across many sites. An MLM-driven
registry eligibility approach may provide a foundation for high-quality and consistent data acquisition. An
interesting future study might be to use the developed VLBW MLM across VON data providers and quantify any
possible effect of inclusion/exclusion of certain patient types based on hospital culture. Such a study may help to
refine the inclusion/exclusion criteria used in the algorithm to better reflect accepted and consistent practices for a
given patient population.

A major potential challenge that has been noted in general deployment of MLMs is the difficulty in accommodating
the heterogenic nature of EHR implementations across institutions. The ability to use MLMs is often challenged by
the difficulty in completely representing all the local variables needed for the execution. As Arden Syntax specifies
that local data variables are to be referenced between a set of curly braces (“{}”), which has led to an referred to as
the “curly-brace problem”®%* Amidst some description of systems that are able to directly interact with
transactional database systems®’, the majority of previous implementations of MLM driven decision support systems
leveraged local relational databases that contained information from EHR systems®. Contemporary solutions have
also included the translation of Arden Syntax MLMs into intermediate formalisms (e.g., Drools®). In the approach
presented here, EHR data was mapped through the use of SQL-92 compliant statements to acquire data from an
EHR reporting database. This SQL statement, as well as the system-specific databases for tracking
pass/fail/unknown records, was the major “curly brace” aspect of the developed approach. The increasing
availability of SQL-compliant reporting databases with contemporary EHR systems (in many cases to facilitate the
ability to meet Meaningful Use requirements) provides a common interface that allows for the development of an
MLM that is built around the processing of a set of records that could be generated as part of an EHR report. Still,
the approach described here requires database experience with the local EHR reporting database and the ability to
generate a SQL statement that contains mappings to the required elements for determining eligibility. Additionally,
the same challenges that one might have within a reporting context (e.g., identifying which fields are the relevant
ones to retrieve) remain the same in the context of the approach developed here. It is also important to underscore
that because the context for which Arden Syntax was used here is for the population of a registry that is based on
information that is commonly captured within a clinical chart, it was conceivable that many of the requisite data
elements would be available within a reporting interface that is updated nightly. This is in contrast to more typical
scenarios where MLMs are used for more real-time clinical decision support, and would thus need to interface
directly with the live EHR system. Nonetheless, the promising results demonstrate the application of Arden Syntax
for retrospective patient eligibility determination and the potential utility for other contexts, such as retrospective
determination of patient cohorts that may be eligible for clinical trials or who may need to be systematically alerted
about a potential adverse event.

It must be acknowledged that other formalisms may be able to represent the logic for cohort identification using
procedural logic. However, a significant reason for exploring the potential utility of Arden Syntax over other
possible (generally more business analytic centric solutions, such as Pentaho) formalisms is because it is a
maintained HL7 healthcare standard. As an established and maintained healthcare standard, Arden Syntax is likely
to be more readily accepted for integration into healthcare environments. Furthermore, it is likely that one could
embody the logic for cohort identification using a set of boutique SQL statements that encode the eligibility criteria,
but the portability to another institution would likely be challenged by the need to modify a possibly lengthy SQL
script to address variations in schema design. This could be especially difficult when considering that different
reporting databases may have very different data structures and implementations of SQL dialects that may not
necessarily be able to handle the full logic required for eligibility determination. The variation of SQL
implementations and customization could then challenge the ability to centrally manage the process for consistent
eligibility determination, since each institution will be required to maintain local customizations of the criteria to
meet their data structure and SQL environment. In the context of international registries, such as the VON VLBW
registry, these technical considerations are important in light of the range of technical capabilities across data
contributors. Nonetheless, the minimal technical requirement that the solution presented here does require is the
ability to generate a SQL statement that gathers the fields required to determine eligibility. Future studies that
directly benchmark standards based (e.g., Arden Syntax) approaches against alternative approaches for patient
cohort identification are needed.
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The intent of the system described here was two fold: (1) identify eligible patients for inclusion in a registry; and (2)
gather electronically available data from the EHR to transmit for eligible patients to the registry. In this study, the
primary focus was on exploring the feasibility of developing a system that was able to identify eligible patients. The
evaluation was thus focused on the ability to use the VLBW MLM to reliably identify potentially eligible patients
for the VON VLBW registry. While not described here, the system is also able to gather additional data beyond the
information needed for determining eligibility using SQL statements and export the full set of gathered data into a
number of consumable formats (e.g., as eXtensible Markup Language or a Comma-Separated Value file). However,
it should be noted that a remaining major challenge is the identification of the needed data elements from within an
EHR system that should be targeted for inclusion into a registry. This requires study of the workflow at a given
institution for data gathering from the respective EHR and developing appropriate data transformation techniques.
One must also consider that many elements within a registry may not be available as discrete elements (e.g., they
may be in natural language form) and thus advanced processing (e.g., using natural language processing [NLP]) may
be required before data can be appropriately formatted into the requisite format for the target registry. Currently, if a
data element required for eligibility is either inaccessible or not interpretable through simple processing (e.g.,
regular expressions), a record will be labeled as “unknown” and require manual review to override the status. As
such, a user interface is being developed that enables manual review and override of the MLM based eligibility
determination that also fits the workflow currently used to populate the VON VLBW registry. A major intent of
developing the system described in this study in Java was thus to enable the potential leveraging of Java-based
resources that are available for such processing (e.g., NLP could be integrated into the system using the
Unstructured Information Management Architecture framework®).

The positive results of the performed evaluation for the VON VLBW registry using the VLBW MLM support the
intention to deploy the developed system into production. It is anticipated that the system can be run in production
(and set to run on a defined periodic basis through the evoke slot of the knowledge category) parallel to the current
method for populating the registry. Additional evaluations will be done to compare differentials in patient
classifications, and it is anticipated that if similar performance benchmarks as presented here are achieved for a
defined period that the system will be used as the primary mode for identification of eligible patients for inclusion in
the VON VLBW registry. While it is conceivable that the approach described here could lead to a fully automated
system, it is expected that the system in practice will remain semi-automated; that is, the eligibility status of patients
will be presented to users through a curation interface that allows for manual override of status before submission to
the registry. Further evaluations are also being planned at other institutions that have a similar SQL-compliant
reporting environment as leveraged in this study. As part of the process of deploying the process at other
institutions, it is expected that a version of the system described here will be made available for other applications.
In the meantime, the corresponding author (INS) may be contacted for the most recent version of the system.

Conclusion

Standards traditionally used for clinical decision support may be utilized to support the population of condition-
specific registries. In this study, Arden Syntax was explored as a possible health standard for representing eligibility
criteria for a neonatology registry. Based on a system developed to interact with the reporting framework associated
with a reporting database that is based on data from an EHR, it was found that a Medical Logic Module written in
Arden Syntax was able to perform well relative to a reference standard representing three years of registry-eligible
patients. The promising results suggest that Arden Syntax may used to represent eligibility criteria and thus provide
a mechanism to leverage electronically available health data (e.g., as encapsulated within an EHR) for supporting
the population of patient cohort databases such as condition-specific registries.
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