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ABSTRACT

Objective: Clinical Knowledge Authoring Tools (CKATSs) are integral to the computerized Clinical Decision Sup-
port (CDS) development life cycle. CKATs enable authors to generate accurate, complete, and reliable digital
knowledge artifacts in a relatively efficient and affordable manner. This scoping review aims to compare knowl-
edge authoring tools and derive the common features of CKATSs.

Materials and Methods: We performed a keyword-based literature search, followed by a snowball search, to
identify peer-reviewed publications describing the development or use of CKATs. We used PubMed and Embase
search engines to perform the initial search (n= 1579). After removing duplicate articles, nonrelevant manuscripts,
and not peer-reviewed publication, we identified 47 eligible studies describing 33 unique CKATs. The reviewed
CKATSs were further assessed, and salient characteristics were extracted and grouped as common CKAT features.
Results: Among the identified CKATSs, 55% use an open source platform, 70% provide an application program-
ming interface for CDS system integration, and 79% provide features to validate/test the knowledge. The major-
ity of the reviewed CKATs describe the flow of information, offer a graphical user interface for knowledge
authors, and provide intellisense coding features (94%, 97%, and 97%, respectively). The composed list of crite-
ria for CKAT included topics such as simulating the clinical setting, validating the knowledge, standardized clini-
cal models and vocabulary, and domain independence. None of the reviewed CKATs met all common criteria.
Conclusion: Our scoping review highlights the key specifications for a CKAT. The CKAT specification proposed
in this review can guide CDS authors in developing more targeted CKATSs.

Key words: Clinical Knowledge Authoring Tools, Clinical Decision Support, decision support rule authoring, scoping review of lit-
erature, knowledge engineering

INTRODUCTION CDS among health systems.> Once integrated with the clinical work-
Clinical Decision Support (CDS) is a key component of healthcare flow, CDS systems provide users with targeted information that is
transformation to achieve the Quadruple Aim.! Computerized clini- intelligently filtered to assist clinicians at the point of care. To
cal decision support systems enable the wide and fast adoption of achieve a successful CDS system in clinical practice, several factors
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need to be in place such as having the right information represented
in the CDS, CDS producing the right intervention format, using
CDS through the right channels, deploying the CDS in the right clin-
ical workflow, and the CDS system being used by the right per-
son.>*

Development and maintenance of CDS knowledge, also known
as Computable Biomedical Knowledge (CBK),” is a major challenge
in healthcare. Dissemination of CBKs, which are almost always pub-
lished as narrative text and diagrams, requires transformation into a
computable format, yet such transformation is a tedious process tak-
ing time and resources to ensure currency.®

Clinical Knowledge Authoring Tools (CKATSs) are used to gener-
ate accurate, complete, and reliable digital knowledge artifacts in a
relatively efficient and affordable manner. Fast and efficient CKATs
are increasingly needed for CBK development since: (1) CDS systems
are quickly becoming an essential tool for healthcare providers’; (2)
EHRs are ubiquitously used in most inpatient and outpatient set-
tings in the United States®; (3) regulators and clinical quality officers
have established metrics motivating health care institutions to use
CDS; and (4) practitioners, being members of the Internet genera-
tion, expect their computer-based tools to provide decision sup-
port.” CKATs range from simple text editors to complex software
solutions such as the Arden Syntax editor.'’

Continuously assessing and updating CBK is crucial to make the
CDS process effective and timely. However, the volume of available
clinical evidence is increasing at a rapid pace, thus requiring tools,
such as CKAT, to frequently update and adjust the CBK. To address
this challenge, CKATSs are increasingly connecting the Knowledge
Engineering and Knowledge Use components of a CDS systems.'"
Hence, CKATSs can reduce the overall cost of CKB development by
(1) taking the anticipated clinical workflow into account and (2)
continuously improve and deploy CBK models into clinical settings
(Figure 1).

A comprehensive CKAT is responsible for authoring, reviewing,
testing, certifying, publishing, and assessing CDS models. Several
different types of users collaborate in the process of a CBK model
development life cycle driven by the CKAT, such as subject matter
experts, clinical experts, developers, data scientists, clinical cham-
pions, and administrators.'?

CKAT systems have increasingly incorporated knowledge ex-
traction mechanisms in addition to knowledge authoring tools. In
such a hybrid approach, CKATs not only enable the knowledge
curators to translate CPGs and other medical evidence into CKB but

also enable end-users to generate de-novo knowledge from a clinical
data repository (eg, generating a statistical model that can be inte-
grated into a CDS system). Thus, knowledge curators are gradually
incorporating statistical and machine learning tools (eg, Orange,
RapidMiner, Weka, KNIME!'3"'¢) in parallel with the CKAT sys-
tems.!” These model-authoring tools help knowledge engineers to
extract, validate, and author CBK at once.'® Since statistical and
machine learning tools are not primary CKATs, those tools are not
included in this scoping review.

Even though extensive review studies have been conducted on
CDS systems (eg, types and effectiveness of such systems),'”! re-
search is lacking on the types and specifications of CKATs. Given
the variety and variability across CKATs, this study aims to address
the following questions: (1) what are the widely published CKATs?
and (2) what are the salient features of those CKATSs?

MATERIALS AND MIETHODS

Eligibility criteria

Our criteria for inclusion of reviewed papers are as follows: (1)
Quantitative and qualitative articles that focused on clinical knowl-
edge authoring. (2) Studies on the use of ontology and standard
models as part of CDS authoring. (3) Studies published in peer-
reviewed journals or conference proceedings (ie, editorials, commen-
taries, letters, reviews, and opinion articles were excluded). (4)
Articles published in English. (5) Published after 2000, as our
screening query found few publications mentioning computerized
CKATs prior to 2000.

Information sources and search strategy

Search strategies were constructed to identify (1) peer-reviewed,
published literature addressing the role of rule authoring environ-
ment, and (2) additional snowball searches to identify prominent
tools currently used in the CDS systems.

Our primary literature search used PubMed and Embase search
engines. PubMed was searched for relevant articles using the key-
word “Clinical Decision Support Knowledge Authoring,” which
resulted in 1467 records. This initial search strategy was then devel-
oped iteratively for the PubMed database, and once all authors were
satistied with both the breadth and specificity of the results, this
strategy was translated for the other databases. The final PubMed
search strategy, conducted on the legacy PubMed interface, included
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Figure 1. Knowledge authoring tool transforming the knowledge into an actionable clinical decision support format and continuously improving its quality and

performance.
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the following combination of key terms: (“decision support systems,
clinical” [MeSH Terms] OR “clinical decision support” [All Fields]
OR “clinical guideline*” [All Fields]) AND “author*” [All Fields]
AND Data range: Publication date from 2000/01/01.

This report fulfills the PRISMA checklist items for scoping
reviews.>? Search results were downloaded into a reference manage-
ment software to facilitate the removal of duplicate citations, and
the resulting unique set of citations underwent title/abstract and
full-text screening. During the review process, features articulated
by the manuscripts were abstracted and encoded in spreadsheets.
Shortlisting the features was accomplished by applying the thematic
analysis approach to the abstracted data.??

RESULTS

Our search strategy returned 1579 publications, 1494 from PubMed
and 85 from EMBASE. We removed 9 duplicates, 1157 nonrelevant
abstracts, and 366 articles lacking CKAT details. We included 47
articles in our final review (Figure 2). These articles included 33

unique CKATs. We used the reviewed papers to compose the list of
criteria for CKAT, which included topics such as simulating the clin-
ical setting, validation/testing details, compliance, transparency,
intellisense (ie, usability features for coding), standard clinical mod-
els and vocabulary, and domain independence.

The final list of articles and CKATSs included in those studies
were populated. Several articles used the same CKAT; however,
only a few papers analyzed more than 1 CKAT (Table 1).

Technical aspects of the CKATs were extracted and merged, if
needed, from the identified articles (Table 2). To review the develop-
ment platform characteristics, we analyzed the supported operating
systems, the type of the application, and the programming languages
used. Most of the CKATSs are web-based applications requiring only a
web browser, hence independent from the operating systems. Java and
JavaScript are the major programming languages used. Among the
reviewed CKATSs, 55% are open source, letting others further expand
on the existing knowledge authoring core. The majority of the CKATs
are using, either directly or indirectly through a programming interface,
medical terminology standards such as SNOMED-CT (Systematized
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Figure 2. Article-flow diagram based on the PRISMA guideline.
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Table 1. Articles included in the review and CKATs mentioned in each study

No. Author Year Article title CKAT
1 Kerexeta et al 2020 Adaptative clinical decision support system using machine KGT (EXCON)
learning and authoring tools**
2 Richardson et al 2020 Building and maintaining trust in clinical decision support: CDS Connect
Recommendations from the Patient-Centered CDS
Learning Network?
3 Torres et al 2020 A domain-independent semantically validated authoring Authoring Tool
tool for formalizing clinical practice guidelines*®
4 Lomotan et al 2020 To share is human! Advancing evidence into practice CDS Connect
through a national repository of interoperable clinical
decision support®”
5 Heen et al 2020 A framework for practical issues was developed to inform MAGICapp
shared decision-making tools and clinical guidelines®®
6 Fox et al 2020 OpenClinical.net: Artificial intelligence and knowledge en- OpenClinical
gineering at the point of care?’
7 Totten et al 2019 Improving access to and usability of systematic review MagicApp
data for health systems guidelines development®°
8 Zhang et al 2018 Using systematic reviews in guideline development: The GrADEpro
GRADE approach®’
9 Choi et al 2018 Artificial intelligence clinical decision supporting system [-KAT
for diagnosis of heart failure: Concordance with expert
decision®
10 Piovesan et al 2018 GLARE-SSCPM: an intelligent system to support the treat- GLARE
ment of comorbid patients®?
11 Alkasab et al 2017 Creation of an open framework for point-of-care com- Marval
puter-assisted reporting and decision support tools for
radiologists®*
12 Alietal 2017 Multi-model-based interactive authoring environment for [-KAT
creating shareable medical knowledge®’
13 Zini et al 2017 An environment for guideline-based decision support sys- Alium
tems for outpatients monitoring>®
14 Zhang et al 2016 A concise drug alerting rule set for Chinese hospitals and Drug alerting rule author-
its application in computerized physician order entry>” ing tool
15 Lin et al 2015 Design, development, and initial evaluation of a terminol- OpenCDS
ogy for clinical decision support and electronic clinical
quality measurement>®
16 Khodambashi et al 2015 Filling the gap between guideline development and formal- GRADEpro
ization process—a requirement analysis>’ MAGICapp
17 Zhang et al 2015 Mobilizing clinical decision support to facilitate knowl- Knowledge authoring web
edge translation: a case study in China*® portal
18 Kristiansen et al 2015 Development of a novel, multilayered presentation format MagicApp
for clinical practice guidelines*!
19 Alietal 2014 Arden syntax studio: Creating medical logic module as Arden syntax studio
shareable knowledge'® [-KAT
20 Ali et al 2014 Customized clinical domain ontology extraction for [-KAT
knowledge authoring tool**
21 Sottara et al 2014 The health eDecisions authoring environment for shareable HeD Editor
clinical decision support artifacts*?
22 Ali et al 2013 Authoring tool: acquiring sharable knowledge for Smart Smart CDSS Authoring tool
CDss*
23 Kim et al 2013 Design of shareable and interoperable clinical decision sup- SAGE Authoring Environ-
port system architecture*’ ment
24 Pasche et al 2013 Assisted knowledge discovery for the maintenance of clini- KART
cal guidelines*®
25 Colantonio et al 2012 A knowledge editing service for multisource data manage- Knowledge Editing Service
ment in remote health monitoring*” (KES)
26 Shiffman et al 2012 Building better guidelines with BRIDGE-Wiz: Develop- BRIDGE-Wiz
ment and evaluation of a software assistant to promote
clarity, transparency, and implementability*®
27 Kim et al 2011 Implementation of guideline-based CDSS*’ SAGE Authoring Environ-
ment
28 Song et al 2011 A multi-classifier based guideline sentence classification Clinical process modeling

system’’

toolkit

(continued)
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Table 1. continued

No. Author Year Article title CKAT
29 Pasche et al 2011 KART, a knowledge authoring and refinement tool for KART
clinical guidelines development®!
30 Kam et al 2011 Integration of heterogeneous clinical decision support sys- SAGE
tems and their knowledge sets: feasibility study with
drug-drug interaction alerts®”
31 Cho et al 2010 Design and implementation of a standards-based interop- SAGE Authoring Environ-
erable clinical decision support architecture in the con- ment
text of the Korean EHR*?
32 Shiffman et al 2010 Writing clinical practice guidelines in controlled natural ACE Authoring Tool
language®*
33 Hohne et al 2010 An internet portal for the development of clinical practice Internet Portal
guidelines®®
34 Koch et al 2010 Representation of clinical nursing protocols using GEM II GEM Cutter
and GEM Cutter*®
35 Regier et al 2009 A clinical rule editor in an electronic medical record set- Rule Editor
ting: development, design, and implementation®’
36 Dunsmuir et al 2008 A knowledge authoring tool for clinical decision support®® SmartCare
37 Hussain et al 2008 An ontology-based framework for authoring and executing CPG-EX
clinical practice guidelines for clinical decision support
systems””
38 Kim et al 2008 Knowledge translation of SAGE-based guidelines for exe- SAGE
cuting with knowledge engine®°
39 Hussain et al 2007 Ontology driven CPG authoring and execution via a se- CPG-EX
mantic Web framework®'
40 Hulse et al 2005 KAT: A flexible XML-based knowledge authoring environ- KAT
ment®?
41 Skonetzki et al 2004 HELEN, a modular framework for representing and imple- HELEN Guideline Editor
menting clinical practice guidelines®®
42 Berg et al 2004 SAGEDesktop: An environment for testing clinical practice SAGEDesktop
guidelines®*
43 Votruba et al 2004 Tracing the formalization steps of textual guidelines®® Guideline Markup Tool
44 Gennari et al 2003 The evolution of Protégé: An environment for knowledge- Protégé
based systems development®®
45 Peleg et al 2002 Support for guideline development through error classifica- GLIF3 Authoring Tool
tion and constraint checking®”
46 Clercq et al 2001 Design and implementation of a framework to support the KA-Tool
development of clinical guidelines®®
47 Humber et al 2001 Medical decision support via the internet: PROforma and PROforma

Solo®’

CKAT: Clinical Knowledge Authoring Tool.

Nomenclature of Medicine—Clinical Terms), LOINC (Logical Obser-
vation Identifiers Names and Codes), UMLS (Unified Medical Lan-
guage System), ICD (International Classification of Diseases), and
RxNORM (Medication Normalized Naming System). Of the reviewed
CKATs, 70% support application programming interface (API) inte-
gration with other information system platforms such as EHRs (eg,
CKAT authorizing the EHR systems to submit assessment values and
then pulling different CDS scenarios synchronously). Among the ana-
lyzed CKATS, all but one (Rule Editor) support some version of a
graphical user interface (GUI), which facilitates the knowledge author-
ing and review process by clinicians and informatics experts.

Different authoring environment characteristics of the CKATs
were extracted from the reviewed articles (Table 3). Of the 33
CKATs, 27 support at least 1 standard language for knowledge
encoding. Some CKATs went through multiple revisions using dif-
ferent programming languages. Moreover, 36% of the CKATs have
a built-in version control feature. Of the CKATs, 28 support CDS
authoring independent of any domain/use case. Even though 97% of
the CKATSs support GUI, only 70% facilitates collaborative knowl-

edge authoring; 67% of the CKATSs support simulating the clinical
setting to ensure CDS works as expected at the point of care. Only
18% of the CKATSs support grading the evidence, while 79% of
them support testing all possible scenarios. As part of the knowledge
base updating cycle, CKATs assess the knowledge deployed by re-
ceiving feedback from the CDS system. Among the reviewed
CKATs, 61% support this surveillance feature. And, 97% of CKATs
support intellisense features to help the authors while encoding the
knowledge (eg, automatically pulling the values from a terminology
standard system, and color coding the scenarios not reachable);
48% of the CKATSs support automated CDS content publishing, fa-
cilitating the content deployment to CDS systems, especially when
multiple users collaborate in the CDS generation process (Figure 3).

The reviewed articles included different user types of CKATs. Af-
ter reviewing all CKATs, the following types of users were identified
as potential CKAT users: (1) Subject Matter Experts: SMEs are CDS
experts who know the best practices and the clinical setting. SMEs
are typically a qualified healthcare informatics person specializes in
CDS. (2) Clinical Experts: CEs have in-depth clinical knowledge
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Figure 4. Development life cycle of a computable knowledge model within CKATs. CKAT: Clinical Knowledge Authoring Tool.

about the subject on which CDS is authoring. CEs are typically the
CPG authors. (3) Developers/Data Scientists: Technical experts who
know how to encode the knowledge into a machine-readable format
with assistance from SMEs and CEs. (4) Clinical Champion: CCs
are the lead clinical experts in charge of the CBK model and CDS
governance. (5) Guideline Developer: Technical developers convert-
ing CBK into knowledge base artifacts. (6) Administrators: Persons
responsible for publishing and validating the CBK model in the clini-
cal setting. The administrator is also in charge of data capture to as-
sess the impact and performance of the CDS system.

The reviewed studies included different approaches to integrate
CKATs in the CDS development workflow. After merging work-

flows of CKATSs described in different articles, we identified the fol-
lowing shared components of knowledge management across
CKATs: assembling, authoring, reviewing, testing, publishing, vali-
dating, and assessing the knowledge (Figure 4).

DISCUSSION

CKATs are integral to the development and maintenance of CDS
systems. CKATSs enable authors to generate accurate, complete, and
reliable digital knowledge artifacts in a relatively efficient and af-
fordable manner. Although extensive studies have reviewed the ef-
fectiveness of CDS systems, research is lacking on the types and
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specifications of CKATs. To address the need for a list of CKAT fea-
tures, this study aimed to review and compare knowledge authoring
tools and derive the common features of CKATs that are published
in peer-reviewed publications.

We identified 33 unique CKATS across 47 publications. More than
half of published CKATSs use open source software and close to 70%
use a standardized API, hence providing an opportunity to integrate
CKATs in various CDS systems. Most CKAT developers have
attempted to increase the usability of their applications, with 94% de-
scribing the information flow, 97% providing a graphical user interface,
and 97% offering intellisense features for coding knowledge models.

CKATs assessed in peer-reviewed publications are still immature
in supporting enterprise level features that are needed for healthcare
settings to develop, maintain, and deploy knowledge models over an
extended period. For example, only 48% of the CKATs have been
continuously deployed and assessed in clinical settings. Furthermore,
team-based knowledge management, key for deployment in health-
care settings, is still lacking among published CKATs with only
36% of them offering a knowledge version control and 18% provid-
ing an approach to grade the knowledge, despite the fact that 70%
of them are providing collaborative tools for knowledge authoring.
These challenges have led most peer-reviewed CKATSs to remain in
limited use within academic settings. Moreover, additional work is
needed to develop CKATs that can be seamlessly integrated with
rapidly evolving health IT platforms such as EHRs.”°

Given the frequent changes of clinical practice guidelines, espe-
cially during public health emergencies such as the COVID-19 pan-
demic, CKATs should also offer more automated features to
incorporate up-to-date knowledge from both clinical and public
health sources.”! Although public health decision support systems
are differentiated from CDS systems, CKATs are needed to author,
revise, maintain, and update population-level knowledge models.”*
Additionally, primary care settings, which often use preventative
CDS systems,”>
guidelines into local CDS systems, especially when dealing with pub-
lic health emergencies.”>”* Consequently, CKATs should support
not only the curation and maintenance of clinical knowledge but

will benefit from merging existing public health

also the creation and management of population and public health
knowledge models.

Several ongoing and significant health informatics challenges
were not addressed in the reviewed CKAT publications. None of
these publications explained how CKATs, and their knowledge
models, handle the data quality issues with EHR data.”>”® Using al-
ternate or additional clinical data sources such as insurance claims,
and how such data sources may affect the knowledge models, was
also absent in the CKAT publications. For example, medication
records in EHRs are prescriptions while insurance claims include
medication re/fills thus conveying different meanings for knowledge
models using such information.”””” Another important issue not
mentioned in the CKAT publications was the incorporation of non-
clinical data sources such as social determinants of health (SDOH)
in knowledge models.**** Individual and neighborhood level
SDOH data are increasingly used in the clinical decision-making
process to improve outcomes and reduce utilization.®>** However,
none of the reviewed CKATs mentioned how such unstandardized
information would be encoded and integrated into the knowledge
creation process.

Future research and development in CKATSs should address mul-
tiple dimensions of the knowledge authoring process. CKATs should
ease the authoring and reviewing of the knowledge rules. CKATs
should further facilitate multiuser collaboration for knowledge de-

velopment. Automating the CDS testing process and supporting
standardized terminology systems are also essential for future
CKAT development. CKATSs should continue offering intellisense
features for knowledge coding and providing a clinical simulation
environment to increase the usability of such tools. CKATSs should
also offer continuous deployment and publishing capabilities while
increasing/improving knowledge management features. Finally,
CKATs should be assessed and validated along with CDS systems so
that their effectiveness can be measured in the larger context of deci-
sion support. See the Supplementary Appendix for additional recom-
mendations generated based on our review to enhance future
research and development in CKATSs.

Despite our valuable findings, this review has several limitations.
First, we conducted a scoping review of literature, and not a system-
atic review, hence some CKATs may have been missed. Second, the
review only included published peer-review publications. Therefore,
CKATs lacking such publications (eg, commercial CKATs) are not
presented in this review. Third, all CKAT features extracted and pre-
sented in this review are limited to information included in the peer-
reviewed publications. The actual CKATSs were not downloaded and
assessed separately. Accordingly, features that may exist in a CKAT,
but not reported in the publications, are not listed in this review. Fi-
nally, this review was limited to systems primarily designed as
CKATs; and excluded tools that are primarily designed for analyti-
cal or machine learning purposes. As the gap between knowledge
generation and knowledge authoring is closing by such tools, addi-
tional reviews are needed to assess the role of analytical tools as
CKATs.

CONCLUSION

CKATs play an integral role in improving CDS systems. Our scoping
review highlights the key specifications for a CKAT. The CKAT
specification proposed in this review can guide CDS authors in de-
veloping more targeted CKATs.
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